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KEY MESSAGES 

GENERAL 

Å Collaboration in the IEA Task/Annex between materials experts and application ex-

perts leads to improved understanding and therefore accelerates development.  

Å Standards for measurement and for reporting are prerequisite for constructive discus-

sions and rapidly addressing challenges and advancing TES technologies. 

SUBTASK 1: ENERGY RELEVANT APPLICATIONS  

Å A large number of relevant application exists for compact thermal energy storage. 

Å Standardized reference conditions can be defined for the building sector. For industrial 

applications, however, the diversity of processes makes it very difficult! 

SUBTASK 2: DEVELOPMENT AND CHARACTERIZATION OF IMPROVED PHASE CHANGE MATE-

RIALS /  THERMOCHEMICAL MATERIALS 

Å A number of innovative and improved materials were developed  and continuously are 

being developed, tested in Subtask 3 and introduced in components in Subtask 4. 

Å Developed characterization methods are the basis for material evaluation and compar-

ison and as well for the database input. 

Å The material properties cover not only the technical performance, but also questions 

like stability and compatibility. 

SUBTASK 3: MEASURING PROCEDURES AND TESTING UNDER APPLICATION CONDITIONS FOR 

PHASE CHANGE MATERIALS /  THERMOCHEMICAL MATERIALS 

Å Only testing under application conditions helps identifying the appropriate material for 

an actual application. 

Å The actual storage capacity and material stability have to be tested under realistic con-

ditions and requirements. 

SUBTASK 4: COMPONENT DESIGN FOR PHASE CHANGE MATERIALS /  THERMOCHEMICAL 

MATERIALS  

Å Identification of component parameters is necessary to enable the comparison of 

compact storage concepts. 

Å The reachable charging/discharging power is strongly influenced by the component 

design, where the interaction of the storage material with the component is crucial.  
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MAIN RESULTS IN A NUTSHELL 

The goal of Annex 33 is to support an application-oriented development of 
innovative and compact thermal energy storage materials: Phase Change 
Materials (PCM) and Thermochemical Materials (TCM). This includes, first, 
the characterization of a new material concerning its properties like heat of 
fusion or heat of reaction, specific heat, thermal conductivity, and others. In 
a second step, the material has to be tested under reference application con-
ditions. These conditions shall be identified for energy relevant applications 
in a separate approach. The third step focuses on the interaction between 
the storage material and the storage component, and mainly with the heat 
and mass transfer performed in the component or reactor. Thereby, first re-
sults towards a reliable power and energy density can be deduced. 

{ǳōǘŀǎƪ мΥ ά9ƴŜǊƎȅ wŜƭŜǾŀƴǘ !ǇǇƭƛŎŀǘƛƻƴǎ ŦƻǊ ŀƴ !ǇǇƭƛŎŀǘƛƻƴ-oriented De-
ǾŜƭƻǇƳŜƴǘ ƻŦ LƳǇǊƻǾŜŘ {ǘƻǊŀƎŜ aŀǘŜǊƛŀƭǎέΥ 

The energy density of a storage material or its specific storage capacity ς 
energy stored per mass or volume ς is not a material property! It is strongly 
depending on the operation conditions during charging and discharging. 
Therefore, the testing of novel storage materials has to be performed under 
operation conditions given by relevant applications. These operation condi-
tions have to be identified.  

Energy relevant applications for thermal energy storage systems can be de-
scribed by their impact on the energy system. The following fields of appli-
cations were listed by the participants:  

¶ Industrial batch processes and peak shaving applications 

¶ Heating and cooling for single family households (HVAC systems in the 
building sector) 

¶ Combined heat and power systems 

¶ District heating systems 

The most important parameters for the evaluation of a latent or thermo-
chemical storage processes are the temperatures involved. By defining just 
these temperatures the achievable storage capacity can be experimentally 
quantified. An approach using 2/4 temperatures for PCM/TCM was elabo-
rated. The operation temperatures for a number of actual applications were 
collected and analysed. For building applications, reference conditions seem 
to be available. For applications like combined heat & power, district heat-
ing, and especially industrial applications, the definition of a set of standard 
operation temperatures is very difficult or even impossible. The diversity of 
the actual process parameters is to vast. 

{ǳōǘŀǎƪ нΥ ά5ŜǾŜƭƻǇƳŜƴǘ ŀƴŘ /ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ LƳǇǊƻǾŜŘ aŀǘŜǊƛŀƭǎέ 

In total, 20 different Phase Change Materials (PCM) were developed or in-
vestigated by the experts. The focus of the survey was on the comparison of 
the melting enthalpies, melting temperatures, and the degree of 
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supercooling of the PCM. PCM with melting temperatures between -20 °C 
and +180 °C and melting enthalpies up to 300 kJ/kg on material level were 
investigated. 

Round robin tests on the PCM RT70HC (a paraffin) were performed to de-
velop a procedure for measuring thermal diffusivity via laser flash method. 
Especially the way of preparing the specimen and the appropriate adjust-
ment of the laser pulse energy turned out to have a significant influence on 
the measuring accuracy. 

In order to establish a common wording of relevant phenomena in the con-
text of PCM, a Wiki has been started. Experts have worked on definitions and 
explanations of terms such as nucleation temperature, supercooling, specific 
heat determination via DSC etc. The PCM Wiki is open for everyone to add 
further entries. 

The databases for PCM and Thermochemical Materials (TCM) have been 
maintained and extended to add further material data, for example viscosity 
ƳŜŀǎǳǊŜƳŜƴǘǎΦ aŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎ ŦƻǊ t/a ŀƴŘ ¢/aΣ ǇŀǊǘƭȅ άƴƻǾŜƭέ ƳŀǘŜπ
rials, have been measured and uploaded to the databases. 

The development of improved TCM included sorption materials (micro/mes-
oporous solids and liquids), chemical reactions (salt hydrates and metal ox-
ides/hydroxides), and combinations of both (zeolites/graphite + salt hy-
drates/metal oxides). Sorption materials with desorption temperatures be-
tween 80 °C and 140 °C and desorption enthalpies up to 2,200 kJ/kg on ma-
terial level were investigated. Chemical reactions with reaction tempera-
tures up to 800 °C showed reaction enthalpies up to 1,500 kJ/kg on material 
level. 

{ǳōǘŀǎƪ оΥ άaŜŀǎǳǊƛƴƎ tǊƻŎŜŘǳǊŜǎ ŀƴŘ ¢ŜǎǘƛƴƎ ǳƴŘŜǊ !ǇǇƭƛŎŀǘƛƻƴ /ƻƴŘƛπ
ǘƛƻƴǎέ 

In the context of PCM testing under application conditions, a comparison of 
material properties of PCM in the lab environment and under application 
conditions was elaborated. Thereby, most input was collected for the prop-
erties degree of supercooling, phase separation, storage capacity, and long-
term stability of PCM. A step further was taken in the case of long-term sta-
bility of PCM: Information on experimental devices to investigate the long-
term stability of PCM were gathered. The experiments include tests on the 
stability of PCM over thermal cycling, on the stability of PCM with stable su-
percooling, and on the stability of Phase Change Slurries (PCS). 

In the context of TCM testing under application conditions, measurement 
procedures for mass and enthalpy change with defined conditions for sorp-
tion materials and salt hydrates were developed. In addition, a measurement 
procedure for specific heat capacity measurements of salt hydrates was 
tested. Round robin tests showed a good agreement with respect to mass 
change among the participants. Both enthalpy change and specific heat ca-
pacity showed larger deviations and, thus, pointed to the necessity to pro-
ceed with standardizing measurement methods including sample 
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preparation and handling. Based on the measured material properties of ze-
olite 13X, a scale-up procedure from material properties to lab scale was pro-
posed. 

{ǳōǘŀǎƪ пΥ ά/ƻƳǇƻƴŜƴǘ 5ŜǎƛƎƴ ŦƻǊ LƴƴƻǾŀǘƛǾŜ ¢9{ aŀǘŜǊƛŀƭǎέ 

To provide an overview on PCM component design, an inventory of heat ex-
changer concepts was done. Following this, a definition of performance for 
PCM components in term of capacity and storage density was agreed upon. 
In order to be able to compare different PCM concepts in terms of power, a 
review on assessment approaches was carried out. Therefore, power-time 
curves upon charging and discharging were compared, preliminary perfor-
mance parameters were defined, and a procedure based on a validated nu-
merical model was proposed. 

In the case of TCM, the starting point was a basic description of investigated 
TCM storage processes and their impact on the component design. In addi-
tion, an inventory of actual TCM component designs currently under inves-
tigation was elaborated. Thereby, a common graphical representation was 
used to classify component concepts as open or closed and fixed or trans-
ported systems. Further efforts were undertaken to identify a possible TCM 
performance degradation from lab-scale measurements to pilot installa-
ǘƛƻƴǎΦ ! ά5ƻΩǎ ŀƴŘ 5ƻƴΩǘǎέ ǇŀǇŜǊ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ¢/a ŎƻƳǇƻƴŜƴǘ ŘŜǎƛƎƴ ƛǎ 
currently in preparation.  
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1 EXECUTIVE SUMMARY 

1.1 SHORT DESCRIPTION OF ANNEX 33  
Past IEA SHC and ECES Tasks/Annexes, especially Task42/Annex24 and its successor Task42/An-

nex29, achieved substantial progress in the understanding of compact thermal storage materials 

and systems and created a strong basis of collaborating experts from both the field of materials 

and systems applications from a large number of countries, mainly in Europe and Japan. From 

these seven years of collaboration, it was concluded that a continuation is needed, especially in 

the further material development, materials characterisation techniques and component devel-

opment.  

Annex 33 tries to support an application-oriented development of innovative storage materials 

in three steps. The first step is the characterization of the new material concerning its properties 

like heat of fusion or heat of reaction, specific heat, thermal conductivity, and others.  

In a second step the material has to be tested under identified reference application conditions. 

Following the findings of Annex 24 and 29, these conditions include 2 temperatures for PCM 

(charging and discharging temperature) and 4 temperatures or concentrations for TCM (tem-

perature and reactant concentration at charging and discharging). After this testing, for the first 

time, a theoretical energy density can be derived because the energy density is not a material 

property, but a process depending value!  

The third step focuses on the interaction between the storage material and the storage compo-

nent, and mainly with the heat and mass transfer performed in the component or reactor. 

Thereby, first results towards a reliable power and energy density, which is now related to the 

mass and volume of the component, can be deduced. 

1.1.1 OBJECTIVES AND SCOPE 

OBJECTIVES 
The key objectives of the joint Annex/Task are:  

¶ Mapping and evaluating the TES application opportunities concerning the requirements 

for the storage material 

¶ Development and characterisation of storage materials to enhance TES performance 

¶ Development of materials characterisation procedures and a methodology for material 

testing under application conditions 

¶ Development of components for compact thermal energy storage systems 

SCOPE 
This joint Annex/Task deals with advanced materials for latent and thermochemical energy stor-

age: Phase Change Materials (PCM) and Thermochemical Materials (TCM).  
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It covers the material development, the characterization, and the testing under application con-

ditions. Finally, it describes the interaction between material and the storage component and 

the expected storage performance of the innovative materials. 

Because seasonal storage of solar heat for solar assisted heating of buildings is the main focus 

of the IEA-SHC TCP, this will also be a focus area of this task. However, because there are many 

more relevant applications for TES, and because material research is not and cannot be limited 

to one application only, this task will include multiple application areas. 

1.1.2 ORGANISATIONAL STRUCTURE 
The work of the Annex has been divided into 4 Subtasks. Two of the planned subtasks will con-

centrate on the material itself, its characterization, and the definition of testing procedures. 

Subtask 1 and 4 deal with the relation between the new material and the storage component 

and the actual application, respectively. 

 

FIGURE 1.1-1: SUBTASK STRUCTURE OF ANNEX 33 

There are two reasons for a further breakdown of the materials and components subtasks into 

a PCM (-P) and a TCM (-T) track. The first is that, although there are a lot of common approaches 

for the two classes of materials, the basic materials principles differ and need a different ap-

proach. The second reason is that, with the relatively high number of experts, it is more effective 

to break down the work in a larger number of subgroups. However, this holds not for subtask 1, 

which is valid for both storage technologies. The following subtask division has been applied. 

Under each subtask (for the PCM and the TCM track), a subtask leader was appointed.  
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FIGURE 1.1-2: SUBTASK LEADERS OF THE PCM AND THE TCM TRACKS OF ANNEX 33 

1.1.3 WORKPLAN 
An overview of the activities within the Subtasks is shown below.  
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FIGURE 1.1-3: ACTIVITIES WITHIN THE SUBTASKS OF ANNEX 33 

1.1.4 START AND END OF THE ANNEX 
The activities of the joint Task/Annex started at 1 January 2017 and ended at 31 December 2019. 

1.1.5 EXPERTS MEETINGS 

The predecessor Task4224 and Task4229 covered a period of 7 years in which 14 Experts Meet-

ings were held. The table below shows an overview of the expert meetings in Annex 33. Six 

experts meetings were held. The right column indicated the number of participants at a meeting.  

Table 1.1-1: Expert meetings 

# Location Country Date Participants 

1 Lyon France April 5-7, 2017 64 

2 Zurich Switzerland October 4-6, 2017 46 

3 Ljubljana Slovenia April 9-11, 2018 45 

4 Graz Austria October 1-2, 2018 42 

5 Ottawa Canada May 1-3, 2019 43 

6 Messina Italy October 9-10, 2019 42 
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1.1.6 STATUS OF PARTICIPATION 

10 institutions from 8 countries participate officially in this Annex. 

Table 1.1-2: Participating Countries 

Country Participant 

Germany ZAE Bayern 

Germany Fraunhofer ISE 

Belgium Univ. Mons 

France Univ. Bordeaux 

Slovenia NIC 

Spain Univ. Lleida 

Spain Univ. Zaragoza 

Sweden KTH 

Switzerland EMPA 

Turkey Çukurova Univ. 

 

The list contains only the countries officially participating throught the Energy Storage TCP. For 

example countries like Austria and Italy participated through the Solar Heating and cooling TCP 

in the beginning. 

Overall more than 13 countries participated in the experts meetings and workshops. 
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1.2 SUMMARY OF SUBTASKS 

1.2.1 SUBTASK 1 ς ENERGY RELEVANT APPLICATIONS FOR AN APPLICATION-ORIENTED 

DEVELOPMENT OF IMPROVED STORAGE MATERIALS 

THE APPROACH OF APPLICATION-ORIENTED DEVELOPMENT OF IMPROVED STORAGE MATERIALS 

The energy density of a storage material or its specific storage capacity ς energy stored per mass 

or volume ς is not a material property! It is strongly depending on the operation conditions 

during charging and discharging. Therefore, it can be described as a process variable. The stor-

age process is depending on the actual storage application. Parameters like the available charg-

ing temperature and the usable temperature at the consumer side are determined by the appli-

cation.  

The goal of this subtask is to provide a list of thermal energy storage applications relevant for 

our future energy system. The storage application sets the technical and economic environment 

of the storage system and defines the operation conditions. These conditions include available 

charging and required discharging temperatures, available and required thermal power in- and 

output, as well as the available reactant concentrations for the process in the case of thermo-

chemical energy storage. 

The list could also include parameters like the expected number of storage cycles, the predicted 

lifetime and the required system size. All these parameters can be utilized for integrated system 

simulations, which finally can give first estimations of performance improvement of the new 

storage materials. 

This cross-cutting subtask was planned as an ongoing discussion forum, where the material de-

signers meet the application engineers and, thus, the gap between these two groups could be 

bridged.  

The actual approach is starting from defining relevant applications. In a next step these applica-

tions provide operation conditions. It has to be investigated whether the class of applications 

provides standard conditions or more individual energy storage solutions. The identified opera-

tion conditions are the basis of any application-oriented testing of novel thermal energy storage 

materials. 

 

FIGURE 1.2-1: APPROACH OF SUBTASK 1 TOWARDS AN APPLICATION-ORIENTED TESTING 

Relevant Applications

Operation Conditions

Application Oriented

Testing
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WHAT ARE ENERGY RELEVANT APPLICATIONS? 

Energy relevant applications for thermal energy storage systems can be described by their im-

pact on the energy system. This impact can be quantified with respect to the overall CO2 emis-

sions or to the final energy demand connected to this class of applications. 

RELEVANCE BY STATISTICS 

Looking at the statistical sectors ς industry, private households, trade & commerce, and 

transport ς the CO2 emissions and final energy demand can be visualized. Figure 1.2-2 shows the 

different energy forms responsible for these emission in Germany. With focus on thermal en-

ergy, like process heat, space heating, domestic hot water (DHW), process cold and AC cold, the 

sectors industry, private households, trade & commerce seem to be relevant. 

 

FIGURE 1.2-2: CO2 EMISSIONS IN GERMANY LINKED TO STATISTICAL SECTORS AND ENERGY DEMAND [M. RASCH, A. REGETT, S. 

PICHLMAIR, J. CONRAD, S. GREIF, A. GUMINSKI, E. ROUYRRE, C. ORTHOFER AND T. ZIPPERLE, EINE ANWENDUNGSORIENTIERTE 

EMISSIONSBILANZ ς KOSTENEFFIZIENTE UND SEKTORENÜBERGREIFENDE DEKARBONISIERUNG DES ENERGIESYSTEMS, FOR-

SCHUNGSSTELLE FÜR ENERGIEWIRTSCHAFT FFE, BWK, AUSGABE 03/2017] 

From the figure it is obvious that thermal energy demand and the connected emissions are with 

more than 50% the dominant factor for any measures to stop the global warming. This is a strong 

point for the relevance of thermal energy storage to support the integration of renewables and 

to increase energy efficiency in general. 

RELEVANT APPLICATIONS 

The most relevant fields of application for thermal energy storage systems can be defined as: 

o Industrial Processes 

o Buildings 
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These two fields of application would stand for 27% (process heat and cold) and 24% (space 

heating, DHW and AC cold) of the CO2 emissions in Germany. 

In the last phase of the Annex, this list was updated and only the most relevant applications 

were extracted: 

o Industrial batch processes and peak shaving applications 

o Heating and cooling for single family households (HVAC systems in the building 

sector) 

o Combined heat and power systems 

o District heating systems 

In a first attempt, it was tried to collect operation conditions from these applications. And, if 

possible, to extract reference conditions for material testing. 

HOW TO DEFINE OPERATION CONDITIONS 

In order to develop a novel material for thermochemical heat storage (TCM) a strong link to the 

targeted application is crucial. The proposed approach offers an easy method for first experi-

mental testing of new materials under real conditions.  

WHY FOCUS ON TEMPERATURES? 

The most important parameters for the evaluation of materials within latent or thermochemical 

storage systems are the temperatures involved. By adjusting just these temperatures, the 

achievable storage capacity can be experimentally quantified. Any other operation conditions 

(like the thermal power requirement or the number of cycles) should be neglected at this first 

step of testing. The presented approach will focus exclusively on the temperatures as the oper-

ation conditions. 

2-TEMPERATURE-APPROACH FOR PCM 

For PCM thermal energy storage systems, 2 temperatures are sufficiently describing the charg-

ing and discharging process in any application.  

¶ Charging Temperature TChar : The necessary charging temperature is given by the melt-

ing temperature of the PCM. It has to be above the melting temperature in order to melt 

the PCM in the charging process. The minimum necessary temperature difference be-

tween charging and melting temperature, as fixed value for each material, is given by 

heat exchanger design. 

¶ Consumer Temperature TCons : The necessary discharge temperature is given by the ap-

plication. Each application has its own fixed usable temperature level. Below this level, 

heat cannot be used. The consumer temperature should be below the melting temper-

ature in order to utilize the melting enthalpy. The minimum necessary temperature dif-

ference between melting temperature and usable temperature level is given by heat 

exchanger design. 
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4-TEMPERATURE-APPROACH FOR TCM 

For thermochemical energy storage, not only the heat transport in and out of the material, de-

scribed by the temperatures, but also the mass transfer, given by the concentrations of the re-

actants, defines the achievable storage capacity. The concentrations however can be translated 

into available temperatures. These temperatures could be equivalent to partial pressures or 

dewpoints (in the case of water as the reactant) in open systems. In closed systems, the concen-

trations are given by the temperature of the condenser and the evaporator. In the following, 

ǘƘŜǎŜ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀǊŜ ŎŀƭƭŜŘ άŀƳōƛŜƴǘέ ǘŜƳǇŜǊŀǘǳǊŜǎ, because they determine the actual heat 

flux in or out of the thermochemical energy storage system. Thus 4 temperatures are necessary 

to describe the charging and discharging process in any application. 

¶ Charging Temperature TChar : The available charging temperature, which is depending 

on the temperature of the heat source and the quality of the heat exchanger. 

¶ TAmbChar (only for TCM): The ambient condition during charging is given by the dew point 

or partial pressure or concentration of the reactant for an open system and by the con-

denser temperature for a closed system. 

¶ Consumer Temperature TCons : The minimum required temperature for the consumer 

(including the necessary temperature difference for the heat exchanger). 

¶ TAmbDischar (only for TCM): The ambient condition during discharging is given by the dew 

point or partial pressure or concentration of the reactant for an open system and by the 

evaporator temperature for a closed system. 

 

FIGURE 1.2-3: SCHEME OF A TCM SYSTEM AND THE 4 RELEVANT TEMPERATURES DURING CHARGING AND DISCHARGING 

COLLECTION OF OPERATION CONDITIONS  

The participants were asked to fill in templates for the most relevant applications in order to 

identify the operation temperatures according to the above-mentioned methodology.  

BUILDING APPLICATIONS 

Figure 1.2-4 shows the provided charging and consumer temperature for heating and domestic 

hot water applications. All applications are based on a solar-thermal input. This limits the 

DischargingCharging

TCM
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charging temperatures below or around 100 °C. Exceptions are coming from systems assuming 

high temperature thermal collectors (e.g. vacuum tubes) or electrical heating systems.  

 

FIGURE 1.2-4: CHARGING AND CONSUMER TEMPERATURE FOR BUILDING APPLICATIONS 

For the class of building applications, it seems possible to define reference conditions or at least 

temperature ranges in which a first material testing could be performed.  

OTHER APPLICATIONS 

The other relevant applications - combined heat and power, district heat, and process heat ς 

are listed in Table 1.2-1.  

TABLE 1.2-1: OPERATION TEMPERATURES OF MOST RELEVANT APPLICATIONS IN OTHER SECTORS ACCORDING TO PARTICI-

PANTS INPUT  

 

The content of Table 1.2-1 is coming from actual R&D projects of the international participating 

institutes. It is no representative view on the real situation of relevant application. However, it 

remains obvious that a certain set of reference temperatures cannot be identified for the listed 

applications. Especially in the field of process heat and industrial applications, the diversity of 

operation conditions is huge. Thus, no reference conditions can be defined at the moment.  

Institution Application T Charging T Amb Char T Consumer T Amb Dischar

Combined Heat & Power

ZAE Bayern

CHP Waste Heat (low-T)/ Short Term TES / 

Process Heat (Food Industry)
80 °C 20 °C 100-110 °C 20 °C

ZAE Bayern

CHP Waste Heat (combustion gases)/ Short 

Term TES / Process Heat (Food Industry)
350 °C 20 °C 100-110 °C 21 °C

District Heating

AEE Intec

Renewable Electricity / Short Term TES / 

District Heating
> 100 °C 10-20 °C 80 °C 10-20 °C

Process Heat

Univ. Artois
Solar Wall / / Daily TES / Process Heat 

(Greenhouse effect)
<80°C 25°C - 35°C

TUM

Renewable Electricity / Power-to-Process Heat 

& Power > 650°C 160°C 475°C 120°C

TUM Renewable Electricity / Power-to-Process Heat  > 650°C 160°C 192°C 90-100°C
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1.2.2 SUBTASK 2 - DEVELOPMENT AND CHARACTERIZATION OF IMPROVED MATERIALS 

SUBTASK 2P 

¢ƘŜ ǿƻǊƪ ƻŦ {ǳōǘŀǎƪ нt ά5ŜǾŜƭƻǇƳŜƴǘ ŀƴŘ /ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ LƳǇǊƻǾŜŘ t/aέ ŎƻǾŜǊŜŘ п ǘƻǇƛŎǎΥ 

¶ PCM Material development 

¶ Developing measurement procedures 

¶ Filling the PCM Database 

¶ Developing a Wiki for terms used in the context of PCM 

DEVELOPMENT OF NEW PCM 

As the material development is done at different institutions, the first objective was to collect 

information on the PCM which are under development. Questionnaires from the experts were 

gathered to get an overview on the most relevant properties of these materials and the appli-

cation which are addressed. Figure 1.2-5 depicts an overview of the investigated and/or devel-

oped PCM in terms of melting temperature vs. melting enthalpy. In total, 20 PCM with melting 

temperatures between -20 °C and +180 °C and melting enthalpies up to 300 kJ/kg on material 

level were investigated by the participants. 

 
FIGURE 1.2-5: OVERVIEW ON MATERIALS COLLECTED WITH THEIR PHASE CHANGE ENTHALPY AND MELTING TEMPERATURE, RED 

INDICATES THE UNSTABLE MATERIALS 

MEASUREMENT PROCEDURE FOR THERMAL DIFFUSIVITY 

An intercomparative test of thermal diffusivity was carried out. The scope of the test was to 

develop a guideline for determination of thermal diffusivity and conductivity of PCM by means 
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of flash technique in order to ensure reliable measurement data. The investigated sample ma-

terial was RT70HC with a melting temperature around 70 °C. Two different cooling rates were 

used for the sample preparation: slow cooling (2 K/h) or fast cooling (quenching with liquid ni-

trogen). In the first measurement round, the thermal diffusivity of the solid PCM RT70HC was 

measured at 40 °C and 50 °C. In the second measurement round, the pulse energy was varied 

systematically. With rising pulse energy, a trend towards lower thermal diffusivity can be ob-

served for all measurements. In a third measurement round the specimens were prepared by 

the participating laboratories themselves in order to test the influence of sample preparation. 

As a consequence, compared to the previous measurement rounds, the standard deviation of 

the results was increased.  

In Figure 1.2-6, the statistical results of the different measurement rounds demonstrate the 

achievements compared to the results obtained in the previous phase (T42A29). In the case of 

round 2, with uniform specimen and adjusted pulse energy, a very low standard deviation of 

less than 3% was observed among the participants. 

  

FIGURE 1.2-6: RELATIVE STANDARD DEVIATIONS OF THE MEASUREMENT RESULTS IN THE DIFFERENT MEASUREMENT ROUNDS 

FOR SPECIMENS WITH DIFFERENT COOLING RATES: 2 K/H (2KH) OR QUENCHING WITH LIQUID NITROGEN (LN2) 

MEASUREMENT PROCEDURE FOR VISCOSITY 

In addition, a measurement procedure for viscosity was developed. Therefore, a workshop on 

the measurement of viscosity via rotational rheometers was organized. Figure 1.2-7 depicts 

some impressions from the workshop. 

   

FIGURE 1.2-7: WORKSHOP ON MEASUREMENT OF VISCOSITY VIA ROTATIONAL RHEOMETERS, FROM LEFT TO RIGHT: PRESENTA-

TIONS, THE HIGH TEMPERATURE MEASUREMENT GEOMETRY FILLED WITH MOLTEN NITRATE SALT, FILLING THE GAP FOR THE 

MEASUREMENT OF RT70HC 

0%

10%

20%

30%

2KH LN2
T42A29 round 1 round 2 round 3
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PCM DATABASE 

New material properties have been feed into the database which was developed during previous 

tasks and annexes. So far, data of 56 measurements are available in the private section from 

which 16 datasets are publicly available. Figure 1.2-8 shows on the overview table of public 

available materials.  

 

FIGURE 1.2-8: SCREEN SHOT OF THE PUBLIC AVAILABLE DATASETS (WWW.THERMALMATERIALS.ORG) 

PCM WIKI 

In order to establish a common wording of relevant phenomena in the context of PCM, a Wiki 

has been started. Experts have worked on definitions and explanations of terms such as nucle-

ation temperature, supercooling, specific heat determination via DSC etc. The Wiki is open so 

that everybody can add new terms and definitions or to change/comment on existing ones. Fig-

ure 1.2-9 shows a screen shot of the PCM Wiki. 

http://www.thermalmaterials.org/
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FIGURE 1.2-9: SCREEN SHOT OF THE WIKI FOR PCM (WWW.THERMALMATERIALS.ORG/WIKI-PCM) 

SUBTASK 2T 

{ǳōǘŀǎƪ н¢ ά5ŜǾŜƭƻǇƳŜƴǘ ŀƴŘ /ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ LƳǇǊƻǾŜŘ ¢/aέ ƛƴŎƭǳŘŜŘ п ŀŎǘƛǾƛǘƛŜǎΥ 

¶ Develop and identify novel chemical reactions and composite materials 

¶ Define relevant material parameters 

¶ Characterize novel reactions and materials by material properties 

¶ Maintenance and expansion of the material database implemented in Task42/Annex 29 

DEVELOPMENT OF NEW TCM MATERIALS AND COMPOSITES 

The development of improved TCM included sorption materials (micro/mesoporous solids and 

liquids), chemical reactions (salt hydrates and metal oxides/hydroxides), and combinations of 

both (zeolites/graphite + salt hydrates/metal oxides). Figure 1.2-10 shows microscope images 

different TCM materials developed and/or characterized by participants.  

 

http://www.thermalmaterials.org/wiki-pcm
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FIGURE 1.2-10: IMAGES OF TCM MATERIALS DEVELOPED AND INVESTIGATED WITHIN THE GROUP OF EXPERTS 

Sorption materials with desorption temperatures between 80 °C and 140 °C and desorption en-

thalpies up to 2.200 kJ/kg on material level were investigated (Figure 1.2-11). 

 

FIGURE 1.2-11: MAX. SORPTION ENTHALPY VERSUS DESORPTION TEMPERATURE OF POROUS SOLIDS AND COMPOSITES 

(ADSORBATE: WATER)  
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Chemical reactions with reaction temperatures up to 800 °C showed reaction enthalpies up to 

1.500 kJ/kg on material level (Figure 1.2-12). 

 

FIGURE 1.2-12: CHEMICAL REACTIONS AND COMPOSITES INVESTIGATED AS TCM: REACTION ENTHALPIES VS. TEMPERATURE  

TCM DATABASE 

Due to complexity and different relevant materials properties, it was decided to prepare three 

databases: one on chemical reactions (salt hydrates, oxides, composites), one on adsorption 

(porous solids and composites), and one on absorption (liquids). A screen shot of the chemical 

reaction database in shown in Figure 1.2-13. 

 
FIGURE 1.2-13: SCREEN SHOT OF THE CHEMICAL REACTION DATABASE (WWW.THERMALMATERIALS.ORG) 
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1.2.1 SUBTASK 3 - MEASURING PROCEDURES AND TESTING UNDER APPLICATION 

CONDITIONS 

SUBTASK 3P 

PCM testing under application conditions can be considered as a link between the measured 

material properties in the lab and the observed phase change behaviour of the PCM in an actual 

application (cf. Figure 1.2-14). 

 

FIGURE 1.2-14: PCM TESTING UNDER APPLICATION CONDITIONS 

In this subtask, a comparison of material properties of PCM in the lab environment and under 

application conditions was elaborated. Thereby, most input was collected for the properties de-

gree of supercooling, phase separation, storage capacity, and long-term stability of PCM.  

A step further was taken in the case of long-term stability of PCM: Information on experimental 

devices that are used by the experts of Task 58 / Annex 33 to investigate the long-term stability 

of PCM were gathered (some of them are shown in Figure 1.2-15). The experiments include tests 

on the stability of PCM over thermal cycling, on the stability of PCM with stable supercooling, 

and on the stability of Phase Change Slurries (PCS). 

 

FIGURE 1.2-15: EXPERIMENTAL DEVICES USED BY THE PARTICIPANTS TO INVESTIGATE THE LONG-TERM STABILITY OF PCM 
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SUBTASK 3T  

This Subtask aimed to have reliable thermal analysis methods/protocols and procedures for the 

characterization of material and reaction properties for sorption and chemical reactions of ther-

mal energy storage (TES) applications.  

Therefore, measurement procedures for mass and enthalpy change with defined conditions for 

sorption materials and salt hydrates were developed. The biggest part of the activities in this 

subtask was to develop a common sense for enthalpy and mass change measurements of sorp-

tion and thermochemical materials as well as a procedure to compare results on lab scale. Dif-

ferent round robin tests on a zeolite and salt hydrate were conducted and evaluated. These 

results were used to further develop the measurement procedures. In addition, a measurement 

procedure for specific heat capacity measurements of salt hydrates was tested.  

The performed round robin tests showed a good agreement with respect to mass change among 

the participants. Both enthalpy changes and specific heat capacity showed larger deviations :̀  

¶ Adsorption enthalpy of zeolite 13X: ̀όɲHmax) ~ 12% 

¶ Hydration enthalpy of SrBr·6H2O: ̀ (ɲHmax) ~ 40% 

¶ Specific heat capacity of SrBr·6H2O: ̀ (cp,max) ~ 23% (Figure 1.2-16) 

 

FIGURE 1.2-16: THE ROUND ROBIN TEST OF THE SPECIFIC HEAT CAPACITY OF A SALT HYDRATE SHOWED DEVIATIONS UP TO 23% 

The deviations in terms of enthalpy point to the necessity to proceed with developing standard-

ized measurement methods including sample preparation and handling.  

1 2 3 Mean ˋ

T / °C cp / J g-1 K-1 cp / J g-1 K-1 cp / J g-1 K-1 cp / J g-1 K-1 u / J g-1 K-1

25 0,34 0,48x-x-x 0,41 0,07

30 0,34 0,49x-x-x 0,42 0,07

35 0,34 0,50x-x-x 0,42 0,08

40 0,34 0,52x-x-x 0,43 0,09

45 0,34 0,54x-x-x 0,44 0,10

50 0,35x-x-x 0,43 0,39 0,04

55 0,35x-x-x 0,43 0,39 0,04

60 0,35x-x-x 0,43 0,39 0,04

65 0,35x-x-x 0,43 0,39 0,04

70 0,35x-x-x 0,43 0,39 0,04

75 0,35x-x-x 0,43 0,39 0,04

80 0,36x-x-x 0,43 0,39 0,04
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1.2.2 SUBTASK 4 - COMPONENT DESIGN FOR INNOVATIVE TES MATERIALS 

SUBTASK 4P 

Latent heat storage systems using PCM should meet the application requirements in terms of 

technical and economical parameters. Among the technical parameters, high thermal power is 

one of the most challenging characteristics. Most of the materials used as PCM have an intrinsi-

cally low thermal conductivity, for which component design has to compensate for.  

Several finished and ongoing projects have worked on improving the design of PCM components 

(storage containment, heat exchangers) with the aim to increase the thermal performance. As 

a first step for a performance comparison between the different solutions, this subtask listed 

the various concepts, previously or currently studies, for PCM thermal storage in terms of ge-

ometries, heat exchange systems and the nature of the PCM used. The following figures, Fig-

ure 1.2-17 to Figure 1.2-20, show examples of storage concepts developed by the participants. 

               

FIGURE 1.2-17: LEFT: CAD MODEL OF A PCM STORAGE WITH CAPILLARY TUBE HEAT EXCHANGER (SOURCE: ZAE BAYERN), RIGHT: 

PCM CRYSTALLIZING AT CAPILLARY TUBES (SOURCE: ZAE BAYERN) 

 

FIGURE 1.2-18: A LABORATORY-SCALE TES SYSTEM WITH MACROENCAPSULATED PCM IN FLAT PLATES PLACED IN PARALLEL 

(SOURCE: DIARCE ET AL. 2018).  



   

 

31 

 

 

FIGURE 1.2-19: FLAT PLATE STORAGE WITH PCM CHAMBER AND EXTERNAL EXPANSION (SOURCE: DANNEMAND ET AL. 2016).  

 

 

FIGURE 1.2-20: (LEFT) SCHEMATIC REPRESENTATION OF DIRECT CONTACT LATENT HEAT STORAGE PRINCIPLE WHERE THE HTF IS 

FLOWING DIRECTLY THROUGH THE PCM EXCHANGING HEAT AT THE BUBBLE/PCM INTERFACE AND CAUSING SOLIDIFICATION 

OR MELTING OF THE STORAGE MATERIAL; (RIGHT) DIRECT CONTACT LATENT HEAT STORAGE TEST-RIG DEVELOPED AT LUCERNE 

UNIVERSITY OF APPLIED SCIENCES AND ARTS (SOURCE: LUCERNE UNIVERSITY OF APPLIED SCIENCES AND ARTS) 

Following this, a definition of performance for PCM components in term of capacity and storage 

density was agreed upon. In order to be able to compare different PCM concepts in terms of 

power, a review on assessment approaches was carried out. Therefore, power-time curves upon 

charging and discharging were compared (cf. Figure 1.2-21), preliminary performance parame-

ters were defined, and a procedure based on a validated numerical model was proposed. 
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FIGURE 1.2-21: HEAT EXCHANGE RATE OVER STATE OF CHARGE OF THE PCM COMPONENTS STUDIED IN SUBTASK 4P 

SUBTASK 4T 

In the case of TCM component design, the starting point was a basic description of investigated 

TCM storage processes and their impact on the component design. In addition, an inventory of 

actual TCM component designs currently under investigation was elaborated. The following fig-

ures, Figure 1.2-22 to Figure 1.2-24, show examples of storage concepts developed by the par-

ticipants.  

 

FIGURE 1.2-22: 3D-CAD IMAGE AND PHOTO OF THE FLUIDIZED BED REACTOR FOR HIGH TEMPERATURE HEAT STORAGE USING A 

REVERSIBLE CHEMICAL GAS-SOLID REACTION USING STEAM AND METAL OXIDES SUCH AS CAO/CA(OH)2 OR MGO/MG(OH)2 

(SOURCE: TECHNICAL UNIVERSITY MUNICH) 
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FIGURE 1.2-23Υ {/I9a!¢L/{ !b5 tL/¢¦w9 hC 9at!Ω{ b!hI κ Iнh [!.hw!¢hw¸ [Lv¦L5 !.{hwt¢Lhb {¸{¢9a ό{h¦w/9Υ 9at!ύ 

 

FIGURE 1.2-24: CONSTRUCTION DETAILS OF THE ROTATING CYLINDRICAL ADSORPTION REACTOR USING ZEOLITE-WATER AS 

SORPTION WORKING PAIR (SOURCE: UNIVERSITY FOR APPLIED SCIENCE UPPER AUSTRIA) 

To compare and discuss different TCM component concepts, a common graphical representa-

tion was used to classify the concepts as open or closed and fixed or transported systems (Figure 

1.2-25). 



   

 

34 

 

 

FIGURE 1.2-25: ILLUSTRATION OF THE BASIC SORPTION HEAT STORAGE SYSTEMS. 

Further efforts were undertaken to identify a possible TCM performance degradation from lab-

scale measurements to pilot ƛƴǎǘŀƭƭŀǘƛƻƴǎΦ ! ά5ƻΩǎ ŀƴŘ 5ƻƴΩǘǎέ ǇŀǇŜǊ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ¢/a ŎƻƳπ

ponent design is currently in preparation. 
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1 OBJECTIVES, STRUCTURE AND APPROACH OF THE ANNEX 

1.1 OBJECTIVES 

The overall goal of Annex 33 is to support an application-oriented develop-

ment of innovative and compact thermal energy storage materials: Phase 

Change Materials (PCM) and Thermochemical Materials (TCM). This includes 

the following objectives : 

ω Mapping and evaluating the TES application opportunities concerning 
the requirements for the storage material 

ω Development and characterisation of storage materials to enhance TES 
performance 

ω Development of materials characterisation procedures and a methodo-
logy for material testing under application conditions 

ω Development of components for compact thermal energy storage sys-
tems 

1.2 SCOPE 

This joint Annex/Task deals with advanced materials for latent and thermo-

chemical energy storage: Phase Change Materials (PCM) and Thermochemi-

cal Materials (TCM).  

It covers the material development, the characterization, and the testing un-

der application conditions. Finally, it describes the interaction between ma-

terial and the storage component and the expected storage performance of 

the innovative materials. 

Because seasonal storage of solar heat for solar assisted heating of buildings 

is the main focus of the IEA-SHC TCP, this will also be a focus area of this task. 

However, because there are many more relevant applications for TES, and 

because material research is not and cannot be limited to one application 

only, this task will include multiple application areas. 

1.3 STRUCTURE AND APPROACH OF THE ANNEX 

The work of the Annex has been divided into Subtasks. Two of the planned subtasks concentrate 

on the material itself, its characterization, and the definition of testing procedures. Subtask 1 

and 4 deal with the relation between the new material and the storage component and the 

actual application, respectively. 
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FIGURE 1-1: SUBTASK STRUCTURE OF ANNEX 33 

There are two reasons for a further breakdown of the materials and components subtasks into 

a PCM (-P) and a TCM (-T) track. The first reason is that, although there are a lot of common 

approaches for the two classes of materials, the basic materials principles differ and need a dif-

ferent approach. The second reason is that, with the relatively high number of experts, it is more 

effective to break down the work in a larger number of subgroups. However, this holds not for 

subtask 1 which is valid for both storage technologies. Subtasks were divided as follows: 

 

FIGURE 1-2: SUBTASK LEADERS OF THE PCM AND THE TCM TRACKS OF ANNEX 33 

Under each subtask (for the PCM and the TCM track), a subtask leader was appointed. 
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1.4 MEETINGS AND PARTICIPATING COUNTRIES AND TCPS 

Six experts meetings and workshops were held. The table below gives an overview of the loca-

tion and the number of participants of the expert meetings.  

# Location Country Date Participants 

1 Lyon France April 5-7, 2017 64 

2 Zurich Switzerland October 4-6, 2017 46 

3 Ljubljana Slovenia April 9-11, 2018 45 

4 Graz Austria October 1-2, 2018 42 

5 Ottawa Canada May 1-3, 2019 43 

6 Messina Italy October 9-10, 2019 42 

 

Table 1-1: Participating Countries 

Country Participant 

Germany ZAE Bayern 

Germany Fraunhofer ISE 

Belgium Univ. Mons 

France Univ. Bordeaux 

Slovenia NIC 

Spain Univ. Lleida 

Spain Univ. Zaragoza 

Sweden KTH 

Switzerland EMPA 

Turkey Çukurova Univ. 

 

The list contains only the countries officially participating throught the Energy Storage TCP. For 

example countries like Austria and Italy participated through the Solar Heating and cooling TCP 

in the beginning. 

Overall more than 13 countries participated in the experts meetings and workshops.  
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2 SUBTASK 1 ς ENERGY RELEVANT APPLICATIONS FOR AN APPLICA-

TION-ORIENTED DEVELOPMENT OF IMPROVED STORAGE MATERIALS 

2.1 THE APPROACH OF APPLICATION-ORIENTED DEVELOPMENT OF IMPROVED STO-

RAGE MATERIALS 

The energy density of a storage material or its specific storage capacity ς energy stored per mass 

or volume ς is not a material property! It is strongly depending on the operation conditions 

during charging and discharging. Therefore, it can be described as a process variable. The stor-

age process is depending on the actual storage application. Parameters like the available charg-

ing temperature and the usable temperature at the consumer side are determined by the appli-

cation.  

The goal of this subtask is to provide a list of thermal energy storage applications relevant for 

our future energy system. The storage application sets the technical and economic environment 

of the storage system and defines the operation conditions. These conditions include available 

charging and required discharging temperatures, available and required thermal power in- and 

output, as well as the available reactant concentrations for the process in the case of thermo-

chemical energy storage. 

The list could also include parameters like the expected number of storage cycles, the predicted 

lifetime and the required system size. All these parameters can be utilized for integrated system 

simulations, which finally can give first estimations of performance improvement of the new 

storage materials. 

This cross-cutting subtask was planned as an ongoing discussion forum, where the material de-

signers meet the application engineers and, thus, the gap between these two groups could be 

bridged.  

The actual approach is starting from defining relevant applications. In a next step these applica-

tions provide operation conditions. It has to be investigated, whether the class of applications 

provides standard conditions or more individual energy storage solutions. The identified opera-

tion conditions are the basis of any application-oriented testing of novel thermal energy storage 

materials. 

 

FIGURE 2-1: APPROACH OF SUBTASK 1 TOWARDS AN APPLICATION-ORIENTED TESTING 

Relevant Applications

Operation Conditions

Application Oriented

Testing
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2.2 WHAT ARE ENERGY RELEVANT APPLICATIONS? 

Energy relevant applications for thermal energy storage systems can be described by their im-

pact on the energy system. This impact can be quantified with respect to the overall CO2 emis-

sion or to the final energy demand connected to this class of applications. 

2.2.1 RELEVANCE BY STATISTICS 

Looking at the statistical sectors ς industry, private households, trade & commerce, and 

transport ς the CO2 emissions and final energy demand can be visualized. Figure 2-2 shows the 

different energy forms responsible for these emissions in Germany. With focus on thermal en-

ergy, like process heat, space heating, domestic hot water (DHW), process cold and AC cold, the 

sectors industry, private households, trade & commerce seem to be relevant. 

 

FIGURE 2-2: CO2 EMISSIONS IN GERMANY LINKED TO STATISTICAL SECTORS AND ENERGY DEMAND [M. RASCH, A. REGETT, S. 

PICHLMAIR, J. CONRAD, S. GREIF, A. GUMINSKI, E. ROUYRRE, C. ORTHOFER AND T. ZIPPERLE, EINE ANWENDUNGSORIENTIERTE 

EMISSIONSBILANZ ς KOSTENEFFIZIENTE UND SEKTORENÜBERGREIFENDE DEKARBONISIERUNG DES ENERGIESYSTEMS, FOR-

SCHUNGSSTELLE FÜR ENERGIEWIRTSCHAFT FFE, BWK, AUSGABE 03/2017] 

From the figure it is obvious that thermal energy demand and the connected emissions are with 

more than 50% the dominant factor for any measures to stop the global warming. This is a strong 

point for the relevance of thermal energy storage to support the integration of renewables and 

to increase energy efficiency in general. 

2.2.2 RELEVANT APPLICATIONS 

The most relevant fields of application for thermal energy storage systems can be defined as: 

o Industrial Processes 

o Buildings 
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These two fields of application would stand for 27% (process heat and cold) and 24% (space 

heating, DHW and AC cold) of the CO2 emissions in Germany. 

In an earlier phase of this Annex, the following figure (Figure 2-3) was published. It shows the 

possible energy source for the storage system, it describes the main properties of the storage 

systems, and finally it gives the final demand at the consumer side. The list is not complete and 

is based on the actual activities within the Annex. 

 
FIGURE 2-3: ENERGY STORAGE CONFIGURATIONS BY SOURCE, STORAGE AND DEMAND 

In the last phase of the Annex, this list was updated and only the most relevant applications 

were extracted: 

o Industrial batch processes and peak shaving applications 

o Heating and cooling for single family households (HVAC systems in the building 

sector) 

o Combined heat and power systems 

o District heating systems 

In a first attempt, it was tried to collect operation conditions from these applications. And, if 

possible, to extract reference conditions for material testing.   

2.3 HOW TO DEFINE OPERATION CONDITIONS 

In order to develop a novel material for thermochemical heat storage (TCM), a strong link to the 

targeted application is crucial. The proposed approach offers an easy method for first experi-

mental testing of new materials under real conditions.  

First step is the material characterization, where parameters like the melting or reaction en-

thalpy / sorption enthalpy have to be measured. These measurements give a maximum value 

for the achievable storage capacity. The next step is the material evaluation under reference 

conditions given by the actual application. Goal of these experimental investigations is a first 
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quantification of the achievable storage capacity. After this step, it is possible to compare the 

novel PCM- or TCM-system to sensible heat storage (with hot water for example) systems.  

 

2.3.1 WHY FOCUS ON TEMPERATURES? 

The most important parameters for the evaluation of a latent or thermochemical storage system 

are the temperatures involved. By adjusting just these temperatures, the achievable storage 

capacity can be experimentally quantified. Any other operation conditions like the thermal 

power requirement or the number of cycles shall be neglected at this first step of testing under 

application conditions. The presented approach will focus exclusively on the temperatures as 

the operation conditions. 

2.4 DEFINITION OF TEMPERATURES FOR PCM AND TCM STORAGE SYSTEMS TO DES-

CRIBE THE OPERATION CONDITIONS 

2.4.1 2-TEMPERATURE-APPROACH FOR PCM 

For PCM thermal energy storage systems, 2 temperatures are sufficiently describing the charg-

ing and discharging process in any application.  

¶ Charging Temperature TChar : The necessary charging temperature is given by the melt-

ing temperature of the PCM. It has to be above the melting temperature in order to melt 

the PCM in the charging process. The minimum necessary temperature difference be-

tween charging and melting temperature, as fixed value for each material, is given by 

heat exchanger design. 

¶ Consumer Temperature TCons : The necessary discharge temperature is given by the ap-

plication. Each application has its own fixed usable temperature level. Below this level 

heat cannot be used. The consumer temperature should be below the melting temper-

ature in order to utilize the melting enthalpy. The minimum necessary temperature dif-

ference between melting temperature and usable temperature level is given by heat 

exchanger design. 

 

FIGURE 2-4: SCHEME OF A PCM SYSTEM AND THE 2 RELEVANT TEMPERATURES DURING CHARGING AND DISCHARGING 

DischargingCharging

PCM
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2.4.2 4-TEMPERATURE-APPROACH FOR TCM 

For thermochemical energy storage, not only the heat transport in and out of the material, de-

scribed by the temperatures, but also the mass transfer, given by the concentrations of the re-

actants, defines the achievable storage capacity. The concentrations however can be translated 

into available temperatures. These temperatures could be equivalent to partial pressures or 

dewpoints (in the case of water as the reactant) in open systems. In closed systems, the concen-

trations are given by the temperature of the condenser and the evaporator. In the following, 

these temperatures are called άŀƳōƛŜƴǘέ ǘŜƳǇŜǊŀǘǳǊŜǎ ōŜŎŀǳǎŜ ǘƘŜȅ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŀŎǘǳŀƭ ƘŜŀǘ 

flux in or out of the thermochemical energy storage system. Thus, 4 temperatures are necessary 

to describe the charging and discharging process in any application. 

¶ Charging Temperature TChar : The available charging temperature, which is depending 

on the temperature of the heat source and the quality of the heat exchanger. 

¶ TAmbChar (only for TCM): The ambient condition during charging is given by the dew point 

or partial pressure or concentration of the reactant for an open system and by the con-

denser temperature for a closed system. 

¶ Consumer Temperature TCons : The minimum required temperature for the consumer 

(including the necessary temperature difference for the heat exchanger). 

¶ TAmbDischar (only for TCM): The ambient condition during discharging is given by the dew 

point or partial pressure or concentration of the reactant for an open system and by the 

evaporator temperature for a closed system. 

 

FIGURE 2-5: SCHEME OF A TCM SYSTEM AND THE 4 RELEVANT TEMPERATURES DURING CHARGING AND DISCHARGING 

2.5 COLLECTION OF OPERATION CONDITIONS  

The participants were asked to fill in a template for the most relevant applications in order to 

identify the operation temperatures according to the above-mentioned methodology. The re-

sults are summarized in Table 2-1.  

DischargingCharging

TCM
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2.5.1 BUILDING APPLICATIONS 

Table 2-1 shows the results for building applications. It is also indicated where the data come 

from.  

 

TABLE 2-1: OPERATION TEMPERATURES OF MOST RELEVANT APPLICATIONS IN THE BUILDING SECTOR ACCORDING TO PARTICI-

PANTS INPUT 

 

Figure 2-6 shows the provided charging and consumer temperature for heating and domestic 

hot water applications. All applications are based on a solar-thermal input. This limits the charg-

ing temperatures below or around 100 °C. Exceptions are coming from systems assuming high 

temperature thermal collectors (e.g. vacuum tubes) or electrical heating systems. The heat 

pump and cooling applications were not included in the figure. 

Institution Application T Charging T Amb Char T Consumer T Amb Dischar

Buildings

ZAE Bayern Solar Thermal / Seasonal TES / Heating (Low-T)100 °C 25 °C 40 °C 0 °C

ZAE Bayern

Solar Thermal / Seasonal TES / Heating (Low-T) 

+ UTES
100 °C 25 °C 40 °C 10 °C

ZAE Bayern

Solar Thermal / Seasonal TES / Heating 

(convent.)/DHW + UTES
100 °C 25 °C 65 °C 11 °C

DTU COMTES demonstration system: Solar combi-system with flat PCM units 

Solar Thermal/ Seasonal TES/ DHW+SH + 

combined short and long-term heat storage in 

"Smart" energy systems 90 °C <=45 °C

DTU Building heating system for hot water and space heating supply: Economic solution with cylindrical heat stores

Solar Thermal/ Seasonal TES/ DHW+SH + 

combined short and long-term heat storage in 

"Smart" energy systems 90 °C 45 °C

DTU LOT (Latent heat on top) tank PCM system (manufacturer: HM Heizkörper GmbH) DHW 70 - 90 °C 45-60 °C

Univ. Artois (Lab LGCgE)  ; Univ. Savoie Mont Blanc (Lab. LOCIE)
Solar Domestic Water Heating Systems 

(SDWHS)
<90°C 50°C

AEE Intec Solar Thermal /Seasonal TES / Heating 100 °C 10-15 °C 40 °C 10-15 °C

AEE Intec

Solar Thermal (evacuated tube) /Seasonal TES / 

Heating
180 °C 10-15 °C 40 °C 10-15 °C

ASiC

Solar Thermal /Seasonal TES / Heating(Low-T) + 

DHW 
160°C 15-20°C 60°C 5-10°C

AEE Intec

Electricity/short or mid term storage/DHW & 

SH
<200 °C 65-15 °C 65 °C 10-15 °C

Uni Zaragozza Heat Pump+short term TES (heating) 60 °C 20 °C 45 °C 10 °C

Uni Zaragozza Heat Pump+short term TES (cooling) 5 °C 25 °C 10 °C 28 °C
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FIGURE 2-6: CHARGING AND CONSUMER TEMPERATURE FOR BUILDING APPLICATIONS 

For the class of building applications, it seems possible to define reference conditions or at least 

temperature ranges in which a first material testing could be performed. Following the template, 

this could be: 

¶ Charging Temperature TChar :  70 ς 100 °C 

¶ TAmbChar: 10-25 °C 

¶ Consumer Temperature TCons : 40 ς 65 °C 

¶ TAmbDischar: 0 ς 15 °C 

CƻǊ ŀ άǿƻǊǎǘ ŎŀǎŜέ ǘŜǎǘƛƴƎΣ ǘƘŜ ƭƻǿŜǎǘ ŎƘŀǊƎƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ ŎƻƳōƛƴŜŘ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ ŀƳōƛŜƴǘ 

temperature during charging and the highest consumer temperature combined with the lowest 

ambient temperature during discharging should be used. The resulting achievable storage ca-

ǇŀŎƛǘȅ ǿƛƭƭ ōŜ ǊŜƳŀǊƪŀōƭȅ ƭƻǿŜǊ ŎƻƳǇŀǊŜŘ ǘƻ ŀ άōŜǎǘ ŎŀǎŜέ ǎŎŜƴŀǊƛƻ using the reversed assump-

tions for the operation temperatures.  

A different approach based on existing standards for the building sector is presented later in 

section 2.6. 

2.5.2 OTHER APPLICATIONS 

The other relevant applications - combined heat and power, district heat and process heat ς 

are listed in Table 2-2.  
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TABLE 2-2: OPERATION TEMPERATURES OF MOST RELEVANT APPLICATIONS IN OTHER SECTORS ACCORDING TO PARTICIPANTS 

INPUT  

 

The content of Table 2-2 is coming from actual R&D project of the international participating 

institutes. It is no representative view on the real situation of relevant application. However, it 

remains obvious, that a certain set of reference temperatures cannot be identified for the listed 

applications. Especially in the field of process heat and industrial applications, the diversity of 

operation conditions is huge. Thus, no reference conditions can be defined at the moment. 

2.6 TEMPERATURE GUIDELINE FOR TESTING COMPACT THERMAL ENERGY STORAGE 

SYSTEMS IN BUILDINGS 

Within the course of the Annex, a guideline concerning the testing of compact thermal energy 

storage was developed. This guideline focusses on the operation temperatures and develops a 

detailed procedure for PCM and TCM systems. 

Authors: Fumey B.1,*, Baldini L.1, Lazaro A.2, Fischer F.3, Hauer A.3, Englmair G.4, Furbo S.4, Zettl 

B.5, Cuypers R.6, Köll R.7, van Helden W.7 

1. Empa Swiss Federal Laboratories for Materials Science and Technology, Überlandstrasse 129, 8600 Dübendorf, 

Switzerland 

2. Aragón Institute for Engineering Research (I3A), Thermal Engineering and Energy Systems Group, University of 

Zaragoza, Spain 

3. ZAE Bavarian Center for Applied Energy Research, Walther-Meißner-Str. 6, 85748 Garching, Germany 

4. Technical University of Denmark, Department of Civil Engineering, Brovej, Building 118, 2800 Kgs. Lyngby, Denmark 

5. University of Applied Sciences Upper Austria, A-4600 Wels, Stelzhamerstr. 26, Austria 

6. TNO the Netherlands organization for applied scientific research, Leeghwaterstraat 44, 2628 CA Delft, Netherlands 

7. AEE - Institut für Nachhaltige Technologien, Feldgasse 19, 8200 Gleisdorf, Austria 

 

 

 

Institution Application T Charging T Amb Char T Consumer T Amb Dischar

Combined Heat & Power

ZAE Bayern

CHP Waste Heat (low-T)/ Short Term TES / 

Process Heat (Food Industry)
80 °C 20 °C 100-110 °C 20 °C

ZAE Bayern

CHP Waste Heat (combustion gases)/ Short 

Term TES / Process Heat (Food Industry)
350 °C 20 °C 100-110 °C 21 °C

District Heating

AEE Intec

Renewable Electricity / Short Term TES / 

District Heating
> 100 °C 10-20 °C 80 °C 10-20 °C

Process Heat

Univ. Artois
Solar Wall / / Daily TES / Process Heat 

(Greenhouse effect)
<80°C 25°C - 35°C

TUM

Renewable Electricity / Power-to-Process Heat 

& Power > 650°C 160°C 475°C 120°C

TUM Renewable Electricity / Power-to-Process Heat  > 650°C 160°C 192°C 90-100°C
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2.6.1 INTRODUCTION 

To enable large renewable fraction in building operation, there is a need for a diversity of energy 

storage ranging from short-term diurnal to inter-seasonal storage. Inter-seasonal storage is chal-

lenging due to the low energy turnover and thus high storage price per energy unit [1]. For this 

reason, a focus is set on thermal, inter-seasonal storage with prospect for low-cost solutions for 

building space heating and domestic hot water as well as in some cases space cooling. The field 

of thermal energy storage can be subdivided into sensible, latent and sorption heat storage [2]. 

Sensible heat storage involves the temperature change of a material with its capacity dependent 

on the specific heat of the employed material. Latent heat storage extends this process to in-

clude a phase change of the storage material, commonly between solid and liquid. In compari-

son to sensible thermal storage, latent systems are generally characterized by a narrow temper-

ature range around the phase change. Sorption heat storage is an umbrella term referring to 

processes involving adsorption, liquid absorption and solid absorption such as hydration and 

hydroxide reaction with large heat release [2]. In sorption heat storage not sensible heat is 

stored, but the potential to release heat through sorption and reaction [2-9].  

Due to the continuous heat loss, sensible heat storage for inter-seasonal storage is only fitting 

at large scale, where surface to volume ratios are sufficiently small, reducing heat loss. Commer-

cial applications for buildings are found, for example, in the form of large building internal stor-

age tanks [10] or building external pit-based storage vessels [11]. Work is ongoing in the field of 

latent and sorption heat storage towards compact systems by increased volumetric energy den-

sity compared to water. There is a diversity of potential materials studied, and many attempts 

to design heat storage systems have been made and reported, with research ongoing [12, 13].  

Past reviews and research papers on compact inter-seasonal thermal storage have compared 

reported energy densities indifferent of the operation schemes [9,14-18]. In [19] the erroneous 

practice in sorption heat storage is pointed to, and the authors proceeded to develop a method 

to compare the reported performance independent of the applied temperature profile. This 

method is based on the sorption charging to discharging temperature difference ratio, termed 

temperature effectiveness. Interestingly, it is noted that in several of the studied examples in-

complete operating conditions are provided [20-23]. It is concluded that in order to assess pro-

gress in the field of compact thermal energy storage, simple, clearly defined temperature pro-

files are required in order to enable comparison along the scale of development from material 

to system as well as across the landscape of diverse materials and systems. In [24] this issue is 

approached by studying the heat supply and space heating demand in Germany and Sweden, 

providing a dynamic ambient temperature profile, but limiting the evaluation to space heating 

for Nearly Zero Energy buildings and closed, fixed bed solid sorption processes. By assuming 

Nearly Zero Energy buildings, the required floor heating temperatures are taken to be very low, 

generally not applicable for retrofitting. Heating return temperatures, an important parameter 

especially for the transported process, are not provided, and wet bulb temperatures for open 

systems are also missing. For this reason, the challenge to define a simple unified methodology 
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to identify the potential application of seasonal sorption storage technology is not met, covering 

only one of four basic processes and only for a particular building type. 

In this paper a simple static temperature profile for latent and sorption heat and cold storage 

for building applications is sought, not limiting to a specific climate, building or process type, and 

enabling uniform evaluation. The profile covers both heat transport fluid inbound and outbound 

temperatures and material temperatures. Is applied to well characterized compact thermal stor-

age materials as examples and compared to the respective thermal capacity of water. 

2.6.2 METHOD 

In order to establish a well-defined temperature profile for testing compact thermal storage 

materials and systems, a uniform thermal storage system schematic is proposed, shown in Fig-

ure 2-7. The schematic indicates heat transport fluid (liquid or gas) return and outbound temper-

atures for both source and sink as well as material temperature and temperature difference 

between sorbate and sorbent, specific for the sorption heat storage approach. Temperature dif-

ference ɲ̻ * is applicable only for heat transport fluid and sorbent counter flow, in which case 

the sorbent is cooled below the minimum output temperature [19]. For open sorption heat stor-

age systems, where sorbate is exchanged with the ambient, wet bulb temperatures (WBT) are 

provided in brackets [19]. For latent heat storage systems solely the building side source and 

sink are relevant. 

 

FIGURE 2-7: UNIFORM HEAT STORAGE SCHEMATIC FOR LATENT AND SORPTION SYSTEMS. INDICATED ARE THE HEAT TRANSPORT 

FLUID TEMPERATURES, INBOUND AND OUTBOUND AS WELL AS THE MATERIAL TEMPERATURE AND THE TEMPERATURE DIFFER-

ENCE BETWEEN SORBATE AND SORBENT IN SORPTION SYSTEMS. THE ORIGINS OF THE SUBSCRIPTS ARE NOTED BY UNDERSCORE 

IN THE RESPECTIVE LABELS. 

On the building level, there are both solar thermal and electric energy sources available. Renew-

able electricity may be harvested on-site or sourced from the electric grid. This is an approach 

to energy sector coupling including thermal energy storage. The maximum temperature of a 

conventional solar thermal system is limited to 95°C according to the EN 12897 standard ñWater 

supply - {ǇŜŎƛŦƛŎŀǘƛƻƴ ŦƻǊ ƛƴŘƛǊŜŎǘƭȅ ƘŜŀǘŜŘ ǳƴǾŜƴǘŜŘ όŎƭƻǎŜŘύ ǎǘƻǊŀƎŜ ǿŀǘŜǊ ƘŜŀǘŜǊǎέΦ 9ƭŜŎǘǊƛŎƛǘȅ 

based charging permits more diversity, whereby increased efficiency can be reached by using a 

heat pump and temperatures beyond that of the thermal system can be achieved by direct re-

sistive heating. For this reason, it is proposed that the maximum storage charging temperature 

be set to 95°C with the possibility of resistive or perhaps micro-wave [25] or inductive heating 
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up to 200°C. It is important to note that in the heat exchange process there is difference between 

return and outbound and between heat transport fluid and heat storage material temperature. 

The EN 14511 standard follows a 3K temperature spread between the fluid inbound and out-

bound temperature. This is adopted and also imposed on the temperature difference between 

fluid to storage material. The respective resulting temperatures are provided in  

Table 2-3. The temperature difference between outbound fluid and storage material strongly 

depends on the storage material and especially in sorption systems, on the choice of process 

[19]. For solid sorbents in open fixed systems, for example, the temperature difference may be 

substantially larger than 3K.  

Sorption cold storage follows the same charging profile as the heat storage and latent cold stor-

age requires a heat pump for heat removal in charging. In this case, flexibility in charging tem-

perature is provided by the cooling machine. For this reason, in  

Table 2-3 under cold charging temperature, a specific temperature is not provided, but the tem-

perature relations, as discussed, are indicated. A restrictive parameter when considering the 

cold charging temperature is the HP efficiency (energy efficiency ratio EER). 

 
Table 2-3: Temperature profiles for latent and sorption thermal storage for heating and cooling in buildings. 

 Charging  Discharging    

 
High temper-
ature  

Low temper-
ature  

Space Heat-
ing  

Sorbent 
space cooling  

Latent space 
cooling 

DHW supply 

B/i 95 °C, 200R °C A °C 25 °C 24 °C (17 °C) 24 °C 25 °C 

B/o 92 °C A °C + 3 K 35 °C 18 °C 18 °C 65 °C 

B/m 89 °C A °C + 6 K 38 °C 15 °C 15 °C 68 °C 

B/m*  92 °C - 28 °C - - 28 °C 

A/i 30 °C (24 °C) - 7 °C (6 °C) 30 °C - 7 °C 

A/o 35 °C (35 °C) - 4 °C 35 °C - 4 °C 

A/m 38 °C - 1 °C 38 °C - 1 °C 

A/m*  - - - 33 °C - - 

ɲ  51 K - 37 K 23 K - 67 K 

ɲ *  54 K - 27 K 18 K - 27 K 

There are three discharging conditions found in a building; space heating, space cooling and 

domestic hot water. To prevent arbitration in the choice of temperature, the proposed temper-

atures are based on European standards. For space heating and cooling the EN 14511 [26] is 

used and for domestic hot water the EN 16147 [27] and the CEN/TR 16355 [28] are consulted. 

There are two means of heat distribution for space heating, air and liquid. For liquid distribution, 

three temperature levels are provided; low, medium and high. Due to the fact that sorption heat 

storage systems generally do not reach high output temperatures, it is suggested to follow the 
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low temperature profile for floor heating, with 35°C outbound and 25°C return temperature. 

The inbound temperature is an average between 30°C defined for liquids and 20°C given for 

direct air heating. Room comfort temperature is 22 °C, defined by the standard EN15251 [29].  

In space cooling, again liquid and air distribution are considered. Water-based floor cooling has 

an outbound temperature of 18 °C and 23 °C return. Air cooling has a return temperature of 24 

°C with a WBT of 17 °C whereby the outbound temperature is not defined. In order to reduce 

this to one profile, 18 °C outbound and 24 °C (17 °C) return temperature is proposed. 

Domestic hot water is required to reach a temperature of 65 °C, due to issues with legionella 

growth at lower temperatures as stated by EN 16147 and CEN/TR 16355. It is proposed that the 

cold water temperature is 25°C, a mean return temperature from a fresh hot water station or 

bottom temperature of a semi discharged domestic hot water tank.  

As illustrated in the uniform heat storage schematics, sorption-based systems require heat 

source and sink both in charging as well as discharging. In charging, the heat sink can be the 

ambient air or a ground source heat exchanger. Air heat sink conditions can be taken from the 

EN 14511 standard for space cooling. These are 30 °C (24 °C) return and 35°C outbound. Out-

bound WBT is not defined in the standard. It is proposed that saturated condition can be as-

sumed. 

In respect to heat source for heating, the EN14511 standard provides high medium and low 

source temperatures for both ambient air and ground. Since most sorbent systems operate with 

water vapor, subzero conditions are not applicable. It is suggested to refer to the standard air 

source setting with return temperature 7 °C (6 °C) and thus outbound temperature 4 °C. All 

discussed temperatures are listed in  

Table 2-3. 

2.6.3 RESULTS AND DISCUSSION 

Having fully defined a proposed set of temperatures to be followed for compact thermal storage 

evaluation for buildings, these are now applied to well characterized latent and sorption mate-

rials as examples and compared to water storage as bench mark. Heat loss in water storage is 

not taken into consideration. In respect to energy density, best practice is followed, whereby 

reference is made to the maximum material volume.  

The thermal capacity of water for space heating is 0.23 GJ m-3 (63.78kWh m-3) based on the 

water density of 0.9619g cm-3 at 95 °C and 57 K temperature difference. The respective energy 

density for DHW is 0.11GJ m-3 (30.21kW m-3). For cold storage the capacity is 0.06GJ m-3 

(16.3kWh m-3) based on a minimum temperature of 1°C, thus not including the water phase 

change, and a temperature difference of 14 K. In Table 2-4, the discussed examples are listed.  

3.1. Latent thermal storage examples 

The minimum phase change temperature for latent heat storage for space heating, is 38 °C since 

lower temperatures are inadmissible. A material fitting to this application is the Rubitherm RT42 
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with a phase change between 38 °C and 42 °C. Figure 2-8 shows the respective partial enthalpy 

diagram in J g-1. Beyond 43 °C this material has a low partial enthalpy, thus charging up to the 

maximum material temperature of 89 °C has little benefit. Charging is so limited to an input 

temperature of approximately 49 °C and the complete scope cannot be used. From the partial 

enthalpy diagram in Figure 2-8, a material specific volumetric energy density of 0.11 GJ m-3 (30.4 

kWh m-3) is derived, based on the accumulated partial enthalpies of 144 J g-1 between 38 °C and 

43 °C and the specific density of the PCM in its liquid state of 760 kg m-3 [30]. This is 0.48 times 

the respective water capacity.  

 

FIGURE 2-8: PARTIAL ENTHALPY VS TEMPERATURE INTERVAL OF RT42. INDICATED IN LIGHT GREY IS THE TEMPERATURE RANGE 

OF APPLICATION FOR SPACE HEATING [30]. 

A phase change material incorporating supercooling, a state where the material remain liquid 

below its solidification temperature, is sodium acetate trihydrate. Supercooling is a method ap-

plied for inter-seasonal storage to prevent loss over time. Sodium acetate trihydrate can so be 

used as both short- and long-term storage. In the short-term application for the floor heating, it 

has a specific sensible heat capacity of 2.9J (g K)-1 and a liquid density of 1280 kg m-3, resulting 

in a volumetric sensible heat capacity of 0.19 GJ m-3 (52.6 kWh m-3). This is 0.83 times the equiv-

alent water capacity. The phase change enthalpy is 0.32 GJ m-3 (88 kWh m-3) in respect to the 

liquid density when the liquid is initially cooled to 38 °C before solidification is started [31, 32]. 

Thus, the complete capacity is 0.51 GJ m-3 (140.6 kWh m-3) and 2.22 times the capacity of water.  

The latent cold storage is charged by electrically powered compression heat pump. The specific 

charging temperature can thus be, to a certain extent, freely adapted. Important is the maxi-

mum material temperature. The Rubitherm RT11 material has a phase change at 9 °C to12 °C, 

as shown in Figure 2-9, and is thus fitting to the application. Discharging can be followed up to a 

material temperature of 15°C. Under the defined conditions, a volumetric energy density of 0.15 

GJ m-3 (42.6 kWh m-3) is reached, based on the accumulated partial enthalpies of 199 J g-1 and 

the material specific density in its liquid state of 770 kg m-3 [30]. This material is thus 2.61 times 

better than water, if the water phase change is not engaged. 
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FIGURE 2-9: PARTIAL ENTHALPY VS TEMPERATURE INTERVALS OF RT11. INDICATED IN LIGHT GREY IS THE TEMPERATURE RANGE 

OF APPLICATION FOR SPACE COOLING [30]. 

3.2. Sorption thermal storage examples 

An aqueous absorbent studied and reported in literature is sodium hydroxide. It is proposed 

that true counterflow of absorbent and heat transport fluid is possible in as far as the sorbent 

concentration does not exceed 50 wt%, due to the risk of solidification [33]. This limits the utili-

zation of available charging temperature to 80 °C, also limiting the temperature gain in discharg-

ing as illustrated in the operation process in vapor vs. temperature diagram in Figure 2-10 [34]. 

Under the defined conditions, the maximum sorbent temperature in discharging is 3 8°C, and 

due to the counter flow process, a material temperature of 28 °C can be reached, resulting in a 

concentration difference from 50 wt% to 42 wt%. The capacity is so 0.63 GJ m-3 (176 kWh m-3), 

or 2.74 times the water equivalent. 

 

FIGURE 2-10: VAPOR VS. TEMPERATURE DIAGRAM OF NAOH. INDICATED IS THE CHARGING AND DISCHARGING PROCESS BASED 

ON THE REALISTIC TEMPERATURE PROFILE FOR SH [33, 34]. 

In the sorption process, charging for heating or cooling is identical. Figure 2-11 shows the cooling 

process with NaOH, again based on true counterflow. In this case the discharged concentration 
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is 35 wt% and a storage capacity of 1.08 GJ m-3 (300 kWh m-3) is reached. This is 18.4 times the 

water equivalent for cooling. 

 
FIGURE 2-11: VAPOR VS. TEMPERATURE DIAGRAM OF NAOH. INDICATED IS THE CHARGING AND DISCHARGING PROCESS BASED 

ON THE REALISTIC TEMPERATURE PROFILE FOR SC [33, 34]. 

A solid adsorbent reported in literature is zeolite 13X. Both open and closed processes have 

been studied, generally operating with fixed beds. In Figure 2-12, the process is illustrated based 

on the closed approach. A change in water mass fraction from 0.206 to 0.22 can be reached 

under the defined temperature profile with solar thermal charging. The volumetric energy den-

sity is thus 0,032 GJ m-3 (9 kWh m-3). This is 0.14 times the water energy density equivalent. If a 

transported design with true counterflow is followed the degree of discharge can be increased, 

as shown in Figure 2-12 by the dashed charge and discharge arrow. In this case the energy density 

is slightly improved to 0,054 GJ m-3 (15 kWh m-3), or a water equivalent of 0.24. 

 

FIGURE 2-12: VAPOR VS. TEMPERATURE DIAGRAM OF ZEOLITE 13X IN A CLOSED PROCESS. INDICATED IS CHARGING AND DIS-

CHARGING PROCESS FOR THE FIXED AND TRANSPORTED PROCESS WITH SOLID AND DASHED ARROWS RESPECTIVELY. ADAPTED 

FROM [35]. 
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From the previous example it is clear that for zeolite a higher charging temperature is required. 

Figure 2-13 shows the performance with resistive heating and counter flow. In this case a water 

mass fraction difference from 0.08 to 0.29 can be reached, resulting in a storage energy density 

of 0.486 GJ m-3 (135 kWh m-3). This is 2.12 times the water-based capacity. 

 
FIGURE 2-13: VAPOR VS. TEMPERATURE DIAGRAM OF ZEOLITE 13XBF IN A CLOSED SYSTEM. INDICATED IS THE CHARGING AND 

DISCHARGING CYCLE AT REALISTIC TEMPERATURE PROFILES USING ELECTRIC RESISTIVE HEATING FOR CHARGING INSTEAD OF 

SOLAR THERMAL HEATING [36]. 

Salt hydrates are a type of solid absorbent, they are characterized by a stepwise uptake and 

release of absorbate. A salt hydrate studied for sorption heat storage is potassium carbonate 

(K2CO3). Figure 2-14 shows the pressure vs. temperature diagram of this salt at a hydration step 

from anhydrous to 1.5 water molecules per salt molecule, including the water curve. In this case, 

the process is drawn as a single line, since hydration and dehydration occur only along the hy-

dration step curve. The energy density reached under the application specific temperatures is 

0.96 GJ m-3 (361 kWh m-3). This is 4.2 times the water equivalent.  

 

FIGURE 2-14: VAPOR VS. TEMPERATURE DIAGRAM OF POTASSIUM CARBONATE IN A CLOSED PROCESS. INDICATED IS THE CHARG-

ING AND DISCHARGING PROCESS BASED ON THE REALISTIC TEMPERATURE PROFILE [37, 38]. 
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Table 2-4: Comparison of the various materials in respect to water and literature where available. 

Material Type Application Energy density Water equivalent  

Water Sensible Space heating 
0.23 GJ m-3 (63.78 
kWh m-3) 

1 

Water Sensible Space cooling 
0.06 GJ m-3 (16.3 
kWh m-3) 

1 

Rubitherm 42 Latent Space heating 
0.11 GJ m-3 (30.4 
kWh m-3) 

0.48 

sodium acetate 
trihydrate 

Latent (super-
cooled) 

Space heating 
0.51 GJ m-3 (140.6 
kWh m-3) 

2.22 

Rubitherm 11 Latent Space cooling 
0.15 GJ m-3 (41.6 
kWh m-3) 

2.55 

Sodium hydroxide Liquid absorption Space heating 
0.63 GJ m-3 (176 
kWh m-3) 

2.74 

Sodium hydroxide Liquid absorption Space cooling 
1.08 GJ m-3 (300 
kWh m-3) 

18.4 

Zeolite 13X Adsorption fixed Space heating 
0,032 GJ m-3 (9 
kWh m-3) 

0.14 

Zeolite 13X 
Adsorption trans-
ported 

Space heating 
0,054 GJ m-3 (15 
kWh m-3) 

0.24 

Zeolite 13XBF Absorption electric Space heating 
0.486 GJ m-3 (135 
kWh m-3) 

2.12 

Potassium carbo-
nate 

Solid absorption Space heating 
0.96 GJ m-3 (361 
kWh m-3) 

4.18 

The provided examples show the application of the presented realistic temperature profile for 

thermal storage in buildings. Based on the good characterization of a potential compact thermal 

energy storage material and this temperature profile, a solid initial evaluation of performance 

can be reached. Promising materials can then be further evaluated in conjunction with compo-

nent development based on the fluid specified temperatures provided. At this point, additional 

loss will be encountered due to mass and heat transport as well as reaction kinetics. This permits 

an evaluation of performance along the development from material to component design and 

systems as well as comparing varying potential materials and processes upon a solid basis. Inac-

curate comparison as followed by Yu et al. [17] is so prevented, where due to the lack of data 

available, energy storage capacity is outlined dependent on charging temperature, not taking 

into account condensing temperature in sorbent charging, nor evaporating temperature as well 

as inbound and outbound heat transport fluid temperature in discharging. 

Based on the definition of the realistic temperature profile, it can be recognized that the prepa-

ration of domestic hot water with solar thermally charged sorption heat storage is not practica-

ble. This is due to the fact that the maximum temperature difference between sorbent and sorb-

ate in charging is 54 K, but a temperature difference of 67 K is required to reach 65 °C outbound 

temperature in discharging. Under heat storage application, where condensing temperature in 
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charging is greater than evaporating temperature in discharging, this requirement cannot be 

fulfilled [19]. On the other hand, if electric charging is followed, as in the zeolite 13XBF example, 

domestic hot water can be produced. The energy density in this case depends on the chosen 

process, fixed or transported. In the transported approach the energy density is equal to the 

space heating example, in the fixed process, the energy density is reduced since the discharge 

temperature increases. 

2.6.4 CONCLUSIONS 

Work on compact thermal energy storage for buildings is proceeding, and there are many new 

materials, components and systems developed. For this reason, there is a need for uniform test-

ing conditions in order to enable progress assessment and comparison along the development 

scale and across the variety of materials, ideas and processes. Such a temperature-based profile 

is presented in the work, largely derived from existing European heat pump testing standards. 

This profile is applicable for both latent and sorption heat storage, for space heating, domestic 

hot water and space cooling. From the temperature profile it is recognized that coverage of 

domestic hot water cannot be reached by solar thermal charging.  

By following this proposed temperature profile, good comparison between materials, compo-

nents and systems will be made possible and assessment of technology progress will be 

achieved.  

The experts from the IEA SHC Task 58 and ECES Annex 33 encourage colleagues in the field of 

compact heat storage for buildings to use this proposed profile, if not rigorously, at least as a 

basis upon which to argue how other temperature regimes are achieved. 
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3 SUBTASK 2 ς DEVELOPMENT AND CHARACTERIZATION OF IMPROVED 

MATERIALS  

3.1 SUBTASK 2P: DEVELOPMENT AND CHARACTERIZATION OF IMPROVED PCM 

3.1.1 INTRODUCTION 

The work of Subtask 2P is split into 4 topics: 

¶ Material development 

¶ Developing measurement procedures 

¶ Filling the PCM Database 

¶ Developing a Wiki for terms used in the context of PCMs 

As the material development is done at different institution the objective of the work was to 

collect the materials which are under research and development to get an overview on the most 

relevant properties of these materials and application which are addressed. 

In the frame of this subtask investigations on results obtained at different institutions using var-

ious measurement methods for different material properties have been conducted. Procedures 

have been developed, for thermal conductivity and the determination of viscosity. 

New material properties have been feed into the database which was developed during previous 

tasks and annexes. 

And finally, a wiki for the terms uses in the context of PCMs have been developed based on a 

content management web-based tool. 

3.1.2 MATERIAL DEVELOPMENT: LIST OF NOVEL DEVELOPED PCM AS WELL AS BLENDS AND MIX-

TURES  

The objective of this work was to collect the PCMs and applications focused on within the par-

ticipants of the SHC Task 58 and ECES Annex 33 (T58A33). Another target is to determine the 

challenges of the development process. For the collection of this data a questionnaire was pre-

pared which was send to the T58A33 mailing list. Nine different institutions reported about the 

development or investigation of 20 different materials and the supposed applications. 

PCMs 

¶ Organic (alkanes, fatty acids, sugar alcohols and others)  

¶ Inorganic (salt hydrates, salt) 

¶ Eutectic mixtures (organic, inorganic) 

Applications 

¶ Cold storages, precooling of refrigerants 

¶ Passive cooling for buildings and industrial processes 

¶ Heat pump applications 

¶ Mobile heat storage 
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¶ Waste heat / process heat / steam generation 

¶ Thermal protection of electronics / battery cooling 

¶ Solar heating / long-term storage 

The main work is done on organic PCMs and on mixtures of either organic or inorganic materials. 

Figure 3-1 is indicating the materials which are under research. The majority of materials are 

developed for storage temperature below 100 °C. A few materials are under research in the 

temperature range between 100 und 150 °C. Above 150 °C many institutions doing research on 

d-Mannitol, which is only once rated as stable as well as a mixture of d-Mannitol and Dulcitol. 

Another material which is under research on this temperature level is hydroquinone, which is 

also rated as not stable. 

Supercooling of almost all materials is below 10 K except d-Mannitol, pinacone hexahydrate, 

and sodium acetate trihydrate. The last one was optimized to be used as supercooled storage 

material. 

Almost all contributors tested the stability of materials by thermal cycling except one who kept 

the temperature above the melting point. The number of cycles has been very different and 

reaches from 5 up to 5,000 cycles. There is no clear indication for stability e.g. based on a limit 

for the decrease of enthalpy or change in phase transition temperature. 

 

FIGURE 3-1: OVERVIEW ON MATERIALS COLLECTED WITH THEIR PHASE CHANGE ENTHALPY AND MELTING TEMPERATURE, RED 

INDICATES THE UNSTABLE MATERIALS 
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FIGURE 3-2: SUPERCOOLING BEHAVIOUR OF THE MATERIALS 

 

FIGURE 3-3: STABILITY OF MATERIALS, NUMBER OF CYCLES TESTED 

3.1.3 CHARACTERIZATION OF PCMS: EXTENDED LIST OF MATERIAL PROPERTIES FOR THE CHARAC-

TERIZATION OF NOVEL PCM (D2P2) 

THERMAL CONDUCTIVITY 

An intercomparative test of thermal diffusivity was carried out under the guidance of ZAE Bay-

ern. The scope of the test was to develop a guideline for determination of thermal diffusivity 

and conductivity of PCM by means of flash technique in order to ensure reliable measurement 

data. 
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The investigated sample material was RT70HC provided by Rubitherm and was from the same 

batch used for the DSC intercomparison of IEA SHC Task 42 ECES Annex 29. The melting range 

of the PCM is around 70 °C.  

In the first comparison in Task 42 Annex 29 different measurement methods were used and no 

procedures for the measurement and specimen preparation were defined. The results showed 

high deviations in the measurement results between the different laboratories (standard devia-

tion of about σπ Ϸ). Therefore, it was decided to continue the work in Task 58 Annex 33.  

To reduce the number of different measurement methods, it was decided to focus on the flash 

method, since it is the method available in most laboratories. 

In order to avoid deviations caused by the sample preparation, the measured specimens were 

all prepared by the pilot laboratory. Since the cooling rate of the material has an influence on 

the crystal structure of the material and again the thermal conductivity, the specimens were 

prepared with two significantly different cooling rates (slow: 2 K/h; fast: LN2). 

In the first measurement round the thermal diffusivity of the solid PCM RT70HC was measured 

at 40 °C and 50 °C by five different laboratories with the flash technique. The results showed a 

lower standard deviation in the measurement results for the different cooling rates and a signif-

icant difference in the thermal diffusivity values between the different cooling rates of about 

23%. 

In the second measurement round the pulse energy was varied systematically. With rising pulse 

energy, a trend towards lower thermal diffusivity can be observed for all measurements. The 

values at 0% pulse energy are calculated by linear extrapolation of the measured values. By this 

procedure the standard deviation of the results is reduced again. 

In a third measurement round the specimens were prepared by the participating laboratories in 

order to test the influence of sample preparation. Compared to the previous measurement 

rounds, the standard deviation of the results was increased. Figure 3-4 the statistical results of 

the different measurement rounds are compared and in Figure 3-5 the results of the third meas-

urement round are compared to the results of the previous Task/Annex. 
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FIGURE 3-4: RELATIVE STANDARD DEVIATIONS OF THE MEASUREMENT RESULTS IN THE DIFFERENT MEASUREMENT ROUNDS FOR 

SPECIMENS WITH DIFFERENT COOLING RATES. 

 

FIGURE 3-5: COMPARISON OF THERMAL DIFFUSIVITY MEASUREMENT RESULTS FROM TASK 42 ANNEX 29 AND TASK 58 ANNEX 

33. 

VISCOSITY 

This work was led by the University of Zaragoza. A comparison of viscosity measurement devices 

was conducted for which Univ. Zaragoza, Univ. Bayreuth, and Fraunhofer ISE contributed. A 
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publication on this was done in 20181. Figure 3-6 and Figure 3-7 depict two results from this 

publication, which show the comparison of a measurement using a standard oil and of a paraffin. 

 

FIGURE 3-6: COMPARISON OF DIFFERENT MEASUREMENT DEVICES FOR VISCOSITY; MEASUREMENT OF A STANDARD OIL 

 

FIGURE 3-7: COMPARISON OF DIFFERENT MEASUREMENT DEVICES FOR VISCOSITY; MEASUREMENT OF A PARAFFIN 

At March 7th and 8th 2018, a workshop on viscosity measurement of paraffin and salt nitrates 

was organised by the University of Zaragoza and hosted by Fraunhofer ISE in Freiburg. For the 

 

1 Delgado et al., Intercomparative tests on viscosity measurements of phase change materials, Thermo-

chimica Acta 668 (2018) 159ς168 
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workshop Rheometers from TA-Instruments, Anton Paar and Thermo-Scientific were available 

in the lab. Previous to the measurement in the lab presentation were given by: 

¶ Monica Delgado (Uni. Zaragoza) on the measurement procedure for PCMs 

¶ Helena Navarro (Uni. Birmingham) on the measurement of high temperature PCMs 

¶ Stephan Höhlein (Uni. Bayreuth) on the IMETER measurement principle 

¶ Mr. Schwab, TA-Instruments, introduction into DHR 2 Rheometer 
 

Figure 3-8 shows some impressions from the workshop and Figure 3-9 shows the viscosity of 

RT70HC in dependency of temperature. 

 

FIGURE 3-8: WORKSHOP ON MEASUREMENT OF VISCOSITY VIA ROTATIONAL RHEOMETERS, FROM ABOVE CLOCKWISE: PRESEN-

TATIONS, PROGRAMMING A RHEOMETER, THE HIGH TEMPERATURE MEASUREMENT GEOMETRY FILLED WITH MOLTEN NITRATE 

SALT, FILLING THE GAP FOR THE MEASUREMENT OF RT70HC 
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FIGURE 3-9: EXAMPLE: RESULT ON THE MEASUREMENT OF RT70HC, MEASURING FROM LIQUID TO THE PHASE TRANSITION, OS-

CILLATORY METHOD 

SPECIFIC HEAT MEASUREMENTS VIA DSC 

COMPARISON OF MEASUREMENTS 

A comparison of specific heat capacity measurement via DSC was conducted. Five institutions 

contributed to this comparison. The measurements were done using different heating rates to 

determine the influence of low heating rates on the results. The target was to determine the 

resolution errors that are made using different DSCs and to check whether slow measurement 

is possible as the procedure to measure the enthalpy is based on slow heating rates. The results 

show, that for some devices slow heating rates lead to larger deviations (Figure 3-10, Fig-

ure 3-11, Figure 3-12), which is also observed in the comparison of the different results (Fig-

ure 3-13). The result shows that for a common measurement procedure to determine cp of PCMs 

it is not possible to uses slow heating rates. Therefore, the measurement according to ASTM 

1269 is suggested. 
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FIGURE 3-10: INFLUENCE OF HEATING RATE ON THE SHAPE OF THE MELTING PEAK (MEASURED BY UNIVERSITY OF ZARAGOZA) 

 

FIGURE 3-11: INFLUENCE OF HEATING RATE ON RESULT, MEASURED BY UNIVERSITY OF ZARAGOZA 
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FIGURE 3-12: INFLUENCE OF HEATING RATE ON RESULT, MEASURED BY DALHOUSIE UNIVERSITY 

 

8 K/min       4 K/min 

 

2 K/min       1 K/min 

FIGURE 3-13: COMPARISON OF CP-MEASUREMENT CONDUCTED AT DIFFERENT INSTITUTIONS. STANDARD DEVIATION (SD) IN 

BRACKETS WITHOUT MEASUREMENT OF CONTRIBUTOR 2, DASHED LINES MARK THE TEMPERATURE RANGE IN WHICH THE MA-

TERIAL PARAFOL 18-97 IS MELTING 
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METHOD SUGGESTION BASED ON ASTM 1269 

Short abstract from the ASTM1269 (not complete): 

Reference MaterialτSynthetic sapphire. 

1. Purge the DSC apparatus with dry nitrogen (or other inert gas) at a flow rate of 10 to 50 mL 

per min throughout the experiment. 

2. Weigh a clean, empty specimen holder plus lid to a precision of 60.01 mg. Record as the tare 

weight. 

3. Position the empty specimen holder plus lid and a reference specimen holder plus lid (weight-

matched, if possible) in the DSC apparatus. NOTE 7τThe same reference specimen holder + lid 

should be used for the sapphire standard run and for the test specimen run. 

4. Heat or cool the DSC test chamber to the initial temperature for the experiment at 20 °C/min. 

5. Hold the DSC test chamber isothermally at the initial temperature for at least 4 min to estab-

lish equilibrium. Record this thermal curve (refer to 12.4). 

6. Heat the test specimen from the initial to final temperature at a rate of 20 °C/min. Continue 

to record the thermal curve. NOTE 8τThe precision of this test method is enhanced by this high 

heating rate. Other heating rates may be used but shall be reported. 

7. Record a steady-state isothermal baseline at the upper temperature limit. Refer to 12.4. 

7.1. Terminate the thermal curve after this period. 

7.2. Cool the DSC test chamber to ambient temperature. 

8. Place the sapphire standard into the same specimen holder plus lid used in 13.1.2. 

9. Weigh sapphire standard and specimen holder plus lid to a precision of 0.01 mg and record 

the weight. 

Following the additional definitions (12., 13., 14., and 15.) for conditioning, procedure, calcula-

tion, and report. 

DENSITY MEASUREMENT 

A comparison of density measurement was undertaken. The contributors used different tech-

nologies for the measurement (oscillating U-tube, Archimedes principle, helium pycnometer). 

Results are shown in Figure 3-14. The results reveal large deviations between measurement 

principals and different institutions. During the T58A33 it was decided not to proceed with this 

task. 
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FIGURE 3-14: COMPARISON OF DENSITY MEASUREMENT DONE AT DIFFERENT INSTITUTIONS 

3.1.4 DATABASE: MEASURED MATERIAL DATA FOR THE MAINTENANCE AND EXPANSION OF THE 

PCM DATABASE 

The database has a private and a public section. Data of 56 measurements are available in the 

private section from which 16 datasets are publicly available. The last material uploaded was in 

October 2019. Figure 3-15 shows on the overview table of public available materials. Figure 3-16 

illustrates one example for details available for a PCM. 

 

FIGURE 3-15: SCREENSHOT OF THE PUBLIC AVAILABLE DATASETS (WWW.THERMALMATERIALS.ORG) 
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FIGURE 3-16: DETAILS EXAMPLE FOR COMPOUND OF GYPSUM AND PCM 

3.1.5 WIKI FOR PCM 

A Wiki was developed to document the nomenclature which is uses in the field of PCMs. The 

Wiki is open, so that everybody can add new terms and definitions or to change existing ones. 

Figure 3-17 shows a screenshot. 

 

FIGURE 3-17: SCREENSHOT OF THE WIKI FOR PCM (WWW.THERMALMATERIALS.ORG/WIKI-PCM, 30/01/2020) 

  

http://www.thermalmaterials.org/wiki-pcm
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3.2 SUBTASK 2T: DEVELOPMENT AND CHARACTERIZATION OF IMPROVED THERMO-

CHEMICAL MATERIALS  

3.2.1 INTRODUCTION 

The Subtask 2T focuses on the development of improved TCM materials, which are based on 

sorption (micro/mesoporous solids and liquids (hydroxides)), chemical reactions (salt hydrates 

and metal oxides/hydroxides) and combinations of both (zeolites/graphite+salt hy-

drates/metal). The activities of the Subtask 2T include the listing of new and improved existing 

materials, determination of material properties, measurement of thermo-physical properties 

and expanding the database implemented within the previous task.  

One of the goals is to determine the differential heat of sorption / reaction of TCM materials, 

which can be expressed as a characteristic curve in order to derive possible storage perfor-

mance.  

This Working Group 2T includes the following activities: 

1. Develop and identify novel chemical reactions and composite materials 

2. Define relevant material parameters 

3. Characterize novel reactions and materials by material properties 

4. Maintenance and expansion of the material database implemented in Task42/Annex 29 

In the framework of the Task/Annex 58/33 (IEA, TCPs ES/SHC 2017-2019), significant R&D effort 

was directed toward the development of new or improved TES materials. TCM used for thermal 

energy storage are an important class of materials which substantially contribute to the efficient 

use and conservation of waste heat and solar energy and lead to low carbon society. Comparing 

to the previous task the number of TCM groups increased significantly. Detailed information on 

R&D of compact TCM materials is presented in section 3.2.4. 

3.2.2 DEVELOPMENT AND IDENTIFICATION OF THE NOVEL CHEMICAL REACTIONS AND COMPOSITE 

MATERIALS  

Development of TCM materials has been devoted to characterization of new and improved TCM 

materials as powders: chemical reactants and sorption materials and composites as well as liq-

uids. Novel chemical reactions and composite materials were developed and identified. Water 

and ammonia were used in chemical reactions, while only water was used for sorption materials. 

Table 3-1 presents different types of TCM materials, based on the following mechanism: adsorp-

tion, chemical reactions, absorption and mixture of all three mechanisms, investigated during 

the last 3 years. 

TABLE 3-1: DIFFERENT TCMS DEVELOPED AT THE JOINT TASK/ANNEX 58/33 FROM 2017 TO 2019 

Sorption materials Chemical reactions Composites Liquids 

MOFs: MIL-160, MIL-

101, MIL-125,  

CuCl2-H2O, MgCl2-H2O 

LiCl-H2O, CaCl2-H2O 

SAPO-34/Al LiCl 
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LaCl2 

Zeolites: 13X binder-free 

(BF) and with binder, 

YBF, deaYBF, Y with 

binder, 4A with binder 

and BF 

SrBr2-H2O 

MgBr2-H2O 

Mg(OH)2-EG (expanded 

graphite),  

Mg(OH)2-CNT (carbon 

nanotube) 

LiBr 

Aluminophosphates: 

APO-LTA, APO-34, APO-

18, FAPO-34, SAPO-34, 

FAM-Z02, APO-5 

K2CO3-H2O MgCl2-silica gel 

CaCl2-silica gel 

SrBr2-silica gel 

NaOH 

Porous SiC foam MgO- Mg(OH)2 

CTABr-Mg(OH)2 

Ca/MgO-Ca/Mg(OH)2, Co/MgO-

Co/Mg(OH)2, Ni/MgO-

Ni/Mg(OH)2, 

SrBr2-graphite ZnCl2 

Silica gel CaO/Ca(OH)2, LiCl-vermiculite, clinop-

tilolite 

 

 Fe/CaMnO3, CaMnO3  

Copper oxides 

Iron oxides 

(redox reaction) 

HKUST-1, CAU-10, MIL-

100, Al-fumarate, SAPO-

34-Al2O3 foam 

HKUST-1, CAU-10, MIL-

101, UiO-66-ceramic 

foam 

HKUST-1, CAU-10-SiC 

foam 

CAU-10, MIL-100, Al-

fumarate-Al foam 

 

 Li2SO4/Na2SO4 Ca/Mg/LiX-Al2O3 foam 

Ca/Mg/LiX-ceramic cellu-

lar foams 

 

 LiOH/LiBr CaCl2-PHTS, SG, vermicu-

lite, clinoptilolite 

 

 NiCl2, CoCl2, FeCl3, CuCl2-NH3 SrCl2-ENG-NH3  

 MgCl2, SrCl2-NH3 MgSO4-silicone foam  

 CoSO4, FeSO4, CuSO4-NH3   
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 Ba(OH)2-H2O   

 Na2SO4, Na2S   

 Ettringite 

(Ca6Al2(SO4)3(OH)12·26H2O) 

  

 CuCaYCl2, CaxTiyCu2Cl2 -NH3   

 CaCl2-attapulgite/cellulose   

 

 

3.2.3 DEFINITION OF THE RELEVANT MATERIAL PARAMETERS 

Relevant material parameters were defined and incorporated into two databases based on 

chemical reactions and adsorption of gas on solids, respectively. See overviews of the databases 

in the corresponding section. 

3.2.4 CHARACTERIZATION OF NOVEL REACTIONS AND MATERIALS BY MATERIAL PROPERTIES 

SORPTION MATERIALS 

NATIONAL INSTITUTE OF CHEMISTRY SLOVENIA 

DR. ALENKA RL{¢L0 

TCM TYPE: COMPOSITE 

1. Introduction: New composite water sorbents CaCl2-PHTS for low-temperature sorption heat 

storage were prepared. The influence of water sorption on the structural properties of the com-

posites of the plugged hexagonal templated silica (PHTS) with different contents of calcium chlo-

ride was studied. 

2. Preparation of materials and/or supplier: Novel composites composed of PHTS (plugged hex-

agonal templated silicate) with hexagonal pore arrangement as the matrix and 4 wt%, 10wt% 

and 20 wt% of calcium chloride have been developed by incipient wetness impregnation. PHTS 

was synthesized by modification of the SBA-15 synthesis using long-chain surfactant triblock co-

polymer Pluronic P123 to prepare the plugged hexagonal templated silica with ordered hexago-

nal mesopore arrangement with average pore size lower than 6 nm.  

3. Results: The structural, texture and adsorption properties of the matrix and the composites 

were determined and found out that the water sorption capacity of the composite material de-

pends on the pore size of the matrix, the amount of hygroscopic salt in the pores, the matrix 

synthesis and the preparation of the composite.  

a. Structural properties for porous materials and composites / formula 
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TABLE 3-2: STRUCTURAL PROPERTIES OF PHTS AND THE PREPARED COMPOSITES. 

Sample 
SBET  

(m2/g) 
Vtot  

(cm3/g) 
Average pore size 

(nm) 

PHTS 810 0.705 5.7 
4-CaCl2-PHTS 
10-CaCl2-PHTS 
20-CaCl2-PHTS 

461 
322 
163 

0.492 
0.377 
0.189 

5.6 
5.8 
6.2 

SBET, the BET surface area; Vtot, total pore volume, mesopore diameters  

b. Sorption properties / reaction 

 

WATER UPTAKE CURVES AT 40 OC 

c. Thermochemical properties:  

The integral heat of adsorption was calculated for the given boundary conditions: adsorption 

temperature at 40 °C, desorption temperature at 120 °C and a dew point temperature was set 

at 10 °C. The integral heat of adsorption Qads of all composites is listed in Table 3-3.  

Table 3-3: Water loading lift and the integral heat of adsorption for the composites  

Sample 
 

ҟǿ 
(kg/kg) 

Qads 
(Wh/kg) 

Qads 
 (kJ/kg) 

PHTS 0.073 71 256 
4-CaCl2-PHTS 
10-CaCl2-PHTS 
20-CaCl2-PHTS 

0.100 
0.142 
0.239 

81 
119 
193 

292 
428 
694 

 

d. Picture/image/photograph of the material: Scanning Electron Microscope (SEM) images 
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e. Graph: Characteristic curve 

  

4. Summary: The increased salt content in the composites impacted the sorption performance 

of these composites, e.g. higher content of the salt higher energy storage capacity. The storage 

capacity of these composites can be increased by increasing the desorption temperature and 

decreasing the adsorption temperature. Water sorption caused structural modifications of the 

composites, showing the re-dispersion and possible agglomeration of the salt in the pores, which 

caused some blocking of pores (lower total pore volume and specific surface areas) after hydra-

tion and dehydration at 40 oC. On the other hand, repeated sorption/desorption cycles between 

40 and 140oC at 56 mbar caused the improvement of structural properties (increase of specific 

surface area, total pore volume and pore size) of the 10-CaCl2 and 20-CaCl2 composites, indicat-

ing that highly dispersed salt is still present in the pores. During the cyclic test, there was no 

leaching of the salt from the PHTS matrix, showing the ability of the PHTS matrix to create a 

stable nano-environment for confinement of calcium chloride. 

5. References 
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wL{¢L0Σ !ƭŜƴƪŀΣ ½!.¦Yh±9/ [hD!wΣ bŀǘŀǎŀΦ New composite water sorbents /ŀ/ƭнҍtI¢{ for low-temperature sorp-

tion heat storage: determination of structural properties. Nanomaterials, Jan. 2019, vol. 9, iss. 1, p. 1-16 

TCM TYPE: SORPTION MATERIAL 

1. Introduction: In this study, a porous zeolite-like aluminophosphate adsorbent with LTA (Linde 

Type A) topology is inspected as an energy storage and heat transformation material. According 

to sorption and calorimetric tests, the aluminophosphate outperforms all other zeolite-like and 

metalorganic porous materials tested so far.  

2. Preparation of materials and/or supplier: APO-LTA was hydrothermally synthesized from a 

fluoride medium using Kriptofix 222 (K222) as a structure-directing agent. (Krajnc, 2017) The as-

synthesized sample was calcined in air at 600 oC over night. 

3. Results: Material shows remarkable cycling stability˟ after 40 cycles of adsorption/desorption 

its capacity drops by less than 2%. It adsorbs water in an extremely narrow relative-pressure 

interval (0.10 < p/p0 < 0.15) and exhibits superior water uptake (0.42 g/g) and energy storage 

capacity (527 kW h/m3). Furthermore, its heat pump performance is very high, allowing efficient 

cooling in demanding conditions with cooling power up to 350 kWh/m3 even at 30 °C tempera-

ture difference between evaporator and environment. Desorption temperature for this mate-

rial, which is one of crucial parameters in the applications, is lower from desorption tempera-

tures of other tested materials by 10ς15 °C. COP and cooling enthalpy for cooling application at 

boundary conditions: evaporator temperature Tev = 5 oC, cooling temperature Tcon = 30 oC and 

desorption temperature Tdes = 65 oC is determined to be 0.70 and 730 kJ/kg, respectively. 

a. Sorption properties / reaction 
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b. Thermochemical properties:  

  

COMPARISON OF THE COOLING ENTHALPY QEV FOR BOUNDARY CONDITIONS (TEV = 5 OC, TCON = 30 OC, TDES = 65 OC) 

c. Graph: Characteristic curve 

 

d. Picture/image/photograph of the material:  
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SCANNING ELECTRON MICROSCOPE IMAGE 

4. Summary: New aluminophosphate adsorbent full fills requirements for the ideal performance 

in the low-temperature (solar energy) heat transformation applications because it performs in 

the proper relative pressure range with S-shaped water adsorption isotherm. The charging or 

regeneration temperature is 65 oC. Comparing the cooling enthalpy of AQSOA® Z01 and Z02 ad-

sorbents for air conditioning with regeneration temperature of 65 oC (Tev = 5 oC, Tcon = 30 oC) to 

APO-LTA, the later achieves two times higher cooling enthalpy. 

5. References: 

YǊŀƧƴŎΣ !ΦΣ ±ŀǊƭŜŎ WΦΣ aŀȊŀƧΣ aΦΣ wƛǎǘƛŏΣ !ΦΣ [ƻƎŀǊΣ bΦ½Φ, Mali, G., Superior Performance of Microporous Aluminophos-

phate with LTA topology in solar-energy storage and heat reallocation 2017, Adv. Ener. Mat., 7, 201601815-1. 

!ƭŜƴƪŀ wƛǎǘƛŏΣ !ƴŘǊŀȌ YǊŀƴƧŎΣ bŀǘŀǑŀ ½ŀōǳƪƻǾŜŎ [ƻƎŀǊΣ bŜǿ ǿŀǘŜǊ ŀŘǎƻǊōŜƴǘ ŦƻǊ adsorption driven chillers, 8th Inter-

national Conference on Solar Air Conditioning, September 12-13, 2018, Rapperswil, Switzerland. 

NATIONAL INSTITUTE OF CHEMISTRY SLOVENIA AND ZAE BAYERN GERMANY 

DR. ALENKA RL{¢L0 !b5 DR. FABIAN FISHER 

TCM TYPE: SORPTION MATERIAL 

1. Introduction: We present the use of the commercial granulated binder-free zeolite NaY as 

the adsorbent for sorption heat storage and the post-synthesis modification of this zeolite in 

order to decrease the desorption temperature and preserve energy storage density. We have 

studied the effect of HCl and H4EDTA treatments, as well as the impact of sequential ion-ex-

change acid treatment on the material storage performance. 

2. Preparation of materials and/or supplier: Binder-free granulated zeolite NaY (parent sample) 

was supplied from CWK (Bad Köstritz, Germany). Modified samples were prepared using one-

step and two-step procedures: 

Samples Treatment Temperature (oC) Time (h) 

Parent NaY 
0025HCl 
005HCl 
01HCl 
005HCl-RT 

- 
0.025M HCl 
0.05M HCl 
0.1M HCl 
0.05HCl 

- 
100 
100 
100 
RT 

- 
1 
1 
1 

120 
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3. Results 

a. Structural properties for porous materials and composites / formula: Less hydrophilic gran-

ulated samples can be prepared by nondestructive post-synthesis modifications using mild HCl 

treatment and chemical treatment with H4EDTA, leading to a reduction in desorption tempera-

ture ranging from 10 to 30 °C. Mild acid treatment caused the generation of defects, which 

served as a binding sites for water, thus increasing water uptake for 10%. The H4EDTA treatment 

introduced mesoporosity and improved the pore accessibility by removal of Al from the frame-

work. On the other hand, a two-step procedure with sequential Mg-exchanged acid treatment 

can bring about enhanced water sorption capacity and desorption temperature.  

b. Sorption properties / reaction 

 
WATER UPTAKE AT 25 °C OF THE PARENT SAMPLE NAY, THE MODIFIED SAMPLES AND NAMSX. 

c. Thermochemical properties:  

Water uptake in equilibrium after adsorption (40 oC) XS,ad and after desorption (140 oC) XS,des,  

ǿŀǘŜǊ ƭƻŀŘƛƴƎ ǎǇǊŜŀŘ ҟXS and the integral heat of adsorption in Wh/kg.  

Sample  
XS,ads  
(kg/kg) 

XS,des  
(kg/kg) 

ЎXS  
(kg/kg) 

▲ἩἬἻ  
(Wh/kg) 

Parent NaY 0.2898 0.0783 0.2115 185.0 

0025HCl 0.2931 0.0776 0.2155 187.9 

005HCl 0.2775 0.0735 0.2040 177.4 

01HCl 0.2833 0.0703 0.2130 185.3 

005HCl-RT 0.2836 0.0730 0.2106 183.3 
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005EDTA 0.2573 0.0653 0.1920 166.1 

MgNaY-0025HCl 0.3336 0.1331 0.2005 179.4 

NaMSX 0.2501 0.1101 0.1400 127.0 

 

d. Picture/image/photograph of the material:  

 

 SEM IMAGE OF BINDER-FREE ZEOLITE NAY 

e. Graph: Characteristic curve  

  

THE CHARACTERISTIC CURVES OF THE PARENT NAY, THE MODIFIED SAMPLES AND NAMSX 

 

4. Summary: Commercial granulated binder-free NaY zeolite can be used as the adsorbent in the 
sorption storage system to recover industrial waste heat at a temperature of 140 °C. The per-
formance of adsorbents in sorption heat storage depended on the type of post-synthesis treat-
ment, for example the H4DTA treatment improved pore accessibility by removal of Al from the 
framework, while mild acid treatment caused the generation of defects, which served as the 
binding sites for water, thus the water uptake was increased. Post-synthesis modifications lead 
to a reduction in desorption temperature ranging from 10 to 30 oC and to an increase of the 
evaluated energy storage densities of the parent NaY and the modified samples for up to 40% 
above the value of the NaX zeolite at a desorption temperature of 140 °C. 
 
5. References 
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Ristic, A.; Fischer, F.; Hauer, A.; Logar, N. Z., Improved performance of binder-free zeolite Y for low-temperature sorp-
tion heat storage. Journal of Materials Chemistry A 2018, 6 (24), 11521-11530. 

 

UNIVERSITY OF APPLIED SCIENCES UPPER AUSTRIA, RESEARCH GROUP ASIC 

DR. BERNHARD ZETTL, GAYANEH ISSAYAN 

TCM TYPE: ADSORPTION 

1. Introduction: Project OFFSOR-Open Sorption Storage Technology for Building Applications: 

Project aimed to develope and build a loboratory prototype with automatic cotrol for mass and 

heat transfer for both, adsroption and desorption cycles. The main goal of thermo-physics were 

to find measures for adsorption-kinetics that are useful for modelling the heat storage reactions 

in the relevant set of parameters typical for applications. 

  

2. Preparation of materials and/or supplier: The zeolite granules were purchased in granule 

form, ready to use and no further sample manipulations accured. Following zeolite molecular 

sieves were subject to investigation:  

¶ 4A Silkem  

¶ 4A CWK 

¶ 4A BF CWK  

¶ 13X CWK  

¶ 13X BF CWK 
 

3. Results:  

a. Structural properties for porous materials and composites / formula & b. Sorption 

properties / reaction 

The utilized zeolites have following properties according to datasheet:  

CWK  Type Pore 

Size in Å 

Granule 

Size in 

mm  

Adsorption capacity 

in cm3/g (min 55% 

RH, 20°C) 

Formula 

4A LTA 4 1.6-2.5 21.5 H2O Na2O.Al2O3.2.0SiO2ϊnH2O 

4A BF LTA 4 2.5-5 24 H2O Na2O.Al2O3.2.0SiO2ϊnH2O 

13X FAU 9 1.2-2 26.5 H2O Na2O.Al2O3.mSiO2ϊnH2O (m<= 2.35) 

13X BF FAU 9 1.2-2 30 H2O Na2O.Al2O3.mSiO2ϊnH2O (m<= 2.35) 

Silkem      

4A LTA ----- 2-3.5 ----- Na20(17-19%), Al2O3(28-30%), 

SiO2(31-34%), H2O(18-22%)  

 

c. Thermochemical properties 
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FIGURE 3-18 TEMPERATURE AND HUMIDITY PARAMETERS FOR THERMAL ANALYSIS MEASUREMENTS. 

The thermal analysis measurements were executed by DSC/TG. The parameters summed up in 

Figure 3-18 describe realistic year-round conditions for material temperature and air humidity. 

The cycle starts with fully dried material at 250°C. The adsorption in winter can be controlled by 

increasing the humidity stepwise, which leads to higher material temperature. Those conditions 

were taken into account for DSC measurements, whereby the exposition time was also specified 

in Figure 3-18. The results are depicted in Figure 3-19.  
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FIGURE 3-19 4A SILKEM TG/DSC MEASUREMENTS FOR ONE CYCLE OF ADSORPTION AND DESORPTION. MEASUREMENTS BY DR. 

WOLFGANG HOHENAUER AIT. 

d. Picture/image/photograph of the material 

 
FIGURE 3-20 MATERIAL 4A BF CWK (LEFT) AND 4A SILKEM (RIGHT). 

e. Graph: characteristic curve (adsorbed volume w
ads

 as a function of the adsorption 

ǇƻǘŜƴŎƛŀƭ ɲC όƪWκƪƎύύ  

https://www.ait.ac.at/en/research-topics/thermophysics/
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FIGURE 3-21 COMPARISON CHARACTERISTIC CURVE OF ZEOLITE 4A FROM DIFFERENT PRODUCERS: CWK (LEFT) AND SILKEM 

(RIGHT). BOTH ZEOLITES SHOW THE SAME ADSORPTION SATURATION VOLUME OF 0.27 CM3/G. 

 

FIGURE 3-22 COMPARISON CHARACTERISTIC CURVE OF 13X ZEOLITES (LEFT) AND 13 BF (RIGHT). BINDER FREE ZEOLITES SHOW 

HIGHER ADSORPTION SATURATION VOLUME THAN THE ONES WITH BINDER. 

4. Summary: A setup was developed to measure the water vapor adsorption/desorption of 

zeolites, which had to be purchased in bulk for the designed rotating bed open heat storage 

(Figure 3-23). The selection of appropriate zeolite was supported by the mentioned setup. The 

measurements results where analysed based on the characteristic curvesThe results showed a 

constat tendency of higher saturation values for adsorption volume. However the camparison 

of different materials confirmed the legitimacy of measurement method and the setup. The 

results show that both 4A zeolite samples purchased from different suppliers yielded the same 

saturation values and the binder free 13X zeolite indicated a better perfomance regarding the 

adsorbed volume.  
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FIGURE 3-23 ROTATING BED OPEN HEAT STORAGE PROTOTYPE DEVELOPED IN PROJECT OFFSOR. 

TCM TYPE: CHEMICAL REACTION-ADSORPTION 

Project New TCM- Development of Highly Efficient Thermochemical Storage Materials 

This project aims to investigate and develop stabilization methods of salts and characterize the 

relevant parameters for process technologies. Disc granulation is chosen to stabilize the salts in 

combination of porous materials and binders. The granules will be tested on their adsorption 

capabilities, tensile strength and cycling abilities.  

Clinoptilolite IPUS (Ca, K, Na, Mg)6(Si,Al)36O·. 20H2O) with high concentration of Ca, less K and 

rare amounts of Mg and Na. Multiple binder and coating materials in experimental phase. Salt 

hydrates LiCl anhydrate (Leverton), CaCl2 dihydrate (CIECH Soda Polska) and anhydrate (Carl 

Roth)  

 

FIGURE 3-24 FIRST GRANULATION STEPS WITH SALTS AND POROUS MATERIALS. 

The project is in process and there are no results available yet. 

CANMETENERGY OTTAWA, NATURAL RESOURCES CANADA 1 

LABORATORY FOR ALTERNATIVE ENERGY CONVERSION (LAEC), SCHOOL OF MECHATRONIC SYSTEMS 
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ENGINEERING, SIMON FRASER UNIVERSITY 2 

1DR. LIA KOUCHACHVILI, DR. REDDA DJEBBAR 
2PROF. MAJID BAHRAMI, DR. M INA ROUHANI 

TCM TYPES: SORPTION MATERIAL, COMPOSITES AND CHEMICAL REACTION 

Introduction (objectives): This research aimed at development, characterization, and screening of ther-

mochemical materials to develop high efficient and economically viable thermal energy storage systems.  

TCM types: 

1- Adsorbent (AQSOA FAM-Z02) 

2- Composite sorbents (silica gel+CaCl2; vermiculite+CaCl2) 

3- Salt hydrates (Na2S n.H2O) 

Material preparation/ suppliers: AQSOA FAM-Z02 (SAPO-34 Al0.56Si0.02P0.42O2) Mitsubishi Plastic Inc 

 
 

¶ silica gel+CaCl2; Developed at LAEC 
Commercial silica gels (Silicycle Inc., Quebec, Canada) with 4 distinct pore size distributions and 
0.2ς0.5 mm irregular-shaped grains were wetted with ethanol. Aqueous CaCl2 solution was 
added to silica. The mixtures were dried for 24 h in a fume hood. The damp material was baked 
at 200°C until judged dry by successive weight measurements 

 
 

¶ Vermiculite+CaCl2; MULTISORB Technologies 
Vermiculite (50-75%), CaCl2 (15-50%), High density polyethylene fiber (5 - 15%) 

  
 
 

¶ Na2S n.H2O n=0-9; Samples from four different international suppliers  
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Results ς Energy Storage Performance [1,2,3]: 
Energy storage density based on dry mass, averaged from the last two cycles: 

Sample Energy storage density (MJ/kg) Energy storage density (Wh/kg) 

AQSOA FAM-Z02 0.963 267.5  

silica gel +CaCl
2
 1.619 449.7 

Vermiculite +CaCl
2
 1.539 427.5 

Na
2
S·9H

2
O 3.435 954.1 

Na
2
S·xH

2
O  

(commercial-grade) 
3.124 

 
867.8 

Desorption condition: dry nitrogen with the flow of 20 and 50 ml·min-1, at temperature of 80°C, 

and heating rate of 1 K·min-1; Sorption condition: temperature of 25°C, and water vapor pres-

sure of 12 mbar (i.e., equivalent to 10°C), and cooling rate (after the desorption and before the 

sorption) of 5 K min-1. 

Summary: FAM-Z02 showed the highest discharging rate (Ὧ ) of 7×10-4 s-1, using 

ρ ÅØÐὯ ὸ. Na2S n.H2O provided the highest specific power (SP) and energy storage den-

sity (ESD). Among the rest of sorbent candidates, highest discharge SP (0.431 kWkg-1) was for 

FAM-Z02 and highest charge SP (0.541 kWkg-1) was for vermiculite+CaCl2. Silica gel+CaCl2 

showed ESD of 1.6 MJkg-1. Due to the low volumetric ESD (low density) of vermiculite+CaCl2, and 

potential agglomeration of Na2S n.H2O samples, the preliminary results seams to point to the 

silica gel+CaCl2 as a best candidate to explore more. 
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TCM TYPE: COMPOSITE MATERIALS 

1. Introduction (objectives): Assessment of energy density, heat ŜǾƻƭǳǘƛƻƴ όҟ¢ύ ŀƴŘ ŎȅŎƭƛŎ ŜŦŦƛŎƛŜƴŎȅ ƻŦ 

TCM as a function of flow rate (Litres per minute (LPM)) 

2. Material preparation/ suppliers: Vermiculite//CaCl2 synthesised using insipient wetness technique; 

Vermiculite supplied by Dupre, CaCl2· XH2O supplied by Sigma Aldrich 

3. Results:   

a. Structural properties for porous materials and composites / formula 

Vermiculite: (Mg,Fe+2,Fe+3)3[(Al,Si)4O10](OH)2·4H2O // CaCl2· XH2O (X=0,1,2,4,6) 

 b. Sorption properties / reaction 

Typically: CaCl2· 2H2O Ą CaCl2· 6H2O  

c. Thermochemical properties:  

Energy Density: 80 ς 250 kWh/m3 

d. Picture/image/photograph of the material  

 

e. Graph: Characteristic curve  
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Summary: ±ŀǊȅƛƴƎ ǘƘŜ ǾƻƭǳƳŜǘǊƛŎ Ŧƭƻǿ ǊŀǘŜ Ƙŀǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŜŦŦŜŎǘ ǳǇƻƴ ƻƴ ōƻǘƘ ǘƘŜ ǇŜŀƪ ҟ¢ 

achieved and the overall energy released during these short-term experiments. In these tests, a 

lower flow rate produces a small temperature rise but allows a more controlled release of en-

ŜǊƎȅ ƻǾŜǊ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǇŜǊƛƻŘΦ !ǎ ǘƘŜ Ŧƭƻǿ ǊŀǘŜ ƛǎ ƛƴŎǊŜŀǎŜŘ ǳǇ ǘƻ ол[taΣ ǘƘŜ ҟ¢ ǎǘŜŀŘƛƭȅ 

rises as does the overall energy released. Beyond 30LPM, the temperature rise achieved is again 

reduced, along with the overall energy released. 

CHEMICAL REACTION 

TECHNICAL UNIVERSITY OF DENMARK (DTU) 1, KTH ROYAL INSTITUTE OF TECHNOLOGY- SWEDEN 2 

AND  

[IFE- NORWAY3, AMMINEX EMISSION TECHNOLOGY (AET)- DENMARK4] 

ANASTASIIA KARABANOVA1, DR. DIDIER BLANCHARD1  

DR. SAMAN NIMALI GUNASEKARA2, DR. VIKTORIA MARTIN2 

[STEFANO DELEDDA3, PERIZAT BERDIYEVA3, BENOIT CHARLAS4] 

TCM TYPE: CHEMICAL REACTION (ABSORPTION) 

The reversible chemical reaction system SrCl2-NH3 is used, specifically for the absorption/ de-

sorption between SrCl2·NH3 and SrCl2·8NH3, of which  the reaction equation is shown in eq. 1 [1] 

7 NH3(g) + SrCl2·NH3 (s) ᵰ SrCl2·8NH3 (s) Ҍ ɲI όпмΦп ƪW Ƴƻƭ-1
NH3) EQ. 1 

1. Introduction: the aim of the research -Neutrons for Heat Storage (NHS) 

The Neutrons for Heat Storage (NHS) project aims to develop a TCS system for low-temperature 

heat storage (40-80 °C). Here, absorption and desorption between metal halides and NH3 is 

used. From the project partners, DTU, Denmark, IFE-Norway (collaborating with Amminex Emis-

sion Technology (AET) and KTH-Sweden. DTU and IFE are involved in synthesizing and character-

izing new mixed metal halides for energy storage using their reaction with ammonia, thermal 
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conductivity improvements of these salts by impregnating these into materials with better ther-

mal conductivity, and performing neutron imaging and numerical modelling (in COMSOL) to 

characterize the behavior of the salts in reactors. KTH is involved in designing a bench-scale TCS 

system and its reactors (with numerical modelling using Aspen plus and COMSOL), for the chem-

ical reaction system SrCl2-NH3 for simultaneous heat storage and release operation.  

2. Preparation of materials and/or supplier: 

The (pristine) SrCl2 was so far provided by AET, and ENG boards are purchased from SGL carbon 

GmbH [2]. The SrCl2-ENG composites preparation by impregnation (and in certain cases by me-

chanical compression), followed by ammoniation of the composite to obtain SrCl2·8NH3-ENG 

and their characterizations are conducted by DTU. Prior to the composite preparation, the ENG 

pellet was placed in a vacuum furnace at 120 ɕ/ ŦƻǊ мн Ƙ ǘƻ ǊŜƳƻǾŜ ŀƴȅ moisture (to measure 

the right weight of the pellet before impregnation). Then, the pellet was immersed in ethanol 

(used as a surfactant) for 2 h, to lower the surface tension between the hydrophobic ENG pellet 

and the aqueous SrCl2 solution. 1. Thereafter, the pellet was taken out of ethanol and immersed 

in an aqueous SrCl2 solution for 24 h. Afterwards, the pellet was taken out and placed in a 

ventilated furnace at 90 ɕ/ ŦƻǊ мн Ƙ ǘƻ ǊŜƳƻǾŜ ǘƘŜ ŦǊŜŜ ǿŀǘŜǊΣ ŦƻƭƭƻǿŜŘ ōȅ placing in a vacuum 

ŦǳǊƴŀŎŜ ŀǘ нллɕ/ Ŧor 12 h to remove any water left. Finally, this dried disc was pressed into the 

desired compaction.  

3. Results  

a) Structural properties for porous materials and composites / formula  
In the NHS project, initially DTU and IFE synthesized certain new metal halides (e.g. CaxTiyCuzCl2, 

CuxCayYzCl2, SrxCayCl2, and NixCayCl2) with successful characterization using Differential scanning 

calorimetry (DSC) and X-ray Diffraction (XRD). However, these alloys failed to produce stable 

phases. Therefore, the reaction pair SrCl2-NH3 is then chosen for the project continuation. To 

improve thermal conductivity of this salt (SrCl2), by DTU, it is then inserted (embedded) into 

expanded natural graphite (ENG) boards from SGL carbon GmbH [2], to form the composite. 

With salt impregnation and ammoniation experiments conducted at DTU, the SrCl2-ENG compo-

sites were found as can be effectively made to contain 79% w/w% salt in the composite with a 

bulk density of 615 kg m-3. An example of such prepared composite is shown in Figure 3-25. The 

volume expansion after full-ammoniation in this composite was found to be negligible (i.e., the 

porosity of the ENG board was sufficient to accommodate the SrCl2·8NH3). The thermal proper-

ties of this composite is currently under investigation by DTU. 

b) Sorption properties/reaction:  
Shown in eq. 1.  

c) Thermochemical properties:  
The specific reaction enthalpy for the conversion between SrCl2·NH3 and SrCl2·8NH3 is 41.4 kJ 

molNH3
-1 and the entropy is 230 J molNH3

-1 K-1 [3]. The thermal conductivity of both these am-

mines (pristine) are approximated to be 1.1 W m-1 K-1 [4]. The effective thermal conductivity of 
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the ENG in the bulk SrCl2·8NH3-ENG composite (which includes the porosity of the sample) for 

in-plane and through-plane directions are considered (using linear regression of available data 

[2]) as 26 W m-1 K-1 and 10.5 W m-1 K-1 (for the compacted new density of ENG: 172 kg m-3). 

d) Picture/image/photograph of the material 

 

FIGURE 3-25. SRCL2 IMPREGNATED INTO ENG 

e) Graph: characteristic curve 
As this system concerns a chemical reaction involving absorption, the characteristic curve is the 

equilibrium pressure curve. This is compiled into Figure 3-26 (combined with the phase diagram 

of NH3), for absorption-desorption between the monoamine and octaamine of SrCl2Φ ¢ƘŜ ±ŀƴΩǘ 

IƻŦŦΩǎ ŜǉǳŀǘƛƻƴΣ ŀǎ ƛƴ eq. 2 [1], [3] expresses the equilibrium pressure of this conversion. In this, 

ὴ  is the equilibrium pressure (Pa), ὴ is the reference pressure (1 Pa), ЎὌ and ЎὛ are the re-

action enthalpy (J/mol) and entropy (J/(mol·K)) respectively, R is the ideal gas constant (8.314 

J/(mol·K) and T is the reaction temperature (K).  

ὴ ὴϽὩὼὴ
ЎὌ

ὙὝ

ЎὛ

Ὑ
 

EQ. 2 

 

FIGURE 3-26. NH3 PHASE DIAGRAM (BASED ON DATA FROM [5]) AND SRCL2·NH3-SRCL2·8NH3 EQUILIBRIUM PRESSURE (PEQ)-

¢9at9w!¢¦w9 ό¢9vύ t[h¢ ό.!{95 hb ¢I9 ±!bΩ¢ IhCC 9v¦!¢LhbΣ /ha.LbLbD 5!¢! Cwha [1] AND [3] INTO [6]) 

The reaction kinetic parameters were determined experimentally using a Sieverts-type appa-

ratus, which are compared with literature data as in Table 3-4. This detailed method and the most 

updated results are currently being formulated into a scientific article. 
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Table 3-4. The comparison of the kinetics parameters from literature and obtained experimentally [8] 

Parameter 
Absorption Desorption 

Literature [7] Experiment Literature [7] Experiment 

f(x) (1-x)2.96 2(1-x)3/2 (1-x)3.02 4(1-x)1/4 

k0 0.019 28.1 0.125 1.8*108 

Ed 6921 31000 9000 75000 

m 1 1 1 0.44 

4. Summary 

In the NHS project, initially DTU and IFE synthesized certain new metal halides (e.g. CaxTiyCuzCl2, 

CuxCayYzCl2, SrxCayCl2, and NixCayCl2) with successful characterization using DSC and XRD. How-

ever, these alloys failed to produce stable phases. Therefore, the reaction pair SrCl2-NH3 is then 

chosen for the project continuation. By DTU, the reaction media is made into composites of 

SrCl2·8NH3 in ENG (79:21 SrCl2::ENG w/w), for thermal conductivity enhancements. In-addition, 

DTU has performed kinetic parameters determination of absorption and desorption of the cho-

sen reaction pair (SrCl2·NH3 and SrCl2·8NH3) using a Sieverts-type apparatus. KTH is in the process 

of designing and constructing a bench-scale TCS system for the same reaction pair with two 

identical reactors (0.5 kWh storage capacity each). The reactor is of a cylindrical packed-bed 

type, combined with a heat exchange unit. Some of these results of these various study aspects 

of the NHS project were already presented and published at several conferences with some 

more planned to be presented in certain upcoming conferences and into journal manuscripts. 

 

5. Presentations and publications 

1) Anastasiia Karabanova, Perizat Berdiyeva, Didier Blanchard, Rune E. Johnsen, Stefano Deledda 

Comparison between Numerical Simulation and Neutron Radiography of Ammonia Sorption in SrCl2 for Application 

in Thermochemical Storage System for Waste Heat Recovery, Eurotherm Seminar n-112: 15-17 May 2019, Spain.  

2) P. Berdiyeva, A. Karabanova, D. Blanchard, R. E. Johnsen, B.C. Hauback S. Deledda, Neutron Imaging study of Stron-

tium Chloride Ammine system for Heat Storage, Workshop on neutron imaging and scattering on engineering mate-

rials (Dec. 6.-7, 2018 in Copenhagen) 

3) Saman Nimali Gunasekara, Michail Laios, Anastasiia Karabanova, Viktoria Martin and Didier Blanchard, 2019. De-

sign of a bench-scale ammonia-SrCl2 thermochemical storage system using numerical modelling. Eurotherm Seminar 

n-112 (http://eurotherm.udl.cat/), Lleida, Spain. 15-17 May 2019. 
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merical Design of a Reactor-Heat Exchanger Combined Unit for Ammonia-SrCl2 Thermochemical Storage System. ISES 
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TCM TYPE: CHEMICAL REACTION 

1. Introduction: In this study Fe-doped CaMnO3 perovskites have been investigated for high 
temperature thermochemical heat storage. The working principle of a TCS system based on per-
ovskite consists of the following reaction: ABO3± 0ɻ(s) ᵶ ABO3± 0ɻ-  ɻ(s) +ɻ 2O2 (g) (2)  
Where, ɻ 0 is the initial oxygen non stoichiometry and thus (3±ɻ0) stands for the initial oxygen 
content in the material. The reduction, being endothermic, comprises the heat storage step, 
whereas the exothermic oxidation releases heat when it is required. The heat that can be stored 
(chemical heat) is directly proportional to the reduction/re-oxidation enthalpy and extent (ɻ).  
CaMnO3 oxide can be considered a promising candidate since it is able to release oxygen in a 
wide temperature range (800-1000 °C) at different oxygen partial pressures (pO2) suitable for 
Concentrated Solar Power (CSP) plants. However, it undergoes decomposition at pO2<0.008 atm 
ŀƴŘ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜ җ ммлл ϲ/Φ Lƴ ƻǊŘŜǊ ǘƻ ƻǾŜǊŎƻƳŜ ǘƘƛǎ ƭƛƳƛǘŀǘƛƻƴ ŀƴŘ ǘƻ ŜȄǘŜƴŘ ǘƘŜ ƻǇŜǊŀǘƛƴƎ 
temperature range, in this study B-site doping with Fe (CaFexMn1-xO3- 0ɻ) was used as approach 
for preventing its decomposition.  
¢ƘŜ ǘƘŜǊƳƻŘȅƴŀƳƛŎ ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ǾŀƴΩǘ IƻŦŦ ŀǇǇǊƻŀŎƘ ώмϐ ŀǇǇƭƛŜŘ 
to thermogravimetric profiles obtained at different oxygen partial pressures.  
 
2. Preparation of materials: Fe-doped CaMnO3 samples (CaMn1-xFexO3), with a dopant amount 
(x) of 0.1 were prepared according to a modified Pechini method as reported in literature [2]. 
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Composition Code  Dopant  

CaMnO3-ʵл  CM  0  

CaMn0.9Fe0.1O3-ʵл  CMF91  0.1  

 

 3. Results:  
a. Structural properties  
The X-Ray Diffraction (XRD) patterns (see Figure 1) perfectly match that of Pnma orthorhombic 

CaMnO3 (PDF 04-007-8030). No other phases were detected. Hence, 10 at% Fe is incorporated 

into the CaMnO3 structure without the formation of any secondary phase. A shift toward lower 

2-theta angles reflects a slight increase in the lattice parameters (and the unit cell volume), in 

response to the Fe doping. A slight broadening of the peaks similarly reflects the incorporation 

of the dopant into the structure. 

 

FIGURE 1. XRD PATTERN OF UN-DOPED AND FE-DOPED CAMNO3. 

b. Thermochemical properties: Thermogravimetric (TG) analysis in the temperature range 
200-1200 °C under a pO2=0.008 atm have been carried on the as prepared samples. From CM 
profile it can be observed that the sample is not able to fully re-oxide. XRD analysis of the sam-
ple after TGA detected the presence of residual spinel structure (CaMn2O4) which most likely 
prevented the complete re-oxidation of the sample. In case of Fe-doped CaMnO3, oxygen be-
gins to be released at lower temperature with respect to CM. Moreover, the reduction process 
is fully reversible for CMF91 sample. 
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FIGURE 2. TG PROFILES OF CM AND CMF91 UNDER A PO2=0.008 ATM. 

c. Picture/image/photograph of the material  
Cylindric porous pellets used for TG analysis for the extraction of the thermodynamic data. 

 

FIGURE 3. CILINDRIC POROUS PELLETS USED FOR TG ANALYSIS. 

d. Graph: characteristic curve (QM (kJ/kgABO3) Vs. Temperature)  
The heat storage capacity of the two materials as a function of temperature for pO2=0.008 atm 

is shown in Figure 4. This analysis reveals that CMF91 has a higher heat storage capacity (344.3 

± 0.6 kJ/kgABO3 or 639.0 ± 1.1 MJ/m3) than CM (272.5 ± 1.1 kJ/kgABO3 or 315.3 ± 1.3 MJ/m3). 

In addition, at equal pO2, CMF91 is also able to store heat up to higher temperature (1200 °C), 

thus widening the operating temperature range. A small quantity of heat can also be stored 

between 400-800 °C. 
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FIGURE 4. HEAT STORAGE CAPACITY OF THE TWO MATERIALS AS A FUNCTION OF TEMPERATURE FOR PO2=0.008 ATM. 

4. Summary: In this study, CaMn0.9Fe0.1O3 oxide, formed of earth-abundant, inexpensive, 
non-toxic elements, has been investigated as a possible heat storage material for concentrated 
solar power plants. It has been demonstrated that the presence of Fe allows the CaMnO3 to 
operate at higher temperature (1200 °C) than the un-doped material, thus increasing the 
reversible reduction oxidation extent. Indeed, Fe-doping prevented the irreversible 
decomposition of CaMnO3 above 1100 °C for pO2<0.01. The heat storage capacity (QM) has 
been estimated to be ~344 kJ/kgABO3. Moreover, in case of the Fe-doped CaMnO3 the oxygen 
release onset temperature is lowered below 400 °C and the reduction can be carried out up to 
1200 °C, thus widening the operating temperature range.  
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TCM TYPE: CHEMICAL REACTION 

1. Introduction: Newly developed hybrid materials made of magnesium hydroxide deposited 
onto expanded graphite (EG), pristine and functionalized carbon nanotubes (p-CNT, f-CNT re-
spectively) were proposed as heat storage medium for MgO/H2O/Mg(OH)2 chemical heat 
pumps. 

2. Preparation of materials and/or supplier: Samples were synthesized by deposition-precipi-
tation (DP) method.  

3. Results 

a. Structural properties for porous materials and composites / formula  

Mg(OH)2 supported on expanded graphite/pristine and functionalized CNT 
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b. Sorption properties / reaction 

Mg(OH)2 όǎύ ҭ aƎh όǎύ Ҍ I2O (v)   ɲI0=± 1389 kJ/kgMg(OH)2 

c. Thermochemical properties: The performances of the synthesized materials were evaluated 
by thermogravimetric analysis, which simulates the chemical heat pump cycle. 

d. Picture/image/photograph of the material: Scanning Electron Microscope (SEM) images 

   

e. Graph: 

 

4. Summary: As main results it is found that :i) at given Mg(OH)2 load DP method allows to en-
hances the thermochemical performance of hybrid materials; ii) heat storage/output capacities 
of EG-Mg(OH)2 (Mg(OH)2 = 50 wt%) approaches 1200 kJ/kgMg(OH)2); iii) f-CNT-Mg(OH)2 (30 wt% 
Mg(OH)2) reaches the highest heat ǎǘƻǊŀƎŜκƻǳǘǇǳǘ ŎŀǇŀŎƛǘƛŜǎ όҒмолл ƪWκƪƎMg(OH)2). 
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TCM TYPE: CHEMICAL REACTION 

1. Introduction: Pure Mg(OH)2 (MH) shows a poor durability to several dehydration/hydration 
reactions, decreasing its reacted fraction to ~50% after only three cycles. The performance 
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implementation of this storage medium is still object of study. Here, it has been investigated 
how the heat storage capacity of Mg(OH)2 is influenced by the dispersing agent addition during 
the synthesis. 

2. Preparation of materials and/or supplier: Samples were synthesized by deposition-precipi-
tation (DP) method in the presence of cationic surfactant, cetyl trimethyl ammonium bromide 
(CTAB) that is used as a dispersing agent for inhibiting the natural tendency of Mg(OH)2 to ag-
gregate.  

3. Results 

a. Structural properties for porous materials and composites / formula  

Mg(OH)2 powder 

b. Sorption properties / reaction 

Mg(OH)2 όǎύ ҭ aƎh όǎύ Ҍ I2O (v)   ɲI0=± 1389 kJ/kgMg(OH)2 

c. Thermochemical properties: The performances of the synthesized materials were evaluated 
by thermogravimetric analysis, which simulates the chemical heat pump cycle. 

d. Picture/image/photograph of the material: Scanning Electron Microscope (SEM) images 

   

e. Graph: 

 

4. Summary: The results obtained show that CTAB addition promotes the formation of well sep-
arated Mg(OH)2 particles. Moreover, CTAB-MH sample exhibits the highest volumetric 
stored/released heat capacity, ~ 560 MJ/m3, almost 2 times higher than that measured over 
Mg(OH)2 prepared in absence of CTAB. Cyclic experiments evidence an excellent stability of the 
sample up to 13 dehydration/hydration reactions. That means, for technological application, 
smaller volume at equal stored/released heat. 
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TCM TYPE: CHEMICAL REACTION 

1. Introduction: Metal (Ca2+, Ni2+, and Co2+) doped Mg(OH)2 (MH) was investigated to study the 
ŘƻǇƛƴƎ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ǘƘŜǊƳƻŎƘŜƳƛŎŀƭ ό¢/aύ ƳŀǘŜǊƛŀƭΩǎ ōŜƘŀǾƛƻǳǊΦ aŜǘŀƭ ƛƻƴǎ όaŜύ ǿŜǊŜ ƛƴǎŜǊǘŜŘ 
in Mg(OH)2 matrix and the subsequent materials were structurally, morphologically and ther-
mochemically characterized.  

2. Preparation of materials and/or supplier: The synthesis was conducted by precipitation 
method, using 50 mL of a solution containing Mg2+ and the metal ion (Ca2+ or Ni2+ or Co2+) in a 
nominal molar ratio Me/Mg2+ of 0.2. This was gradually added to 150 mL of NH4OH solution, 
under magnetic stirring. The resulting solution was aged at ambient temperature for 24 h, then 
ƛǘ ǿŀǎ ǾŀŎǳǳƳ ŬƭǘŜǊŜŘΤ ǘhe collected solid was washed with deionized water and dried in a vac-
uum oven at 50 °C overnight. 

3. Results 

a. Structural properties for porous materials and composites / formula  

Doped Mg(OH)2 powder 

b. Sorption properties / reaction 

Mg(OH)2 όǎύ ҭ aƎh όǎ) + H2O (v)   ɲI0=± 1389 kJ/kgMg(OH)2 

c. Thermochemical properties: The performances of the synthesized materials were evaluated 
by thermogravimetric analysis, which simulates the chemical heat pump cycle. 

d. Picture/image/photograph of the material: Scanning Electron Microscope (SEM) images 

  

 

e. Graph: 














































































































































































































































































































































































































































































































