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MAIN RESULTS IN A NUTSHELL

Thermal energy storage (TES) is subdivided into sensible, latent, and thermochemical heat & cold
storage InTask40, compact thermal energy storage (CTES)erials and components for latent heat

& coldstorage (phase changeaterials, PCMgndfor thermochemical heak coldstorage (TCMyere

in focus A variety of different material classes is investigated and applied to be used as PCM and TCM
in TESsystems. New materials, material mixturesd composites are worked on by growing
community ofscientsts.

TES components like heat (and mass) exchangers are used to charge and dischangie mTE®ting
application requirements. Due to the variety of different TES materials, diffemmnponent concepts
are being developed and tested. To enable a performance assessmentgdonents, testing
protocols need to pay attention to the materdabmponent interaction.

Task40 aimedto push forward CTES technology development to accelerate the market introduction
through the international collaboration of experts from materials research, components development
and system integratioras well asndustry and research organisations.

Theoverallobjectiveswere

1) to better understand the factors that influence the storage density and the performance
degradation of CTES materials,

2) to characterize these materials in a reliable and reproducible manner,

3) to develop methods to effectively determine the state of charge of a Gy&8m and

4) toincrease the knowledge base on how to design optimized heat exchangers and reactors.

Taskd0 was divided into five Subtasks. BubtaskA, Material Characterization and Database
standardized measurement procedures for CTES matesial® developed and validatel, and a
materials & knowledge database was revised andmaintained. In SubtasB, CTES Material
Improvement proper strategies that allow for tuning CTES mate®@als LINE ta)8rigdove Beir
performancein components and systems were identified and analyse8ubtasliC, State of Charge
Determination techniques with which thestate of chargeof a CTESystemcan be determined in a
reliable and cosefficient waywere collected and discussetihe objective oSubtaslkD, Stability of
PCM and TCMvas to support R&D oRCM and TCMtability by understanding and classifying the
underlying degradation mechanismine topic ofSubtaskg Effective Component Performance with
Innovative Materialswasthe (evaluation of)materiakcomponent interaction foimprovedsystem
performance.

Task40, as it was with its predecessors, is built upon a strong collaboration withimtemational
CTES R&D communifyhe following outcomes were achievetdthe five Subtasks

1 Taskd0 experts achieved substantial progress in working on standardized measurement
methods leading to improved TES material characterization skills of the participating
researchers and lab%o this end, round robin tests on thermal conductivity/diffusivity, specific
heat capacity of powdery materials, enthalpy change due to sorption or chemical reaction,
density, and viscosity &re performed.The requirements of aevised CTESaterialdatabase
were defined evaluated and summarized in aofware requirementspecification (SRS)
docunent.

1 The information collectedegardingCTES material improvement demonstrates how complex
the study of these materials is, but also how proper strategiéilse material mixtures and
compositesg allow to obtain materials with tuned properties for potential use in CTES

ES TCPinal Report Task 40 9



applications. Open questions cover the definition of guidelines for materials optimization and
the quantification of the impact on the TES system.

1 A total of twenty-sixmethods and prod$ of concept to effectively determine the state of
charge of PCMr TCMsystemswverecollected and classifiedrour prototype systems, where
adirectinteraction of material bulk response with the control systeim gace are presented
and discussed.

1 The developed approach to map degradation of CTES materials provides a comprehensive
overview of the degradation mechanisms and the corresponding degradation factors which
are relevant for a specific material or material claBfeven different examplesf CTES
materials degradationmapping were elaborated CTES materialtability tests under
application conditions can only be carried out reasonably if there is an understanding of the
dependencies between degradation factors, degradation mechansnusefects on the CTES
material and system.

1 Performance indicators for PCM allowing a fair comparison of latent heat thermal energy
storage units were proposed. This has not been possible so far. For example, a comparison of
the average thermal power is strongly influenced by the initial and boundanditions during
the experiment. Three methods were developed by the Task participants to minimize these
influences and enable a comparable analyis@. TCM component evaluation, a standardized
absorption curvebased performance mapping and a standaedi temperaturebased test
procedure for the sorption heattoragein space heating application were developed.

To disseminate the Task work, Task experts published a technology position' pepading an
overview of the compact thermal energy storage technologies market, outlining its importance,
potential, and development. The paper addresses policy, decision makers, and influencers and aims to
present highlevel information as a basis forptake and further development. It concludes by
highlighting actions needed to further exploit thermal energy storages with minimal space
requirements and accelerate more efficient energy systems, including sector coupling, with a higher
share of renewables

The work within this Task and its predecessors is establishing the foundation to focus on specific
application areas for thermal energy storage. The investigation of the various aspects of material
component interaction iconsidered as crucial part of the development and realization of CTES
applications.

e ¢cSOKy2f238 t2aAdA2Yy t I LISNI &/ 2 ¥hikb® dhroggk SHEN4sk 679 y S NH &
website.
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KEY MESSAGES

General

1 Collaboratiorbetween material and application expefesads toan improved understanding
of materialand component desigstrategiesandsupportsthe developmeniof CTESystems

i Standard$o measurematerialproperties ando evaluatecomponentsareaprerequisite for
constructive discussiormamong expertandfor advancingCTE&chnologies.

CTES aterial characterization

1 Developedexperimentakharacterization method@&hermal conductivity/diffusivity, specific
heat capacity of powdery materials, enthalpy change due to sorption or chemical reaction,
density, and viscosijyare the basis fof ESnaterial evaluation and comparison.

1 Applying a éfined uncertainty evaluation according to standards (e.g. ISO/IEC Guide 98
3:2008)isimportant to develop measurement standards through round robin tests

CTES material improvement

1 A numberof innovative and improved CTES materialgy.based onmaterial mixtures and
compositesyere developed and continuously are being developedig/R&D community.

1 The definition of guidelines for materials improvemeantd related KPIs for material
performance assessmeate a key aspect to guide material development strategies towards
system requirements.

State of charge determination

1 In flexible heating and cooling systeptisermal batteriesare neededTES systemsith
instantaneousState of ChargeSoQ determination.

9 State of charge is a component property (not materahalogy: electrical battery.

1 Reliable SoC determinatiphased on material bulk responseeasurements, enables the
integrationof CTESystemsnto (digitalized)energy systems.

CTES materiatability

1 Understanding CTES stability on material leiselessentialto assess the (lortemm)
performanceof CTES materials componensandstoragesystens.

1 The developedlegradationmapping offers an eastp-use visualization of CTES material
stability, thereby supporting theprocess of CTES material selection under application
conditions

CTES materi@omponent interaction

1 The reachable charging/discharging power is strongly influenced by the comp{imesatt
exchanger, reactoesign, where the interaction of the CTES material with the componentis
crucial.

1 Uniform test scheme$or component evaluation are being establishedcompareCTES
system performance.
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EXECUTIVE SUMMARY
1 Short Description of Tagl)

1.1 Objectives and Scope

Task 40 dealith an applicatiororiented development of innovative and compact thermal energy
storage (CTES) materials: Phase Change Materials (PCM) and Thermochemical Materials (TCM). PCM
and TCM are studied, improved, characterized, and tested in components. Tineongponents for

CTES technologies are heat exchangers and reactors.

The objectivesvere to have a better understanding of the factors influencing the energy storage
density and the performance degradation of CTES materials, to be able to characterize these materials
in a reliable and reproducible manner, to have methods to effectively datexitihe state of charge

of a CTES unit, and to have better knowledge on how to design optimized heat exchangers and
reactors.

1.2 Organisational Structure

IEA ES TCP Task 40 is a fully joint activity with IEA SHC TCP Task 67.

The work of the Task was split into five Subtasks.

I Material Characterization and Database
H CTES Material Improvement
State of Charge — SoC Determination

I Stability of PCM and TCM
Effective Component Performance
With Innovative Materials

Figurel-1: Subtask structure

The Subtask leaders were:

Subtask A: Daniel Lager, AIT, Austria

Subtask B: Stefania Doppiu, CIC energiGUNE, Spain

Subtask C: Gerald Englmair, DTU, Denmark, and Reda Djebbar, NRCan, Canada
Subtask D: Christoph Rathgeber, ZAE Bayern, Germany

Subtask E: AnaLazaro, Udiaragoza, Spain, Andreas KéHmpgen, Univ. of the Basque Country,
Spain, and Benjamin Fumey from HSLU, Switzerland

=A =4 =4 4 =4
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1.3 Durationof Task

Thebeginningof TaskdO was 1July2021 and the end 30 June 202%he work plan was approved by
the ES TCP Executive Committee at the 91st ExCo meefiiqg dune 2021. It was confirmed by the

storaé@

participants at the kicloff meeting on 2¢290October2021.

1.4 Experts Meetings

Tablel-1 gives an overview of the expert meetings in this Task.

Tablel-1: Details about the date and location of each expert meeting.

City Country Date # Participants
VitoriaGasteiz Spain 27¢29 October 2021 53 (24 on site, 29 online)
Graz Austria 4¢5 April 2022 38 on site

Kassel Germany 29¢30 September 2022 41 on site

Halifax Canada 24¢26 April 2023 37 (30 on site, 7 online)
Lyon France 2¢4 October 2023 35 (29 on site, 6 online)
Lucerne Switzerland 22¢24 April 2024 32 (24 on site,8 online)

1.5 Participation

Tablel-2 gives an overview about whighstitution from which country is participating in this Task.

Tablel-2: List of participating institutions and experts per country.

Country Institution Representative (name)

Austria AEE Wim van HeldenFranz Hengel

Austria AIT DanielLager Fabrizia Giordano

Austria FHOO Gayaneh Issayan, Bernhard Zettl

Austria TU Wien Peter Weinberger, Jakob Smithrieda Kapsamer

Canada Dalhousie University Dominic Groulx

Canada NRCan Reda Djebbar, Lia Kouchachvili, Dylan Bardy

Canada University of Ottawa Handan Tezel

Canada Neothermal ES Inc Louis Desgrosseilliers

Denmark Aalborg University Alireza Afshari, Alessandro Maccarini

Denmark DTU Gerald Englmair, Jianhua Fan

France INSA Lyon Frédéric Kuznik, Kévyn Johannes

France CNRS Jerome Soto

France CEA LITEN Grégory Largiller

France LOCIE Laboratory Elise Bérut

France Université d'ARTOIS Laurent Zalewski

France Université de Nantes Lingai Luo

France University Savoie Mont Blanc | Nolwenn Le Pierrés

Germany CAE Michael Britting

Germany ZAE Bayern Andreas HauerChristoph Rathgeber

Germany DLR Anthony Rawson, Andrea Gutierrez, Maike Johnsc
Veronika Stahl, Peter Vetter, Larissa Dietz

Germany Fraunhofer ISE Stefan Gschwander, Franziska Klinder, Wenye Li
Sebastian Gamisch
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Germany TU Munich Leander Morgenstern, Florian Kerscher

Germany - Harald Mehling

Italy CNR Vincenza Brancato, Andrea Frazzica

Italy University of Messina Luigi Calabrese, Elpida Piperopoulos, Emanuela
Mastronardo, Candida Milone

Netherlands PLUSS Polymers Nidhi Agarwal

Netherlands TNO Ruud Cuypers

Netherlands TU Eindhoven Henk Huinink

Netherlands University Twente Mina Shabhi

Norway SINTEF Jorge Salgado Beicej®@lav GaltelandAlexis Sevaul

Portugal Polytechnic Institute of Setuball Luis Coelho

Portugal University of Coimbra José Costa, Adélio Gaspar, Marco Fernandes

Slovenia National Institute of Chemistry [ ! £ Sy {1 wA&AGA0d

Slovenia University of Ljubljana PNO1F af k11N

Spain University of Barcelona Ines Fernandez, Camila Barreneche

Spain CIC energiGUNE JeanLuc Dauvergne, Elena Palomo del Barrio,
Eduardo Jose GareBuarez, Stefania Doppiu, Ange
Serrano

Spain CIEMAT Rocio Bayon, Oscar Seco Calvo

Spain Universidad del Pais Vasco Ane Miren Garcia Romero, Andreas Kérdangen,

UPV/EHU Gonzalo Diarce

Spain University of Zaragoza Ana Lazaro

Spain University of Lleida Luisa F. Cabeza, Gabriel Zsembinszki, Emiliano B
David Verez

Sweden KTH Saman Gunasekara

Switzerland HSLU Benjamin Fumey, Rebecca Ravotti, Yannik Krapbe
Jorg Worlitschek

Turkey Cukurova University Halime Paksoy

United Kingdom | Loughborough University Phil Eames

United Kingdom | University Birmingham Yulong Ding

United Kingdom | University of Warwick Bob Critoph, Sai Saran Yagnhamurthy

United Kingdom | Swansea Jonathon Elvins, Sara Walsh, Jack Reynolds, Sah:
Hosouli

United States US DoE Sven Mumme, Sumanjeet Kaur

2 Summary of Subtasks

2.1 SubtaskA: Material Characterization and Database

The main objective of Subtaskwasto develop andor validate several standardized measurement
procedures folf ES materialsased on PCM and TGiWd to further maintairthe existingTESnaterial
database

In the precedindES materials Tasksew TES materials weigentified or developed in research
projects of the participating partners. Furthermore, measurement procedures wekelopedo
identify the main physical or chemical parameters. Some of these procednesalready validated
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and some of thenwere still at the beginningln Task 40round robin testRRTpn (i)thermal
conductivity andliffusivity, (ii) specific heat capacityiii) sorption enthalpyas well agiv) density and
viscosity of different PCM and TCiere conducted Depending on the material type and
measurement method, different measurement procedures were developed, tested, and evaluated to
receive comparable results among the round robin participa@tserall, more than forty organizations
from sixteen countris participated in the round robin tests.

The summarized lesss learned from the round robin tests are

1 The equipment variability supposes a challenge to establish a standardized measurement
protocol and needs more effort in the beginning of a round robin test.
1 Analysis of measurement uncertainty needs to become part of the lab rolExeerimental
and systematic uncertainty must be accounted to compare the final results. In some cases, the
uncertainty reported was below the equipment error, due to
0 not enough repetitions,
0 not accounted for equipment error,
0 or not enough samples tested.
1 Theoccurrence of water in the samplegpecially for TCM, e.g. hydratedsorption samples)
can lead to different sample states in the beginning of the measurementshwodlid be
examined in more detailefore the measurement
1 It is dallenging to have enough participants with comparable instruments particigating
meaningful results are only possible with an adequate number of participants.
1 Sample preparation and instrument calibration are crucial and to be exercised.

As an examplésigure2-1 showsthe comparison of measured densities of a paraffin melting between
53 and 58°C. While the liquid densities were in sufficient agreement, the solid densities showed
significant deviations. Therefore, the sample preparation and measurement procedure golide
state was discussed in more depth by the participating experts.

0.93

- - before melt ® HSLU CT
[ ] _ aftermelt O HSLU UT Metler DM40
0.91 % ISE Ap
NREL 1st Metler DM40
0.89 ® NREL 2nd Metler DM40
-t NREL Microm GeoPyc
. 0.87 . ZAE Ap
g v« CAE sample solidif. at LN2 = ZAE UT APaar DMA4500
S 085 ® ZAE Ap
oot # CAE Ap 50°C
5083 + CAE Ap LN2
c » i UT: oszilating U-tube
[} 4+—CAE sample solidif. at 50°C \ Ve
o Ap: Archimedes' principle
0.81
0.79
L]
)
o g
0.77 1 » .
0.75
0 20 40 60 80 100

Temperature / °C

Figure2-1: Comparison ofesults of the density RRT.
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Summarizing the common topics for future activities:

1 Anincreased number of participants for the round robins to get statistic significant results.
1 A defined uncertainty evaluation for all round robin tests according to standards $&OdgEC
Guide 983:2009
1 Exploring new PCM and TCM:
0 Adapt sample preparation procedures for hydrated or sorption materials.
0 Measure PCMvith non-Newtonian behaviour in the liquid phase.
1 Apply and adapt the methods for high temperature TES materials.

During this Taskound robintestresults and improvements for all above mentioned quantitiese
achieved The detailed results and measurement procedures can be found in the s@clion the
final report

In the second activity of Subtask A, the requirements of a mermal Energy Storage Material
Databasavere defined and evaluated database has already been developed in the previasks
(https://thermalmaterials.org). This databasks to be filled with new data and structurally adapted in
the future. One of these structural changes is the link to existing databases such atPtbsllib
(https://slpcmlib.ait.ac.at) database Several changes of the existing database were proposed to the
experts of Subtask And assessed based on a surv&ySoftware Requirement Specificati(BRS)
documentwas created from this surveyhe SRS summary is given in se@i@wof the extended final
reportand the complete SRS can be found in Appe8dix

Due to budgetary constraints, it was not possible to proceed with the development of an offer from
any of the software development firms contacted. Therefore, it was not possible to complete the
implementation of the new version of the database.

An outcomefor a future task is to implement a reduced number of requiremenitsilecontacting a
larger number of software development firm&or this purposethe developedSRS document
constitutesa solid basis to start from, as it follows the conventional IT requirements format needed
for database platform developmenstarting from the SRS documetite requirement specifications
could be further refined tproducean optimized selection that fits within the available budget for the
development of the database.

2.2 SubtaskB: CTES Material Improvement

The objective oBubtask Bwasto identify strategies for tuning the properties of CTES materials to
improve their performance in componenagmdstorage units. This includgo discover new potential
materials for CTES with the targets of low cost, no toxicity;ftemmable, deployment of natural/bio
based materials; to develop single component materials with changed chemistry through modified
structure and multicomponent naterials with increased storage capacity and enhanced heat and
mass transport propeties; to evaluate the influence of the synthesis and processing methods on the
techno-economic and environmental performances of the materials.

The following CTES materialsere consideredn Subtask B.

1 PCM: solidiquid and solidsolid transitions, composites and shaptabilized materials
i TCM: sorption processes (aahd absorption) and chemical reactions (mainly-gakd).
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An overview of the CTES materialsg R&D objectives with respect to materials improvement, and
possible pathways is givenhigure2-2.

TCMs Porous matrixes PCMs
Ceramic matrixes
Natural adsorbent Materials studied: EncansaIariony
Materials studied: Inorganic: salts, salts Fibres, Coating,
Inorganic and hydrates, plastic Shape stabilization
Organic Salts, crystals
Zeolites, Encapsulation, Inorganic: esters, fatty
Aluminophosphates Fibres, Coating acids, plastic crystals,
PCM as TCM matrix paraffins

Objectives:
From understanding of phenomena to demonstration scale
* New materials & processes
« Properties improvement (storage capacity, structural
stability, heat & mass transfers, mechanical,...)

Objectives:
New materials/mixture
= Properties improvement (thermal & thermodynamical,
mechanical, subcooling mitigation, stability, material
compatibility,...)
Pathways: Pathways:
+ Composites
¢ Synthesis and process
Scale-u

+ Composites
* Additives and external stimuli
Characterization and prediction

Figure2-2: Overviewof the materials studied in Subtask B

Sectiord of theextended final report covers the materials studied, as well as the R&D objectives and
pathwayscontributed by theparticipatingexperts andnstitutions.

2.3 Subtask CState of Charge Determination

The objective oBubtask Gvasto collect, classi§, and dissemina promisingtechniques with which

the state of charge (&) of a CTHEBit can be determined. Specific activities @fbtask Gvere to

make an inventory of material properties and measurements techniques that can be related to the
S0C, to develop methods to link the measured properties to a numerical model of the CTES and use
the combination to determine thed, as well as to test these in staalbne storages and possibly in
storages integated in a system.

Subtask C experts definedreermal batteryas aTESsystemwith instantaneous SoC determination

Therefore SoC is a component level propernd itsdetermination utilizes measurement techniques
of material bulk responsé&he followind=igure2-3 definesthree distinct levels to the development of

SoC determination techniques for PCM and TCM CTES
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Material laboratory:
Material response with

Pilot testing:
Correlation of material
charging/ discharging can be

reproduced

response to heat flux
=> Calibration at test stand

Source: FH Upper Austria Source: Technical
University of Denmark

Source: SINTEF; https:ffiwww sintef. no/en/proj f2021/pi predikti
styring: gier-til-aktiv gring-i-zeb-laboratoriet/

Reliable, instantaneous SoC

determination enables CTES in
flexible systems

Figure2-3. Schematic representation of thel8vel approach for the development of PGWd TCM SoC determination
techniques linked to material properties.

The innermost level,material level describes the development of measurement sensors and
techniques able to provide data relating to an intrinsic material property of either the PCM/TCM or
the external conditions imparting heat/mass to the PCM/TCM that are useful to determine SoC
(typically TRL¢B). The second levetomponentevel describes the development of tieateriallevel
measurement techniques either internal or external to the PCM/TCM able to provide data that is
calibrated to either bulk or local SoC determinat{typicallyTRL 46). The third levelsystemcontrol,
describes the integration of the calibrated SoC determination techniques abting@onentevelinto

a CTES system with electronic control (local or remote) at or near the final CTES configuration for end
use deploymenttfpically TRL @9).

To work towards the objectivéSubtask expertsconductedthree steps First, an inventorypf
promising material properties and related measurementtechniques Regarding PCMwenty
technique submissions were collectedlevenof them described techniques utilizing temperature
measurements of the PCM medium and control volume boundary heat exchange. Regarding TCM, six
main TCM SoC measurement techniques were submitted. Most, if not all these methods work at
material leveland used either in a laboratory pgrimental environment or at pilot scale. The two most
promising methodso achieve higher TRL include (i) enthalpy balance SoC determination technique
during system operation, and (i) TCM mass or adsorbate mass balance SoC determination technique.
As the gcondstep, a collection okxperimental and numerical proofs of conceygre presented and
explained in more detaillhird, descriptions of application requiremerm&four prototype systems,

where adirect interaction of material bulk response with thentrol system is place were prepared

2.4 Subtask DStability of PCM and TCM

In Qubtask D, a better understanding of the stability of PCM and TCM during their lifetime and the
development of recommendations for an applicationented investigation of this stabilityvere
addressed. The goaias to support R&D oRCM and TCM with a predictable and improved stability.

Previous works and the state of literature lack differentiating degradation mechayssimsing which
test methods are suitable for determining the respective degradatér making (material class
specific) recommendations for accelerating measurements
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In Task 40, a CTES material degradation table was propms&p degradation mechanisms for CTES
material classesndto propose recommendations for stability testing based on simple experiments

to faster investigate stability by accelerating degradatidme developed approach to map
degradation of CTES materials provides a comprehensive overview of the degradation mechanisms
and the corresponding degradation factors which are relevant for a specific material or material class.
Such a mapping diagram arins(scheme shown ifigure2-4) about the effect of different types of
degradation on the CTES material and system.

21001 ¢T ¢ grRs ., EQ 1 Hal

[ CHq VI Pe-- : ~¢qll R¢ O

Figure2-4. Schene of the degradation mappindiagramto illustrate PCM and TCM stability

Task experts provided their degradati@xpertise aboutthe following CTESmaterials (classes):
Organic plastic crystals, lauric and adipic afatty esters, saturated triglycerides, calcium chloride
hexahydrate, sodium acetate trihnydratéjsodium hydrogen phosphate dodecahydrateplites,
potassium carbonate, and sulfatdszaluatingheseelevenexamples for CTES materials degradation
mapping, i becameevident that a certain effect on the material (e.g. a transition temperature
displacement) can beacsed by different degradation mechanisms. In the same way, effects on the
storage systerperformancecan usually be attributed to a combination of different effects on material
level In practice, stability tests under application conditions can only be carried out reasonably if there
is an understanding of the dependencies between degradation factors, degradation mechangms
effects on the CTES material and system. Such an understanding can be summarized and
communicated using the developed degradatimapping diagram.

2.5 Subtask EEffective Component Performance with Innovative Materials

Subtask E focuskon materialcomponent interaction for an improved storage system performance.
This was attained by defining performance parameters, understanding the mechanisms that
determine the performancebased interaction between storage material and components, and
identifying methods for improved component and material desifork was split up between PCM
and TCM experts, and the outcomes are presented separately.

Performance indicators for PCM componemis{nlyheat exchangersyere defined and agreed upon.
These indicators allow fair comparison of latent heat thermal energy storage uiitss has not been
possible so far. For example, a comparison of the average thermal power is strongly influenced by the
initial and boundary conditions during the experimehhree methods were developed by the Task
participants to minimize these influences and enable a comparable analysis.
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The idea behind the first methoid to normalize the heat transfer ) by the volume and a
reference temperature difference, calculate a mean value and present the results plotted over a

normalized mean value of the capacity flow of the heat transfer fluid in-eefledo /10 -plot.

The second method, callethree sections approacthelps findinga suitable stop criterionfor
calculating a mean value of the power of latent heat thermal energy storage units. Tangents are laid
through the inflection points that occur in a characteristic discharge power curve of a latent heat
thermal energy storage unit. The discharging proceds/ided into several sections and the end is
determinedbased ortheir intersections with each other and with the zero line, respectively.

Depending on the operating conditions, the actual usable heat content of a thermal energy storage
can deviate significantly from the theoretical storage capacity calculated from the geometry and
material parameters. This can drastically reduce the amofinsable heat, especially at high thermal
power rates. Thehird methodis intended to take these dependencies into account. It is based on a
small number of standardized charging and discharging measurements with a constant volume flow
and constant inletemperature. The resulting power curves are normalized and converted from the
time domain to the energy domain. The curves are plotted in such a way that the actual usable heat
content of the storage can be determined for specified values for the set takpower, the
temperature, and the maximum volume flow.

In the case of TCM components, there is a need for a standardized evaluation of sorption heat storage
components and systems with respect to the material performance given by the vapor pressure versus
temperature relationship of various concentrations oass fractions. This standard evaluation will
make it possible to quantify development success.

The developed performance mapping technique uses a concentration vs. gross temperature lift
diagram, which incorporates the sorbent's equilibrium line and the deviation caused by thinean
temperature-heat relationship.As shown inFigure2-5, deviation from the equilibrium indicates
performance loss. The performance map of the sorption heat storage is based on a good
characterization of the sorption material used.
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Figure2-5. lllustration of the mapping procedure, where theaxis represents the temperature difference between sorbate

and sorbent and the-pxis represents the weight percent or mass fraction. Deviation from the theoretical curve indicates
loss of system performee.

This mapping helps visualize the operational constraints and the potential performance of the system.
There is a notlinear relationship betweentemperature gain and heat release in all sorption processes.
As the sorbent's concentration increases, the teargture gain also increases, but the heat release
rate does not linearly follow, leading to potential stagnation in heat transfer, particularly when high
temperature gradients are required. The work emphasizes the importance of operating the system at
the minimum necessary temperature rise (gross temperature lift) to optimize heat transfer.

To overcome the problem of incomparable test results from different test methods, a uniform test
guideline for building applications was proposed. The proposed guideline defines specific static test
temperatures that correspond to realistic operating cdrais:

1 Desorption: Heat source temperatures are setto a maximum of 95 °C input and 92 °C output,
which are conditions achievable by solar thermal systems without exceeding practical limits.

1 Condensation: Heat rejection during charging is performed with wagsedHTFat 30 °C inlet
and 35 °C outlet, in line with standard heat pump conditions (EN 14511).

91 Evaporation: Discharge evaporation takes place at 10 °C inletand 7 °C outlet, simulating typical
low temperature ground heat sources in building environments as defined by the EN 14511
heat pump test standard.

9 Sorption: Heat absorption also follows the heat pump standard, with HTF temperatures of
30°C inlet and 35 °C outlet.

This guideline standardizes the evaluation of sorption heatstorage systems by ensuring that materials,
components, and systems are tested under comparable and realistic conditions. By standardizing test
conditions, the guideline facilitates more accuratemparisons of energy density power and
temperature gain (gross temperature lift) performance, supporting the advancement of sorption heat
storage systems as a viable solution for improving the energy efficiency of buildings.
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3 Conclusions

Task 40 advanced the development of compact thermal energy storage by improving material
characterization and development, establishing standardized testing meftaoas enhancinghe
understanding of performance degradation. The international collaboration fostered innovation in
both materials and components, laying the groundwork for more efficient and rel@hiS systems.
These effortsvill contribute to accelerating the market integration of CTES technologies and support
the broader transition towargustainable, renewabiased energy systems.

The Task achieved good success in enhancing material characterization skills through the development
of measurement guidelines and in building a comprehensive knowledge bastafterof charge
determination techniqueslThestrong international collaboration within the CTES community was also
supported However, dissemination of lessons learned, broader utilization and expansion of the
materials database, and development of guidelines for component design and evaluation fell below
expectations. Going forwdytwo new Tasks will focus separatelyTdE$naterials and components to

build on the progress nue.
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FINAL REPORT

3 SubtaskA: Material Characterisation and Database

The main objective of Subtask A is to develop and validate several standardized measurement
procedures forTES materialbased on PCM and TCadhd to further maintainexistingmaterial
databases.

3.1 Standardized measurement procedures and round robin tests

Procedures to measuréérmal conductivity and thermal diffusivity of liquids, solids and packed beds
(section3.1.]), gecific heat capacity of powdery materiglsection3.1.2, enthalpy change due to
sorption or any chemical reactio(section3.1.3, and thermal expansion, density and viscosity
(section3.1.4 were worked on and further developed.

Measured material

The measured material was Paraffin supplied byMerck (specificationgiven inFigure3-1). All
participantspurchased the sammaterialto avoid discrepancies as a paraffin is normally supplied as
a mixture of different hydrocarbon chainPRarticipants, who were not able to purcha it, were
supplied by others.

S Paraffin
'Kc’ . (o
mp 53-58 °C (ASTM D &7)
Alle Fotos (1) CAS-Nummar: BO0Z-74-2 EC-Nummer: 232-315-6
BADL- M rsrrissr: MFCDO0O132833 MACRES: MAZ3

Figure3-1: Paraffin supplier angroductreference
Measurement methods

A total of eight different pieces of equipment were used, basedandient methodsnd steadystate
methods Three main measuring techniques were used: laser HasiysigLFA)hot wire(HW), and
transient plane sourcé TPS)Besides, noitommercial equipment was also used in this RRT. The
measurement capabilities in th&ibtask provided by the participants were the following:

1 Measurement othermalconductivity,thermaldiffusivity depending on thequipment
1 Sample form/size

0 LFAsolid 12.7 mnf

0o HW.50 ml

0 Hot Disk HD: 18 mmf ; 6¢30 mmf ; 4¢29 mmf ; 2¢29 mmf

0 Transient Hot BridgeTHB: 25x25x5 mm; 10x20x3 mm; 20x22x3; 100 mL
1 Temperature

0 LFART to 500 °G120;2,800 °C)
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o0 Transient Hot WireTHW: RT;150 °C {40180 °C)
o TPSRT to 180 °G70¢300 °C)
0 THB-15¢200 °C{150;700 °C)
1 Atmosphere
o Air/ protective gagnitrogen)
0 Less availablergonand vacuum

Procedures

a) Sample preparation

For the sample preparationwo setsof samplesvere heated ugill fully meltedand cooled down
followingtwo different cooling rates

1 Heating up to 70 °C (till liquid state) and then cool down at iamttte mperature.

1 Heating up to 70 °C and then place it in an oven at 50 °C for solidification.

The samples were inspected looking for the formation of bubbles during the cooling process, and
RSyaAride g1 ad OKSO]ISR YR O2YLI NBR gAGK GKS LINROA

b) Measurement procedure

A minimum of three sampleswere testedwith three to fivevalues per temperature and sample
Different procedures were established depending on the equipment. As an example, the LFA
procedure is summarized below:

Laser Flash Apparatus

IR Sensor/ Detector

Cooling Water
Sample Holder

Sample Carrier Tube

Figure3-2: Laser Flash Apparatus

Fused Silica Window

1 Focus the laser ta maximal 6 mmrfon-focusableLFA: use an aperture with max. 6 mm) to
avoid signal superposition with the PTFA ring.

1 Use thickness values from the additional information for the thermal diffusivity
measurements.

1 Perform measurements with at leaBte shots at 25, 40and 50 °C with the pulse length and
voltage recommended by the software or recommended for polymers by the manufacturer.

After the measurement, provide thmformation aboutthe pulse voltage pulse length pulse area
(integral of pulse voltageand the sed evaluation model
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Figure3-3: LFA samples preparddr the round robin test.

¢) Uncertainty analysis

Participants should send the data: mean valred uncertainty following the GUNI1]. The data
following that method gives a level of confiderafe95% The main steps followed are summarized in
Figure3-4 andFigure3-5.

The standard uncertainty is the (@) =57) = 5(q:)
standard deviation of the mean: Jn

n

Z(q;‘_g

n number of observations
n
s

u@)=s@)=‘/#

g, result of observations j
g mean of the n observations

s(q) standard deviation of the mean

qu q79 9296 94495
GUM 4.2.3: 9: 49 G Q
The experimental standard deviation of the mean s(q) s fn
quantifies how well g estimates the expectation of g, and
may be used as a measure of the uncertainty of q.

Figure3-4: Standard uncertainty determination of a set of values

Expanded uncertainty: | U =K - U, I

Gaussian or normal distribution: Table G.1— Value of the caverage factor &,
that produces an interval having level of confidence »
assuming a normal distribution

Level of confidence Caverage factor &,
(percent)
&E,27 1
a0 1,845
a5 1,960
95 45 2
99 2,578
g 2n oy g+ 20,73 3

Figure3-5: Expanded uncertainty
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Lucerne University
Hs I_U of Appiied Sciences
and Arts

Northumbria
University

Frau n hofer @ NEWCASTLE

Sheral = Universi l/l
GUNE

RSITYOR
BIRMINGHAM
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izs  Universidad
181 Zaragoza

UNIVERSITE D’ARTOIS
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@ SINTEF @l
Consiglio Nazionale
w delle Ricerche

Universidad  Euskal Herriko
del Pais Vasco  Unibertsilatea

storaé@

Fifteeninstitutions participated in thisoundrobin test. The participants in this activity distedin

Table3-1.

Table3-1: Participants by institutioncountry and contact person.

Contact person

Nuria Navarrete

Country |Organization
Germany DLR
Germany Center for Applied Energy Research

Michael Bruetting

United Kingdom Northumbria University

Carolina Costa

Reda Djebbar

Canada CanmetENERGY / CanmetENERGIE Lia Kouchachvili
Spain University of the Basque Country Gonzalo Diaz

Spain CIC energiGUNE Jean Luc Dauvergne
Spain Universitat de Barcelona Camila Barreneche
Norway SINTEF Energy Asmira Delic

United Kingdom University of Birmingham

Helena Navarro

Germany Fraunhofer Institut flr Solare Energiesysteme ISH Thomas Haussmann
Austria AIT Austrian Institute of Technology GmbH Daniel Lager
Switzerland HSLU Rebecca Ravotti
Spain Universidad de Zaragoza Monica Delgado
Italy CNR Andrea Frazzica
France Université d'Artois Laurent Zalewski
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3.1.1.2 Results

LFA results

i Participants: 5

1 Procedure

Sample size (mm)2.7%¢14.8 and &2
0 Variable power (50125%)

0 Number samples:@1

0 Repetitions: 85

o

0.14 LFA .
g B Participant 1
o~ 0.13 o
c m Participant 4_P100
0.12 .
% m Participant 4 P50
E 011 B Participant 4 P75
2 0.1 m Participant 4 P125
% 0.09 B Participant é
c 0.08
2 007
—
0.06
0.05

25 40
Temperature ( °C)

Figure3-6: LFA results
The following issues were reported:

- Issues at 50 °C due to the transparency and softening of the samples
- Sample holder with no transparent windows in a thrlager system
- Testthe samples up to 45,%hen not possible at 50 °C

TPS results

i Participants: 5
1 Procedure
0 Variable parameters
A Current (mA): 60
A Time (s): 30
o Sample size (mm):
A P750 x 11.5%
A P10 70 x 40 x@5h
0 Number samples:¢
0 Repetitions: 5

2h = sample height
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A Partficipant 7

> HD A Participant 12 method 1
< 0.26 AParticipant 12 method 2
T 025
:) —
2¥ 024
5 £ 4
OF o023 i
O
g 0.22
2 02
l_

0.2

15 35 55 75
Temperature ( °C)
Figure3-7: Transient plane source results: Hot disk
THR & Participant 8
0.32 ﬂPor’r‘icEpon’r 9
> % BParticipant 10 method 1
> 03 @Participant 10 method 2
3) L
5 028 BParticipant 10 melted
T v
6 £026 | m
Oz 8
0 —0.24
-
g 0.22 a8 @ 8
[—
0.2
15 35 55 75

Temperature [ °C)

Figure3-8: Transient plane source results: Thermal hot bridge

TPSquipmentcan measure thermal conductivity and thermal diffusivity

HW results

i Participants: 2
M1 Procedure

(0]

(0]
(0]
(0]

Sample size (mm): 3hd 70 h
Samplesn contact withthe sensor
Number samples:¢6
Repetitions: 6
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0.25
0.24
0.23
0.22
0.21

0.2
0.19
0.18
0.17
0.16
0.15

m Participant 5

m Participant 6

Thermal Conductivity (W/mK)

_ m

25  Temperature ( °C)

Figure3-9: Hotwire results
The following issues were reported:

9 Difficult to ensure good contact between sensor and sample

Other equipmentresults

1 Participants: 3
1 Procedure
o0 Sample size (mm):
A GHP70x 110 x6h
A GHF50x50x6
A HF 210x140x18, 250x250x20
0 Number samples:3
0 Repetitions: 3

Others

e
()

©
N
0

o
o
@™

m Participant 11 HF
m Participant 2 GHF
m Partficipant 3 GHP

o
[
o~

Thermal Conductivity (W/mK)
o o
A A
o ~

o
RO
i

Temperature [ °C)

Figure3-10: Steadystate methods result
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The following issues were reported:

1 Difficult to prepare large sample sizes
o0 Large number of samplelsing cooldown processbubble formation
o Noncommercial equipment has to be validated

This RRT presented the following challenges regarding sample preparation, procedure and results
analysis that increased uncertainty:

1 EquipmentDifferent equipment basedndifferent methodgtransient methodsindsteady
state methods.

1 Sample Different sample sizeequiresdifferent sample preparatiomethods, and leads to
different cooling rates

1 Proceduresbifferent equipment requires different procedures (eld-A, HWand THR

1 Results reportingUncertaintyassessmentvas includedas another stepn the procedure.
Both contributions¢ systematicand experimental uncertainty, were aimed to be included.

Lessons learned
1 Thermal conductivitythermal diffusivity equipment availability supposes a challenge to
establish a standardized measurement protocol. The procedures were split according to the
available equipment into LFA, TPS, ldWd other steadystate equipment.
1 Both experimental and systematic uncertainty have to be accounted for to compare the
results. In some cases, the uncertainty reported was below the equipment error, due to i) not
enough repetitions, ii) not accounted for equipment errorjii) not enough samples tested.

Future actions agreed upon:

1 Increase the number of repetitions anestsof different samplest the same conditions

1 Account for the equipment error by testing a standard (different from the one used for
calibrating the equipment) under the same test conditions for the.RRT

1 Statistical analysis of the data to compare the use of different equipment and techniques

Explore other PCM

Test TCM

= =4

Measured materials:

1 Anhydrous strontiunbromide (SrBJ);
1 Strontium bromide hexahydrate (SgEH0),
1 Synthetic zeolite A3X.

Thematerials were purchased from Sigma Aldrich (now Millipore Sigma).
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Proposed Measuring Procedures:

Steps:

Baseline runs.
Reference material run.
Sample preparation.

=A =4 =4 4 A

Instrument calibration

Instrument calibration (temperature, sensitivity)

Sample run andpecific heatg,) evaluation.

storag(a

Temperature calibration is recommended with the following reference materials

Table3-2: Temperature calibration reference materidlsr the RRT of the specific heat capacity

SrBs

SrBg-6H,0

Z-13X

High melting temperature
reference materials: Tin,
Bismuth, Zinc, Lead, etc.

Low melting temperature
reference materials: Gallium,
Biphenyl, Indium, etc

High melting temperature
reference materials: Tin,
Bismuth, Zinc, Lead, etc.

iKS

=

1

/FEAONY GARZY 27

5{/

AAIYEE QA

aSyariargaie

Due to high thermal conductivity, aluminum (Al) crucibles with Al lids are recommended.
Temperature and sensitivity calibration should be performed with the same heating (h.r.)

and cooling rates (c.r.).

h.r. of 1K/min and c.r. oflL Kmin (with LN2) or ¥/min (with compressed air) are

recommended.

G, evaluation is recommended in the following temperature range:

Table3-3: Temperature range of evaluatidor the RRT of the specific heat capacity

SrBs

SrBs-6H,0

Z-13X

125180°C

25¢40°C

RK250°C

Baseline runs

1 Place the empty Al crucible with the lid on both sides of the sample holder of the instrument,

tear the crucible masses.

1 Run the baseline.HE temperature and sensitivity caldmion options should be checked

ES TCPinal Report Task 40
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Table3-4: Baselie runsto be applied for the RRT of the specific heat capacity

SrBs
a. Heatto 180C°C. a.
b. Isothermal 1 min
c. Cooldown to 25C. b.
d. Isothermal 1 min
C.
e. Repeat steps@l to get a
stablec, reading between d.
125 and 200C. e.

Cool down taoom temperature.

Reference material run

SrBs-6H,O

Cool the instrument down tq

-5°C.

Isothermal 15 min to

stabilize the temperature

Heat to 40°C.

Isothermal 1 min

Repeat steps@l to get a
stablec, reading between 25

and 40°C.

Z-13X

a. Heatto 300°C.

b. Isothermal 1 min

c. Cooldown to 50C.

d. Isothermal 1 min

e. Repeat steps@l to get
a stablec, reading
between 100 and
250°C.

1 Remove the crucible lid from the sample side of the sample holder.
1 Place inside a Sapphire reference and run the test (stef)s a
1 As areérencematerial use synthetic sapphire with 99.9% or higher purity.

Sample preparation

Table3-5: Instructions for sample preparatidior the RRT of the specific heat capacity

SrBp

5NE ala NBOSAGS
to remove any moisture that was
absorbed by the specimen while
loading into the crucibleiHeat the
sample in the open crucible to
180 °C and hold isothermally undg
the pressure of 1hbar until the
mass of the simple stabilizespen
the furnace, remove the sample,
and seal it instantaneously OR
prepare the sample inside the
glovebox if available.

ES TCPinal Report Task 40

SrBg-6H,O
I a S a4l a N
commercial material

Z-13X

Z-13X received from Sigma Aldrich
pellets (d=1.6nm), will be grinded
in a mortar into powder and packe
in the Al crucible.

Another option is to prepare the
pellets from this powder with a
diameter close to the diameter of
the crucible.

5SGSNYAYS GKS &l
heating it in the open crucible (or
covered with the punched lid) to
350°C and keep at this temperatur
until the mass stabilizes (~h].

Open the furnace and apply the lid
instantaneously if the sample was
dried in an open crucible.

32



Sample rurt, evaluation

1 Replace the reference material with the sample (use the same crucible/lid)

Repeat the run at least with three different specimens and comgare

1
1 Repeat the stepsd.
l

Report resuls (template inFigure3-11).

storag(a

Organization:

DSC instrument:

1 Manufacturer
1 Model

Reference materials for calibration

Sapphire dimensions

1 Diameter
1 Height
 Mass

Sample preparation conditions

I Temperature
1 Pressure

 Time
Crucible/lid

1 Material

9 Diameter

1 Height

1 Mass
Gas

1 Flow rate

Cooling method

I Cooling rate

Heating Rate

Cp evaluation

Material m (mg) m (mg) after cp (J/gK) Ucp
before measurement at temperature (°C) /g)
measurement 9

T1 T2 T3 Other
temperatures

1

2

3

Figure3-11: Reporting template for the specific heat RRT.
Participants

Eight labs participated ithe anhydrous SrBic, measuring procedure
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Table3-6: Participants ofSrBp c,RRT

Country Organization Contact person
Austria AIT Austrian Institute of Technology GmbH Daniel Lager
Switzerland HSLU Rebecca Ravotti

. . Peter Weinberger
Austria TU Wien Jackob Smith
USA The US.DOE LBNL Sumanjeet Kaur
Canada CanmetENERGY R'eda Djebbar .
Lia Kouchachvili
Rebecca Saldago Pizarro
. . . Inés Fernandez
Spain University of Barcelona Marc Neira i Vifias
Adela Svobodova
Thomas Haussmann
Germany FraunhofefrISE Stefan Gschwander
Germany Center for Applied Energy Researchve. Michael Britting

Three labs participated in the SgEH,0 G, measurement procedure
Table3-7: Participants ofSrBp-6HO ¢, RRT

Country Organization Contact person
Canada CanmetENERGY Reda Djebbar; Lia Kouchachvili
Spain University of Barcelona Rebecca Saldago Pizartoeés Fernandez;

Marc Neira i ViasAdela Svobodova

FraunhoferInstitute for Solar

Germany Energy Systems ISE

Thomas Haussmann; Stefan Gschwander

Three labs participated in theeolite 13Xc, measurement procedure
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Table3-8: Participants ozeolite 13X, RRT

Country Organization Contact person

Canada CanmetENERGY Reda Djebbar; Lia Kouchachvili

Austria AIT Austrian Institute of Daniel Lager
Technology, GmbH g

Fraunhoferlnstitute for Solar

Germany Energy Systems ISE

Thomas Haussmann; Stefan Gschwander

3.1.2.2 Results

Out of eight participated labs, three were equipped with the Netzsch STA, three with the TA DSC, one
with the Mettler Toledo 3Cand one is unknown. All labs used Al crucible, ajghN flow except one

lab using HEum. The heating rate varied (1, ,1&nd20 K/min); the cooling rate also varied &,10,

and20 K/min). The flow rate of gases was also diffef@of 20, 40, 50and 100mL/min).

SrBp

m 125°C 150°C 180°C

0,5
0,45
0,4
0,35

‘H Jn ‘ J 4l

Lab1 Lab 2 Lab3 Lab 4 Lab 5 Lab 6 Lab7 Lab8

Cp JigK

Figure3-12: Results of theRRT of the specific heat capacity of SrBr
Resultsfroml 6 o | NB SEOft dzRSR &4 (GKS& | NB .Fronbthee 2FF 7
results the assigned valug(mean value for all labs at a defined temperature) for the specific heat for
SrBs are:
(125 °CF0.326 J g K*
G (150°C)=0.337 J g K*
G(180°C)= 0341 J g K*
Accordingto ISO 13528¢Statistical methods for use in proficiency testing by interlaborafory
comparisorg[2], a zscore can be evaluated to assess the comparability of resultsXX npeans that)

the performance is satisfactory valug2,0| < z < |3,0] means that theperformance is questionahl
andl X rears thgperformance is unsatisfactory

In the caseof the specific heat capacity of SgBsinceall labs show a-scorel X , & gobd1
performance of every participant and comparable results in that round rtestwere obtained That
meansreliability is given for nearly all measurements/participahése.
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SrBgi6H,O
1,2
1
[ I 0°C
0,8 I ® 10°C
f” 20 °C
o 06 25 °C
O
04 B 30°C
' - m 35°C
02 40 °C
0 L —

Lab 1 Lab 2 Lab3

Figure3-13: Results of the RRT of the specific heat capacity ofSrB®.

Results oSrBgi  g@are still not comparable due to problems with the hydrate sample preparation.
These results cannot be used to evaluateszare for the lab performance.

Zeolite 13X
1,2
1
0,8
5
S 06 Elabl
o
g mlab?2
0,4
g mlab3
g
Z 02
0

100 150 250
T,°C

Figure3-14: Results of the RRT of the specific heat capacity of zeolite 13X

From these resultghe assigned valug(mean value for all labs at a defined temperature) for the
specific heat for zeolite 13X are:

G,(100°C)=0.929 J g K*
6,(150°C)=0.998 J g K*
,(250°C)= 1002 J g K*

With these results the-score can be evaluated. In this casmgceall labs show a-scorez>q 2,0/, a
good performance of every lab in that round rolv@st was achieved
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In the first ound, eight participants joinethe SrBsround robintest. Thisis already a representative
number of results for statistical analysis. The results showed a good comparability and asyoosl z
(satisfactoryperformance) for all participants.

The SrBrhydrate measurements showed strong deviatiombesemay be connected to different
hydration states in the measurement. Due to thd@he sample preparation and measurement
procedure routines must be corrected.

Forthe zeolite 13X round robiast, onlythree participants shared their daiavhich can be connected
to the late beginning of the round robtestduring theTask Nevertheless, the defined procedure and
the results showed a good comparability and a lescare for all participants.

For future activities, especially the occurrence of water in the sample (hydrated or sorption samples)
should be examined in more detail. Also, the application of the measurement routines for higher
temperature were not covered in this or previoliasks.

The aim of tis activitywas to perform a round robin test focused on the evaluation of a standardized
procedure for the measurement of the sorption enthalpy. Starting from previous experiences, it was
agreed to define a simplified procedukehich iseasier to implementin orderto get replicable resuls.

The selected material for the RRwas a standard zeolite 13X, available on the market and
commercialized by Sigma Aldrignttps://www.sigmaaldrich.com/AT/de/product/sigald/3343%0

using water vapour as workirflyid for the sorption processlhe selected simplified procedure was
based on a single adsorption/desorption cycle under isobaric conditions. The full set of operating
conditions of each step is represented in the following schematic as well as in the table, specifying
more in details fhe operating conditions to applyFigure3-15).

A
p [mbar] Temperatu [ Pressure | Duration Heatingcoolin | Crucible
/\ re [°C] [mbar] g rate material

12.3 |- L . Desorption 350°C <103 > 6 h (dry Aluminum
u . mass) (preferred)
AN Equilibrium  95°C 12.3 Until Aluminum
\\ stabilization (preferred)
\\

\\ Adsorption 95->35 12.3 Until 5 Kimin Aluminum
. EC stabilization ~ (sameasthe (preferred)

\\ calibration)
\\ Desorption 35>95 12.3 Until 5 Kimin Aluminum
<103 o °C stabilization ~ (sameasthe (preferred)

| calibration)

35 95 T PC] 350

Figure3-15: Defined standardized testing conditions for the sorption enthalpyf.RR
Many partners were initially involved in the activities, but the tests were performed only by four
partners, due to delays aror lack of funding: CNR, University of Messina, Austrian Institute of
Technologyand NRCan.

CNRwas not able to provide data for the analyBie achieved results were not accurate enough due
to a major issue with the instrumentation. Accordingly, only AIT, UNBV& NRCan data were
analyzed. Among the three partners, only AIT was able to accurately follow the planned procedure
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(temperature range %85 °C, vapor pressure of 12.3 mbar). As reportedrigure3-16, three
consecutive tests were carried out to evaluate the replicability of the measurement.

0.076 4950
0.075 .
. © 4900
9 0.074 5,
e =
G 0.073 5 4850
S 0.072 =
w & 4800
ié( 0.071 =
o
£ o007 & 4750
-}
0.069 i
4700
0.068
0.067 4650
Ads 90-35 Des 35-90 Ads 90-35 Des 35-90

Figure3-16: Replicability analysis of uptake variation (Hfind side) and sorption heat (rightand side) for three
consecutive tests performed by AIT.

The results were satisfactory, with a maximum deviation among the tests of around 1%, with a
deviation between addesorption heat of 2% and aftlesorption uptake exchange of 5%.

The tests performed by UNIME and NRCan deviated from the nominal ones. For UNIME, the following
conditions were appliedTemperature range 935 °C, vapor pressure 17 mb&or NRCanthe
temperature rangavas95¢25 °Cat a vapor pressuref about25 mbar. This was caused by specific
features of the available equipment at the respective labs. Nevertheless, a comparison was made,
reported in Figure3-17. A quite good agreement between AIT and UNIME measurements was
achieved, with deviations in the range 12% for the water uptake variation and 18% for the sorption
enthalpy. Due to the large difference in operating conditions, the results from NRCasigeifecanty
deviating from the others.

0.18 7000
0.16 ’6 6000
9 0.14 5,
o) — 5000
G 0.12 =
& o1 BAIT L 4000 BAIT
w o
¥ 0.08 UNIME = 3000 UNIME
o
= NRCan o NRCan
g 0.06 O 2000
0.04 @
1000
0.02
0 0
ADS DES ADS DES

Figure3-17: Comparison analysis of uptake variation ({eéind side) and sorption heat (rightand side) for the average
data obtained by AIT, UNIM&nd NRCan.

As experienced in the past, coming to a common methodology to measure sorption enthalpy is not an
easy taskitdepends alot on the performance of the different equipment available in the laboratories
and the ability of these instruments to carefully follow the planned conditions. Moreover, the lack of
specific funding for some of the involved partners to peni the planned activities ibmiting the

efforts that can be put into the measurement and analysis campaign.

Nevertheless, the initial results, at least for the partners able to complete them, show some acce ptable
agreement, even using different apparatuses. This is a first step which demonstrates the possibility of
reaching useful results.
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Possible future activities could be focused on enlarging the number of laboratories involved in the
testing campaign, using different apparatuses under the proposed simplified protocol. Once the
approach is validated, it can be extended to a wider seboflitions and different materials to reach

a common approach to be considered by the scientific community.

Density
Measuredmaterial:

In theRRTor density, measurementén the liquid and solid phasgere carried out and compared on
a paraffin wax CAS 80024-2 (melting temperature 5368 °C).

Procedure and methodology:
Different methods were used to characterize the actual density of the solid and liquid phase:

1 Computer tomography
1 Oscillating Ltube

1 Archimedes principle
1 Pycnometer

No procedure was specified for tH&RTparticipants were asked to use their usual method
Participants:

HSLULucerne University of Applied Sciences and Arts
Fraunhofer ISEFraunhoferinstitut fir Solare Energiesysteme
NREL National Renewable Energy Laboratory (NREL)

ZAE Bayern

CAE; Center for Applied Energy Research

=A =4 =4 =4 A

Viscosity
Measuredmaterials:

i Standard oil S3 from Paragon Scientific to check the performance eigbemeters/
rheometers. Measurement at 8C.

1 A paraffin with a melting temperature range between;58°C (CAS 80024-2).

Procedure and methodology:

1 Shear sweep:
0 Geometry used in case of rheometers: plate
Gap: 50Q1,000 pm
Temperature: 70C (paraffin in the melted phase)
Time for thermal stabilization: 5 minutes
Shear rate range:.001¢1,000 st
Mode: logarithm

O O O O O
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o Points per decade: 10
o Sample period: 16

1 Temperature ramp:
o Conditioning step at 8%C during 20 minutes. No shearing
o Cooling at ® K/minand 100 $ from 85 down to 60C.

Participants:
Table3-9 compiles the institutions involved in the viscosity RRT together with instrument used

Table3-9: Participants of theviscosity RRT

Institution Instrument Methodology

Fraunhofer ISE MCR 502, Anton Paar Controlled stress rheometer
HSLU MCR 302, Anton Paar Controlled stress rheometer
Northumbria University Brookfield DVE digital viscometer Viscometer

NREL Haake Mars 60 Controlled stress rheometer
University of Zaragoza ARG2, TA Instruments Controlled stress rheometer

3.1.4.2 Results

Density:
0.93
- before melt ® HSLU CT
0.91 T e A ISE Ap
NREL 1st Metler DM40
0.89 ® NREL 2nd Metler DM40
- NREL Microm GeoPyc

- 0.87 (] m ZAE Ap
£ . CAE sample solidif. at LN2 m ZAE UT APaar DMA4500
= 0.85 u ZAE Ap
~ + CAE Ap 50°C
Z a3 + CAE Ap LN2
c . UT: oszilating U-tube
(7] «+—CAE sample solidif. at 50°C . -
] Ap: Archimedes' principle

0.81

0.79

L ]
-
0.77 S g, -
0.75
0 20 40 60 80 100

Temperature / °C

Figure3-18: Resultsof the density RRT.

AsFigure3-18 shows, the results in the liquid phase are comparabigile there are strongariations
for the solid sampledDue to that no further investigations for the PChduid measurements were
done and the focus shifted to the solglate measurements.
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A new procedure based on the Archimedes principle was documented and sent to all participants
based on the results from ZAE:

Measurement setup

Figure3-19: Balance with installed density kitgper left). Holders for floating and sinking samplepgerright). Setup for
measurements at different temperaturggower left and right).

The balance is put on a shelf with a hole and the holder is hung on the bottom hook of the scale. If
there is a floating sample, as is the case here with paraffin, you need a weight on top of the sample
holder to push the sample down. To measure paratfesalinated water is used as fluid. The double
walled vessel is tempered by a circulator to adjust the temperature. During the setting of the
temperature, the bath is stirred by a magnetic stirrer and the sample is floating in the liquid. During
measuremetn, the stirrer is switched off. The height of the vessel can be adjusted with-thélX.
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Sample preparation

Figure3-20: Used samples (upper left and rightasting a sample (lower left and right)

Samples usedhe large one is a chunk as delivered with smoothened surface; two small samples
prepared as described below. After measuring them at 40 °C they are deformed. For the large sample
(=10 cmi), ZAE used a piece from the delivered paraffin and smoothed the surface with a hot air
blower. This is necessary so that no air bubbles adhere to the sample during the measurement.
Perhaps this is a little annealing or tempering of the sample.

For smaller samples (-3L.cn¥) ZAE poured melted paraffin onto the bottom of a Petri dish to get
round, plateshaped samples. As a result, the sample crystallizes mainly from below and the thin soft
skin on the surface can move downwards, so that no voids are created in the sanipieoiiplete
crystallization, the sample can be easily detached from the Petridish. ZAE smoothed the surface here
as well with the hot air blower.

After measuring the different samples at room temperatundich lead to pretty much the same
result, ZAE used only small samples for the other temperatures, because temperature adjustmentis
much better with the small samples and the measuring procedure is much easier. During the
measurements, ZAE was unabled®tect any significant differences in the density of the samples,
despite their distinctly different appearance (the large sample had white inclusibims)neasurement

at 40°C is in the range ofie first phase change. Here, the sample becomes noticeably softer, so that
deformation cannot be prevented. This makes the reaching of a temperature equilibrium much more
difficult and thus the error in the measurement increases considerably.

Viscosity:

If the viscosity valugobtained by each institution in the shear sweep experiméraifle3-10) are
considered, the average viscosity value is 4,712 mPa-s with a standard deviation of 0,177 mPa:-s.
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Table3-10: Average viscosity for the paraffin at 70 calculated according to the procedure defined in Annex 29.

Institution Viscosity (mPa:s)

Fraunhofer ISE 4,57
HSLU 487

Northumbria University 4,91

NREL 4,51

University of Zaragoza 4,70

Figure3-21 presents the results of the temperature ramp experiment, which also includes the steady
state viscosity values obtained from the previous experiment. Higher values are observed for the
measurements from Northumbria University, consistent with the shear sweep experiment.
Additionally, higher deviations are noted at higher temperature for NREL.

—— NREL M1
—O— NREL M2
—— NREL M3
—&— ISE M1
—O— ISE M2
—%— ISE M3
—— ISE M4
{—®— Northumbria M1
Unizar M1
Unizar M2
5 @ Northumria steady value
L \HH‘_ o @ ISE steady value

Unizar steady value
@ NREL steady value

6]
1

Viscosity (mPa-s)
D

3 T T T T T T T T T T T T T
60 65 70 75 80 85 90

Temperature (°C)

Figure3-21: Viscosity based on temperature for the paraffin. Shear rate=100 s

Density:

The density measurements of the liqwidowed comparable results. Therefong adaption of existing
procedures was done. The density measurements in the solid phase have shown that there are still
strong variations and that further investigations should be conducted. The proposed procedure for the
Archimedes principle was develegpand sent to the participant®New results based on this procedure
have not yet been published by the other participantéis could be one of the firsttivitiesin a
successofask.
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Viscosity:

It can be stated that the measurement procedure is adequate for measuring paraffins in the molten
phase.Sofar, octadecane, RT70, and the paraffin detailed in this report have been successfuly
measured. At this stage, viscosity measurements of other PCM families following the proposed
measurement protocol should be considered. Furthermore, it would be intergso characterize
other storage materials that may exhibit néfewtonian behavior (e.g. PCM slurries) to determine
how the measurement protocol sluld be adapted.

3.2 CTES Materials database and knowledge platform

As part of the development diie data knowledge platform for PCéhdTCMthe features of the new
version of theCTES materiatiatabase "thermalmaterials.org" have been defined. The definition of
the new requirements for the CTHESaterialsdatabase consisted of four main phases, as shown in
Figure3-22

* Scope ¢ Structure ¢ User interface e Security
* Value requirements requirements * Capacity
* Intended audience * Software interface » Compatibility
* Intended use requirements » Reliability and
e Communication availability
interface « Scalability
requirements e Maintainability
¢ Usability

Figure3-22: Definition of new requirements for CTES database

During the database conceptualization phase, the general scope of the new version of the CTES
materialsdatabase has been identified, in relation to its intended use and audience. Although the
general purpose of thelatabaseremains consistent with its previous version, the added value
expected from this new iteration is mainly related to its accessibility, i.e., making data and information
environments convenient and easily usablhis could be achievethr example, by improving the
process by which ussrcan submit measurement data to the database or access any relevant
information. Furthermore, the structure of the database has been revised in relation to the different
types of CTE®aterialsand the most relevant parameters for their thermophysical characterization.
Finally, attention has been given to the role and positioning of the database within the wider
framework of a materials data platfornto which other already existing databases with similar
objectivescould contribue in synergy with each ber's.
The set of changes and recommendations for the new version of the database can be classified as
follows:
1. System and functional requirementghis entails the structure requirements, including the
change, integration or remotion of content from the database
2. External interface requirementsrhis entails the new accessibility features of the database
(user interface requirements), the connections between the database and other software
components and platforms (software interface requirements), and the communication
functions between the datalse and the user (communication interface requirements)
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3. Non-functional requirements: This entails the database's operation capabilities and
limitations.

Under the lead of AIT and Fraunhofer ISE, several activities were carried out to compile a list of relevant
changes for each of the requirements, to which the task participants hatreelycontributed.

A summary of the activities is presentedliable3-11:
Table3-11: Summary of activities carried out to definew requirements for CTES database
Activities Lead Total number of participants

Brainstorming session during online

meeting AIT and Fraunhofer ISE| Approximately 20 participants

Brainstorming session during T67T40 Exp

Meeting AlT Approximately 40 participants

[ 2YLAT I GA2Y 2F adz2ND

i2 t/akc/a S5tiatolas| ™ 11 participants

Elaboration and implementation of input

. . . AIT and Fraunhofer ISE| 3 participants
from brainstorming sessions and survey

Writing of the software requirement

specification document (SRS) AIT and Fraunhofer ISE| 3 participants

Search for software interface developmen
firms that could implement the database | AIT and Fraunhofer ISE| 3 participants
requirements

Online meeting with software interfac

development firms to define an offer AIT and Fraunhofer ISE| 3 participants

First, the general requirements for the database were defined through online armkrson
brainstorming sessions during the Task Expert meeting held in Lyon in October 2023. The discussions
resulted in a list of requirements for the CTiB8terialsdatabase. At the end of the last-person
brainstorming sessiorthe participants were asked to indicate their preference (yes/no) and the
priority they attributed to each requirement (from 0 to 5y compiling a surveyOnce the key
requirements were selecteda ranked in order of importance, they have been further elaborated by
AIT and Fraunhofer I8Bdformalized into theSoftware RequirementsYecification document (SRS)
available inthe Appendix (sectioB.1). In parallel, AIT and Fraunhofer ISE have been in contact with
software interface developmerfirmsthat could implement the database requiremeni&herefore,
bilateral meetings have been conducted with the scope to further screen and select the most relevant
requirements in light of their cost and, eventually, to draw an offer.

The main requirements identified for the newversion of the CTES database are summarized as follows:
System and functional requirements:

1 Introductionof new dataypes and formator PCM & TCM, for example: material class (filter),
company product (switch), description of degradation process (text), chemical formula
(string), molecular weight (number), CAS Nr. (string), chemical structure (string) etc.
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1 Introduction of detailed information about measurements which do not follow the DSC
measurement standard developed in the framework of IEA ES Ass@éand 2, and IEA SHC
Task 42

1 Introduction of information on users actively contributing to the databaseluding
references to relevant projects and research activities of interest for the database.

1 Introduction of information to othematabasesand platforms which could work in synergy
with the CTE®&aterialsdatabase and according to the FAIR data principles.

1 Introduction of publication listontainingpapers, reports, public documents etc. which used
or contributed to theCTES materiatfatabase

Userinterface requirements

1 TheCTES materiatfatabase must be organized according to a matrix formatided into:
G & dzi8 NFHOndeF G ( 2Qdvm@ee éand &Explore, Measurements Standards, Wiki,
Workshops, Publications, Database Network I y R & R IPGM ®adtabade TCMO
Databasg.

1 TheCTES materiatfatabase interface mustinclude a new section "Compare and Explore" to
simultaneously plot different measurements already loaded in the database

1 The CTES materials database must be organized with a hierarchical tabulated structure,
moving from general to progressively specific levels information: from overview table to list of
datasets, to thle of measurements, to plots.

1 The CTESmaterials database interface must include filters and switchies select the
measurements.

1 TheCTES materiattabase mustontainspecific requirementand proceduresor uploading
measurements for TCM

1 TheCTES materiatiatabase musbe able toautomatically generate plots in a predefined
format and visualize them on demand in the graphical interface.

Softwareinterface requirements:

1 Introduction ofhyperlinksto otherdatabasesnd platforms which could work in synergy to
the CTE®aterialsdatabase according to the FAIR data principles.

Communicationinterface requirements:

1 The CTES materialdatabasemust automatically generate-mail newsletterso be sent
periodically according to the user wishes.

For a more detailed explanation of each requirement, please refer to the requirements specification
document (SRS) Appendix8.1

The main outcome of the activities is the finalization of the Software Requirements Specification
document (SRS) for the new version of the Ciiatrialsdatabase. The document details all the
requirements identified as highly relevant by most of ttesk members whopatrticipated in the
database survey.

Due to budgetary constraints, it was not possible to proceed with the development of an offer from
any of the software development firms contacted. Therefore, it was not possible to complete the
implementation of the new version of the database.
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A possible outcome for a futurgask is therefore to implement a reduced number of requirements
while contacting a larger number of software development firfasr this purposethe developedSRS
document alreadygonstitutesa solid basis to start from, as it follows the conventional IT requirements
format needed for database platform developmeStarting from the SRS documetite requirement
specificationscould be further refined tacome up with an optimized selection that fits within the
available budget for the development of the database.

Finally collaboration with other existing databases and platfomech share similar scope, usand
audience with the CTES materials datab@&sencouraged for future task$his approach woulthake

the database more robust and in synergy with the current wider framewaork of platforms following the
FAIR data principles.

3.3 References

[1] W.Schmid (EURAMET) Mieke (PTB), MHoxha (DPM)GUM (Guide to the expression of
Uncertainty in Measurement EURAMET &/. 2015

[2] [ISO] INTERNATIONAL ORGANIZATION FOR STANDARDIZATION. ISO 13528: 2015. Statistical
methods for use in proficiency testing by interlaboratory comparison. ISO, 2015.
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4 SubtaskB: CTES Material Improvement

4.1 Introduction and Objectives

The identification of suitable materials and processesto be used in thermal energy storage applications
is an upto-date research topic. The development of new materials or the optimization of the existing
ones, to match the TES application requiremeigsfundamental to help the large use of TES
technologies in the present and the future-4]. Concerningmaterials optimization, the main objective

is the developmentof high performant TES materials that can strongly impact the efficiency of the TES
system thus contributing to cheaper the technology. Moreover, the simplification of the storage
concept and the TES system design is also crudml. reach these objectives, multiple
improving/modification paths can be followed. On one side, the synthesis of materials with energy
densities as high as possible (compact storage) and suitable thermophysical properties. On the other
side, the use of encapsulation arttbpe stabilization approachés avoid heat exchangers or dealing

with liquid phases in case of gbliquid PCM. This could also help solving possible compatibility issues
of the TES material with the heat transfer fluid and containment materials

The optimization paths depend, and can be substantially different, on the type of material considered
(PCM,TCM) and the objective targeted. This may include, on one hand, the preparation of materials

with the highest enthalpies (reaction, transition) and tailored temperatures, and, on the other hand,

an adjustment of the thermophysicptoperties 5j|6 S @3 ®x G KSNX I f 02y RdzOU A DA {
achieving a reversibility of the processes at the selected conditions (e.g., mitigatiopestsaling,

awoiding degradation thus increasing durability). As example,Figure4-1 reports examplesof

increasing the enthalpy of transition/reaction and tuning the working temperatifcCM and TCM

The picture collects the main strategies explored in SubBeskd is included in a scientific artiéle

8 Ristd, A., Mal, S., Zabukovec Logar, N., Bérut, E., Bois, L., Outi& Doppiu, S. (2024dmproving Materials
for Compact Thermal Energy Storage: Two Case Studies onMader Polyalcohol Mixtures (PCMs) and
Composites of Chlorides Confined in Garafshamina or Silicd?EG (TCMsACS Applied Energy Materials
7(20), 92429254 hitps://pubs.acs.org/doi/abs/10.1021/acsaem.4c01702
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Expected results

9 Increasing reaction
enthalpy, tuning
temperature, improving
stability

9 From understanding of
phenomena to
demonstration scale.

TCMin porous
matrixes (&lt
hydrates)

Polymers based
encapsulation salt
hydrates

Naturatbased
adsorbent TCM as
host matrices (salt
hydrates e.qg.,
MgCh, CaCl, etc.)

Combining
sorption and
chemical reactions

(Composite
Materials)

Mixing active materials

Design smart TCM
compositeswith:

1 High reaction enthalpie

9 Tailoring hydrophilicity

9 Enhanced heat and
mass transfer

1 Enhanced thermal
conductivity

TbSg ayl GdzNI
stable composites with
high chemical storage
capacity

Figure4-1: Tailoring enthalpies and working temperature PCM and TCM

The main objective dbubtask Bvasto define proper strategies that allow to tun@TES materials
properties to improve theiperformanceat component and storage system ley€hids a paramount
aspectfor TES materials when the existing (commercial) ones does not show the properties (chemical
and physical) that satisfy the application requirements. Following this target the specific objectives of
this Subtask were identified as folding:

91 Developing of new materials for CTES (low cost, no toxicity;flaommable, natural/raw

materials).

1 Synthesis of novedinglecomponent materials with changed chemistry through modified

structure.

1 Developing multcomponent materials (composites) with increased storage capacity and
enhanced heat and mass transport properties.

1 Evaluating the influence of the synthesis and processing methods on the final techno

economic and environmental performances of the materials.
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These aspects (all or in part) are covered byShbtask Barticipants in their research activities. This
includes the use of different types of materials working in different ranges of temperatures and,
depending on the specific case, undergoing phase transitions (PCM based materials) and chemical
reactions (TCNdased materials). The approaches used to develop the targeted materials and the type
of modifications needed are different depending on the process considered (PCM or TCM). When
defining the goalof this Subtask, two different key aspects and activities, divided in different
subsections, were highlighted.

1 B.1Exploring potential materials for CTES

Objective Bl:Tailor made materials with tuned thermodynamic properties (high energy storage
capacity, working temperature aligned with the application).

1 B.2Improving the performances and increasing versatility: Advanced composites for CTES and
best conditioning

Objective B2improvedmaterials in terms of energy storage capacity and heat and mass transfer
ability. Look for best conditioning in view of their integration into application.

The materials targeted in Subtask B ardvH@Gcusing both on solidiquid and soligsolid transitions as

well as composites or shapstabilized derived materials, and TCM focusing lmstlsorption processes

(ad- and absorption) and chemical reactions (mainly-gakd systems). Ifkigure4-2, the general
overviewof the materials studied and the improving paths exploredraqgorted. Figure4-2 shows

the types of materials explored and theoptimizationpathsto tune keyproperties to match the
targeted application requirements. In general, this is one focal point of the discussion trying to link
material development with applicationriented requirementsSome more details relevant to the
materials studied will be given in sectidr2

TCMs Porous matrixes PCMs
Ceramic matrixes
Natural adsorbent Materials studied: Tl
Materials studied: Inorganic: salts, salts Fibres, Coating,
Inorganic and hydrates, plastic Shape stabilization
Organic Salts, crystals
Zeolites, Encapsulation, Inorganic: esters, fatty
Aluminophosphates Fibres, Coating acids, plastic crystals,
PCM as TCM matrix paraffins
Objectives: Objectives:

* From understanding of phenomena to demonstration scale
* New materials & processes

¢ Properties improvement (storage capacity, structural
stability, heat & mass transfers, mechanical,...)

+ New materials/mixture

* Properties improvement (thermal & thermodynamical,
mechanical, subcooling mitigation, stability, material
compatibility,...)

Pathways: Pathways:

* Composites

+ Synthesis and process

s _Scale-u

+ Composites
= Additives and external stimuli
* Characterization and prediction

Figure4-2: Overviewof the materials studied in Subtask B

As an example, the materials modification (optimization) strategiesanemarizedn Figure4-3. The
research work includesTailoring energydensity/working temperature by crystal structure
modification, functionalization using nanostructured materiglsand rew composite materials
designedymixingactive materialsEnhance heat and mass transpgtoperties by i) adding highly
conductive materialsi) infiltration in highly conductive matrixeandiii) materiaswith high thermal
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conductivity (foam/fibres); Best integration into the applicationby i) shapestabilization ii)
granulation with active and inactive bindei§ coatings andiv) monoliths.

Tailoring energydensity/temperatures Tailoring heat and mass transfer

10.1021/acsami.6b14906
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Figure4-3. Materials modification strategies studied in Subtask B

In SubtaskB, the expertise of around twentinstitutions and experts in the field of thermal energy
storage vas shared to start the discussion about the definition of guidelines and strategies for
materials improvement.

Following this strategy, the work of Subtask B included the buildiagaip of all the materials studied

by the experts involved including i) the types of materi@sthe improving strategiegii) the main

goals of the researghand iv) the application addressed. This work allowed to identify synergies
between the different research entities to prepare joint documents containing key information for
material development summarising the most relevant findings of the experts paticy to
SubtaskB. Athe same time, the key concept on how to quantify how the materials improvement can
impact the TES system was deeply discussed. This is still an open discussion between the experts trying
to define proper ways to address it.

Theorganizationghat participated to SubtasBare listed in thefollowing Figure4-4.
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The map of materials studiad Subtask bs givenn Table4-1.
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Table4-1: Expertise on CTES materials improving/optimization

Institution

/ Project name

PCM/TCM

Short description of the
materials

R&D objectives

S

Pathways

nergy
storag

CETHIL TCM Ceramic/hydroscopic salt 1 Elaboration of ceramic pastes for 30 Composite materials
Heat Transfer and Energy Processes composite with multi porosity lprmtlng hanical .
Buildings and their Environment) T mpr.ovmg mec an'lca properties
I Multi porosity matrices
1 Understanding of heat and mass
transfer
Zeolite coatingvia a polymer 1 Coating permeability to steam Composite materials
1 Mechanical strength enhancement . .
. Reactive coating
1 Adherence of coating after thermal
and sorption cycles
Encapsulation ofalt hydrates | 1 Enhanced mechanical resilience of | Coating formulation
by polymer the grains . .
. Composite materials
1 Understanding of heat and mass P
transfer
Chemical heat enhancement
University of Applied Sciences Upper| TCM Salt in porous matrix 1 Improving mechanical stability Saltmixtures (diff.
Austria Composites for loviemperature | §  Sorption capacity enhancement synthesis methods)
TES (40150°C) and composite (fiber)
development
ZAE Bayern PCM Mixtures of salt hydratessalts, | 1 Solidliquid phase diagrams: Solidliquid phase
PCM based on saltater systems and waterl & day S g £t Theorgtlcal predlcatlgn a.md dlagr.ams: Theoretical
(-70¢120 °C); systems with up t( experimental determination prediction and
three different salts and water | § Identification of eutectic mixtures experimental
{1 Tests of nucleating agents to determination

promote crystallization
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Institution

PCM/TCM

Short description of the

materials

Pathways

/ Project name

CIC energiGUNE PCM Inorganic Plastic Crystaffor TES| § Improving mechanical properties Composite materials
at high temperature 9 Thermal conductivity enhancement
PCMbasedsolid-state thermal (450c6503 ) 1 Multi-responsive features
batteries Organic Plastic Crystaler TES | 1 Supercooling mitigation External stimuli
at medium temperature 1 Enabling direct contact with
(40c2003 ) water/steam Protective coatings
1 Thermal conductivity enhancement
 Latent heat enhancement Composite materials
1 Multi-responsive features
lonic Plastic Crystalfor TES at | New molecules undergoing solidate Rational design and
low-to-medium temperature phase transitions with high latent heat | synthesis
(20¢1203 )
TU Wien/NIC Ljubljana/AEE INTEC | TCM Composite TCM based an Boosting the thermochemical heat Composite materials
Design of Smart HeatStock TCM ALO3 coygred by insitu A!PQ storage capacity
composites and add|t|9nallycoated with
hygroscopic salts
HSLU PCM Organic (esters) and inorganic | 1 Sudy of the polymorphic Usage of additives
(salt hydrates)PCM with low to transformations and ways to control
Optimization and development of PCN medium temperature them In-depth
(-15¢80°C) 1 Sudy on the optimization of characterisation
materials in terms of improved
stability (i.e. kinetics, segregation, | gevelopment of new
accelerated long term testing) methodologies
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Institution

/ Project name

PCM/TCM

Short description of the
materials

R&D objectives

S

Pathways

nergy
storag

based on salt hydrates

composites(Salt hydrate +
additive to improve cyclability);

Optimization of size/shape of

NIC Slovenia TCM Hierarchical Green synthesis
aluminophosphates Water adsorption capacity / storage '
Research programme for low improvement Recycling
abl y 2 LJ2 NR dza YI G S NJ E?énsperature (BOCQOOC) Tailoring hydrophilicity Low cost reactants
Shaping
Composites with salt hydrates _ _ Preparation paths,
aluminophosphates (8(120°C) Water adsorption capacity / storage| Green synthesis, Low
enhancement cost reactants
Mass and heat transfer enhanceme
Thermal conductivity enhancement
ZIFs Green synthesis
Ethanol adsorption capacity
(80¢100°C) enhancement
Tailoring structure
Porous matrices Design and
Tailoring structural properties monitoring of
(60¢100°C) )
Water and heat transfer synthesis parameters
enhancement
TNO /compact losdree heat batteries | TCM Salt hydrates and salt hydrate Increase of Energy storage density | Materials and

from material to system level
Optimized module and system kay
out for increased performance and
potential series production
Demonstration of systems in releva

composites testing,
smallscale (flexible)
module testing,
system integration
and optimization,

solid materials for optimal use-cases demonstration.
performance Spirout of technologies for future
market uptake
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Institution

/ Project name

PCM/TCM

Short description of the
materials

R&D objectives

S

Pathways

University of Ottawa(uOttawa) TCM Composite materials made out| Increasing the energy storage density Composite materials
Design of composite TCM Materials of salt hydrates + host material for commercialization
+ encapsulating material
UniMe TCM Inorganic salt hydratesn 1 Inhibiting deliquescenceelated Confinement in a
Development of hybrid and novel TCM macroporous foams ISSUes . . macroporous foam
1 Preventing agglomeration semipermeable to
phenomena water vapor
1 Correlation between energy storage
capability and macranicro-structure
of the composite
Organic salts 1 Identification of novel organic salts | Rational design and
f Characterization & Testing synthesis
Eindhoven University of Technology | TCM Salt hydratedor low 1 Understanding reaction kinetics Multiscale
(Applied Physics) temperature TES (3A00°C). | § Improving power output by doping | experimental
For the built environment. 1 Making stable mnsized composite | approach
particles for reactors (reinforced,
encapsulated)
1 Behavior of particle beds
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Institution

/ Project name

PCM/TCM

Short description of the
materials

R&D objectives

S

Pathways

BCES (University of Birmingham) PCM PCM compositeshy usingby- Improving cyclability and material Formulation

PCMbased composite products such as red mud or | compatibility. optimization.
fly-ash among others. From Scaleup.
medium to high temperature.

TCM TCM compositeat medium Special focus on formulation optimizatiol Manufacturing routes.
temperature by usingeramic | and novel manufacturing routes. Formulation
matrix and byproducts. optimization.

Scaleup.

PCM/TCM Combination ofSL and S5 PCM| Improving cyclability and material Composite materials.
as a TCM matrix at medium compatibility. Manufacturing routes.
temperature (salt hydrates). Formulation

optimization.
Scaleup.
University of Warwick/ Sorption heat | TCM Resorption of ammonia PoC heat pump and thermal transforme| ENG (Sigratherm)
pump systems (Mission Innovation) between salts: Gaz, MnCp, with power density > 1kW/litre matrix to promote
BaCi, NHCI, NaBr thermal conductivity.
TCM NaOH¢ HO absorption heat Link to a domestic heat pump for demar| Novel absorber and

University of Warwick/ HP-FITS

storage

side management

evaporator designs,
possible use of
additives/mixtures
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Institution

/ Project name

PCM/TCM

Short description of the
materials

R&D obijectives

S

Pathways

NRCan TCM 1 Naturatbased adsorbent 1 Identification of promising natural Composite materials
Lowcost highperformance thermal TCM. as host matrices for baseq host matrices for composite
energy storage materials medium temperature (up to materl'als .developrnent .
2503 ): 1 Investigating shaping techniques
0 Highpurity crystal (granulation/agglomeration)
zeolites 1 Investigating hydrothermal and
o Forest waste structural stability of the developed
residues materials
o Vermiculite 1 Thermal conductivity enhancement
Host matrices to be loaded with| T Structural and surface measurements
salt hydrates (e.g., MgEicaG, charac_terizatign '(BE_T surface area,
etc)) pore size & dl_strlbutlon, SEM)
Elemental analysis (XRD, XRF, and EDX|
Aalborg University/ Energy reduction | PCM PCM with a phase change 1 Identification of examined PCMlong | 1 Thermograms of
for cooling using PCM xpipe chilled temperature range: 1§203 term stability in pure form PCM in pure form
beam systems f Organic paraffins RT18, RT] 1 Identification and characterization of eutectic mixtures
9 Organic fatty acids Pure eutegtﬁc ”.“X“”es - fand encapsulated
Temp 18, Pure Temp 15, 1 Identification and characterlzatlon qf in electrogpun
f Salt hydrate SP15 PCM encapsulated in electrospun fib fiber ma_tnces.
1 Coconutall matrices S 1 Theo.re.tlcal
q Tamanu oi 1 Study of optimization of thermal prediction of PCM

properties for future use of PCM in
LHTES application

applicability in
LHTES application
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In Table4-1, the materials studied (PCM or TCNHe R&D objectivesand the pathways to reach the
objectives are reported for alparticipating institutions. This confirms the deep interest around
materialsoptimization forTES application#\s alreadyreported inFigure4-1, the materials studied
are bothorganicbasedand inorganichasedand the preferred modificatiorpath is given by the
development of different types of composites depending on the optimizatangeted (increase
energy density, improve thermophysical propertiespest integration into the TES system)

Consideringhe modificationpaths reportedin Figure4-3, the major focus to improve the energy
density and tailor the working temperature is towards the development of composite matégals
mixing active materialgFigure4-3 (a)). This means that all the materials in the composliase to
undergoa phase transition or a chemical reaction in the same range of temperatongributing to

the overall energy density. As two examples, the infiltration of salt hydrate porous structure (e.g.
zeolites, aluminophosphates) or the mixing of saalid andsolid-liquid based PCNFigured-3 (a)).

TMa 2LIGAYAT FGAZ2Y LI GK LINBaSyida Ylye OKIftSy3aSa
the material involved and, at the same time, the materials have to be compatible and do not interact
too strongly leading to possible deviat®negativelyinfluendng their stability/durability. Another

goal achieved by the development aff R  &#hpdsites isobtaining materials with improved
thermophysical propertie®d enhancehe heat and mass transpo(Eigure4-3 (b)). For example, this
includesa small addition of highly conductive materials, the infiltration into porous matrixes or the
encapsulation of the material into highly conductive fibresgeneral, the objective is to minimize the
amount of inert materials to impact the energy density of the compoagidess as possibl&lso in

this case, many aspects have to be considered to ensure the-gtmattong-term stabilitywithout a
significantdegradation of the materials performance.

Another important aspect is the production of composites for the efficient integration of the TES
material irto the system. The strategy in this case couldthking advantage othe composites
developed to improvenaterials propertieshat can be directly used into the systetrhis includes for
examples the shape stabdition or the encapsulatiortechniques This is a key aspect for the
development of the TES technologies since a TES material in direct contact with the heat transfer fluid
would contributeto the simplification of the systems (no heat exchanger needed) thus lowering the
cost.

Keeping in mind tis TES material improvirghilosophy the discussion during theeriod of theTask
touched different crucial poirst

The key discussion points were:

1 What isthe impact of materials improving on the TES system
1 How to definematerials improvingyuidelines depending on the application addresged

So far, these questions have not an answeut the discussion with the experts led to the definition
of possible wagto approachthem.

On one side, the first step was a crossing Ssk#téB,D, and E) brain stormingliscussiorto define
KPIs at component level linked to material properties. To this end the propp€hristophRathgeber
(ZABBayern) was discussed and then presented to all the expertexpertmeeting in Kassel
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(Septembe22). Tabled-2 reportsthe classification of CTES properties on material level and KPIs on
component level

Table4-2: Qassification of CTES properties on material level and KPIs on component level
CTES Direction of

characteristic Property on material level (PROP) KPIs on component level (KPI)

optimization

Melting enthalpy of PCM (per mass or

,:rr:;?unt ct)f d volume) Towards PROP
gy store Max. reaction enthalpy of TCM (per massor |+ Storage capacity (per mass or volume KPI always less than
er mass or i P ¢ pacty @ !
Eolume volume) PROF)
Cp

Energy uptake Thermal conductivity

+ Thermal conductivity normalized by ? + Power (normalized) during To be increased towards
and release . . ) s .
rate * Mass transfer charging/discharging application requirements

+ Kinetics?

+ Change of material properties with + Change of storage capacity or power with
Stability — number of charging/discharging cycles — number of charging/discharging cycles Towards “no change”

— (testing) time — (operation) time

+ Costs per mass or volume of CTES material |+ Costs per 1 kWh of capacity To be decreased towards
Costs e o .

+ Costs per specific enthalpy change + Costs per 1 kW of power application requirements

The discussion raised many concerns demonstrating how conipéeto approach thiproblemthat
and many other aspects should be taken into account. For example:

1 The mpact of encapsulation/shape stabilization on storage capaityportant

1 Materials developmentanstrongly impact the system cost (eliminate heat exchanger): Shape
stabilizationkencapsulatiorcompatibility with the HTF.

1 Add the concept of efficiencgt component and material level

Finally the key conceptto quantify how the materials improvement can impact the TES system is still
an open discussion between the experds a first attempt, it was decided to follow two different
approaches for TCM and PCM. In case of Tadpreparation ofa joint documented by Frederic
Kuznik [NSALyon)2 yTCEIY | G S NA | £ & whag/discissedd case $FVPEMs suggested by
Elena Palomo del Barrio (CIC en@tdNE), the approachto follow is buildRggoneplots[6] (example

in Figure4-5) for selected materialsand properties The correspondingarticle [6] states that
ogeometry, material properties and operating conditions all contribute to the energy and power trade
off of a phase change thermal storage device. This thermal storage Ragone framework enables aclear
comparison method between different thermal storage miadds and desigrés Tthis approactrould

be helpfulguidingthe materials scientistowards thedevelopmentof i K S danbitaridsk & ¢ A K
optimum properties adapted to the application requirements.
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Rate capability curves Ragone plots
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Figure4-5: Example of rate capability and Ragone plots for thermal energy storage

In particular, it was decided to prepare a map of materials including, for example, all the work done
concerning the use of carbon based materials to improve PCM properties. The key parameters
collected will be used in a numerical model (for a certainesystonfiguration) to build Ragone plots
(specific power versus specific energy). This could be a first step to define the state of the art related
to those specific materialsThis approach could be extended to other classes of materials an
properties ina second stageThe final goal is both to have a clear picture of the degree of development
reached up to now but also the definition of guidelines for materials improvements when considering
certain applications.

Unfortunately,for both casegTCM and PCMJlue to lack of time ahresourcesthis plannedwork
was not carried oueven if it remains of great interest.

4.3 Conclusions

The development abptimizedTESnaterialswill continue to bea key topic until the commercialization
of alargenumber of TES systems cowvgthe needs of a wide range of applications. Tim@rmation
collected in SubtasRdemonstrateshow complex the study dhesematerialsis, but also how proper
strategies of improvement allow to obtain materials with tuned properties for potentialsurse

applications.There are still many open questions especially concerningdfigition of guidelines for
materials optimizatiorand the impact on the TEystem

4.4 Key messages
The key messages of Subt&skre the following:

1 The development of performant TES materials is antaifdate research topic for the
implementation of efficient and low cost TES systems

91 The definition of guidelines for materials improvement are a key aspect to guide the materials
development strategies towards the system requirements

1 There is a growing effort to enhance TCM with strategies that differ significantly from those
traditionally employed for PCM.

ES TCPinal Report Task 40 62



|l

|l

4.5
[1]

[2]

[3]

[4]

[5]

[6]

storag(@

Despite several years of work on improving P& TCMnew strategies for designing and
developing PCMnd TCMwvith tailored properties continue to emerge.

It's essential to define targeted KPIs helping to identify where efforts for improvement need
to be intensified or where the impact of this improvement has minimal effect on the overall
system performance
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5 Subtask CState of Charge Determination
5.1 Background & Objective

Subtask @ocusedon the collection, classification, and dissemination of the most promising methods

to effectively determine the statef-charge (SoC) of PCGMdTCM CTESy/stems In particular, the
identification of suitable methods for determining SoC in either PCM or TCM CTES is a crucial
foundation for the digitization of energy storage systems.

Subtask C was executed in three steps: Inventory Survey, Collection of Experimental and Numerical
Proof of Concept, and Descriptions of Application Requirementss&bigmncaptures the collective
outputs from all three steps.

5.2 Subtask Contributors

The followingTable5-1lists the experts and their institutions who contributed to Subtask C.

Table5-1: Task experts witlstate-of-chargeexperience; investigated PCM and TCM; applied testing devices and
experimental conditions (sorted alphabetically by country).

County Institution Field Experts

Austria AEE INTEC TCM Wim van Helden, Franz
Hengel

Austria University of Applied Sciences Upper | PCM/TCM | Gayaneh Issayan,

Austria Bernhard Zettl

Austria TU Vienna TCM Peter Weinberger, Jakob
Smith

Canada Dalhousie University (LAMTE) PCM Dominic Groulx

Canada Neothermal Energy Storage Inc. PCM Louis Desgrosseilliers

Canada NRCan CanmetENERGiYawa TCM Reda Djebbar, Chris
McNevin, Thomas Manse

Denmark Technical University of Denmark (DTU) | PCM Gerald Englmair

Germany German Aerospace Center (DLR) PCM/TCM | Andrea Gutierrez, Maike
Johnson

Germany - PCM H. Mehling

Germany University of Bayreuth PCM Marco Griesbach, Andree
Koénig Hagen

Germany Fraunhofer ISE PCM Sebastian Gamisch

Germany ZAE Bayern PCM Christoph Rathgeber

Italy CNR TCM Andrea Frazzica

Italy University of Padova PCM Carolina MiraHernandez

Netherlands TNO TCM Ruud Cuypers;
Jochem Jongerius

Norway SINTEF Energy Research PCM Jorge Salgado Beceiro,
Olav Galteland

Slovenia NIC Slovenia TCM Alenka Ristic

Spain Universitat de Lleida (UDL) PCM Gabriel Zsembinszki,
Emiliano Borri

Spain University of the Basque Country PCM Gonzalo Diarce
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Switzerland Lucerne University of Applied Sciences| TCM Benjamin Fumey, Yannicl
and Arts Krabben

UK Birmingham Centre for Energy Storage | TCM Helena Navarro
(BCES)School of Chemical Engineering,
University of Birmingham

UK Swansea University TCM Jonathon Elvins

USA US DOE; US DOE labs (LBNL and ORN PCM/TCM | Sven Mumme, Sumanjet
Kaur, TimLaclair;
Youngsup Song

5.3 Definitions
The following definitions were applied in Subt&sk

1 Thermal Battery: A TES with instantaneous SoC determination
i State of charge determination utilizes measurement techniques of material bulk response
i State of charge is a component level property (analogy: electrical battery)

The SoCof energy storage systems (electrochemical, thermal, kinetic, gravitational) can be broadly
definedin Eq.&.1) as the quotient of either the residual (discharge) or accumulated (charge) energy
capacity Et)) to the maximum system energy storage capadiy,j, normally expressed as a percent
value:

Y¢ § —b (6.1)

Both Ht) andE..x are determined with respect to reference states that define the anticipated lower
and upper bounds of operating conditions that produce energy transfer.

With respectto CTES, these energy capacities are expressed primarily using system relative enthalpy,
k H, as the active PCM/TCM are either exclusively in the solid/liquid phases in closed systems with only
modest variations in internal pressure or constitute open systems energy balances around the
principal heat exchangers due to the conveyance of eitheidiepr vapor thermal storage species
across its boundaries (e.g., PCM slurry or TCM).

At a system level, the energy storage capacities of CTES are extensive properties that include both the
active PCM/TCM species and smaller contributions of sensible energy storage capacities from the
materials of construction that belong passively to treahexchange network between the CTES and

the external energy sink/source. However, to generalize methods of SoC determination suitable for
SAGKSNIt/a 2N ¢/a /¢9{z {doidlal / F20daAaSIR SEOf
contributions to theCTES from the active PCM or TCM species only. Quantifications of the passive
sensible storage capacities, while not difficult to model, require specific knowledge of a CTES'
construction and the relationship of these materials to the CTES' heat exchatgerk, which

therefore cannot be generalized.

The extensive nature of determining the PCM/TCM energy capacities also necessitates the ability to
either directly measure the active material's bulk (i.e., average) energy capacity or to approximate it
from an array of spatially discrete (i.e., local) me@@ments along the principal directions of both
thermal and concentration gradients in the CTES.

Two difficulties arise in both PCM and TCM CTES to quantify the residual/accumulated energy
capacities: 1) path dependence (e.g., heat exchange history, supercooling/nucleation history), and 2)
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bulk averaging of local independent variables. In contrast, a CTES' maximum system energy storage
capacity can be more easily quantified as an idealized representation of the CTES (i.e., uniform
temperature, pressure, concentrations) at its lower and uplpeit operating conditions.

5.3.2 Research classification

Members of Subtask C have collectively defined three distinct levels to the development of SoC
determination techniques for PCRhd TCMCTESHigure5-1).

Material laboratory:
Material response with
charging/ discharging can be
reproduced

Pilot testing:
Correlation of material

response to heat flux
> Calibration at test stand

Source: Technical
University of Denmark

| |
Source: SINTEF; https://mww.sintef.no/en/projects/2021/presav-prediktive-
styringsstrategier-til-aktiv-varmelagring-i-zeb-laboratoriet/

Reliable, instantaneous SoC

determination enables CTES in
flexible systems

Figure5-1. Schematic representation of thel@vel approach for the development of PGWd TCM SoC determination
techniques linked to material properties.

The first, innermost level, given the shorthand description of "Material Level", describes the
development of measurement sensors and techniques able to provide data relating to an intrinsic
material property of either the PCM/TCM or the external condiidmparting heat/mass to the
PCM/TCM that are useful to determine SoC. Developments characterized dystége belong
generally to TRL-3, meaning the exploration of the fundamental basis for the technique as well as
proof-of-concept using either lab eltaation or numerical simulation.

The second level, given the shorthand "Component Level", describes the development of the "Material
Level"measurement techniques either internal or externalto the PCM/TCM able to provide data that
is calibrated to either bulk or local SoC determinatiDevelopment characterized by this stage
generallybelongto TRL4-6, meaning that basic component integration has been demonstrated in
either a simulated or controlled environment.

The third and final level, given the shorthand "System Control", describes the integration of the
calibrated SoC determination techniques at the "Component Level" into a fully integrated CTES system
with electronic control (either local or remote) at or aethe desired final CTES configumatfor end

use deployment (TRE-9). Some activities at this level might involve the development of model
predictive control (MPC) or the generation of other forms of "digital twins" representing the dynamic
response othe PCM/TCM CTES.
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5.4 Inventory ofPromisingMaterial Properties andRelatedMeasurement
Techniques

Member participants of Subtask C were surveyed to provide suitable examples of SoC determination
techniques for PCM/TCM CTES. These could either be SoC techniques personally utilized by the
member participants, those of which they were familiar from theearch literature, or those for

which they could reasonably hypothesize a novel approach.

Table5-2: Overview of all 21 contributors to the inventory table

County Institution Field
Austria AEEINTEC TCM County Institution Field
Austria Unlvgrsnyoprphed Sciences Upper PCM/TCM Germany ZAE Bayern PCM
Austria
ltaly CNR TCM
Austria TU Vienna TCM
Netherlands TNO TCM
Canada Dalhousie University (LAMTE) PCM
Norway SINTEF Energy Research PCM
Canada Neothermal Energy Storage Inc. PCM
Slovenia NIC Slovenia TCM
Canada NRCan TCM
Spain Universitat de Lleida (UDL) PCM
Denmark Technical University of Denmark (DTU) PCM
Spain University of the Basque Country PCM
Germany German Aerospace Center (DLR) PCM/TCM
. Lucerne University of Applied
Germany H. Mehling PCM Switzerland Giefmrres and Ads TCM
Germany University of Bayreuth PCM UK Birmingham University TCM
Germany Fraunhofer ISE PCM UK Swansear University TCM
PCM (25 studies) TCM (17 studies)

tcm;hﬂlé.sis:;vessel
temperature

thermogravimetry

“Vapour_pressure

temperature

pressure

ultrasound

electrical_resistance

Mainly PCM bulk temperature
determination in labs for storage model
development— component level

Mainly investigations in the material labs

A few component level investigations
A couple of investigations in material labs

Figure5-2. Measurement techniques applied by Task experts (weighted)

Figure5-2 showsa summary of the main easurement techniques applied by Task expeiita the
most usedwveightedand highlighted in bigger fonts.

Regarding PCM20 technique submissions were collected from 11 participants. Amongst these
submissions, 11 described techniques utilizing temperature measurements of the PCM medium and
control volume boundary heat exchange, 1 exclusively utilizing temperature measureafdhés

PCM, 4 utilizing volumetric changes of the PCM, 3 utilizing acoustic properties of the PCM, and 1
utilizing the electrical conductivity of the PCM. In general, the temperature/control volume and
temperature-only approaches have been more broadlyizeid and achieved higher TRL than most of

the other techniques.

ES TCPinal Report Task 40 67



Regarding TCMsix main TCM SoC measurement techniques were submitted by eleven participants.
Most, if not all these methods were performed at the matef@lel and used either in a laboratory
experimental environment or at pilot scale and therefore will need further validation at the higher TRL.
A few methods were applied at component level. The two most promising methods that could achieve
rapidly higher RL included (i) enthalpy balance SoC determination technique during system operation.
This SoC deterination method was tested by five participanend (ii) TCM mass or adsorbate mass
balance SoC determination technique, which was reported by at least four particip@titer
interesting SoC determination methods being investigated a&mbrted by participants includéii)
temperature of the TCM bulk material and adsorbate vapor pressure of the TCM bulk material, (iv)
adsorbate volume change during operation, (v) electdmd (vi) spectroscopigroperties
measurement of the TCM unit bulk materials.

Several, specific search questions were applied. A list of measurement techniquebtaiagd, but
no examples/ detailed references are possible. The list was tailored/revised by Task experts.

List of measurement techniques

The application of measurement techniques in thermal energy storage (TES) systems using phase
change materials (PCM) can vary depending on the specific requirements and the scale of the system.
In practice, several of the mentioned measurement technigaesae applied in TES systems, buttheir
usage may depend on factors such as the intended application, budget constraints, and the need for
precision. Here's a breakdown of which techniques are commonly used in practice:

1. TemperaturemeasurementMonitoring temperature is a fundamental and widely used technique
in TES systems. It is a straightforward and -ed&ctive method to assess the state of charge.
Temperature sensors, such as thermocouples or resistance temperature detectors (RTDs), are
commonly employed in TES systems.

2. Thermalenergyflow measurementMeasuring the thermal energy flow is also a common practice
in TES systems. Heat flux sensors, calorimeters, and flow meters are frequently used to monitor
energy input and output during charging and discharging processes.

3. Differential Scanning Calorimetry (DSOSC is a precise laboratory technique and is not typically
used in reatime monitoring of TES systems in practical applications. It is more often used for
material characterization and research purposes.

4. UltrasonictechniguesUltrasonic sensors can be appliedin TES systems for measuring density or
compressibility changes in the PCM, but their usage may be less common compared to
temperature or thermal flow sensors.

5. Acousticemission: Acoustic emission techniques are less common in practical TES systems,
primarily because they require specialized equipment and are often used for research purposes
rather than realtime monitoring.

6. Electricalresistancemeasurement\While changes in electrical resistance can occur during phase
transitions in some PCM, this technique is not commonly employed in practical TES systems due
to the need for specialized equipment and potential safety concerns.

7. X-ray imaging: X-ray imaging techniques are not typically used for routine monitoring of TES
systems. They are more commonly used for research and visualization purposes.
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8. UV-Vis Spectroscopy and MRThese techniques are generally not used in practical TES systems
due to their complexity, cost, and limited applicability in reale monitoring.

In practice, temperature measurement and thermal energy flow measurement are the most employed
techniques for assessing the state of charge in TES systems using PCM. These methods provide
valuable information for controlling and optimizing the operationtbe system. The choice of
technique will depend on the specific requirements of the application and the available resources.

The choice of measurement methods in laiggale thermochemical heat storage (TCS) systems
depends on various factors, including the specific technology, application, and goals of the project.
Some methods may be more promising than others based on tl@fiolg considerations:

1. Temperaturemeasurement.Temperature measurement is a fundamental and widely applicable
technique in TCS systems. It provides essential data for monitoring the progress of reactions and
ensuring safe operation. Temperature sensors are commonly used in beslcddd and largecde
TCS systems.

2. Calorimetry:Calorimetry is highly promising, especially for understanding the heatflow associated
with chemical reactions. In largecale TCS systems, calorimetric techniques can provide valuable
information about energy storage and release, aiding in system ojatiioiz

3. PressuraneasurementPressure measurement is particularly relevant for-ghase reactions in
large-scale TCS systems. It can help ensure safety and provide insights into the state of the storage
material.

4. X-rayimaging (XRD and-ky CT)X-ray techniques offer nofinvasive visualization of chemical
species and structural changes within the storage material. They can be valuable for quality
control, fault detection, and process optimization in largeale TCS systems.

5. Chemicalomposition analysis gpectroscopy)Spectroscopic methods, such as FTIR or Raman
spectroscopy, are powerful for monitoring chemical composition changes. They can be promising
in cases where detailed chemical analysis is critical for understanding reactions.

6. Gravimetry:Gravimetric measurements can be usefulwhen mass changes are significantin large
scale TCS systems, such as in reactions involving-gsalidinteractions or material
loading/unloading.

7. Electricalconductivity: Electrical conductivity measurements may be promising in certain TCS
systems where electrical properties change significantly during reactions, allowing famvasive
SoC assessment.

8. Optical maging:Optical microscopy and imaging can provide valuable visual insights into material
behaviour and structural changes within largeale TCS systems, aiding in quality control and
system monitoring.

9. Chemical snsors:Chemical sensors can be tailored to specific chemical species or properties,
making them promimg for realtime monitoring of critical parameters in larggcale TCS
processes.

10. Heatflow measurement:Heat flux sensors and calorimeters are promising for leagage TCS
systems to quantify heat flow and optimize energy storage and release.
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wS 3l NRAY I (KS HRIBRCS KFES yite @oinpoyientofflatent heat of phase transition
(khyns) is normally responsible for most of the useful energy capacity in the CTES, while the
contributions from sensible energy can sometimes be neglected if the CTES is operatediggand

a limited temperature range. Eg6.@) describes the relative, specific enthaljgyn) of an idealized,
either pure or eutecticKh,x = 0), solid/liquid PCM while E6.8) describes the relative, specific
enthalpy of & idealized binary mixture PCMH,x = 0) operating within the liquidus dome adjacent

to the component undergoing phase transition (degures-20; e.g., salt hydrate with excess water):

YOWY R T YQ . 6FQY p 1. 6FQTY (6.2)

T, Ter, K, G sandG,, refer to the PCM temperature, reference temperature usedfor relative enthalpies
(i.e., temperature at whick €sA & SELINBAASROI f KKdAM®R LIKRAS2FNROI
PCM phase specific heat capacities (mixture average properties for eutectics), respectively, and,
YQWY B R T — p YQ v . O0mQY p T . OmmQ7Y

P — . OmQY (6.3)

h

Wo, Wa, @and subscripté and Befer to the componenAmixture-average mass fraction, mass fraction
composition of pure specie®s(0 <w, . < 1 for coordination compounde.g., salt hydrates, where A
represents the anhydrous satf or wa. = 1 for single component pure PCM species A), the phase

transition species and passive, singlease species, respectively. Such a system as is represented by
Eqg. 6.3) has been described in the literature as a "heat of dissolution” PCM sy&tem

AtT =T in EQ. 6.2), there is only one remaining degree of freeddhich is independent dF,
but dependent only on the PCM's heat transfer history (path dependent).

In EqQ. 6.3), wo andw, . are fixed, known value& andT = T, vary throughout the phase transition
process. Utilizing the binary, equilibrium phase diagram for species A and B (see example in
Figures-20), the Lever rule (Eq64)) can be used to expreksasdw(T..)), meaning thaf,is the
only remaining independent variable describkigof the PCM in Eq6(3):
T —— (6.4)

h
Therefore, as it is the only transient variable multiplyily..s in both Egs. §2) and 6.3), K is
effectively the dominant variable in determining SoC in PCM CTES and that temperature
measurements in the case of P@lhose energy balances are described by B®) (provide only
limited ability to discern the PCM's SoC in actual practice.

With respect to TCM, one common class of equilibrium chemical reactions can be generalized as:
030 €0 P Ooa €0 (6.5)
Jecies A and B form coordination compounds (e.g., hydrates ar@mates). The contributions of
latent heat in these cases come from the combination of the heat of reagkibg,) and the heat of

evaporation or sublimatioik h,,, or k hs,) Of species B, thus increasing its magnitude in comparison
to the latent heat of transition for PCM. For simplicity, however, the hea¢attion & h,,) will be
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used to express the sum of both quantities, equal to the enthalpy change between the products and
reactants in their indicated states of matter in EG.5).

Therefore, in the case of TGhkhe relative specific enthalpy can therefore be approximated from the
reaction yield of species B)(

yQ —YQ (6.6)
and

Yy
— (6.7)

2 KSNBS KAy RAOF(1S&a (KS OKIy3IS Ay SAUGKSNI OB)OSY i NI
indicates the maximum possible change in either the concentration or partial pressure of species B,

given the constraints of the limiting reactant in the TCM CTES, assuming chemical activity coefficients
equal to 1 (ideal mixture assumption). Whilean also be determined using the coordinated species

in Eq. 6.5), it is often more practical to determine the concentration of species B from measurements

of partial pressure (e.g., electrical capacitance).

For TCM CTESIs therefore the dominant variable in determining SoC.

5.5 Selected@oof of Concepts

A survey was conducted, aiming to summarize the state of knowledge on measurement techniques of
material bulk response (first leveMaterial) as well as correlation of material bulk response with
external measurements (second lev&omponent).

For PCM, the differentiation of material and component level is sufficient to group the information.
For TCM, a more detailed approach for closed and open systems with fixed bed or transported storage
material wasdiscussedln the following sections, a summary of selected examples in order by
measurement technique 1. Material level example€2. Component level examplere reported

The following sections identify the fundamental bases for SoC determination techniques practiced in
the lab or by PCM TES developers that are reported in the literature, and those indicating promise for
exploitation. Their advantages and limitations areocatliscussed.

The techniques discussed were largely focused on the correlation of a state property to the PCM phase
fraction that is contrasted between the solid and liquid phases, as well as techniques derived on the
basis of calorimetry to determine the system's aceauated energy.

Detailed discussions of exclusively-ladsed SoC determination techniques of limited commercial
applicability were not included in this report (e.g., viscosity, dielectric strength).

Amongst the state variables examined in the literature for PCM SoC determination, one research team
was found to have evaluated the ability to discern phase fraction based on acoustic wave attenuation
through a labscale TES enclosure with internal tubé beat exchangdg], asseen inFigure5-3. The
proposed technique was motived by simplicity of SoC measurement configuration and use of
inexpensive transducers and sensors.
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Figure5-3. Undisclosed organic PCM (assumed paraffin) lab scale TES used to evaluate acoustic wave attenuation for SoC
determination[2].

The researchers hypothesized that acoustic wave transmission through a PCM TES would predictably
vary in amplitude (i.e., attenuation) at a receiver positioned on the opposite side of the PCM TES from
the acoustic source in response to the PCM phase tnactiowever, wave attenuation implies wave
scattering/absorption, for which there are several fundamental processes and underlying
causes/independent variables that risk obfuscating SoC determination, therefore making it an
unreliable technique to determmSoC in a PCM TES. For example, wave scattering is a function of the
signal wavelength and the population of particle si@svhich for PCM TES is path dependent on the
heating/cooling history of the PCM, and therefore an unreliable basis to determine a system state
variable such as the phase fraction. Wave scattering is an interfacial phenomenon rather than a bulk
behaviour, anl is therefore fundamentally unsuitable for PCM SoC determination, for which both
phase fraction and patrticle size distribution vary independently throughout PCM TES operation,
coinciding predictably only at full PCM charge (complete fusion), thereforblena provide any
reliable intermediate measurement of SoC. Wave scattering (e.g., using visible or infrared light) is
employed in other measurements of relative material content (concentration, turbidity), but normally

in very fine particle suspensionsécolloidal mixtures wherein particle size distributions can be more
easily characterized within a nominal size range.

As seen in the results obtained by the researcherEigure5-4, thereis insufficient correlation
between acoustic wave amplitude and PCM TES bulk SoC, producing even an inverse response for
wave periods > 2.6 ms (< 380 Hz). There is little eviderigune5-4 of a regime of gradual response

in measured signal to phase fraction.

4,50
4,00
3,50
3,00 |
2,50
2,00
1,50
1,00
0,50 |
0,00
-0,50
-1,00
2,00 2,20 2,40 2,60 2,80 3,00 3,20 3,40 3,60 3,80 4,00
time in ms
—1,930h (pcm solid) —2,498h ——2,662h 2,745h
2,831h 2,923h ——3,028h ——3,089h
—3,168h —3,249h —3,499 h (pcm liquid)
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Figure5-4. Transient response of acoustic wave attenuation, varying by source signal wave period indicatg@]in ms
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While the ambition of acoustic wave attenuation for PCM SoC determination were well intentioned,
the underlying principles leave too much uncertainty and path dependence to resultin a reliable and
predictable technique for SoC determination to warrant asgread implementation into PCM TES.

In contrast to acoustic wave attenuation mentioned above, the hypothesis that acoustic wave
transmission timeof-flight can be correlated reliably to PCM TES bulk phase fraction is supported by
fundamental physics and material science. While this has Ipeeposed only in the literature as a
passing thought, neither a detailed treatise nor demonstration of the piafafoncept has yet been
reported in the literature. A first attempt to do so is presented here in the hope to motivate PCM
researchers/develops to undertake a proebf-concept evaluation and to report it in the literature.

At its most simple, acoustic timef-flight can be simplified as a 1D, direct liné sight kinematic model
asillustrated inFigure5-5, in whichthere are fixed and variable material domains (vessel walls, HX,
PCM liquid and PCM solid), each with their own characteristic tiofidbght and lengths, denoted t

and L. In reality, however, the situation is more complex and it will be a question pyiragsignal
disambiguation in order to obtain the signal corresponding to the proposed simple model. The
anticipated competing signals are those caused by both distinct and hybrid parallel paths with varying
physical path lengths and phase fractions GiMPto those of the target direct linef-sight as well as
signal noise from internal wave reflection and signal amplitude attenuation due to both
absorption/scattering. As measurements can be obtained in either of two modes (through or
reflective), they eah represent possible strategies of decreasing signal noise and disambiguating the
desired signal path to those alternative paths mentioned here. The selection of signal frequency
represents afurther strategy to promote increased signal response frorddlged lineof-sight path

of acoustic transmission by subduing the effects of absorption/scattering as was shéigue5-4.
Furthermore, as timeof-flight is expected to be measured most reliably using intermittent emission
pulses so that the delay between the source and the receiver can be more accurately determined,
parametric variation in the durations of the on and offlges represent an additional tool to improve

the signalto-noise relationship of this method.

Vessel (fixed) PCM (variable)

A 1
| | |
twan, Lwva thix, Liax  tig, Lig  tsor, Lsol

\Vessel Internal PQM PCM
Walls HX Liquid Solid

Figure5-5. Simplified 1D kinematic model of PCM TES tofiflight for SoC determination.

Egs. 6.8) to (6.11) outline the simplified kinematic equations from which thelumetric phase
fraction, K,,, would be ascertained, in which denotes the intrinsic speed of sound within each
domain. Note that the spatial distribution of the PCM phases has no influence on the overall time of
flight, meaning that it is inherently a bulk material response and is therefore represented only by the
total relative quantities of each phase, representedgyand Ls,.

o o o (6.8)

ES TCPinal Report Task 40 73



storag(a

0 O oM M (6.9)
T —nd 0 0 (6.10)
! —0 ao @ (6.11)

Examining Eq6(11), it can be seen that this technique has the potential advantage of a linear response
of K,., and hence SoWiith respect to the measuretg,, as all other quantities represent fixed physical
parameters and intrinsic material properties. In fact, through suitable calibrati@ssuming that
sufficient signal strength, low noise, and signal disambiguation are achievable and provided that
| Vsoi- Vig] >>0 ¢ it would be possible simply to infer the linear equation parameters ohfé#ndb in
Eq.(6.11) rather than needing to obtain these through rigorous measurements of both material
properties and physical design of the PCM TES.

Figure5-6 represents evidence that has been found in the literature to support the assumption that a
sufficiently large contrast between characteristics speeds of sound in each the liquid and solid PCM
phasesis possible in some PGMparticular organic PCNUsing the compressed liquid figures-6
as a simple analogue for the density difference that would be observeddaest liquid and solid phase
PCM, a % difference in M density (typical of many PCM) can correspond to% 2#ference in
their characteristic speeds of sound.
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Figure5-6. Speed of sound for compressed liquid ethyl myristate (fatty acid ester) at 293.15 K.
Data from[4].

Conventional digital photography has been used in PCM lab evaluations to obtain detailed spatial
distribution of the solid and liquid phases and tracking the shape and evolution of thelhase
interface (aka, phase front). Doing so requires a digitalezarpositioned from the PCM vessel within

its focal range and that the PCM vessel have at least one solid wall composed of transparent material
with easily removable thermal insulation. As is illustrate &igure5-7, this is normally performed to

track the phase transition process along a vertically oriented surface that is normal to the direction of
heat transfer, and therefore is best suited for both simple vessel and HX geometries. Using this
technique for deternmation of SoC relies on assuming heat transfer symmetry along the depth axis so
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that a planar 2D sample can be used uniformly to represent the phase distribution within a 3D TES
vessel. This technique, while very simple and spatially accurate for lab evaluations is fundamentaly
impractical for field operation of PCM TES and for Set€rthination to be used to trigger a desired

control system response. It also lacks data relating to the sensible energy contentin each phase of the

PCM.

a) 10 min

w

b) 90 min

c) 1

] T s

70 min

Figure5-7. Tracking dynamic changes in the phase distribution of lauric acid (dodecanoic acid) in a rectangular enclosure
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Optical determinations of SoC in PCEh also be accomplished using more compact equipment, such

as a light source and illuminance sensor placed at opposite sides of a PCM enclosure to measure light

transmission6]. This technique, as well as the photographic technique described above, rely on a
sharp contrast between either the colour or transmittance of the two PCM phases. Normally, the liquid
phase will present as transparent while the solid phase presents aguepéor crystalline solids

especially).
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Figure5-8. Visible light transmission measured through a sample of BEB undergoing solidification from the melt.
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Figure5-8 illustrates the observed step change in PCM transmittance in a solidifying sample of
PEGL000. While this technique has been shown to provide a strong, possibly linear response of light
transmittance to PCM phase fractiok, it suffers significantly from many barriers to practical
deployment. These include issues with progressive fouling of vessel surfaces, the requirement for at
least transparent sight glass openings in the vessel wallspfisight between the source arsnsor

that is unobstructed by internal vesselfeatures (e.g., HX surfaces, temperature probes), limited depth
of PCM to allow sufficient light transmission, local SoC determination only, etc. Just as with the
photographic method, this method also lacksethbility to determine the sensible heat contents of

the individual phases.

For common PCM composed either of ionic compounds or polar organic compounds, it is expected

that a step change in ohmic resistance should be observed between the solid and liquid phases due to

their differences in charge mobility under the effect of extalrelectric fields. For nepolar organic
compounds, it is expected that a step change in capacitance should be observed. Such as with the
optical techniques, ohmic/capacitive techniques are unable to ascertain the sensible heat contents of

the liquid andsolid phases but are intended to directly monitor the evolution of the local phase
FNIOGARZYST KZI 6AGK NBRAZOSR YSI AdNNBYSyld KealiSNBaj
'y AYRAOGARdzEE t/aQda YIFIGSNAFIE NBaLkyasS (2 StSOd
suitability for either ohmic or capacitive SoC determinations as well as under what conditions to obtain

the largest contrast between phases. Forinstadgure5-9A £ £ dza G NI 6§ S& K2 g | LI NI -
response compareto that of a salt hydrate PCM. In the case of the paraffin, it was found to exhibit

high ohmic resistance in both phases with very little contrast, whereas the ionic conductivity in the

liquid phase of the salt hydrate increased the bulk conductivitydaydrders of magnitudg7]. On the

other hand, the capacitance of the paraffin, while still not exhibiting sugh phase change contrast

(120 diff. for RT 54H{7]), can be at least configured practicably to generate a sufficiently strong

sensor signal as opposed to what could be observed for electrical conductivity.
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Figure5-9. (left) Solid and liquid phase electrical conductivity measurements of Rubitherm RT 54HC paraffin mixture PCM
(54 °C nominal melting temperature); (right) Solid and liquid phase electrical conductivity measurements of stoichiometric
sodium acetate trihydrate (N&Hs0.-3Hz20) salt hydrate PCM (58 °C peritectic transition temperature). Sofite:

For practical implementation with PCM TES systems, capacitance measurements of organic PCM might
prove useful in closely monitorin for SoC determination in thinly encapsulated PCM as the
measurement cellis highly sensitive to distance separating the parallel plate electrodes. For PCM such
as salt hydrates that exhibit good electrical conductivity in the liquid phase but poor cavithuit

the solid phase, measurement cells for conductance/resistance are not so sensitive to electrode
spacing. Also, iis presently unclear how this method would respond to the presence of metallic

ES TCPinal Report Task 40 76



storag(a

structures in the PCM enclosure, e.g., heat exchangers, vessel walls, sheathed temperature probes.
One possibility for ease of implementation of ohmic SoC determination would be to calibrate a
commonly available electrical conductivity flow meter for So€asurement of salt hydrate phase
change slurries or wateice slurries with electrolytes dissolved in the liquid phase.

While optical, acoustic, and ohmic SoC techniques might prove difficult to implement calibrated in
static PCM at the component level, they can be more easily integrated into flow cell apparatuses for
PCM slurries. PCM slurries, at least anywhere a floeastris present, must keep solidification
fractions sufficiently low (e.g., < $9mass) so as to remain fluidized for proper conveyance. As such,
it is relatively simple to conceigSoC measurement flow cell using either acoustic or electromagnetic
wave tchniques as it can be made compact and not be affected by heat exchanger and other
equipment.

In fact, commercial equipment for each method can be readily purchased, although unlikely-factory
calibrated to a particular PCM for SoC determination. Examples-tiief§helf sensors are ultrasonic

flow sensors (acoustic SoC could be calibrated to kér acoustic density or timef-flight),
electromagnetic flow sensors (ohngioften used to measure aqueous solution concentration in flow)
and turbidity sensors (opticglalso already employed to measure concentration of suspended solids).
Flow cell desometry, however, would prove challenging as typical equipment used for flow
measurements of density do not operate well in the presence of suspended solids (e.g., Coriolis flow
meters or rotameter (velocity head) coupled with a flow velocity sensor).

Container 1 Turbidity EIH Static mixer
sensor
XX ®
EFM Pump
—@® @
Container 2

Figure5-10. Flow diagram of the SetDrbidity calibration test bench for &K PQ-6H.O pumped slurry by Schmit et al.
(Schmit, et al., 2018). A prepared slurry was loaded into container 1 then transferred to container 2 via the turbidity senso
and temperature sensor T1, electrically heated (EIH) to full melting and slight superheatiegliguid phase, with
volumetric flow rate (EFM) measured at temperature T2, with a final fully mixed flow measurement at T3. The solid fraction
was determined via flow calorimetnebween T3 and T1 at the flowrate measured and known fluid demsity & $odrae @
Schmit et al[9].

Schmit et al[8]-[9] have successfully demonstrated lab calibration of a conventional turbidity sensor
to a slurry of KHPQ-6H,0 prepared from its stoichiometric liquid solutidrigure5-10). For calibration
(Figures-11), the transmission technique turbidity sensor's factory calibrated reference fluid output
of concentration unit CUJ was correlated to the solid fraction in the stream (reducing with time due

to ambient heat gainTins I M1 ®o ,HPQ-6HD@)SJ. THe solid fraction in the stream was
determined dynamically using floWwased calorimetry for knowkHs, G, of the liquid phase, and

liqguid phase density and volumetric flowrate measured via electromagnetic flow sensor. As seen in
Figure5-11, correlation of CUto %mass ¥1PQ-6HO(s) was overall linear and a good match, but

4 Note that turbidity sensors are designed as either sensitive to very dilute suspensions (scattering technique)
or for more concentrated suspensions (transmission technique) and should be selected accordingly for the
anticipated concentration and size ofspended solids.
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difficulties were encountered when it was ascertained that thERQ-3H,O(s) species was presentin
the feed, which presumably altered the optical response due to both its different optical properties
and crystal size (KPQ-6HO(s) brms uniformly small crystals,1¢snm diameter, due to slow crystal
growth rate). While CU was suspected to be exepresented when ¥HPQ-3H,O(s) crystals were
present, it would also underestimate the feed solid fraction gdRQ-3H,O(s) has a more elevated

Tins 0 9 0 18]) and would therefore not dissolve completely in the calibration test bench by Schmit
etal.[9].
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Figure5-11. Linear calibration plot of solid fraction ofHPQ-6HO to transmission technique turbidity measurement of
concentration units (CU) factory calibrated to a reference fluid. Noted outliers were identified as suspected contamination
by KHPQ-3HO(s) in the slurry. Sourcf].

The control volume technique constitutes the method whereby most other SoC determination
techniques are evaluated and calibrated (ddgure5-12) and is fundamentally useful in black box
evaluations of PCM TES. It is a fundamentally simple and robust technique from which the cumulative
heat content of system can be measured using E42) and requires a fixed number of sensors for
TES of any volume: 1x mass flow rate measurement of the HTF, 1x temperature difference
measurement ofthe HTF inlet and outlet, 1x measurement of the PCM internal temperature in relation

to external heat loss ah1lx ambient temperature measurement or a surface heat flux measurement
in their stead.
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Figure5-12. Experimental PCM enclosure instrumented for the comparison of control volume SoC determination (labelled
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However, this technique does not rely on stdiased determinations of phase fraction distribution or
heat content of the PCM within a TES, but relies instead on a numerically integrated, pseatjo
state series of heat transfer measurements and heaslanodelling, therefore accumulating
uncertainty both with the number and duration of time intervals used for data sampling. In practical
terms, this necessitates reachinga predefined, uniformstadk at which SoC is known with certainty
from statebasd determinations (e.g., complete charge/discharge) and tanitiate numerical
integration of transient SoC determination only when departing once again from this uniform and
certain state in order to zero the baseline transient uncertainty of the Sa€rishination.

As this technique is most usefulto calibrate other sthtessed SoC techniques that are not subject to
cumulative uncertainties, it is advisable to use only high accuracy temperature probes (e.g., platinum
resistance temperature probes or special limit threocouples), high accuracy thermopiles to measure
HTF inlet and outlet temperature differences, and high accuracy flow meters that can readily
determine mass flow rate independently of the HTF temperature. The latter is most important for the
determination2 ¥ {2/ Ay &Yl fftSNE 106 &aoOFtS Tafeabsdnved & KS N
These are likely less important to cumulative uncertainties in larger PCM TES (MWh and MW scale)
whereby the HTF conditions are more easily measured with greater certainty. However, which larger
volumes of HTF in the TES HX when workinghaitie PCM TES, care must also be taken to account
for the portion of sensible thermal energy accumulated within the HTF in the PCM TES control volume
boundarieq10].

Separately from the trappings of determining the HTF contributions to &2)( the heat loss
characteristics of the TES vessel must also be well characterized in the Vvidi§g @ind the basis at
whichk ., is determined. This is normally done by evaluating the internal temperature and sensible
only heat content of the PCM in the vessel under stlatgs conditions only (zero HTF flow).
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This technique is fundamentally the simplestin its conception but can be the most costly to implement
in larger TES vessels and to obtain SoC determinations with greater resolution in both space and time
due to the large number of temperature sensors réqd. It can be regarded as a rdid
implementation of the Stefan transient PCM problem, in which the phase fraction is determined from
the relative amount of the domain occupied by either superheated liquid (in heating mode) or
supercooled solid (in aling mode).
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Figure5-13. Temperature profiles at different positions inside a PCM container during melting phase. Source:
(Zsembinszk2020).

As with the Stefan problem, identifying the position of the phase boundary is the key to determining
the phase distribution. To accomplish this, a spatially discretized grid of the TES vesselis devised, and
temperature probes are inserted in each of thediscretization nodes. This can be reduced to 1D or

2D discretization rather than a full 3D and can take advantagexi symmetry for the PCM's
transient temperature profile depending on the particulars of the geometry of the PCM domain inside
the TESessel and dominant heat exchange processes (conduction only or with convection).

CKS o0lara F2NI {2/ RSOGSN¥YAYylLGA2Y OFly 06S GKSNBF2N
Eq. 6.13). Other approaches may be similarly formulated for improved correlation S08G»cvand
SoGpcvin Figure5-12, of whichSoG pcvexhibited the most favourable response at low SoC.

a

pmTmb
! (6.13)

a

p = pmmp

Figure5-13 illustrates how individual temperature probes correlate poorly to SoC determined by the
control volume method, whereas spatially integrated temperature fields, such as in6B§), (
drastically improve correlation, as seen kigures-12 However, as noted ifFigures-14, such
calibrations of average TES temperature can exhibit both hysteresis and shifts due to either charging,
discharging, partial charge/discharge, and HTF conditions. Therefore, this technique benefits from
thorough calibration of all anticipated operatj conditions.
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This method can work reliably during both complete and partial charge/discharge operations as the
technique can always distinguish between phases either by their superheating or supercooling in
reference to a phase front that is defined as a temperatuadggnt discontinuity within the PCM
domain. In practical terms, this would mean that the phase front is situated somewhere between
adjacent nodes wher& = T,,s on one side and eitheF< T,s or T> T,s On the other side.

Figure5-14. Example of PCM TES temperature field mapping of SoC, calibrated to fixed HTF inlet temperature/ flow rate.
Source{11].

As can be seenin E§.13), uncertainty in determininlfis affected equally by the temperature probe
uncertainty to determine thaf'r' T,,s and the spatial discretization of the PCM domain as the phase
front constitutes a 3D surface rather than a volume. Therefore, finer discretizations more closely
approximates the phase front and can better track its movements in time, whereas coarser
discetizations resultin sluggish transient response of determit{iagwell as underestimation of the
superheated/supercooled fractions as a larger portion of the domain is deemed ambiguously at the
phase transition equilibrium condition. However, a promgsgompromise between coarse and fine
spatial grids of temperature probes is to calibrate a transient energy model of the particular TES to
only a few strategically placed probes and use this in real time to augment the spatial resolution using
interpolation (Figure5-15) [12]. This latter technique can be described as a reduction of parameters
approach to temperature field mapping SoC.

Figure5-15. Example of calibrated PCM TES energy model interpolations of a local temperaturg(fiefd(a) and
corresponding local phase fraction fieldr, X) (b) at some transient operating state of the TESndVvat * denote
collocation points of temperature probes. Sourf&2].
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