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KEYMESSAGES

(GENERAL

A Collaboration in the IEA Task/Annex between materials experts and application ex-
perts leads to improvednderstanding and therefore accelerates development

A Standards for measurement and for reporting are prerequisite for constructive discus-
sions and rapidly addressing challenges and advancing TES technologies

SUBTASH : ENERGYRELEVANAPPLICATIONS
A Alarge number of relevant application exists for compact thermal energy storage

A Standardized reference conditions can be defined for the building sector. For industrial
applicationghowever, the diversity of processes makes it very difficult!

SUBTASR: DEVELOPMENT AKIBIARACTERIZATION OF IMPREMBSEHANGHVIATE-
RIAL$ THERMOCHEMICMATERIALS

A A number of innovative and improved materials were developed and continuously are
being developed, tested iruBtask3 and introduced in components imi&ask4.

A Developed characterization methods are the basis for material evaluation and compar-
ison andas wellfor the database input

A The material properties cover not only the technical performance, but also questions
like stability and compatibility

UBTASKB: MEASURINBROCEDURES ANESTING UNDE®PLICATIONONDITIONSOR
PHASEOHANGEMIATERIALSTHERMOCHEMICMATERIALS

A Only testing under application conditions helps identifying the appropriate material for
an actual application

A The actual storage capaciyd material stability have to be tested under rigtit con-
ditions and requirements

BTASK: COMPONENDESIGN FORHASECQHANGEMATERIALS THERMOCHEMICAL
MATERIALS

A Identification of component parameters is necessary to enable the comparison of
compact storage concepts

A The reachable charging/discharging power is strongly influenced by the component
design, where the interaction of the storage material with the component is crucial

8
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MAINRESULTBN ANUTSHELL

The goal of Annex 33 fis support an applicatioiriented development of
innovativeand compact thermal energgtorage materialsPhase Change
Materials (PCM) and Thermochemical Materials (T.QMis includes, first,
the characterization of new materialconcerning its properties like heat of
fusion or heat of reaction, specific heat, thermal conductjatyd others. In
a second steggthe materialhas tobe tested under reference application con-
ditions. These conditions shall be identified for energyexgnt applications
in a separate approacfihe third step focusson the interaction between
the storage material and the storage compongahd mainly with the heat
and mass transfer performed in the component or reacidrereby first re-
sults towards aeliable power and energy densityan be deduced.

{dodGlFal mY d9ySNBe wSft SOl sbientedDedt A OF GA 2
@St 2LIYSyd 2F LYLNRBGSR {G2N}r3S al i

The energy density of a storage material or its specific storage capacity
energy stored per mass or volunges not a material property! It is strongly
depending on the operation conditions during charging and discharging.
Therefore, the testing of novetorage 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 engy system. The following fields of appli-
cations were listedby the participants:

fIndustrial batch processes and peak shaving applications

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

Combined heat and power systes
1 District heating systems

The most important parameters for the evaluation of a latent or thermo-
chemical storag@rocessesre 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 comhintgeat & 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.

{dzo Gl &1 HY aBS/OEKERULIEFNRTIYIAZ2Y 2F L YLNER

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

9
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swercooling of the PCM. PCM with melting temperatures betwezh*C
and +18C°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 measurirtgermal 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 wordid 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 everyordglto a
further entries.

The databases for PCM and Thermochemical Materials (TCM) have been
maintained and extended to add further material data, for example viscosity
YSIFadaNBYSyidad al GSNAFE LINPLISNIASE F2NJ
rials, have been meased 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 botkeolites/graphite + salt hy-
drates/metal oxides). Sorption materials with desorption temperatures be-
tween 80°C and 140C and desorption enthalpies up to 2,200 kJ/kg on ma-
terial level were investigated. Chemical reactions with reaction tempera-
tures up to800°C showed reaction enthalpies up to 1,500 kJ/kg on material
level.

{dzoGlF a1l oY daSlad2NAy3a t NPOSRdz2NBA | yR
GA2yac¢
In the context of PCM testing under application conditions, a comparison of
material properties of PCM in thiab 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-teng 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 thetability 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 measent
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 antius, pointed to the necessity to pro-
ceed with standardizing measurement methods including sample

10
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preparation and handling. Based on the measured material properties of ze-
olite 13X, a scalap procedure from material properties to lab scale was pro-
posed.

{dzoGlF a1l nY G/ 2YLRYySyld 5SaArdy FT2N Lyy20t

To provide an overview on PCM component designnaaritory of heat ex-
changer concepts was done. Following this, a definition of performance for
PCM components in term of capacity and storage dgngas 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, piwer
curves upon charging and discharging were compared, preliminary perfor-
mance parameters we 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 ofactual 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 identifgyassible TCM

performance degradation from laficale measurements to pilot installa-

GA2yad ! 45204 YR 52y QGaé¢ LI LISNI AY (GKSE
currently in preparation.

11
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1 EXECUTIVBUMMARY

1.1 SHORTDESCRIPTION BRNEX33

Past IEA SHC and EC&kFAnnexes, 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 isateria
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 characterisationhaiques and component devel-
opment.

Annex33tries to support an applicaticoriented development of innovative storage materials
in three steps. Thérst stepisthe characterization of the new material concerning its properties
like heat of fusion or éat of reaction, specific heat, thermal conductiyiynd others.

In asecond steghe materialhas tobe tested under identified reference application conditions.
Following the findings of Annex 24 and, #®ese conditions include 2 temperatures for PCM
(charging and dischargirigmperature and 4 temperatures or concentrations for TCM (tem-
perature and reactant concentration at charging and discharging). After this tefirtye first
time, a theoretical energy density can be derived because the erggggity isnot a material
property, but a process depending value!

Thethird step focuseson 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 componerman be deduced.

1.1.1 OBJECTIVES ASDOPE

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

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

1 Development and characterisation of storage materials to enhance TES performance

1 Development of materials characterisation procedures and a methodology for material
testing under application conditions

1 Development of components for compact thermal energy storage systems

SCOPE
This joint Annex/Task deals with advanced materials fontsaad thermochemical energy stor-

age: Phase Chang#aterials(PCM) and ThernthemicalMaterials(TCM).

12
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It covers the material developmerthe characterizationand the testing under application con-
ditions. Finallyit describes the interaction between rneial 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 IEASHC TCP, this wilkobe afocus areaof 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 Anexhas beerdivided into4 Subtasks. Two of the planned subtasks will con-
centrate on the material itself, its characterizaticend the definition of testing procedures.
Subtask 1 and 4 deal with the relation between the new material and the storagearenp
and the actual application, respectively.

Subtask 1: “Energy Relevant Applications for an

Application-oriented Development of Improved Storage
Materials”

Subtask 2: “Development and Characterization of
Improved Materials”

Material | -

Subtask 3: “Measuring Procedures and Testing under
Application Conditions”

Subtask 4: “Component Design for innovative TES
System 1 »
Materials

FIGURH.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 TCMT)track The first is thatalthough 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 thaith the relatively high number of expertisismore effective

to break down the work in a larger number of subgrougewever, this holds not for subtask 1,
which is valid for both storage technologi@he following subtask divisidmas been applied.
Under each subtask (for the PCM and the TCM tracklbtask leader was appointed.

13



Cstorage) eers|3s €@ DG

IEA Technology Collaboration Programme NTERNATIONAL ENERGY AGENCY

PCM TCM

Subtask 1: “Energy Relevant Applications for an

Application-oriented Development of Improved Storage
Materials”

Andreas Hauer (ZAE, DE) /Wim van Helden(AEE Intec, A)

Subtask 2: “Development and Characterization of
Improved Materials”

Stefan Gschwander (ISE, DE) Alenka Ristic (NIC, SI)

Subtask 3: “Measuring Procedures and Testing under
Application Conditions”

Christoph Rathgeber (ZAE, DE) Daniel Lager (AIT, A)

Subtask 4: “Component Design for innovative TES
Materials”

(Ana Lazaro, Uni Zaragoza, ES) Benjamin Fumey (EMPA, CH)

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

1.1.3 WORKPLAN
An overview of the activitiewithin the Subtasks shownbelow.

Subtask 1: “Energy Relevant Applications for an Application-oriented
Development of Improved Storage Materials”

Listing of relevant thermal energy storage application in future energy systems
Parameter set collection of operation conditions of relevant applications (temperatures,
thermal power, storage period, number of cycles, economic environment)

PCM ™M

Subtask 2: “Development and Characterization of Improved Materials”

* Material Development: New reactions &

= : 3 : composites
Materfal Developn!ent-. Blends (M e * Definition of relevant material
* Material Characterization / Measurements -
properties

of Material Properties

* Database: Maintaining and expanding SRMEELCha b e ol

Measurements of Material Properties
* Database: Maintaining and expanding

14
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Subtask 3: “Measuring Procedures and Testing under Application Conditions”

¢ Methodology of material property
measurements (thermal conductivity,
viscosity, density)

¢ Analysis of upscaling effects
(supercooling, stability)

e Testing under application conditions

¢ Methodology of material property
measurements (reaction
equilibrium,specific heat, kinetics,
thermal conductivity)

* Testing under application conditions

Subtask 4: “Component Design for innovative TES Materials”

Characterization of TCM components
(power, HX surface, efficiency)

Characterizati f PCM E :
afacielization o el List of TCM component concepts

(power, HX surface, efficiency)
List of PCM component concepts

Identification of performance
degradation (comparison to lab-scale
measurements)

FIGURE.1-3: ACTIVITIES WITHIN THE SUBTASKS OF ANNEX 33

1.1.4 START AND END OREANNEX
The activities of the joint Task/Annstarted atl January 2017 arehded at 31 December 2019

1.1.5 EXPERTMEETINGS

The predecessor k4224 and Task4229 covered a period of 7 years in which 14 Experts Meet-
ings were held. The tableelow showsan overview of the expert meetings in Anng3. Six
expertsmeetings were held. The right colunmdicatedthe number of participants e meeting

Table 1.1-1: Expert meetings

# Location Country Date Participants
1 Lyon France April 57, 2017 64
2 Zurich Switzerland October 46, 2017 46
3 Ljubljana Slovenia April 911, 2018 45
4 Graz Austria October 12, 2018 42
5 Ottawa Canada May 1-3, 2019 43
6 Messina Italy October 910, 2019 42

15
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1.1.6 STATUS OPARTICIPATION

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 GukurovaJniv.

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 participatédthe experts meetings and workshops.

16
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1.2 SUMMARY OBUBTASKS

1.2.1 UBTASH ¢ BENERGYRELEVANAPPLICATIONS FORAMPLICATIGRORIENTED
DEVELOPMENT ¢MPROVEISTORAGIMATERIALS

THEAPPROACH ORPPLICATICKRIENTEDEVELOPMENT O¥PROVEISTORAGIMIATERIALS

The energylensity of a storage material or its specific storage capga@tyergy stored per mass

or volumec is not a material property! It is strongly depending on the operation conditions
during charging and discharging. Therefar 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 goabf 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 conslithclude available
charging and required discharging temperatures, available and required thermal povedin
output, as well as the available reactant concentrations for the process in the case of thermo-
chemical energy storage.

The list could also alude 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 improvemetiiesohew
storage materials.

This croszutting 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 startinggfn 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 applicatiomented testing of novel thermal energy storage
materials.

\Relevant Applications \

¥

\Operation Conditions\

$

Application Oriented
Testing

FIGURRE.2-1: APPROACH OF SUBTASK 1 TOWARBBMRLICATIOGRRIENTED TESTING
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WHAT ARENERGY RELEVAARPLICATIONS

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 ovesahfo

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

RELEVANCE EATISTICS

Looking at the statistical sectors industry, private households, trade & commerce, and
transportc the CQ emissions and final energy demand can be visualEZigdrel.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 seebe relevant.

Process Cold AC Cold

Q\\\\\‘

Total
Fmal Energy Sectors
722 Mio. t CO, 24% [ Il Trade & Commerce

% Mechanical Energy

- 40% I Industry

I Private Households

Transport
Space Heating

Process Heat

FIGURE.2-2: CQ 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. ORTHOFERRAMNL) HINE ANWENDUNGSORIENTIERTE
EMISSIONSBILANKOSTENEFFIZIENTE UND SEKTORENUBERGREIFENDE DEKARBONISIERUNG DES ENERGIESYSTEMS, FOR-
SCHUNGSSTELLE FUR ENERGIEWIRTSCHAFT FFE, BWK, AUSGABE 03/2017]

From the figure it is obvious that thermal energy demand 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 effici@y in general.

RELEVANAPPLICATIONS
Themost relevant fields of application for thermal energy storage systems can be defined as:

0 Industrial Processes
0 Buildings

18
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These two fields of application would stand for 27% (process heat and cold) and 24% (space
heaing, DHW and AC cold) of the £&missions 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
0 Heating and cooling faingle 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 extracteference conditions for material testing.

How TODEFINEOPERATIOICONDITIONS

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 methadstaxiperi-
mental testing of new materials under real conditions.

WHY FOCUS ON TEMPERATGRES

The most important parameters for the evaluationnoéterials withinlatent or thermochemical
storage systerm are the temperatures involved. By adjusting just shetemperatures, 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 wiltde exclusively on the temperatures as the oper-
ation conditions.

2-TEMPERATURAPPROACH FARCM
For PCM thermal energy storage systems, 2 temperatures are sufficiently describing the charg-
ing and discharging process in any application.

1 Charging Temperat@ Tchar: The recessary 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 andnelting temperature, as fixed value for each material, is given by
heat exchanger design.

1 Consumer Temperaturécons: The necessary discharge temperature is given by the ap-
plication. Each application has its own fixed usable temperature level. Beloievhls
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-TEMPERATURAPPROACH FORCM

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 thechievable 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)abr-co

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

0KSAS GSYLISNI GdzZNBa | NB | etabse they detetmiidtiie Bofualheati S Y LIS NI
flux in or out of the thermochemical energy storage system. Thasyeratures are necessary

to describe the charging and discharging process in any application.

1 Charging Temperaturdchar: The available charging temperature, which is depending
on the temperature of the heat source and the quality of the heat exchanger

T Tamwchar(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.

T Consumer Temperatur@cons: The minimun required temperature for the consumer
(including the necessary temperature difference for the heat exchanger).

T Tamooischar(ONly for TCM)The ambient condition during discharging is given by the dew
point or partial pressure or concentration of the réaat for an open system and by the
evaporator temperature for a closed system.

Charging Discharging

—lICC

QSource Source

Consumer

Gl

-
QDischar o

ad

-
O
Q
g

TD|schar

-| TCI:M

QAb '

Ambience

QZu
Ambience

FIGURR.2-3: SCHEME OF £W SYSTEM AND THRELEVANITEMPERATURES DURING CHARGING AND DISCHARGING

COLLECTION GPPERATIOKIONDITIONS
The participants were asked to fill in templat®r the most relevant applications in order to
identify the operation temperatures according to the abewentioned methodolgy.

BUILDINGAPPLICATIONS
Figurel.2-4 shows the provided charging and consumer temperature for heating and domestic
hot water applications. All applications are based on a dblmal input. This limits the
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charging temperatures below or around 100 °C. Exceptions are coming from systemsngss
high temperature thermal collectors (e.g. vacuum tubes) or electrical heating systems.

Building Application

Heating / DHW
250

200 ™
°
150 .
100 e o o o °
° . . °
0 O . L4 ® L4 ® ° °
0
0 2 4 6 8 10 12

@ T Charging ®@T Consumer
FIGURE.2-4: CHARGING AND CONSUMER TEMPERADBREJA_.DING APPLICATIONS

For the class of building applicatigiisseems possible to define reference conditions or at least
temperature ranges in which a first material testing could be performed.

OTHERAPPLICATIONS
The other relevant applicationscombined heat and power, district heat, and process lgeat
are liged inTablel.2-1.

TABLH.2-1: OPERATION TEMPERATUBRESIOST RELEVANT APPLICATIONS IN OTHER BECIRIREG T®ARTICI-
PANTS INPUT

Institution Application T Charging T Amb Char T Consumer T Amb Dischar
Combined Heat & Power
CHP Waste Heat (low-T)/ Short Term TES /

ZAE Bayern  Process Heat (Food Industry) 80°C 20°C 100-110°C 20°C
CHP Waste Heat (combustion gases)/ Short R . o o
ZAE Bayern  Term TES / Process Heat (Food Industry) 350°C 20°C 100-110°C 21°c
District Heating
Renewable Electricity / Short Term TES / o o o o
AEE Intec District Heating >100°C 10-20°C 80°c 10-20°C
Process Heat
Univ. Artois Solar Wall / / Daily TES / Process Heat <80°C 25°C - 35°C
(Greenhouse effect)
Renewable Electricity / Power-to-Process He¢
TUM & Power > 650°C 160°C 475°C 120°C
TUM Renewable Electricity / Power-to-Process Hea650°C 160°C 192°C 90-100°C

The content offablel.2-1 is coming from actual R&D projeaf 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 identifigddisted
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.
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1.2.2 QUBTASK - DEVELOPMENT ANXIBIARACTERIZATIONIPRO/EDMATERIALS

SUBTASKRP
¢CKS ¢g2N] 2F {dzomil al Ht a5S@St2LISYyd FyR [/ KIF NI
1 PCM Material development
91 Developing measurement procedures
T Filling the PCM Database
9 Developing a Wiki for terms used in the contexP&@M

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 mostegant properties of these materials and the appli-
cation which are addresse#igurel.2-5 depicts an overview of the investigated and/or devel-
oped PCM in terms of melting temperature vs. melting enthalpyotal, 20 PCM with melting
temperatures between20°C and +180C and melting enthalpies up to 300 kJ/kg on material
level were investigted by the participants.

400
+ stable
H unstable
350 -
bi Hexahvdrat 70% d-Mannitol / 30 % d-Mannitol
inacone Hexahydrate )
300 Decanoic acid - RT35HC® Ducitol
Tetradecanoic acid 'S * d-Mannitol
Ty (78%/22%) Sodium Acetate Hvdroquinone
~ 250 Trihydrate / EDTA/ meso Erythritol
E n-Dodecane \ HD200 / Xanthan * ® d-Mannitol
— L 4 L J .
m d-Mannitol
>
=200 R ' - .
] ¢ n-Tridecane Xylitol MgCl 6H20 salicil acid
< * Microencapsulatet ¢ *
£ 150 A '
c Uctaaecane
w Tepexil/Dodecanol
Olive Oil ¢
100 *
NaNO3/KNO3/NaNO02
n-Dodecane/n- (7%/53%,/40%)
50 Tridecane *
(82,3%/17,7%)
0 T T T T T T T T T T T T T 1

30 ‘15 O

15 30 45 60 75 90 105 120 135 150 165 180 195

Melting Temperature [°C]

FIGURRE.2-5: OVERVIEW ON MATERIALS COLLECTED WITH THEIR PHASE CHANGE ENTHALPY AND MELTING TEMPERATURE, RED

INDICATES THE UNSTABLE MATERIALS

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

22
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of flash technique in order to ensure reliable measuremertad@he 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 rounthe 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 meagements. 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 Figurel.2-6, the statistical results of the different measurement rounds demonstrate the
achievements compared to the rdtsiobtained 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.

30%

20%

10%

5 I -
2KH LN2

mT42A29 mround 1 mround 2 = round 3

FIGURHE.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 organigeglrel.2-7 depicts

some impressions from the workshop.

FIGURRE.2-7: WORKSHOP ON MEASUREMENT OF VISCOSITY VIA ROTATIONAL RHEOMETERS, FROM LEFT TO RIGHT: PRESENTA-
TIONS, THE HIGHEMPERATURE MEASUREMENT GEOMETRY FILLED WITH MOLTEN NITRATE SALT, FILLING THE GAP FOR THE
MEASUREMENT OF RT70HC
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PCMDATABASE

New material properties have been feed into the database which was developed during previous
tasks and annexes. So far, data ofrB@asurements are available in the private section from
which 16 datasets are publicly availabfégurel.2-8 shows on the overview table of public
available materials.

Home User News Waorkshops Measurement-Standards & Tools [zl

You are here: Home / PCM

Database PCM

Show 25 ¥ entries

Name Institution Last Change Melting Temperature Heat of Fusion
rcl TkJikg]
CaBr2-6H20 ZAE-Bayemn Apr 19, 2017 33.29 135.5
gypsum board Fraunhofer ISE ~ Oct 18, 2019 18.48 % 194
HDPE natur NT D960/6 Fraunhofer ISE ~ Oct 13, 2015 128.0 2180
Lauric acid {dodecanoic acid) ZAE-Bayern Apr 19, 2017 435 178.2
Lauric acid (Dodecanoic acid) Fraunhofer ISE ~ Sep 07, 2017 4365 180.0
Methyl Stearate (methyl octadecanoate) Fraunhofer ISE ~ Sep 07, 2017 36.7 208.0
Micronal DS 5038 X Fraunhofer ISE  Apr 08, 2018 215 960
Micronal DS 5040 X Fraunhofer ISE ~ Apr 09, 2018 19.07 93.6
n-Octadecane, 99% Fraunhofer ISE ~ Sep 07, 2017 275 2330
n-Octadecane, 99 5+% Fraunhofer ISE ~ Sep 07, 2017 27.66 237.0
NaNO3 Fraunhofer ISE ~ Oct 02, 2017 307.0 175.0
Octadecan Parafol 18-97 Fraunhofer ISE  Jun 13, 2017 27.35 2313
PEG1000 Fraunhofer ISE ~ Sep 07, 2017 31.0 150.0
PEG6E00 Fraunhofer ISE ~ Sep 07, 2017 13.0 137.0
Potassium nitrate (KNO3) Fraunhofer ISE ~ Sep 13, 2016 3206 925
RT 70 HC Fraunhofer ISE ~ Oct 13, 2015 701 256 4

FIGURE.2-8: SCREEN SHOT OF THE PUBLIC AVAILABLE DATWSETHERMALMATERIALS.QRG

PCMWIKI

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 DSCrh&Wiki is open so

that everybody can add new terms and definitions or to change/comment on existingKiges.

ure 1.2-9 shows a screen shot of the PCMKW
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[@ Offset Temperature
[ Onset Temperature
[ Baseline

B Metting Temperature
[ Nucelation or Crystalization Temperature
[@ Peak Temperaturs
[ Enthalpy

@ Zero-line

[ Subcooling

3 Supercooling

[@ T-History

@ Nucleation

[ osc

[3 Specific heat determination (DSC)

FIGURE.2-9: SCREEN SHOT OF THE WIKI FORNEW.THERMALMATERIALS.ORG/ARIBY)

SUBTASRT
{ dzo Gal a 1

E)

= =4 A

Wiki PCM
How to use and edit

sub headings in your text.

©

To put a new entry to the Wiki go to the Wiki-PCM page and choose "Add new" >
"Page", give the titel and go to "Body Text" to write the description. Therefore insert
atable with 2 cols and 1 row. Please write text using format "Heading cell” into the
left col and put images into the right col. You can also use subheadings to include

You can publish the new entry by choosing "publish” after you have saved the text

(bottom below).

30ffset Temperature

- HC

50.1.! n["llv 4 COOUING PROGRAMME

TIONAL ENERGY AGENCY

Please insert images here (tree icon above)
(graphs, pictures fotos) use png or jpg format.
Best image width is 285 dots. Therefore upload
images to the image-folder in Wiki-PCM (see

description there).

The fiset. I g to DIN EN 150 11357-1:2010-03) is the designed intersection point of the extrapolated
baseline and the inflectional tangent at the end of the melting or crystallization peak (see image onset temperature). The baseline and
the inflectional tangent are determined from the temperature-dependent heat flow signal.

Onset Temperature

The t p g to DIN EN 1SO
11357-1:2010-03) is the designed intersection point of the extrapolated
baseline and the inflectional tangent at the beginning of the melting or
crystallization peak. The baseline and the inflectional tangent are
determined from the temperature-dependent heat flow signal. In the
case of pure and homogeneous materials, the onset-temperature can
be indicated as melting temperature. In contrast to peak-temperature,
the t-temp: is less on heating rate and sample
mass. Furthermore onset-temperatures are usually used for
temperature calibration of a DSC.

Enthalpy Vgl

Haat Flaws [miotimg]

| pointaf
Infloction

HeE &5 KANI200YSSNAGT [HayAR Y 2F LYLINBOSR

DEVELOPMENT OF NE@MMATERIALS AND COMPOSITES
The development of improved TCM included sorption materials (micro/mesoporous solids and
liquids), chemical reactions (salt hydrates and metal oxidesf#xides), and combinations of
both (zeolites/graphite + salt hydrates/metakides).Figurel.2-10 shows microscope images
different TCM materials developed and/or characterized by participants.

Develop and identify novel chemical reactions and composite materials
Define relevant material parameters
Characterize novel reactions and materials by material properties

Maintenance and expansiorf the material database implemented in Task42/Annex 29
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CaC,0,-H,0

Institute of Applied
Synthetic Chemistry
(TU Wien)

Dr. Peter Weinberger

Vermiculite-CacCl,

Swansea University
Dr. Jonathon Elvis

Carbon nanotube-Mg(OH),

Expanded graphite-Mg(OH),

University of Messina —
Engineering Department

Prof. dr. Candida Milone
FIGURE.2-10: IMAGES OF TCM MATERIALS DEVELOPED AND INVESTIGATED WITHIN THE GROUP OF EXPERTS

Sorption materials with desorption temperatures between°@and 140C and desorption en-
thalpies up to 2.200 kJ/kg on material level were investigakegufel.2-11).
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LiCl-vermiculite A porous adsorbents
®  composites
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o
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FIGURE.211: MAX. SORPTION ENTHALPERSUS DESORPTION TEMPERATURE OF POROUS SOLIDS AND COMPOSITES
(ADSORBATE: WATER)
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Chemical reactiong/ith reaction temperatures up to 800C showed reaction enthalpies up to
1.500 kJ/kg on material levetigurel.2-12).

600 -

550

500
2 450
= ]
< 400 - Mg(OH),-EG cao/Ca(OH),
< d o P
2 350 Mg(OH), -CNT
= [ J
= ]
£ 300 -
c 4

CTAB/Mg(OH

2 250 H MgsO0, -Si foam PS 9(OH),
§e] 200 ] ¢ Co/Mg(OH),
3] ] ® Ca/Mg(OH),
© ] ® Ni/Mg(OH)
O 150 caC,0 2
o 1 e ®SiBr,-Sifoam Fe/CaMnO,

100 1 LIOH/LiBr °

' ° Li,SO,/Na,SO, °
50 °® CaMnO,
0 T T T T T T T T T T T T T T T T 1
100 200 300 400 500 600 700 800 900
Reaction temperature (°C) CNT-carbon nanotube

EG-expanded graphite

FIGURRE.2-12: CHEMICAL REACTIONS AND COMPOSITES INVESTIGATED AS TCM: REACTION ENTHALPIES VS. TEMPERATURE

TCMDATABASE

Due to complexity and different relevant materials properties, it was decided to prepare three
databases: one on chemical reactions (salt hydrateglesxicomposites), one on adsorption
(porous solids and composites), and one on absorption (liquids). A screen shot of the chemical
reaction database in shown Figurel.2-13.

Basic Name Dopant | Name E/V T.q@ xmbar | Price (€/kg) Institute

chemical Stabilizer/Ma | (kWh/m3) (K)
composition trix
K2C03*1 5H20 _ _ _ _ Technical University of
Eindhoven
[ g A .
meczeio - : : : / Ittty
N225%5 H20 _ _ _ _ . Eec;;icalUni\.ersilvuf
indhoven
NaOH/ H20 - = = - X 0,30 Empa
University of Messina-
EEELE - - 194 531 / - Engineering Department
Expanded graphite University of Messina-
MglOH)2+C B 330 531 / B Engineering Department
Functionalized Carbon L University of Messina-
Mg(OH)2 +C = Nanolnbes 326 531 / Engineering Department
[
Na25.5H20 - - - - f 0,348 TNO
/

FIGURE.2-13: SCREEN SHOT OF THE CHEMICAL REACTION DMWMABABHERMALMATERIALS.QRG
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1.2.1 QUBTASK - MEASURINEROCEDURES ANIBSTING UNDERPPLICATION
CONDITIONS

SUBTASKBP

PCM testing under application conditions can be considered as a link between the measured
material propertiesn the lab and the observed phase change behaviour of the PCM in an actual
application (cfFigurel.2-14).

“Application environment”

“Lab environment”

PCM

PCM

storage

Testing under
application conditions

FIGURHE.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, anetédomgstability of PCM.

A step further was taken in the case of lelegm stability of PCM: Information on experimental
deviceghat are used by the experts of Task 58 / Annexd3Bvestigate the londerm stability

of PCM were gathere@ome of them are shown Figurel.2-15). The experiments include tests

on the stability ofPCM over thermal cycling, on the stability of PCM with stable supercooling,
and on the stability of Phase Change Slurries (PCS).

| Sl W
68800 €66

Process
thermostat

FIGURE.2-15: EXPERIMENTAL DEVICES USED BY THE PARTICIPANTS TO INNESOS@HRM STABILITY OF PCM
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SUBTASRBT

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 (TE&)plications.

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 enthalgyraass 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 develohé 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 enthalpghanges and specific heat capacity showed larger deviations

1 Adsorption enthalpy of zeolite 13X0 IAmay) ~ 12%
1 Hydration enthalpy of SrBr-68:" (NHna) ~ 40%
1 Specific heat capacity of SrBr6H" (Comay) ~ 23%Kigurel.2-16)

s SrBr,
:_ 1 2 3 Mean
L4 Fl o 1:5Br2 TI°C G/IgK" [6/Ig'K ¢ /ag K [ /ug k! [ulagK
13 | o 2:5r8r2 24 0,34 0,4gx-x-x 0,41 0,07
E 30 0,34 0,4dx-x-x 0,42 0,07
1,2 - | & 3:5rBr2 35 0,34 0,50X-X-x 0,42 0,08
1,1 © |- Chase, 1998 40 0,34 0,5 x-X-x 0,43 0,09
F 45 0,34 0,54x-x-x 0,44 0,10
10 | 50 0,35x-x-X 0,43 0,39 0,04
7 09 ¢ 55 0,359X-X-X 0,43 0,39 0,04
2 7k 60 0,35x-xX 0,43 0,39 0,04
< 08 65 0,35x-x-X 0,43 0,39 0,04
o7 70 0,35xxx 0,43 0,39 0,04
~ >k 75 0,35x-x-X 0,43 0,39 0,04
U006 - 80| 0,36 x-X-X 0,43 0,39 0,04
0,5 b N
b o ©
04 | HHHHH}HHHHHHHHH
F r3ssoe ©® ¢ 3 & ¥ & T g T T O i
03 © = ?
02
01 |
00 -
0 20 40 60 30 100 120 140 160 180 200
T/°C

FIGURR.2-16: THE ROUND ROBIN TEST OF THE SPECIFIC HEAT CAPACITY OF A SALT HYDRATE SHOWED DEVIATIONS UP TO 23%

The deviations in terms oh¢halpy point to the necessity to proceed with developing standard-
ized measurement methods including sample preparation and handling.
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1.2.2 UBTASK - COMPONENDESIGN FORINOVATIVE ESVIATERIALS

SUBTASKIP

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 us€Cdé 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 inseethe 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 ahe nature of the PCM used. The following figureig:

ure 1.2-17 to Figurel.2-20, show examples of storage concepts developed by the participants.

FIGURE.2-17: LEFTCAD MODEL OF A PCM STORAGE WITH CAPILLARY TUBE HEAT EXCHANGER (SOURCE: ZAE BAYERN), RIGHT:
PCMCRYSTALLIZING AT CAPILLARY TUBES (SOURCE: ZAE BAYERN)

FIGURH.2-18: A LABORATORSCALE TES SYSTEM WITH MACROENCAPSULATED PCM IN FLAT PLATES PLACED IN PARALLEL
(SOURCE: DIAREEAL2018.

30



ECES 33 SOLAR HEATING & COOUNG PROGRAMME

NTERNATIONAL ENERGY AGENCY

Gl S| @ SHC

IEA Technology Cellaboration Programme
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Parallel channels heat exchangers expansion

Expansion
vessel/bag

FIGURE.2-19: FLAT PLATE STORAGE WITH PCM CHAMBER AND EXTERNAL EXPANSIDANSEMRBEET AL2016).

O 000000

FIGURE.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 BVBBREATEMAND CAUSING SOLIDIFICATION
OR MELTING OF THE STORAGE MATERIAL; (RIGHT) DIRECT CONTACT LATENT HEATRSG ORNGEORED AT LUCERNE
UNIVERSITY OF APPLIED SCIENCES AND ARTS (SOURCE: LUCERNE UNIVERSITY OF APPLIED SCIENCES AND ARTS)

Following his, 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,fiovesmurves upon
charging and discharging were compafeti Figurel.2-21), preliminary performance parame-

ters were defined, and a procedure based on a validated numerical model was proposed.

31



SOUAR HEATING & COOUNG PROGRAMME

NTERNATIONAL ENERGY AGENCY

Clsmo |z @ SHC

IEA Technology Cellaboration Programme

A System A
26+ @ System B
1 v SystemC
24 1 <7 System D
"9 _ & System E Tmax
e - {3 System E Tmin
204 » System F Tmax
- System F Tmin
18 ¢ % System G
) 4 SystemK
;‘ 16
4 144 R
— d :
o §
104 &
8 4
6 -
4 a.n %u 8 g 8 g 584
o] e VTP =

0 20% 40% 60% 80% 100%
Exchanged energy/Total storage capacity

FIGURE.2-21: HEAT EX@G#NGE RATE OVER STATE OF CHARGE OF THE PCM COMPONENTS STUDIED IN SUBTASK 4P

SUBTASHKT

Inthe 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 additionventory of
actual TCMomponent designs currently under investigation was elaborated. The following fig-
ures,Figure 1.2-22 to Figurel.2-24, show examplesf storage concepts developed by the par-
ticipants.

FIGJREL.2-22: 3D-CAD IMAGE AND PHOTO OF THE FLUIDIZED BED REACTOR FOR HIGH TEMPERATURE HEAT STORAGE USING A
REVERSIBLE CHEMICAL-SEASD REACTION USING STEAM AND METAL OXIDES SUCH AS CAO/CAROHYEGERH)2
(SOURCE: TECHNICAL UNIVERSITY MUNICH)
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FIGURHE..2-24. CONSTRUCTION DETAILS OF THE ROTATING CYLINDRICAL ADSORPTION REACTORW/SINR ZEOLITE
SORPTION WORKING PAIR (SOURCE: UNIVERSITY FOR APPLIED SCIENCE UPPER AUSTRIA)

To compare and discuss different TCM component concepts, a corgraphical representa-
tion was used to classify the concepts as open or closed and fixed or transported syStaires (
1.2-25).
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FIGURR.2-25; ILLUSTRATION OF THE BASIC SORPTION HEAT STORAGE SYSTEMS.

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

scale measurementstopilaty a G t f F GA2yad !

ponent design is currently in preparation.

a52Qa
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1  OBJECTIVESTRUCTURE AMIPPROACH OF TAENEX

1.1 OBJECTIVES

1.2 <coPE

The overall goal of Annex 33téssupport an applicatiomriented develop-

ment of innovative and compact thermal energy storage materials: Phase
Change Materials (PCM) and Thermochemical Materials (TCM). This includes
the following objectives

w Mapping and evaluating the TES applimatopportunities concerning
the requirements for the storage material

w Development and characterisation of storage materials to enhance TES
performance

w Development of materials characterisation procedures and a meaihod
logy for material testing under afipation conditions

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

This joint Annex/Task deals with advanced materials for latent and thermo-
chemical energy storag@hase 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 arkde 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 IEBHC TCP, this will also be a focus area of this task.
However, because there are mampore 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 SrRUCTURE AMYPPROACH OF TAENEX

The work of the Annex has been divided into Sek$a Two of the planned subtasks concentrate
on the material itself, its characterizatipand 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, respively.
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Subtask 1: “Energy Relevant Applications for an

Application-oriented Development of Improved Storage
Materials”

Subtask 2: “Development and Characterization of
Improved Materials”

Material | -

Subtask 3: “Measuring Procedures and Testing under
Application Conditions”

—

Subtask 4: “Component Design for innovative TES
System s
Materials

FIGURHE-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 TCMT)track The first reason is thaglthough 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 thith the relatively high number of expertsis more
effective to break downlte 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:

PCM TCM

Subtask 1: “Energy Relevant Applications for an

Application-oriented Development of Improved Storage
Materials”

Andreas Hauer (ZAE, DE) /Wim van Helden(AEE Intec, A)

Subtask 2: “Development and Characterization of
Improved Materials”

Stefan Gschwander (ISE, DE) Alenka Ristic (NIC, SI)

Subtask 3: “Measuring Procedures and Testing under
Application Conditions”

Christoph Rathgeber (ZAE, DE) Daniel Lager (AIT, A)

Subtask 4: “Component Design for innovative TES

Materials”

(Ana Lazaro, Uni Zaragoza, ES) Benjamin Fumey (EMPA, CH)

FIGURHE-2: SUBTASK LEADERS OF THE PCM ANDNIHIRACKS OF ANNEX 33

Under each subtask (for the PCM and the TCM trac&lbtask leader was appointed.
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1.4 MEETINGS ANPARTICIPATINGOUNTRIES ANECR

Sixexpertsmeetings and workshops were held. The table below gives an oveofitdve loca-
tion and the number of participantsf the expert meetings.

# Location Country Date Participants
1 Lyon France April 5-7,2017 64
2 Zurich Switzerland October4-6,2017 46
3 Ljubljana Slovenia April9-11,2018 45
4 Graz Austria Octoberl-2,2018 42
5 Ottawa Canada May 1-3,2019 43
6 Messina Italy October9-10,2019 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 CukurovaJniv.

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 participatédthe experts meetings and workshops.
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2  SUBTASKL ¢ ENERGYRELEVANTAPPLICATIONS FOR ARPLICA-
TIONORIENTEDEVELOPMENT (OMPROVEISTORAGIMIATERIALS

2.1 THEAPPROACH ONPLICATIGORIENTEDEVELOPMENT GMPROVEIDBIO-
RAGEMATERIALS

The energy density of a storage material or its specific storage capa&eigrgy stored pemass

or volumec is not a material property! It is strongly depending on the operation conditions
during charging and discharging. Therefatr can be described as a process variable. The stor-
age process is depending on the actual storage applicatioani®aers 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 systenT.he 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 povesdin
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 sizdl these parameters can be utilized for integrated system
simulations, which finally can give first estimations of performance improvement of the new
storage materials.

This crosgutting subtask was planned as an ongoing discussion forum, where the ahakeri
signes meet the application engineers anthus, 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 storadgtisms. The identified opera-

tion conditions are the basis of aapplicatiororientedtesting of novel thermal energy storage
materials.

\ Relevant Applications \

¥

\Operation Conditions\

$

Application Oriented
Testing

FIGURRE-1: APPROACH OF SUBTASK 1 TOWARBBRLICATIONRIENTED BEING
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2.2 WHAT ARENERGY RELEVAAAPLICATIORS

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 ovesahfo
sion or to the finaknergy demand connected to this class of applications.

2.2.1 RELEVANCE BYATISTICS

Looking at the statistical sectors industry, private households, trade & commerand
transport¢ the CQ emissions and final energy demand can be visualZeplire2-2 shows the
different energy forms responsible for these emissionGermany. With focuen 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.

Process Cold AC Cold

/

40% I Industry

ICT

DHW

nghtmg

Total
Flnal Energy Sectors
722 Mio. t CO, 24% Il Trade & Commerce

I Private Households

Transport
Space Heating

Process Heat

FIGURR-2: CO2 EMISONS 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
EMISSIONSBILANZKOSTENEFFIZIENTE UND SEKTORENUBERGREDEKARBONISIERUNG DES ENERGIESYSTEMS, FOR-
SCHUNGSSTELLE FUR 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 measum@stop the global warming. This is a strong
point for the relevance of thermal energy storage to supportititegrationof renewables and

to increase energy efficiency in general.

2.2.2 RELEVANAPPLICATIONS
The most relevant fields of application fimlermal energy storage systems can be defined as

0 Industrial Processes
0 Buildings
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These twofields of applicatiorwould stand for 27% (process heat and cold) and 24% (space
heating, DHW and AC cold) of thex@@issions in Germany.

In an earlier phase of b Annexthe followingfigure Figure2-3) was published. It shows the
possible energy source for the storage system, it describes the main propefrties storage
systemsand 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.

Source Storage Demand
Waste Heat short term Drying

high power Cooling
Solar Thermal long term Heating

high capacity DHW

short term Cold (AC)

high power Dehumidification
Electricity short term Cold (AC)
(renewable or high power Dehumidification

Jprice difference”)

CSP short term Power Plant
high temperature  (turbine)

CHP short term Heating
high capacity DHW
FIGURR-3: ENERGY STORAGENFIGURATIONS BY SOURCE, STORAGE AND DEMAND

In the last phase of the Anngthis list was updated and only the most relevant applications
were extracted:

o Industrial batch processes and peak shaving applications

0 Heating and cooling for single family houskts (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
possibleto extract reference conditions for material testing.

2.3 How TADEFINEOPERATIOKIONDITIONS

In order to develop a novel material for thermochemical heat storage (T&84j)ong 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 parameterstlieemeltingor reaction en-
thalpy / sorption enthalpy have to be measured. These measurements give a maximum value
for the achievable storage capacifihe rext step is the material evaluation under reference
conditions given by the actual application. Goal of thespeeimental investigations is a first
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quantification of the achievable storage capacity. After this sieis possible to compare the
novel PCMor TCMsystem to sensible heat storage (with hot water for example) systems.

2.3.1 WHY FOCUS ON TEMPERAT®RES

Themost important parameters for the evaluation of a latent or thermochemical storage system
are the temperatures involved. By adjusting just these temperafutes achievable storage
capacity can be experimentally quantified. Any other operation conditiesthe thermal
power requirement or the number of cycles shall be neglected at this first step of testing under
application conditions. The presented approach will foexslusivelyon the temperatures as

the operation conditions.

2.4 DEFINITION OFEMPERATRES FORCMANDTCMSTORAGESYSTEMS TDES-
CRIBE THBPERATIOKONDITIONS

2.4.1 2-TEMPERATURAPPROACH FGHCM
For PCM thermal energy storage systethtemperatures are sufficiently describing the charg-
ing and discharging process in any application.

1 Charging @mperature Tchar: The recessary charging temperature is given by the melt-
ing temperatureof the PCMIt 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.

1 Consumer Temperaturécons: The necessary discharge temperature is given by the ap-
plication. Each application has its own fixed usable temperature.|®abdw this level
heatcannotbe 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 temperaturand usablegemperature level is give by heat
exchanger design.

Charging Discharging

|
Source E Co er
QSource TSOUrce : QCons
S QChar I| QDischar o
HX PCM HX

_ TDlschar

1
1
1
|
FIGURR-4: SCHEME OF A PGYISTEM AND TRIRELEVANITEMPERATURES DURING CHARGING AND DISCHARGING
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2.4.2 4-TEMPERATURAPPROACH FAFCM

For thermochemical energy storaget 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 avdlable temperatures. These temperatures could be equivalent to partial pressures or
dewpoints (inthe case of water as the reactant) in open systems. In closed systeensoncen-
trations are given by the temperature of the condenser and the evaporatahdrfollowing
thesetemperaturesare call@da | YO A Sy ¢ GSYLISNI G dzZNB& 06SOIl dza S
flux in or out of the thermochemical energy storage system. Thtesnperaturesare necessary

to describe the charging and discharging processnagoplication.

1 Charging Temperaturdchar: The available charging temperature, which is depending
on the temperature of the heat source and the quality of the heat exchanger.

T Tamwchar(Only for TCM)The ambient condition during charging is giverih®sydew point
or partial pressure or concentration of the reactant for an open system and by the con-
denser temperature for a closed system

I Consumer Temperatur@cons: The minimum required temperature for the consumer
(including the necessary temperatudéference for the heat exchanger).

T Tamwpischarl(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

Charging Discharging

il : Consumer,
QSource. TSource : QCons
3 QChar : QDischar
HX TCM _ HX
q Toischar

Q
Ab ‘,
Ambience

FIGURR-5: SCHEME OF £WM SYSTEM AND THRELEVANTEMPERATURES DURING CHARGING AND DISCHARGING

2.5 (COLLECTION @PERATIOKONDITIONS

The participants were asked to fill in a template for the most relevant applications in order to
identify the operation temperatures accordirig the abovementionedmethodology. The re-
sults are summarized ihable2-1.
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2.5.1 BUILDINGAPPLICATIONS
Table2-1 shows the results for building applications. It is also indicated where the data come
from.

TABLE-1: OPERATION TEMPERATURESIOST RELEVANT APPLICATIONS IN THE BUILDINGGERDIRG T®ARTICI-
PANTSNPUT

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

Solar Thermal / Seasonal TES / Heating (Lo
ZAE Bayern  + UTES

Solar Thermal / Seasonal TES / Heating
ZAE Bayern  (convent.)/DHW + UTES

Solar Thermal/ Seasonal TES/ DHW+SH +

combined short and long-term heat storage i
DTU COMTES "Smart" energy systems 90 °C <=45°C

Solar Thermal/ Seasonal TES/ DHW+SH +

combined short and long-term heat storage i

100 °C 25°C 40 °C 10°C

100 °C 25°C 65 °C 11°C

DTU Building h¢"Smart" energy systems 90 °C 45 °C
DTU LOT (Late DHW 70-90°C 45-60 °C
. . Solar Domestic Water Heating Systems . R
. <

Univ. Artois (La (SDWHS) 90°C 50°C

AEE Intec Solar Thermal /Seasonal TES / Heating 100 °C 10-15°C 40 °C 10-15°C
Solar. Thermal (evacuated tube) /Seasonal T 180 °C 10-15 °C 40 °C 10-15 °C

AEE Intec Heating
Solar Thermal /Seasonal TES / Heating(Low R o R R

ASIC DHW 160°C 15-20°C 60°C 5-10°C
Electricity/short or mid term storage/DHW & o o o o

AEE Infec 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

Figure2-6 shows the provided charging and consumer temperature for heating and domestic
hot water applications. All applications are based on a giblamal input. This limits the charg-

ing temperatures below or around 100 °C. Exceptions are coming from systamsirggdigh
temperature thermal collectors (e.g. vacuum tubes) or electrical heating systems. The heat
pump and cooling applications were not included in the figure.
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Building Application

Heating / DHW
250

200 °
™
150 L]
100 e o o ° °
° . . °
50 O ° L ® L4 ® N N
0
0 2 4 6 8 10 12

@ T Charging ®@T Consumer
FIGURR-6: CHARGING AND CONSUMER TEMRERABR BUILDING APPLICATIONS

For the class of building applicatigitsseems 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 Temperatur@cna: 70¢ 100 °C
Tambchar 10-25 °C

Consumer Temperatur@cons: 40¢ 65 °C
Tambbischai 0 ¢ 15 °C

= =4 —a A

C2NJ I ag2NBG OFasSe (GSadAayazr GKS t2¢Said OKFNHAY:
temperature during charging and the highest consumer temperature combined with the lowest

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

LI OAGe gAftf 0SS NBYIFN]Fof& f 2usiiNg r@ersedisBpR (12 | ¢
tions for the operation temperatures.

A different approach based on existing standards for the building sector is presented later in
section2.6.

2.5.2 OTHERAPPLICATIONS
The other relevant applicationscombined heat and power, district heat and process heat
are listed inTable2-2.
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TABLE-2: OPERATION TEMPERATURESIOST RELEVANT APPLICATIONS IN OTHER SECIRIRNG T®ARTICIPANTS
INPUT

Institution Application T Charging T Amb Char T Consumer T Amb Dischar
Combined Heat & Power
CHP Waste Heat (low-T)/ Short Term TES /

ZAE Bayern  Process Heat (Food Industry) 80°C 20°C 100-110°C 20°C
CHP Waste Heat (combustion gases)/ Short R . . .
ZAE Bayern  Term TES / Process Heat (Food Industry) 350°C 20°C 100-110°C 21°c
District Heating
Renewable Electricity / Short Term TES / R o o o
AEE Intec District Heating >100°C 10-20*C 80°C 10-20"C
Process Heat
Univ. Artois Solar Wall / / Daily TES / Process Heat <80°C 25°C - 35°C
(Greenhouse effect)
Renewable Electricity / Power-to-Process He¢
TUM & Power > 650°C 160°C 475°C 120°C
TUM Renewable Electricity / Power-to-Process Hea50°C 160°C 192°C 90-100°C

The content ofTable2-2 is coming from actual R&D project of the international participating
institutes. It is no representative view on the real situation of relevant application. Howiever
remains obvious, that eertain set of reference temperaturesannotbe identified for the listed
applications. Especially in the field of process heat and industrial applicatiendiversity of
operation conditions is huge. Thus reference conditions can be defined at tinement.

2.6 TEMPERATURE GUIDELINE FOR TESTING COMPACT THERMAL ENERGY STORAGE
SYSTEMS IN BUILDINGS

Within the course of the Annex guideline concerning the testing of compact thermal energy
storage was developed. This guideline focusses on the operationeteypes and develops a
detailed procedure for PCM and TCM system

Authors: Fumey B,*, Baldini L%, Lazaro A, Fischer B, Hauer A, Englmair G, Furbo S, Zettl
B5, Cuypers R.Koll R7, van Helden W.

1. Empa Swiss Federal LaboratoriesMaterials Science and Technology, Uberlandstrasse 129, 8600 Diibendorf,
Switzerland

2. Ara@n Institute for Engineering Research (I3A), Thermal Engineering and Energy Systems Group, University of
Zaragoza, Spain

3. ZABBavarian Center for Applied Energy Research, Wakt@fnerStr. 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 Aast#4600 Wels, Stelzhamerstr. 26, Austria

6. TNO the Netherlands organization for applied scientific research, Leeghwaterstraat 44, 2628 CA Delft, Netherlands
7. AEE Institut fur Nachhaltige Technologien, Feldgasse 19, 8200 Gleisdorf, Austria
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2.6.1 INTRODUCTION

To enable large renewable fraction in building operatibere is a need for a diversity of energy
storage ranging from shoterm diurnal to interseasonal storage. Inteseasonal storage is chal-
lenging due to the low energy turnover and thhigh storage price per energy unit [1]. For this
reason, a focus is set on thermal, ing¥asonal storage with prospect for les@st solutions for
building space heating and domestic hot water as well as in some cases space cooling. The field
of thermalenergy 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 estéiid 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 reatage 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 taelease heat through sorption and reactior§p

Due to the continuous heat loss, sensible heat storage for-sg¢asonal storage is only fitting

at large scale, where surface to volume ratios are sufficiently small, reducing heat loss. Commer-
cial appications for buildings are found, for example, in the form of large building internal stor-
age tanks [10] or building externait-basedstorage vessels [11]. Work is ongoing in the field of
latent and sorption heat storage towards compact systems by iseca&olumetric 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 comjatelr-seasonal thermal storage have compared
reported energy densities indifferent of the operation schemes [4,8}% In [19] the erroneous
practice in sorption heat storage is pointed to, and the authors proceeded to develop a method
to compare the repded 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 exainples
complete operating conditions are provided [283]. 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 sochffevelopment 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 temperaturegfile, 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 aplicable 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 ttgason,the challenge to define a simple unifietethodology
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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 siompteat 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 tempatures. 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 wetlefined temperature profile for testing compact thermal storage
materials &ad systems, a uniform thermal storage system schematic is proposed, shdiga in
ure 2-7. The schematic indicates heat transport fluid (liquid or gas) return and outbtmmper-
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-

ferencen, * is applicable only for heat transport fluid asdrbent 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 lateheat storage systems solely the building side source and
sink are relevant.

Thermal storage

Building (material) Ambient
Y00 é Y8im 9A/D Yao
Qutbound+ » Outbound
Sorbent| A%
Source / Sink Sorbate Sink / Source
PCM A
Inbound > < Inbound
/i \_ IB/m’ Sam” ) Fai

FIGURR-7: UNIFORM HEAT STORAGE SCHEMATIC FOR LATENT AND SORPTION SYSTEMS. INDICATED ARE THE HEAT TRANSPORT
FLUID TEMPERATUREBQUND 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 UNDERSCO
IN THE RESPECTIVE LABELS.

On the building level, there are bothlaothermal and electric energy sources available. Renew-

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

to energy sector coupling including thermal energy storage. The maximum temperature of a
conventional slar thermal system is limited to 96 according to the EN 12897 standévdater

supply-{ LISOAFAOI GA2Y F2NJ AYRANBOGfE& KSFISR dzy @Sy d S
based charging permits more diversity, whereby increased efficiency carablked by using a

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

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

be set to 98C with the possibility of resistive or geps micrewave [25] or inductive heating

48



storag(a

vology Collaboratio

SHC
ECES

58

Sf AR HEAT h l (CCLI\C PROC‘.L“"

up to 200C. 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 standafdllows a 3K temperature spread between the fluid inbound and out-
bound temperature. This is adopted and also imposed on the temperature difference between
resulting temperatures are provided in
Table2-3. 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 sdbents in open fixed systems, for example, the temperature difference may be
substantially larger than 3K.

fluid to storage material.

The

respective

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 chaggim this case, flexibility in charging tem-

perature

is  provided

by

the

cooling

machine.

For

this

reason, in

Table2-3 under cold charging temperatura,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
Hightemper- Lowtemper- SpaceHeat- Sorbent . Late.ntspace DHWsupdy
ature ature ing spacecooling cooling
Bii 95°C,20:°C A°C 25°C 24°C(17°C) 24°C 25°C
Blo 92°C A°C+3K 35°C 18°C 18°C 65°C
B/m 89°C A°C+6K 38°C 15°C 15°C 68°C
em* |92°C - 28°C - - 28°C
Ali 30°C(24°C) - 7°C(6°C) 30°C - 7°C
Alo 35°C(35°C) - 4°C 35°C - 4°C
A/m 38°C - 1°C 38°C - 1°C
Am - - - 33°C - -
n 51K - 37K 23K - 67K
nx* 54K - 27K 18K - 27K

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 1635r¢2consulted.
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 reachhoutput temperatures, it is suggested to follow the
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low temperature profile for floor heating, with 36 outbound and 2% return temperature.
The inbound temperature is an average betweeriG@efined for liquids and 20 given for
direct air heating. Bom comfort temperature is 22C, defined by the standard EN15251 [29].

In space cooling, again liquid and air distribution are considered. Watsxd floor cooling has
an outbound temperature of 18C and 23C return. Air cooling has a return temperegwf 24

°C with a WBT of 17C whereby the outbound temperature is not defined. In order to reduce
this to one profile, 18C outbound and 24C (17°C) return temperature is proposed.

Domestic hot water is required to reach a temperature of°65 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 Z&, a mean return temperature from a fresh hot water station or
bottom temperature of a semi dischargelomestic hot water tank.

As illustrated in the uniform heat storage schematissrptionbasedsystems 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. Thege3@°C (24°C) return and 3%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 fdooth 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 T (6°C) and thus outbound temperature °€C. All
discussed temperatures are listed in
Table2-3.

2.6.3 RESULTS ANDISCUSSION

Having fully defined a proposed set of temperatures to be followed for compact thermal storage
evaluation for buildings, these are now applied to well characterizeshtaind 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 voleim

The thermal capacity of water for space heating is 0.23 &6878kWh r¥) based on the
water density of 0.9619g ctat 95°C and 5K temperature difference. The respective energy
density for DHW is 0.11GJ>n(30.21kWm®). For cold storage theapacity is 0.06GJ n
(16.3kWh n?) based on a minimum temperature ofd, thus not including the water phase
change, and a temperature difference of K4InTable2-4, the discussed examples are listed.

3.1. Latent thermal storage examples

The minimum phase change temperature for latent heat storage for space heatingdsBite
lower temperatures arégnadmissible. A material fitting to this application is the Rubitherm RT42
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with a phase change between 38 and 42C.Figure2-8 shows the respective partial enthalpy
diagram in J'§ Beyond 43C this material has a low partial enthalpy, thus charging up to the
maximum material temperature of 8%C has little benefit. Charging is so limited to an input
temperature of approximately 48C and the complete scope cannot be used. From the partial
enthalpy diagram iFigure2-8, a material specific volumetric energy density of 0.11 GJ30.4
kwh m?d) isderived, based on the accumulated partial enthalpies of 144hktyveen 38°C and

43 °C and the specific density of the PCM in its liquid state of 760%@0}. This is 0.48 times
the respective water capacity.

40
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FIGURR-8: PARTIAL ENTHALPY VS TEMPERATURE INTERVAL OF RT42. INDICATED IN LIGHT GREY IS THE TEMPERATURE RANGE
OF APPLICATION FOR SPACE HERDING [

A phase change material incorporating supercooling, a state where the material réquadh
below its solidification temperature, is sodium acetate trinydrate. Supercooling is a method ap-
plied for interseasonal storage to prevent loss over time. Sodium acetate trihydrate can so be
used as botlshort- and longterm storage. In theshort-term application for the floor heating, it

has a specific sensible heat capacity of 2.9J{ghJ a liquid density of 128 n?, resulting

in a volumetric sensible heat capacity of 09 n? (52.6kWh m®). This is 0.83 times the equiv-
alent water capcity. The phase change enthalpy is 0G@2n? (88 kWh n®) in respect to the
liquid density when the liquid is initially cooled to 3B before solidification is startd@1, 32].
Thusthe complete capacity is 0.53J n¥ (140.6kWh m?®) 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. TdnRubitherm RT11 material has a phase change®@tt®12°C,

as shown irFigure2-9, and is thus fitting to the application. Discharging can be followed up to a
materia temperature of 18C. Under the defined conditions, a volumetric energy density of 0.15
GJ ? (42.6kWh n?®) is reached, based on the accumulated partial enthalpies ofJig@%nd

the material specific density in its liquid state of &P [30]. This material is thus 2.61 times
better than water, if the water phase change is not engaged.
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FIGURR-9: PARTIAL ENTHALPY VS TRMHFERE INTERVALS OF RT11. INDICATED IN LIGHT GREY IS THE TEMPERATURE RANGE

OF APPLICATION FOR SPACE COGOING [

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 5%, due to the risk of solidification [33]. This limits the utili-
zation of available charging temperature to ®f) also limiting the temperature gain in discharg-
ing as illustrated in the operation process in vapor vs. temperature diagradigure2-10 [34].
Under the defined coritlons, the maximum sorbent temperature in discharging 8@, and

due to the counter flow process, a material temperature of’28can be reached, resulting in a
concentration difference from 5@t% to 42wt%. The capacity is so 0.63 n¥ (176kWh nd),

or 2.74 times the water equivalent.

101 —_— —
Weight per cent .| - Qhatgung

= water in NaOH .| . .7 7 7
o P
X,
g
3
g 100
a Discharging
5]
&
=

10-1 - - :

0 20 40 60 80 100

Temperature [°C]

FIGURR-10: VAPOR VS. TEMPERATURE DIAGRAM OF NAOH. INDICATED IS THE CHARGING AND DISCHARGING PROCESS BASED
ON THE REALISTIC TEMPERATURE PROFILE BGOSR SH [3

In the sorption process, charging for heating or cooling is idenHialre?2-11 shows the cooling
process with NaOH, again based on true counterflow. In this casgigblearged concentration
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is 35wt% and a storage capacity of 1.68 m¥ (300kWh m®) is reached. This is 18.4 times the
water equivalent for cooling.

101
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= water in NaOH
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g € ——" Discharging
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Temperature [°C]

FIGURE-11: VAPOR VS. TEMPERATURE DIAGRAWOR. INDICATED IS THE CHARGING AND DISCHARGING PROCESS BASED
ON THE REALISTIC TEMPERATURE PROFILE BG4 .SC [3

A solid adsorbent reported in literature is zeolite 13X. Both open and closed processes have
been studied, generally operating with fixeddse InFigure2-12, 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 temperaire profile with solar thermal charging. The volumetric energy den-
sity is thus 0,03%J n? (9 kWh m?). 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 irFigure2-12 by the dashed charge and discharge arrow. In this case the energy density
is slightly improved to 0,05&J n? (15kWh m®), or a water equivalent of 0.24.

™ vz Q > ©
101 .| 0.14
+ -‘ ’ Mass fraction of water in zeolite
i N o Charglng
| K "/ . “ i 0A1 2
‘o s'A
3 L
X,
e T Jo10
2 .
&
; .| 0.08
100+
[ K ’/ ",
¥. Discharging
20 40 60 80 100 120 140

Temperature [°Cl

FIGURR-12: VAPOR VS. TEMPERATURESBAM 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. ADAPT!
FROM [3].
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From the previous example it is clear that for zeolite a higher charging temperature is required.
Figure2-13 shows the performance with resistive heating and counkawf In this case a water
mass fraction difference from 0.08 to 0.29 can be reached, resulting in a storage energy density
of 0.486GJ n? (135kWh m®). This is 2.12 times theater-basedcapacity.
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FIGURR-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
SOLAR THERMAL HEATINGE [3

Salthydrates 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
(KCQ). Figure2-14 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, sincerdtyah and dehydration occur only along the hy-
dration step curve. The energy density reached under the application specific temperatures is
0.96GJ n? (361kWh m®). This is 4.2 times the water equivalent.
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FIGURR-14: VAPOR VS. TEMPERATURE DIAGRAM OF POTASSIUM CARBONATE IN A CLOSED PROCESS. INDICATED IS THE CHARG-
ING AND DISCHARGING PROCESS BASED ON THE REALISTIC TEMPERATUREPROFILE [3
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Table 2-4: Comparison of the various materials in respect to water and literature where available.

Material Type Application Energydensity Water equivalent
. . 0.23GJm3(63.78
Water Sensible Spaceheating KWhm?) 1
. : 0.06GJm=(16.3
Water Sensible Spacecooling KWhm?) 1
. . 0.11GIJm3(30.4
Rubitherm42 Latent Spaceéheating KWhm?) 0.48
sodiumacetate Latent(super- . 0.51GJm3(140.6
trihydrate cooled) Spaceheating kWhm3) 222
. : 0.15GJm3 (41.6
Rubitherm11 Latent Spacecooling KWhm?) 2.55
-3
Sodiumhydroxide Liquidabsorption Spaceheating 0.63G\_]£n (176 2.74
kWhm3)
-3
Sodiumhydroxide Liquidabsorption Spacecooling 1.08G\_J?r’n (300 18.4
kKWhm3)
. I . 0,032GJm3(9
Zeolite1l3X Adsorptionfixed  Spaceheating KWhm?) 0.14
. Adsorptiontrans- . 0,054GJm3 (15
Zeolite13X ported Spaceéheating KWhm?) 0.24
-3
Zeolite13XBF Absorptionelectric Spaceheating 0.486G_3Jm (135 2.12
kWhm3)
Potassiuncarbo- . . . 0.96GJm™ (361
nate Solidabsorption  Spaceheating KWhm?) 4.18

Theprovided 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 ingieluation 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 tieansport 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 comparisoras 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 temperasunel|

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 steiagot practica-
ble. This is due to the fact that the maximum temperature difference between sorbent and sorb-
ate in charging is 5K, but a temperature difference of 6¢is required to reach 6% outbound
temperature in discharging. Under heat storaggbcation, 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 watercan 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 tlaeggisch
temperature increases.

2.6.4 CoNcCLUSION

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 comparisog tie development

scale and across the variety of materials, ideas and processes. @mcpeaature-basedprofile

is presented in the work, largely derived from existing European heat pump testing standards.
This profile is applicable for both latentcisorption 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 profilgood 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 fdouildings 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  SUBTASR ¢ DEVELOPMENT ANBBIARACTERIZATIONIFIPROVED
MATERALS

3.1 SUBTASRP:DEVELOPMENT ANUBIARACTERIZATIONI®PROVEF CM

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

E R ]

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 prgperties 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.

Andfinally, a wiki for the terms uses in the context of PCMséhaeen developed based on a
content managementveb-basedtool.

3.1.2 MATERIADEVELOPMENTIST OF NOVEL DEVELOPEIMAS WELL AS BLENDS AND MIX-
TURES

The obijective of this work was to collect the PCMs and applications focused on wittparthe
ticipants of the SHC Task 58 and ECES Anne%883@). 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 thés8A33 mailing list. Nine different itititions reported about the
development or investigation of 20 different materials and the supposed applications

PCMs

1 Organic (alkanes, fatty acids, sugar alcohols and others)
1 Inorganic (salt hydrates, salt)
9 Eutectic mixtures (organic, inorganic)

Appliations

1 Cold storages, precooling of refrigerants
1 Passive cooling for buildings and industrial processes
1 Heat pump applications
1 Mobile heat storage
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1 Waste heat / process heat / steam generation
1 Thermal protection of electronics / battery cooling
1 Solarheating / longterm storage

The main work is done on organic PCMs and on mixtures of either organic or inorganic materials.
Figure3-1 is indicating thematerials which are under research. The majority of materials are
developed for storage temperature below 100. A few materials are under research in the
temperature range between 100 und 18G. Above 150C many institutions doing research on
d-Mannitol, which is only once rated as stable as well as a mixtureMsughitol andDulcitol
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 belowKléxcept dMannitol, 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 cgdas been very different and
reaches from 5 up t0,800 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

400
+ stable
® unstable
350 .
) 70% d-Mannitol / 30 % d-Mannitol
Pinacone Hexahydrate Ducitol
300 Decanoic acid - RT35HCH uete
Tetradecanoic acid * \' - d-Mannitol
= (78%/22%) | Sodium Acetate Hydroguinone
X 250 \“.‘ Trihydrate / EDTA/ meso Erythritol
5‘ n-Dodecane \ HD200 / Xanthan . B 4. Mannitol
— * \ * :
\ d-Mannitol
2 200 .
= * # n-Tridecane)| Xylitol MgCl 6H20 Salicil acid
= 4  Microencapsulatet & * alicliact
e 150 > Octadecane
w Tepexil/Dodecanol
Olive Oil &
100 *
NaNO3/KNO3/NaNO2
n-Dodecane/n- (7%/53%/40%)
50 Tridecane >
(82,3%/17,7%)
0

-30 -15 0 15 30 45 60 75 90 105 120 135 150 165 180 195
Melting Temperature [°C]

FIGURB-1: OVERVIEW ON MATERIALS COLLECTED WITH THEIR PHASE CHANGE ENTHALPY AND MELTING TEMPERATURE, RED
INDICATES THE UNSTABLE MATERIALS
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FIGURB-3: STABILITY OF MATERIALS, NUMBER OF CYCLES TESTED

3.1.3 CHARACTERIZATIORPCM EXTENDED LIST OF MATERIAL PROPERTIES FOR THE CHARAC-
TERIZATION OF NOWWCM(D2P2)

THERMALCONDUCTIVITY

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 Aadechnique in order to ensure reliable measurement
data.

61



SHC 58
storag(a ECES

IEA wology Collaboratic

Sf AR HEAT h l (CCLI\C PROC‘.L“"

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 arouh70 °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 differahbratories (standard devia-
tion of about o 1P ). 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 stdéaboratories.

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 ttheermal conductivity, the specimens were
prepared with two significantly different cooling rates (slow: 2 K/h; fasg).LN

In the first measurement round the thermal diffusivity of the solid PCM RT70HC was measured
at 40 °C and 50 °C by five differentdadtories 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%.

Inthe 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 resukseduced again.

In a third measurement round the specimengre 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 increaséglire3-4 the statistical results of

the different measurement rounds are compared anéigure3-5 the results of the third meas-
urement round are compared to the results of the previous TAskEx.
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FIGURB-4: RELATIVE STANDARD DEVIATIONS OF THE MEASUREMENT REBEWMFSERENT MEASUREMENT ROUNDS FOR
SPECIMENS WITH DIFFERENT COOLING RATES.
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FIGURB-5: COMPARISON OHERMAL DIFFUSIVITY MEASURENESULTEROM TASK 42 ANNEX 29 AND TASK 58 ANNEX
33.

VISCOoSITY
This workwas led by the University of Zaragoza. A comparison of viscosity measurement devices
was conducted for which Uni Zaragoza, Uwi Bayreuth, and Fraunhofer ISE contributed. A
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publication on this was done i2018. Figure3-6 and Figure3-7 depict two results fromthis
publication, which show the comparison of a measurement using a standard oil and of a paraffin.

= AR-G2 Plate 40 mm —(14)
0.01 4 ¢ MCR 502 Plate 80 mm [15)
4 MCR 502 Cencentric cylinder [16)
0.008 - v IMETER —_7
0.006 - £
‘A
- - '
OOC‘ ". A ‘A“‘Al‘ -
o
g yervw Y Y Yvyvvew v vy
=
0.002 4
-
T 1
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FIGURB-6: COMPARISON OFFBERENT MEASUREMENT DEVICES FOR VISEXSUREMENIF A STANDARD OIL
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FIGURB-7: COMPARISON OFHEERENT MEASUREMENT DEVICES FOR VIS@ESSDREMENT OF A PARAFFIN

At March 7th and 8th 2018, a workshop on viscosity measurement of paraffin and salt nitrates
was organised byhe University of Zaragoza and hosted by Fraunhofer ISE in Freiburg. For the

! Delgado et al.Intercomparative tests on viscosity measurements of phase change materials, Thermo-
chimica Acta 668 (2018) 169568
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workshop Rheometers from HAstruments, Anton Paar and Therf&ezientific were available
in the lab. Previous to the measurement in the lab presentation were given by:

1 MonicaDelgado (Uni. Zaragoza) on the measurement procedure for PCMs

1 Helena Navarro (Uni. Birmingham) on the measurement of high temperature PCMs
9 Stephan Hohlein (Uni. Bayreuth) on the IMETER measurement principle

1 Mr. Schwab, TAnstruments, introduction into DHR Rheometer

Figure3-8 shows some impressions from the workshop dtdure3-9 showsthe viscosity of
RT70HC in dependency of temperature.

FIGURB-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 RERMEASUREMENT OF RT70HC
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FIGURB-9: EXAMPLE: RESULT ON THE MEASUREMENT OF RT70HC, MEASURING FROM LIQUID TO THE PHASE TRANSITION, OS-
CILLATORY METHOD

SPECIFIC HEAT MEASUREMENTB S

COMPARISON OF MEASUREMENTS

A comparison of specific heaapacity 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
resoluion 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 leadarger deviationsFigure3-10, Fig-

ure 3-11, Figure3-12), which is also observed in the comparison of the different res#ig- (

ure 3-13). The result shows that for awonon measurement procedure to determiggof PCMs

it is not possible to uses slow heating rat@herefore the measurement according to ASTM
1269 is suggested.

66



SOLAR HEATING & COOUNG PROGRAMME

NTERNATIONAL ENERGY AGENCY

storag‘a E%:l-é(s: A0 0 S?K:

IEA Technology Cellaboration Programme

60 - .

. ® Parfol 1, 13.57 mg, 2K/min

A Parfol 1,13.57 mg, 8K/min

50+ % * Parfol 1, 13.57 mg, 4K/min
IE 4 O Messerly 1967

. ﬁt} > Parfol 3, 16.02 mg, 1K/min

40 4 % * Parfol 3, 16.02 mg, 4K/min

* A Parfol3, 16.02 mg, 8K/min

cp [J/(g-K)]

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Temperature [°C]

FIGURB-10: INFLUENCBF HEATING RATE DNE SHAPE OHE METING PEAK (MEASURED BY UNIVERSITY OF ZARAGOZA)
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FIGURB-11: INFLUENCE OF HEATING RATE ON RESULT, MEASURED BY UNIVERSITY OF ZARAGOZA
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FIGURB-12: INFLUENCE OF HEATING RATE ON RESULT, MEASURED BY DALHOUSIE UNIVERSITY
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BRACKETS WITHOUT MEASUREMENT OF CONTRIBDASHED LINES MARK THE TEMPERATURE RANGE IN WHICH THE MA-
TERIAL PARAFOL-9BIS MELTING
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METHOD SUGGESTION BASEB®NM1269
Short abstract from théA\STM1269 (not complete):
Reference Material Synthetic 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 precisi 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. NQTEn@é same reference specimen holder + lid
should be used for the gphire 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 equilisium. 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 thethermal curve. NOTE 8The precision of this test method is enhanced by this high
heating rate. @her heating rates may be used but shall be reported.

7. Record a steadstate 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.) fexd@@oning, procedure, calcula-
tion, and report.

DENSITWIEASUREMENT

A comparison of density measurement was undertaken. The contributors used different tech-
nologies for the measurement (oscillatingtithe, Archimedes principle, helium pycnometer).
Resultsare shown inFigure3-14. Theresults reveal large deviations between measurement
principals and different institutions. During the 733 it was decided not to proceed with this
task.
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FIGURB-14: COMPARISON OF DENSITY MEASUREMENT DONE AT DIFFERENT INSTITUTIONS

3.1.4 DATABASEMEASURED MATERIAL DATA FOR THE MAINTENANCE AND EXPANSION OF THE
PCMDATABASE

The database has a private and a pubtiction. Data of 56 measurements are available in the

private secion from which 16 datasets are publicly available. The last material uploaded was in
October 2019Figure3-15shows on the overview table of public available materfaigure3-16

illustrates one exampléor details available for a PCM.

Home User News Workshops Measurement-Standards & Tools PCM Sorption-Materials ‘Wiki PCM

You are here: Home / PCM

Database PCM
Show 25 ~ entries Search:
Name Institution Last Change Melting Temperature Heat of Fusion  Density (liquid) Thermal Conductivity (liquid) Viscosity (liquid)
] [kJ/kg] [kg/m3] [W/mK] [mPas]
CaBr2-6H20 ZAE-Bayemn Apr 19, 2017 3329 1355 1956.0
gypsum board Fraunhofer ISE Oct 18, 2019 18.48 N 19.4
HDPE natur NT D960/6 Fraunhofer ISE  Oct 13, 2015 1280 2190
Lauric acid (dodecanoic acid) ZAE-Bayem Apr 19, 2017 435 1782
Lauric acid (Dodecanoic acid) Fraunhofer ISE ~ Sep 07, 2017 4365 180.0
Methyl Stearate (methyl octadecanoate) Fraunhofer ISE ~ Sep 07, 2017 36.7 208.0
Micronal DS 5038 X Fraunhofer ISE  Apr 09, 2018 215 960
Micronal DS 5040 X Fraunhofer ISE  Apr 09, 2018 19.07 936
n-Octadecane, 99% Fraunhofer ISE ~ Sep 07, 2017 275 2330
n-Octadecane, 99 5+% Fraunhofer ISE  Sep 07, 2017 2766 2370
NaNO3 Fraunhofer ISE  Oct 02, 2017 307.0 1750
Octadecan Parafol 18-97 Fraunhofer ISE  Jun 13, 2017 27.35 231.3
PEG1000 Fraunhofer ISE  Sep 07, 2017 310 1600
PEG600 Fraunhofer ISE  Sep 07, 2017 130 137.0
Potassium nitrate (KNO3) Fraunhofer ISE  Sep 13, 2016 3296 925
RT 70 HC Fraunhofer ISE  Qct 13, 2015 701 256.4

FIGURB-15: SCREENSHOT THE PUBLIC AVAILABLE DATASENSW. THERMALMATERIALS.QRG
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gy%sum board

by Georg Hagslstain — last mod

Material details

d Oct 18, 2019 11:25 AM — History

Description gypsum board with microencapsulated paraffin

Type composite

Manufacturer not available

Added by Fraunhofer ISE
= Enthalpy (T) (enthalpy-sample-1) .
« Enthalpy (T) (enthalpy-sample-2) LT T TR TR TR

Tomparates '€
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= Safety sheets

# Additional information

FIGURB-16: DETAILS EXALE FOR COMPOUND®PSUM AND PCM

3.1.5 Wiki FOFPCM

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.
Figure3-17 shows a screenshot.

3 Offset Tempsrature Wiki PCM

3 Orset Tsmperaturs How to use and edit
To put a new entry to the Wik go to the Wiki PCM page and choose "Add new” > Plsass insert images hers (tres icon above)

B Baseine “Page”, give the titel and go to “Body Text" to write the description. Therefore insert  (graphs, pictures fotos) use png or jog format.

B Weling Temperature atable with 2 cols and 1 row. Please write text using format "Heading cell” intothe  Best image width is 285 dots. Therefore upload
left col and put images into the right col. You can also use subhsadings to include images o the imags-foldsr in Wiki PCM (sse
sub headings in your text. description there).

[3 Nucelation or Crystalization Temperature

[ Peak Temperature You can publish the new entry by choosing "publish” after you have saved the text

(bottom below).
[3 Enthalpy
@ Zero-ine lsOffset Temperature
@ subcooling The offset: { ing to DIN EN 150 11357-1:2010-03) is the designed intersection point of the extrapolated

baseline and the inflectional tangent at the end of the melting or crystallization peak (see image onset temperature). The baseline and

[@ Supercooling the inflectional tangent are determined from the temperature-dependent heat flow signal.

[@ T-History

[3 Hucleation Onset Temperature

Th . ing to DIN EN IS0
11357-1:2010-03) is the designed intersection point of the extrapolated
@ specific heat determination (DSC) baseline and the it ional tangent at the beginning of the melting
crystallization peak. The baseline and the inflectional tangent are
determined from the temperature-dependent heat flow signal. In the
case of pure and materials, th . can
be indicated as melting temperature. In contrast to peak-temperature,
the onset: is less on heating rate and sample
mass. Furthermore onset-temperatures are usually used for

@ psc

| point ot
Inflection

Enthalpy ol

temperature calibration of a DSC.

|_pointat
infection

Heat Flaw [mWimg]

FIGURB-17: SCREENSHOT B WIKI FOR POWWW.THERMALMATERIALS.ORG/WIBW 30/01/2020)
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3.2 SUBTASKT:DEVELOPMENT ANIMARACTERIZATION I®PROVEHERMO-
CHEMICAMATERIALS

3.2.1 INTRODUCTION

The Subtask 2T focuses on the development of improvéd M@terials, 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 Aglude the listing of new and improved existing
materials, determination of material properties, measurement of therphysical properties

and expanding the database implemented within the previous task.

One of the goals is to determine the differentiadt 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 cositeanaterials

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/SHRAH)7 significant R&D effort

was directed toward the development of new or improved TES matefi@lsl used for thermal
energy storage are an important class of materials which substart@ilyibute 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 increasgdificantly Detailed information on

R&D of compact TCM materials is pregzhinsection3.2.4

3.2.2 DEVEOPMENT AND IDENTIFICATION OF THE NOVEL CHEMICAL REACTIONS AND COMPOSITE
MATERIALS

Development of TCM materials has been devoted to charaetion of new and improved TCM

materials as powders: chemical reactants and sorption materials and composites as well as lig-

uids. Novel chemical reactions and composite materials were developed and identified. Water

and ammonia were used in chemical reaans, while only water was used for sorption materials.

Table3-1 presentdifferent 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 yeas.

TABLB-1: DIFFERENT TCMS DEVELOPED AT THE JOINT TASK/ANNEX 58/33 FROM 2017 TO 2019

Sorption materials Chemical reactions Composites Liquids
MOFs: MI160, MiIk: | CuG-H.0, MgGHH0 SAPGB4/AI LiCl
101, Mik125, LICIH:0, CaGiHO
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LaCl
Zeolites: 13X binddiree | SrBg-H0 Mg(OH}-EG (expandeq LiBr
E(BBFIZ agd \\(/\gt;] b\l(nder MgBe-HO graphite),
o odearsh oW Mg(OH)}CNT  (carbor
binder, 4A with bindern
nanotube)
and BF
Aluminophosphates: K:CG-H0 MgCt-silica gel NaOH
APQLTA, AP@G4, APO CaGssilica gel
18, FAPGB4, SAPE4,
FAMZ02, AP SrBe-silica gel
Porous SiC foam MgO- Mg(OH}) SrBe-graphite ZnCl
CTABiMg(OH)
Ca/MgOCa/Mg(OH), Co/MgQ
Co/Mg(OHp, Ni/MgO-
Ni/Mg(OH},
Silica gel CaO/Ca(0Hh) LiClvermiculite, clinop-

tilolite

Fe/CaMn@, CaMnQ@
Copper oxides
Iron oxides

(redox reaction)

HKUST, CAU10, Mil
100, Alfumarate, SAPO
34-Al0z foam

HKUST, CAU10, MIl-
101, UiO-66-ceramic
foam

HKUSTL,
foam

CAUL0-SIC

CAU10, MIL100, Al
fumarate-Al foam

LeSQ/Naz:SQ

Ca/Mg/LiXARLOz foam

Ca/Mgl/LiXceramic cellu-
lar foams

LiOH/LiBr

CaCGHPHTS, SG, vermic
lite, clinoptilolite

NiCt, CoCGl FeG, CuGHNH:

SrC-ENGNHs

MgCh, SrG-NHs

MgSQ-silicone foam

CoS@ FeS@ CuS®@NH;
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Ba(OHyH.0

NaSQ, NaS

Ettringite
(CaAkL(SQ)3(OH)2:26H0)

CuCaYgICaTi,CwCh-NHs

CaCGhattapulgite/cellulose

3.2.3 DEFINITIOMDFTHERELEVANWIATERIAL PARAMETERS

Relevant material parameters were defined and incorporated into two databases based on
chemical reactions and adsorption of gas on solids, respectivetyoverviews of the databases

in the correspondingection.

3.2.4 (CHARACTERIZATIQ¥NOVEL REACTIONS AND MATERIALS BY MATERIAL PROPERTIES

SORPTIONMATERIALS

NATIONALUNSTITUTE GBHEMISTR®.OVENIA
DR.ALENKARL { ¢ L O

1. Introduction: New composite water sorbents CaBHTS for lovwlemperature sorption heat
storage were preparedihe 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. Prepaation of materials and/or supplierNovel 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 impregiidS

was synthesized by modification of the SBAsynthesis using lorghain surfactant triblock co-
polymer Pluronic P123 to prepare the plugged hexagonal templated silica with ordered hexago-
nal mesopore arrangement with average pore size lower tham6 n

3. ResultsThe 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 hygroscogicirsdghe pores, the matrix
synthesis and the preparation of the composite.

a. Structural properties for porous materials and composites / formula
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TABLB-2: STRUCTURAL PROPERTIES OF PHTS AND THE PREPARED COMPOSITES.

SeT Viot Average pore size
Sample (Pig) (cn¥lg) (nm)
PHTS 810 0.705 5.7
4-CaCGHPHTS 461 0.492 5.6
10-CaGHPHTS 322 0.377 5.8
20-CaCGHPHTS 163 0.189 6.2

Sset the BET surface areagiVtotal pore volume, mesopore diameters

b. Sorption properties / reaction
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) / —a—10-CaCl -PHTS
184 2 !
. s —+—20-CaCl -PHTS /
o 164 §.. / ’
.1t/ 7 - /
= 144i ] S !
o H s +
~ ol |/ — /
< 1.2 // s A
- v~ /
? 107 Lﬁ?’f /'/. _/
o 084 Relative pressuse (p/p,) ‘/. / N
© 1 0/‘/ A
g 064 ./’,./0/ Ve .__.7.41
A Y
—A e 0—e—"
0.4 ‘f.,o";__. H-—A:-:::;‘* /—.
02] AT e
e ann

0.0 -Fé“-':': T T T
Relative pressure (p/p,)

WATER UPTAKE CURVES AT 40

¢. Thermochemical properties:

The integral heat of adsorption was calculated for the given boundary conditions: adsorption
temperature at 40 °C, desorption temperature at 120 °C amgw point temperature was set
at 10 °C. The integral heat of adsorptiog@f all composites isted inTable3-3.

Table 3-3: Water loading lift and the integral heat of adsorption for the composites

Sample K& Quds Quds
(kg/kg) (Wh/kg) (kJ/kqg)

PHTS 0.073 71 256

4-CaCGHPHTS 0.100 81 292

10-CaCGHPHTS 0.142 119 428

20-CaGHPHTS 0.239 193 694

d. Picture/image/photograph of the materighcanning Electron Microscope (SEM) images

75



nergy SHC |58
(Sstmg(a ECES |33

SHAC

v,
SOLAR COOUING PROGRAMME
NTERNATIONAL EN

AL ENERGY AGENCY

4-CaGHPHTS
N :

S

—u— 20-CaCl,-PHTS
—=— 10-CaCl,-PHTS
207 —=— 4-CaCl,-PHTS
\ —=— PHTS
[ |
'\515-\.
o)
s Ll
X [ |
I .
S 1.0 =
5 n
g B %
= ks
| ]
[ ]
0.5- .
- .'.
\%I. ]
gy, =
R
0-0 T T T \I T T
0 2 4 6 8 10 12 14
A (kd/mol)

4. SummaryThe increased salt content in the composites impacted the sorption performance
of these composites, e.g. higher content of the salt higher energy storage cafdwtgtorage
capacity of these composites can be increased by increasing the desorptionrtgompeand
decreasing the adsorption temperature. Water sorption caused structural modifications of the
composites, showing the r@ispersion and possible agglomeration of the salt in the pores, which
caused some blocking of pores (lower total pore voluané specific surface areas) after hydra-
tion and dehydration at 48C. On the other hand, repeated sorption/desorption cycles between
40 and 140C at 56 mbar caused the improvement of structural properties (increase of specific
surface area, total pore vamoe and pore size) of the 0aCland 20CaClcomposites, 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, shovilrey ability of the PHTS matrix to create
stable naneenvironment for confinement of calcium chloride.

5. References
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1. Introduction:In this study, a porous zeolHi&ke 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 zelitigeand
metalorganic porous materials tested so far.

2. Preparation of materials and/or supplieAPGLTA was hydrothermally synthesized from a
fluoride medium usingriptofix 222 (K222) as a structud@ecting agent. (Krajnc, 2017) The as
synthesized sample was calcined in air at 8DOver night

3. ResultsMaterial shows remarkable cycling stabiligfter 40 cycles of adsorption/desorption

its capacity drops by less than 2%. It adsorbs water in an extremely narrow rqlegssuire
interval (0.10 < p/p< 0.15) and exhibits superior water uptake (0.42 g/g) and energy storage
capacity (527 kW h/f). Furthermore, its heat pump performance is very high, allowing efficient
cooling in demanding conditions with cooling power up to 350 kWiguen 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 &05 °CCOP and cooling enthalpy for cooling application at
boundary conditions: evaporator temperature, ¥ 5 °C, cooling temperature b= 30 °C and
desorption temperature &s=65°C is determined to be 0.70 and 730 kJ/kg, respectively.

a. Sorption properties / reaction
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b. Thermochemical properties:
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c. Graph: Characteristic curve
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d. Picture/image/photograph of the material:

78



SHC
ECES

storag‘a

IEA Technology Cellaboration Programme

SC’.M n“ llv ‘ COCU\G P?OCU.\‘F

SCANNING ELECTRON MICROSCOPE IMAGE

4. SummaryNew aluminophosphatadsorbent full fills requirements for the ideal performance
in the lowtemperature (solar energy) heat transformation applications because it performs in
the proper relative pressure range withsBaped water adsorption isotherm. The charging or
regeneraton temperature is 65C. Comparing theooling enthalpy of AQS®201 and Z0ad-
sorbents for air conditioning with regeneration temperature of%€5{Tev=5 °C, Ton=30°C)to
APOLTA, the later achieves two times higher cooling enthalpy.

5. References
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DR. ALENKARL { ¢ L ODR! FABIANFISHER

TCMTYPESORPTION MATERIAL

1. Introduction: We present the use of the commercial granulated binftee zeolite NaY as
the adsorbent for sorption heat storage and the pgghthesis modification of this zeolite in
order to decrease the desorption temperature and preserve energy storage densitiiaVée
studied the effect of HCI and;EDTA treatments, as well as the impact of sequentiakion
change acid treatment on the material storage performance.

2. Preparation of materials and/or supplieBinderfree granulated zeolite NaY (parent sample)
was sipplied from CWKBad KdéstritzGermany). Modified samples were prepared using-one
step and twestep procedures:

Samples Treatment Temperature {C) Time (h)
Parent NaY - - -
0025HCI 0.025M HCI 100 1
O005HCI 0.05M HCI 100 1
01HCI 0.1M HCI 100 1
O05HCGIRT 0.05HCI RT 120
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O05EDTA 0.05M HEDTA 100 20
MgNaY0025HCI 1M Mg(NQ)2;0.025M HCI 85;100 2:1
3. Results

a. Structural properties for porous materials and composites / formulass hydrophilic gran-
ulated samples can be prepared by nondestructive Bysithesis modifications using mild HCI
treatment and chemical treatment with H4EDTA, leading to a reduction in desorption tempera-
ture ranging from 10 to 30C. Mild acid treatmentaused 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 twstep procedure with sequential Mgxchanged acid treatment

can bring about enhanced water sorption capacity and desorption temperature.

b. Sorption properties / reaction

0.35 -
0.30 A
20.25
= ? ]
= ‘/ —e— parent NaY
20204 // —e— 005EDTA
g 2 e —e— 0025HCI
5 0.15 O05HCI
% O1HCI
= 0.10 —=— Q05HCI-RT
—a— MgNaY-0025HCI
0.05 —eo— NaMSX
OOO 1 T T T T T T T T T T T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Relative pressure (p/po)

WATER UPTAKE AT 25 °C OF THE PARENT SAMHHENAQDIFIED SAMPIARD NAMSX.

c. Thermochemical properties:

Water uptake in equilibrium after adsorptiqd0°C)Xs asand after desorptior{140°C)Xs,des

g GSNI f 2 RdaydIhe tntegaBhieaRof &dsorption in kg,

Sample Xs ads Xs des YXs Ay
(kg/kg) (kg/kg) (kg/kg) (Wh/kg)
Parent NaY 0.2898 0.0783 0.2115 185.0
0025HCI 0.2931 0.0776 0.2155 187.9
005HCI 0.2775 0.0735 0.2040 177.4
01HCI 0.2833 0.0703 0.2130 185.3
O05HCGIRT 0.2836 0.0730 0.2106 183.3
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OO5EDTA 0.2573 0.0653 0.1920 166.1
MgNa¥0025HCI 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 BINDEREE ZEOLITE NAY
e. Graph: Characteristic curve
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4. SummaryCommercial granulated binddéree NaY zeolite can be usad the adsorbent in the
sorption storage system to recover industrial waste heat at a temperature of 14h&er-
formance of adsorbents in sorption heat storage depended on the type ofgyodhesis treat-
ment, for examplghe HiDTA treatment improved pore accessibility by removal of Al from the
framework, while mild acid treatment caused the generation ofedé&s, which served as the
binding sites for water, thus the water uptake was increastmktsynthesiamodifications lead

to a reduction in desorption temperature ranging from 10 to°8Dand to an increase tife
evaluated energy storage densities of tharent 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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1. Introduction: Project OFFSGBpenSorption 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 thphysics were

to find measires for adsorptiorkinetics that are useful for modelling the heat storage reactions
in the relevant set of parameters typical for applications.

2. Preparation of materials and/or suppliefThe zeolite granules were purchased in granule
form, ready to se and no further sample manipulations accured. Following zeolite molecular
sieves were subject to investigation:

1 4A Silkem

1 4ACWK

1 4ABF CWK

T 13X CWK

1 13X BF CWK

3. Results:

a. Structural properties for porous materials and composites / formula & $orption
properties / reaction
The utilized zeolites have following properties according to datasheet:

CWK | Type| Pore Granule | Adsorption capacity| Formula
Sizein Al Size  in| in cn/g (min 55%
mm RH, 20°C
4A LTA |4 1.6-25 21.5 HO N&0.AbO;.2.0SiGNH0
4ABF | LTA | 4 2.5-5 24 HO N&0.AbO;.2.0SiGNH0
13X FAU | 9 1.2-2 26.5 HO N&O.AbOs.mSIQINHO (m<= B5)
13X BH FAU | 9 1.2-2 30 HO N&0O.AO;.mSIQINH0 (m<= B5)
Silkem
4A LTA | ----- 235 | - Na:0(17-19%) AL0s3(28-30%),
SiQ(31-34%), HO(1822%)

c. Thermochemicaproperties
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4A Zeolith: Silikem
Materialtemperatur Gasfeuchte Exposition Programmierte Temperatur =~ Quelle fur T(Segment| ney)
250° 0g/kg 240 min 265 STA-sDSC:n18-094
40 2g/kg 240 min 46,5 STA<DSC:n18-094
40 4g/kg 240 min 46,5 STA-DSC:n18-094
40 6g/kg 240 min 46,5 STA-sDSC:n18-094
40° 8g/kg 240 min 46,5 STA=DSC:n18-094
40 10g/kg 240 min 46,5 STAsDSC:n18-094
160 10g/kg 240 min 170 STA=DSC:n18-094
190 10g/kg 240 min 201,5 STA-sDSC:n18-094
220° 10g/kg 240 min 233 STA-DSC: n18-094
250° 10g/kg 240 min 265 STA-sDSC:n18-094
250° (=Start) 0g/kg 240 min 265 STA-sDSC:n18-094

FIGURB-18 TEMPERATURE AND HUMIDITY PARAMETERS FOR THERMAL ANALYSIS MEASUREMENTS.

The thermal analysis measurements were executed by DSC/TG. The parameters summed up in
Figure3-18 describe realistic yeaound 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
increasimg 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 Figure3-18. The results are depicted Figure3-19.
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FIGURB-194A SILKEM TG/DSC MEASUREMENTS FOR ONE CYCLE OF ADSORPTION AND DESORPTION. MEASUREMENTS BY DR.
WOLFGANG HOHENAUHR

d. Picture/image/photograph of the material

FIGURB-20 MATERIAL 4A BF CWK (LEFT) AND 4A SILKEM (RIGHT).
e. Graph: characteristic curvéadsorbed volume w as a function of the adsorption
ads

L2GSYOALE pC 01 Wk{300

84


https://www.ait.ac.at/en/research-topics/thermophysics/

SHC
ECES

58
33

- HC

storag‘a 0 -

IEA Technology Cellaboration Programme

SC’.M n“'llv ‘ COCU\G P?OCU.\‘F

AGENCY

g e o

e o o o o w

- o ] 3] w &
T T

Adsorptionsvolumen [cm3 Ig]

=
=]
@

0

Dubinin-Polanyi-Fit

3 * Dala
W0=0.27 /i

E=1215 Jig

0

500

1000 1500 2000 2500
Gibbs Energie [J/g]

=

1

@
1

=]
w
T

Adsorptionsvolumen [::m3 lq]
(=]
o Y o
- o nN

2
=}
a

0

o

]

o
T

Dubinin-Polanyi-Fit

W0=027 cm® /g ‘ E:"a

E=1165 J/ig

0

500 1000 1500 2000 2500
Gibbs Energie [J/g]

FIGURB-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.
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FIGURB-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 vapdsorption/desorption of
zeolites, which had to be purchased in bulk for the designed rotating bed open heat storage
(Figure3-23). 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 thparégon

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 &ebgerfomance regarding the
adsorbed volume.
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FIGURB-23ROTATING BED OPEN HEAT STORAGE PROTOTYPE DEVELOPED IN PROJECT OFFSOR.

TCMTYPECHEMICAL REACTHARSORPTION
Project New TCMDevelopment of Highlifficient 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 prous materials and binders. The granules will be tested on their adsorption
capabilities, tensile strength and cycling abilities.

Clinoptilolite IPUS (Ca, K, Na, M8)ARO-. 20H0) with high concentration of Ca, less K and
rare amounts of Mg antlla. Multiple binder and coating materials in experimental phase. Salt
hydrates LiCl anhydrate (Leverton), Galihydrate(CIECH Soda Polska) and anhydrate (Carl
Roth)

FIGURB-24 FIRST GRANULATION STEPS WITH SALTS AND POROUS MATERIALS.
The project is in process and there are no results available yet.

CANMEENERG®OTTAWA NATURAIRESOURCHBANADA!
LABORATORY FARTERNATIVENERGYCONVERSIO(LAEC)SCHOOL OMECHATRONIBYSTEMS

86



(Snergy SHC |58
Sto rag E C ES 33 soux xmnc; rocu»f:tocurn:

IEA Technology Cellaboration Programme

ENGINEERINCSMON FRASERINIVERSITY

'DR. LIAKOUCHACHVILDR. REDDADJEBBAR

2PROE MAJIDBAHRAMJ DR. MINAROUHANI

TCMTYPESSORPTION MATERISOMPOSITES 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 FAERD?2)

2- Composite sorbents (silica gel+Ga@ermiculite+Cag)l
3- Salt hydrates (N& n.HO)

Material preparation/ suppliers AQSOA FAMO02 (SAPQ4 Alo.s6Sb.02P.4202) Mitsubishi Plastic Inc

1 silica gel+CagIDeveloped at LAEC

Commercial silica gels (Silicybie., Quebec, Canada) with 4 distinct pore size distributions and
0.2¢0.5 mm irregulaishaped grains were wetted with ethanol. Aqueous gaGlution was
added to silica. The mixtures were dried for 24 h in a fume hdbd.damp material was baked

at 200T until judged dry by successive weight measurements

1 Vermiculite+Cag@MULTISORB Technologies
Vermiculite (5675%), Cae{15-50%) High density polyethylene fiber (3.5%)

1 NaS n.HO n=09; Samples from four different international suppliers
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Resultsg Energy Storage Performance [1,2,3]:
Energy storage density based on dry mass, averaged from the last two cycles:

Sample Energy storage density (Mg) Energy storage densityWWh/kg)
AQSOA FAMO2 0.963 267.5
silica gel +CaCl 1.619 449.7
Vermiculite +CaCl 1.539 427.5
Na,S-9HO 3.435 954.1
(I\clzzzri:wziialgrade) 3.124 867.8

Desorption conditiondry nitrogenwith the flow of 20 and 5@nl-min?, at temperature of80°G

and heating rate of 1 Kin?; 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 mit

Summary:FAMZ02 showed the highest discharging rat@ () of 7x10* s’, using———

p A@DPQ 0o.NaS n.HO provided the highest specific power (SP) and energy storage den-
sity (ESD). Among the rest of sorbent candidates, higtiessharge SP (0.431 kWHgvas for
FAMZ02 and highest charge SP (0.541 kWkgas for vermiculite+CaCISilica gel+CaCl
showed ESD of 1.6 MJk@ue to the low volumetric ESD (low density) of vermiculite+.Cai
potential agglomeration of N& n.HO samples, the preliminary results seams to point to the
silica gel+Cagas a best candidate to explore more.

References:

[1] L.Kouchachvii w® 5285060+ NE ad® w2dzKlIyAIX ad . KNIYAZI OHAMY
sodium sulfide for residenti® S G Ay 3 F LILIX AOF GA2yaé¢s L{9/ wHnmyZXZ DNIT X

[2IM.Rouhant [ @ Y2 dzOKI OK@ATtAZ wd 52S060FNE ad® . FKNIYAZ OH
ARSYGALf LI AOFGARZYyaésr piK 9ELISNIA YSSGAy3a 2F L9! .
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SWANSEAINIVERSITY

DR. JONATHONELVIS

TCMTYPECOMPOSITE MATERIALS

1. Introduction (objectives):Assessment of energy density, héatd2 f dzi A2y o6k ¢0 | YR
TCM as a function of flow rate (Litres per minute (LPM))

(@]
[
O
~—h
>

2. Material preparation/ suppliers Vermiculite//CaCl synthesised using insipient wetness technique;
Vermiculite supplied by Dupre, CaGIHO supplied by §ma Aldrich

3. Results:

a. Structural properties for porous neials and composites / formula
Vermiculite:(Mg,Fe&? Fe?)3[(Al,Si)Ow0)(OH)2:4H0 // CaCh- XHO (X=0,1,2,4,6)
b. Sorption properties / reaction

Typically: CagRHOA Cadl-6H:0

¢. Thermochemical properties:

Energy Density: 89250 kWh/n?

d. Picture/image/photograph of the material

y LA d N
F D66 x120 500 um

e. Graph: Characteristic curve
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achieved and the overall energy released during trstsmt-term experiments. In these tests, a

lower flow rate produces a small temperature rise but allows a more controé&ease of en-

SNHe 20SN) 6GKS SELSNAYSyGlFf LISNA2R® 'a (KS Ft25
rises as does the overall energy released. Beyond 30LPM, the temperature rise achieved is again
reduced, along with the overall energy released.

CHEMICAL REACTION

TECHNICAUNIVERSITY ABENMARKDTU)!, KTHROYALNSTITUTE OFECHNOLOGBNEDEN
AND

[IFE NORWAY, AMMINEXEMISSIONTECHNOLOGMAET) DENMARK]

ANASTASIIKARABANOVA DR. DIDIERBLANCHARD

DR. SAMANNIMALIGUNASEKARADR. VIKTORIAMARTIN

[STEFANMELEDD?A PERIZABERDIYEVAABENOITCHARLAY

TCMTYPECHEMICAL REACTI@BSORPTIQN

The reversible chemical reaction system SKEk is used, specifically for the absorption/ de-
sorption between SreNHand SrGI8NH, of which the reaction equation is shown &yq.1 [1]

7 NH+ SIGINH f SICE8NH b Nl onM@n | W Y2f EQ.1

1. Introduction: the aim of the researckiNeutrons for Heat Storage (NHS)
The Neutrons for Heat Storage (NHS) project aims to develop a TCS systemtéonp@nrature
heat storage (480 °C). Here, absorption and desorptibatween metal halides and NHk
used. From the project partners, DTU, DenmarkNBEvay (collaborating with Amminex Emis-
sion Technology (AET) and KSideden. DTU and IFE are involved in synthesizing and character-
izing new mixed metal halides for energiprage 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 behaor of the salts in reactors. KTH is involved in designing a ksgade TCS
system and its reactors (with numerical modelling using Aspen plus and COMSOL), for the chem-
ical reaction systersrCJ-NH; for simultaneous heat storage and release operation.

2. Preparation of materials and/or supplier

The (pristine) Sr@lvas so far provided by AET, and ENG boards are purchased from SGL carbon
GmbH[2]. The SrGIENGcomposites preparation by impregnation (and in certain casesnéy

chanical compression), followed by ammoniation of the composite to obtain-SNE:-ENG

and their characterizations are conducted by DTU. Prior to the composite preparation, the ENG
pellet was placed in a vacuum furnace at 220 F 2 NJ MH  Kmoistare (MBne¢@eS | y &
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 Srolution. 1. Thereafterthe pellet was taken out of ethanol and immersed

in an aqueous SrCéolution for 24 h. Afterwards, the pellet waaken out and placed in a
ventilated furnace at9@ / F2 NJ mH K (2 NBY 2 @ PladngisavaduBrS &1 G SN
FdzNy I OS oi1a h ta remowe anyfwater 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 metakh@igCaTiCuCh,

CuCgY,Ch, SkCaCh, and NiCgCh) with successful characterization using Differential scanning
calorimetry (DSC) andrdy Diffraction (XRD). However, these alloys failed to produce stable
phases. Therefore, the reactigair SrGHNHsis then chosen for the project continuation. To
improve thermal conductivity of this sal6rCl), by DTU, it is then inserted (embedded) into
expanded natural graphite (ENG) boards from SGL carbon @hbtd form the composite.
With salt impregnation and ammoniation experiments conducted at DTU, the EBXG 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 1 An example of such prepared composite is showrigare3-25. The
volume expansion after fulmmoniation in this composite was found to be negligible (i.e., the
porosity of the ENG board was sufficient to accommodate the-8iG). The thermal proper-
ties of this composite is currently under investigation by DTU.

b) Sorption properties/reaction:
Shown ireq. 1.

¢) Thermochemical properties:
The specific reactioanthalpy for the conversion between SrGlHand SrGISNH is 41.4 kJ

molns® and the entropy is 230 J m@k* K[3]. The thermal conductivity of both these am-
mines (pristine) are approximated to be 1.1 W K'[4]. The effective thermal conductivity of
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the ENG in the bulk SeENH-ENG composite (which includes the porosity of the sample) for
in-plane and througtplane directions are considered (using linear regression of available data
[2]) as 26 W M Ktand 10.5 W nt K (for the compacted new dertgiof ENG: 172 kg #).

d) Picture/image/photograph of the material

FIGURB-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 iRigure3-26 (combined with the phase diagram

of NH), for absorptiordesorption between thenonoamineand octaamine of St ¢ KS + I y Qi
| 2T ¥ Q& S| e2[LA[F ¢xpressed theleguilibrium pressure of this conversion. In this,

n is the equilibrium pressure (P4, is the reference pressure (1 PXjQandY Yare the re-

action enthalpy (J/mol) and entropy (J/(mol-K)) respectiVeig, the ideal gas constant (8.314

J/(mol-K) andis the reaction temperature (K).

. Yo Yv EQ.2

40
36
32

o 28
é 24 NH, liquid NH,; vapor
g 20
% 16 Absorption region
1™
a, 12
80; 7.73
: // ‘
Desorption region
4 |/ 25; 057 p g
0 —— *

OT

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105110 115120 125130
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——NH3 phase curve ——Peq SrCI12-NH3-SrCI2-8NH3

FIGURB-26. NH3 PHASE DIAGRAM (BASED ON DATA [EROMID SRCL2-N#SRCL2-8NH3 EQUILIBRIUM PRESSURE (PEQ)
¢9at9w! ¢! w9 6¢9v0O t[h¢ 6.!{95 hb ¢19 =+! HIGNDS3INCOB)Ov!'!' ¢LhbS /ha.Lb

The reactiorkinetic parameters were determined experimentally using a Siexgps appa-
ratus, which are compared with literature data ag #ble3-4. This detailed methodnd 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(1-x)2 (1-x)3-02 4(1-x)V4
ko 0.019 28.1 0.125 1.8*10°
E 6921 31000 9000 75000
m 1 1 1 0.44
4. Summary

In the NHS project, initially DTU and IFE synthesized certain new metal halid€s{éQuCh,
CuCaY,Ch, SkC3Ch, and NiCaCh) with successful characterization using DSC and XRD. How-
ever, these alloys failed to produce stable pha3éwrefore, the reaction pair SeNHsis then
chosen for the project continuatiorBy DTU, the reaction media is made into composites of
SrCJ-8NH in ENG (79:21 SEENGw/w), for thermal conductivity enhancements.-&uddition,

DTU has performed kinetparameters determination of absorption and desorption of the cho-
sen reaction pair (SH2NH andSrCJl-8NH) using a Sievertype apparatuskKTH is in the process

of designing and constructing a benstale TCS system for the same reactiain with two
identical reactors (0.5 kWh storage capacity each). The reactor is of a cylindrical padked
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 skeerderences 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 forSk@blication
in Thermochemical Storage System for Waste Heat Recovery, Eurotherm Semirzariis17 May 2019, Spain.
2) P. Berdiyeva, A. Karabanova, D. Blard, R. E. Johnsen, B.C. Hauback S. Deldddé&on Imaging study of Stron-
tium Chloride Ammine system for Heat Stora@y@rkshop on neutron imaging and scattering on engineering mate-
rials (Dec. 67, 2018 in Copenhagen)
3) Saman Nimali Gunasekara, Mithaiios, Anastasiia Karabanova, Viktoria Martin and Didier Blanchard,2€19.
sign of a benciscale ammonigsrCGl thermochemical storage system using numerical modellwgotherm Seminar
n-112 (http://eurotherm.udl.cat/), Lleida, Spain. 415 May 2019.
4) Saman N. Gunasekara, Stefano Soprani, Anastasiia Karabanova, Viktoria Martin and Didier Blanchaha; 2019.
merical Design of a Reactbieat Exchanger Combined Unit for Amme®&i&] Thermochemical Storage SystdiBES
SWGE2019 (https://www.swc2019.org/hme.html), 47 Santiago, Chile.
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MATERIALSCIENCR ENG. DEPARTMENNORTHWESTERINIVERSITYEVANSTONUSA
INSTITUTE OBATALYSIS ANBETROCHEMISTRYJPERIOROUNCIL FOSCIENTIFIBESEARGH
MADRID SPAIN

DR. EMAUELAVIASTRONRDO

1. Introduction: In this studyFedoped CaMn@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: ARQ(s)z ABQ+ 0- (s) +20:(g) (2)

Where,1 0 is the iitial oxygen non stoichiometry and thus (3 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 heatahdte stored

(chemical heat) is directly proportional to the reductionfo&idation enthalpy and extent §.

CaMnO3 oxide can be considered a promising candidate since it is able to release oxygen in a

wide temperature range (862000 °C) at different gxgen partial pressures ¢p suitable for

Concentrated Solar Power (CSP) plants. However, it undergoes decompositigr0ad@8 atm

FYR Fd GSYLISNIGdzNBE x mmnnan c/ ® Ly 2NRSNI G2 2 3SNJ
temperature range, in thistudy Bsite doping with Fe (CaFexMxQOs-1 0) was used as approach

for preventing its decomposition.

¢CKS GKSNXY2REYIFYAO LI NIXYSGSNE 6SNB RSUSNYAYSR G
to thermogravimetric profiles obtained at different oxygen parpaessures.

2. Preparation of materialsFedoped CaMn@samples (CaMn&Fex@), 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
CaMnQ- n CM 0
CaMn0.9Fe0.16t n | CMF91 | 0.1

3. Results:

a. Structural properties

The XRay Diffraction (XRD) patterns (see Figure 1) perfectly match that of Pnma orthorhombic
CaMnQ (PDF 04€07-8030). No other phases were detected. Hence, 10 at% Fe is incorporated
into the CaMn@structure without the formation of any secondary phase. A shift toward lower
2-theta angles reflects a slight increase in the lattice parameters (and theelhvolume), in
response to the Fe doping. A slight broadening of the peaks similarly reflects the incorporation
of the dopant into the structure.

PDF 04-007-8030 CMF91
CM

Intensity (%)

I I

LSt AN fn N

| SNSRI | SEE N A

NN R

T v T X T 4 T y T

20 30 40 50 60 70 80
2-theta

FIGURE 1. XRD PATTERN GBORED AND HEOPED CAMNO3.

b. Thermochemical propertiesThermogravimetri¢TG) analysis in the temperature range
200-1200 °C under agg=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 fullpxile. XRD analysis of the sam-
ple after TGA detected the presee of residual spinel structure (CaMa) which most likely
prevented the complete r@xidation of the sample. In case of-#eped CaMng) oxygen be-

gins to be released at lower temperature with respect to CM. Moreover, the reduction process
is fully revesible 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
Cylindricporous pellets used for TG analysis for the extraction of the thermodynamic data.

FIGURE 3. CILINDRIC POROUS PELLETS USED FOR TG ANALYSIS.

d. Graph: characteristic curvéQM (kJ/kgABg¢) Vs. Temperature)
The heat storage capacity of the twizaterials as a function of temperature fop450.008 atm

is shown in Figure 4. This analysis reveals that CMF91 has a higher heat storage capacity (344.3
+ 0.6 kJ/kgABor 639.0 + 1.1 MJ/) than CM (272.5 + 1.1 kJ/kgAB®D 315.3 + 1.3 MJI/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 406800 °C.
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FIGURE 4. HEAT STORAGE CAPACITY OF THE TWO MATERUNGTASMOF TEMPERATURE FOR P0O2=0.008 ATM.

4. Summary|n this study, CaMn0.9Fe0.10xide, formed of eartrabundant, inexpensive,
non-toxic elements, has been investigated as a possible heat storage material for concentrated
solar power plants. It has ba demonstrated that the presence of Fe allows the CapoO

operate at higher temperature (1200 °C) than thedoped material, thus increasing the
reversible reduction oxidation extent. Indeed,-8@ping prevented the irreversible

decomposition of CaMn{above 1100 °C forg<0.01. The heat storage capacity (QM) has

been estimated to be ~344 kJ/kgAB®loreover, in case of the Fdoped CaMn®the oxygen
release onset temperature is lowered below 400 °C and the reduction can be carried out up to
1200 °Cthus widening the operating temperature range.

5. References
[1] Y. Hao, C. K. Yang, and S. M. Haile, Chem. Mater. 26, pp668232014).
[2] D. Sastre, A.J. Carrillo, D.P. Serrano, P. Pizarro, J.M. Coronado, Top. Catal. 60; 1318 (2®L7).
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UNIVERSITY OMESSINA ENGINEERINBDEPARTMENT
PROF CANDIDAMILONE

1. Introduction: Newly developed hybrid materials made of magnesium hydroxide deposited
onto expanded graphite (EG), pristine and functionalized carbon nanotyb@BITf-CNT re-
spectively) were proposed as heat storage medium for MgO/Mg(OH) chemical heat
pumps.

2. Reparation of materials and/or supplierSamples were synthesized by depositfimecipi-
tation (DP) method.

3. Results
a. Structural properties for porous materials and composites / formula

Mg(OHj) supported on expanded graphite/pristine and functionatiZéNT
97
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b. Sorption properties / reaction
Mg(OH)6av T azOMWVOaL b | N =% 1389 kJ/kgh(on)2

c. Thermochemical propertiesthe performances of the synthesized materials were evaluated
by thermogravimetric analysis, which simulates the chentieat pump cycle.

d. Picture/image/photograph of the materialScanning Electron Microscope (SEM) images

e. Graph:
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4. SummaryAs main results it is found that :i) at given Mg(&bad DP method allows to en-

hances the thermochemical performance of hybrid materials; ii) heat storage/output capacities

of EGMg(OH) (Mg(OH) = 50 wt%) approaches 1200 klkgr)); iii) f-CNTMg(OH) (30 wt%

Mg(OH)) reaches the highest hedt i 2 NI 3 Sk 2 dzi LJdzii OwWgddh. OA GASE 6 Fmonn
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TCMTYPECHEMICAL REACTION
1. Introduction: Pure Mg(OH)(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(QI4) influenced by the dispersing agent addition during
the synthesis.

2. Preparation of materials and/or supplieiSampls were synthesized by depositigmecipi-
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 Mm@#gh
gregate.

3. Results

a. Structral properties for porous materials and composites / formula

Mg(OH) powder
b. Sorption properties / reaction
Mg(OH})oav 1T a3z@MVWoauv b | N b=+ 1389 kJ/kgyon)2

c. Thermochemical propertiesthe performances of the synthesized materials were eatehl
by thermogravimetric analysis, which simulates the chemical heat pump cycle.

d. Picture/image/photograph of the materialScanning Electron Microscope (SEM) images

e. Graph:
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4. SummaryThe results obtained show that CTAB addition promotes the formation of well sep-
arated Mg(OH) particles. Moreover, CTAHBH sample exhibits the highest volumetric
stored/released heat capacity, ~ 560 M3/malmost 2 times higher than that measured over
Mg(CH), 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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Elpida Piperopoulos, Emanuela Mastronardo, Marianna Fazio, Maurizio Lanza, Signorino Galvagno, Candida Milone.
GOYKIFYyOAYy3a (KS @2tdzYSGNRO KSIG &0G2Nr 38 OFLI OAGeE 2F adohl o
Ala aeyiKSaAAs (20180BHB22S R 9y SNHB @

TCMTYPECHEMICAL REACTION

1. Introduction: Metal (C&, N?*, and Cé") doped Mg(OH)(MH) was investigated to study the

R2LIA Y3 STFFSOG 2y GKS GKSNXY2OKSYAOIE o6¢/ av YI GSN
in Mg(OH) matrix and the subsequent materials were structurally, morphologically and ther-
mochemically characterized.

2. Preparation of materials and/or supplierThe synthesis was conducted by precipitation
method, using 50 mL of a solution containing?vand the metal ion (Caor N#* or Cé") in a
nominal molar ratio Me/Mg" of 0.2. This was gradually added to 150 mL of\HHsolution,
under magnetic stirring. The resulting solution was aged at ambient temperature for 24 h, then
Al 61 & @I Ohizapected sdlié Wb \Raghediwith 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)powder

b. Sorption properties / reaction

Mg(OH)6 a v 71 )aHO (v)o a N =% 1389 kJ/kghon)2

c. Thermochemical propertiesthe performances of the synthesized materials were evaluated
by thermogravimetric analysis, which simulates the chemical heat pump cycle.

d. Picture/image/photograph of the materialScaning Electron Microscope (SEM) images
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