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 MAIN RESULTS IN A NUTSHELL 

Thermal energy storage (TES) is subdivided into sensible, latent, and thermochemical heat & cold 
storage. In Task 40, compact thermal energy storage (CTES) materials and components for latent heat 
& cold storage (phase change materials, PCM) and for thermochemical heat & cold storage (TCM) were 
in focus. A variety of different material classes is investigated and applied to be used as PCM and TCM 
in TES systems. New materials, material mixtures, and composites are worked on by a growing 
community of scientists. 

TES components like heat (and mass) exchangers are used to charge and discharge TES units meeting 
application requirements. Due to the variety of different TES materials, different component concepts 
are being developed and tested. To enable a performance assessment of components, testing 
protocols need to pay attention to the material-component interaction. 

Task 40 aimed to push forward CTES technology development to accelerate the market introduction 
through the international collaboration of experts from materials research, components development 
and system integration, as well as industry and research organisations.  

The overall objectives were  

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 CTES system, and 

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

Task 40 was divided into five Subtasks. In Subtask A, Material Characterization and Database, 
standardized measurement procedures for CTES materials were developed and validated, and a 
materials & knowledge database was revised and maintained. In Subtask B, CTES Material 
Improvement, proper strategies that allow for tuning CTES materialsΩ ǇǊƻǇŜǊǘƛŜǎ to improve their 
performance in components and systems were identified and analysed. In Subtask C, State of Charge 
Determination, techniques with which the state of charge of a CTES system can be determined in a 
reliable and cost-efficient way were collected and discussed. The objective of Subtask D, Stability of 
PCM and TCM, was to support R&D on PCM and TCM stability by understanding and classifying the 
underlying degradation mechanisms. The topic of Subtask E, Effective Component Performance with 
Innovative Materials, was the (evaluation of) material-component interaction for improved system 
performance. 

Task 40, as it was with its predecessors, is built upon a strong collaboration within the international 
CTES R&D community. The following outcomes were achieved in the five Subtasks. 

¶ Task 40 experts achieved substantial progress in working on standardized measurement 
methods leading to improved TES material characterization skills of the participating 
researchers and labs. To 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 were performed. The requirements of a revised CTES material database 
were defined, evaluated, and summarized in a software requirement specification (SRS) 
document.  

¶ The information collected regarding CTES material improvement demonstrates how complex 
the study of these materials is, but also how proper strategies ς like material mixtures and 
composites ς allow to obtain materials with tuned properties for potential use in CTES 
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applications. Open questions cover the definition of guidelines for materials optimization and 
the quantification of the impact on the TES system.  

¶ A total of twenty-six methods and proofs of concept to effectively determine the state of 
charge of PCM or TCM systems were collected and classified. Four prototype systems, where 
a direct interaction of material bulk response with the control system is in place, are presented 
and discussed.  

¶ 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 class. Eleven different examples of CTES 
materials degradation mapping were elaborated. CTES material stability tests under 
application conditions can only be carried out reasonably if there is an understanding of the 
dependencies between degradation factors, degradation mechanisms, and effects on the CTES 
material and system.  

¶ 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 boundary conditions during 
the experiment. Three methods were developed by the Task participants to minimize these 
influences and enable a comparable analysis. For TCM component evaluation, a standardized 
absorption curve-based performance mapping and a standardized temperature-based test 
procedure for the sorption heat storage in space heating application were developed. 

To disseminate the Task work, Task experts published a technology position paper1 providing 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 high-level information as a basis for uptake 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 is considered as a crucial part of the development and realization of CTES 

applications. 

  

 

1 {I/ ¢ŜŎƘƴƻƭƻƎȅ tƻǎƛǘƛƻƴ tŀǇŜǊ ά/ƻƳǇŀŎǘ ¢ƘŜǊƳŀƭ 9ƴŜǊƎȅ {ǘƻǊŀƎŜέΣ WǳƴŜ нлноΣ available through SHC Task 67 
website.  

https://task67.iea-shc.org/Data/Sites/1/publications/IEA_SHC_Technology_Position_Paper_Compact_Thermal_Energy_Storage_June2023.pdf
https://task67.iea-shc.org/Data/Sites/1/publications/IEA_SHC_Technology_Position_Paper_Compact_Thermal_Energy_Storage_June2023.pdf
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 KEY MESSAGES  

General 

¶ Collaboration between material and application experts leads to an improved understanding 
of material and component design strategies and supports the development of CTES systems. 

¶ Standards to measure material properties and to evaluate components are a prerequisite for 
constructive discussions among experts and for advancing CTES technologies. 

CTES material characterization 

¶ Developed experimental characterization methods (thermal conductivity/diffusivity, specific 
heat capacity of powdery materials, enthalpy change due to sorption or chemical reaction, 
density, and viscosity) are the basis for TES material evaluation and comparison. 

¶ Applying a defined uncertainty evaluation according to standards (e.g. ISO/IEC Guide 98-
3:2008) is important to develop measurement standards through round robin tests. 

CTES material improvement 

¶ A number of innovative and improved CTES materials, e.g. based on material mixtures and 
composites, were developed and continuously are being developed by the R&D community.  

¶ The definition of guidelines for materials improvement and related KPIs for material 
performance assessment are a key aspect to guide material development strategies towards 
system requirements. 

State of charge determination 

¶ In flexible heating and cooling systems, thermal batteries are needed: TES systems with 
instantaneous State of Charge (SoC) determination.  

¶ State of charge is a component property (not material) - analogy: electrical battery. 
¶ Reliable SoC determination, based on material bulk response measurements, enables the 

integration of CTES systems into (digitalized) energy systems. 

CTES material stability 

¶ Understanding CTES stability on material level is essential to assess the (long-term) 
performance of CTES materials in components and storage systems. 

¶ The developed degradation mapping offers an easy-to-use visualization of CTES material 
stability, thereby supporting the process of CTES material selection under application 
conditions. 

CTES material-component interaction 

¶ The reachable charging/discharging power is strongly influenced by the component (heat 
exchanger, reactor) design, where the interaction of the CTES material with the component is 
crucial. 

¶ Uniform test schemes for component evaluation are being established to compare CTES 
system performance.  
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 EXECUTIVE SUMMARY  

1 Short Description of Task 40  

1.1 Objectives and Scope 

Task 40 dealt with an application-oriented 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. The main components for 
CTES technologies are heat exchangers and reactors. 

The objectives were 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 determine the 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. 

 

Figure 1-1: 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: Ana Lazaro, Univ. Zaragoza, Spain, Andreas König-Haagen, Univ. of the Basque Country, 

Spain, and Benjamin Fumey from HSLU, Switzerland 
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1.3 Duration of Task 

The beginning of Task 40 was 1 July 2021 and the end 30 June 2024. The work plan was approved by 
the ES TCP Executive Committee at the 91st ExCo meeting on 7ς8 June 2021. It was confirmed by the 
participants at the kick-off meeting on 27ς29 October 2021. 

1.4 Experts Meetings 

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

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

City Country Date # Participants 

Vitoria-Gasteiz Spain 27ς29 October 2021 53 (24 on site, 29 online) 

Graz Austria 4ς5 April 2022 38 on site 

Kassel Germany 29ς30 September 2022 41 on site 

Halifax Canada 24ς26 April 2023 37 (30 on site, 7 online) 

Lyon France 2ς4 October 2023 35 (29 on site, 6 online)  

Lucerne Switzerland 22ς24 April 2024 32 (24 on site, 8 online) 

1.5 Participation 

Table 1-2 gives an overview about which institution from which country is participating in this Task.  

Table 1-2: List of participating institutions and experts per country. 

Country Institution Representative (name) 

Austria AEE Wim van Helden, Franz Hengel 

Austria AIT Daniel Lager, Fabrizia Giordano 

Austria FHOÖ Gayaneh Issayan, Bernhard Zettl 

Austria TU Wien Peter Weinberger, Jakob Smith, Frieda 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 Èlise Bérut 

France Université d'ARTOIS Laurent Zalewski 

France Université de Nantes Lingai Luo 

France University Savoie Mont Blanc Nolwenn Le Pierrès 

Germany CAE Michael Brütting 

Germany ZAE Bayern Andreas Hauer, Christoph Rathgeber  

Germany DLR Anthony Rawson, Andrea Gutierrez, Maike Johnson, 

Veronika Stahl, Peter Vetter, Larissa Dietz 

Germany Fraunhofer ISE Stefan Gschwander, Franziska Klünder, Wenye Lin, 
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 Shahi 

Norway SINTEF Jorge Salgado Beiceiro, Olav Galteland, Alexis Sevault 

Portugal Polytechnic Institute of Setúbal Luis Coelho 

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

Slovenia National Institute of Chemistry !ƭŜƴƪŀ wƛǎǘƛŏ 

Slovenia University of Ljubljana ¦ǊǑƪŀ aƭŀƪŀǊ 

Spain University of Barcelona Ines Fernandez, Camila Barreneche 

Spain CIC energiGUNE Jean-Luc Dauvergne, Elena Palomo del Barrio, 
Eduardo Jose Garcia-Suarez, Stefania Doppiu, Ángel 

Serrano  

Spain CIEMAT Rocio Bayon, Oscar Seco Calvo 

Spain Universidad del País Vasco 
UPV/EHU 

Ane Miren García Romero, Andreas König-Haagen, 
Gonzalo Diarce 

Spain University of Zaragoza Ana Lazaro 

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

Sweden KTH Saman Gunasekara 

Switzerland HSLU  Benjamin Fumey, Rebecca Ravotti, Yannik Krabben, 
Jörg 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 Yagnamurthy 

United Kingdom Swansea Jonathon Elvins, Sara Walsh, Jack Reynolds, Sahand 
Hosouli 

United States US DoE Sven Mumme, Sumanjeet Kaur 

 

2 Summary of Subtasks  

2.1 Subtask A: Material Characterization and Database 

The main objective of Subtask A was to develop and/or validate several standardized measurement 
procedures for TES materials based on PCM and TCM and to further maintain the existing TES material 
database. 

2.1.1 Standardized measurement procedures and round robin tests  

In the preceding TES materials Tasks, new TES materials were identified or developed in research 
projects of the participating partners. Furthermore, measurement procedures were developed to 
identify the main physical or chemical parameters. Some of these procedures were already validated 
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and some of them were still at the beginning. In Task 40, round robin tests (RRT) on (i) thermal 
conductivity and diffusivity, (ii) specific heat capacity, (iii) sorption enthalpy, as well as (iv) density and 
viscosity of different PCM and TCM were 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 participants. Overall, more than forty organizations 
from sixteen countries participated in the round robin tests. 

The summarized lessons learned from the round robin tests are: 

¶ The equipment variability supposes a challenge to establish a standardized measurement 

protocol and needs more effort in the beginning of a round robin test. 

¶ Analysis of measurement uncertainty needs to become part of the lab routine. Experimental 

and systematic uncertainty must be accounted to compare the final results. In some cases, the 

uncertainty reported was below the equipment error, due to 

o not enough repetitions, 

o not accounted for equipment error, 

o or not enough samples tested. 

¶ The occurrence of water in the sample (especially for TCM, e.g. hydrated or sorption samples) 

can lead to different sample states in the beginning of the measurement and should be 

examined in more detail before the measurement. 

¶ It is challenging to have enough participants with comparable instruments participating; 

meaningful results are only possible with an adequate number of participants. 

¶ Sample preparation and instrument calibration are crucial and to be exercised. 

As an example, Figure 2-1 shows the 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 in the solid 
state was discussed in more depth by the participating experts.   

 

Figure 2-1: Comparison of results of the density RRT. 
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Summarizing the common topics for future activities: 

¶ An increased number of participants for the round robins to get statistic significant results. 

¶ A defined uncertainty evaluation for all round robin tests according to standards (e.g. ISO/IEC 

Guide 98-3:2008)  

¶ Exploring new PCM and TCM: 

o Adapt sample preparation procedures for hydrated or sorption materials. 

o Measure PCM with non-Newtonian behaviour in the liquid phase. 

¶ Apply and adapt the methods for high temperature TES materials. 

During this Task, round robin test results and improvements for all above mentioned quantities were 
achieved. The detailed results and measurement procedures can be found in the section 3.1 of the 
final report. 

2.1.2 CTES Materials database and knowledge platform 

In the second activity of Subtask A, the requirements of a new Thermal Energy Storage Material 
Database were defined and evaluated. A database has already been developed in the previous Tasks 
(https://thermalmaterials.org/). This database is to be filled with new data and structurally adapted in 
the future. One of these structural changes is the link to existing databases such as the slPCMlib 
(https://slpcmlib.ait.ac.at/) database. Several changes of the existing database were proposed to the 
experts of Subtask A and assessed based on a survey. A Software Requirement Specification (SRS) 
document was created from this survey. The SRS summary is given in section 3.2 of the extended final 
report and the complete SRS can be found in Appendix 8.1. 

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 outcome for a future task is to implement a reduced number of requirements, while contacting a 
larger number of software development firms. For this purpose, the developed SRS document 
constitutes a solid basis to start from, as it follows the conventional IT requirements format needed 
for database platform development. Starting from the SRS document, the requirement specifications 
could be further refined to produce an optimized selection that fits within the available budget for the 
development of the database. 

2.2 Subtask B: CTES Material Improvement 

The objective of Subtask B was to identify strategies for tuning the properties of CTES materials to 
improve their performance in components and storage units. This included to discover new potential 
materials for CTES with the targets of low cost, no toxicity, non-flammable, deployment of natural/bio-
based materials; to develop single component materials with changed chemistry through modified 
structure and multi-component materials with increased storage capacity and enhanced heat and 
mass transport properties; to evaluate the influence of the synthesis and processing methods on the 
techno-economic and environmental performances of the materials. 

The following CTES materials were considered in Subtask B. 

¶ PCM: solid-liquid and solid-solid transitions, composites and shape-stabilized materials.  

¶ TCM: sorption processes (ad- and absorption) and chemical reactions (mainly gas-solid). 

https://thermalmaterials.org/
https://slpcmlib.ait.ac.at/
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An overview of the CTES materials, the R&D objectives with respect to materials improvement, and 
possible pathways is given in Figure 2-2. 

  

Figure 2-2: Overview of the materials studied in Subtask B. 

Section 4 of the extended final report covers the materials studied, as well as the R&D objectives and 
pathways contributed by the participating experts and institutions. 

2.3 Subtask C: State of Charge Determination 

The objective of Subtask C was to collect, classify, and disseminate promising techniques with which 
the state of charge (SoC) of a CTES unit can be determined. Specific activities of Subtask C were to 
make an inventory of material properties and measurements techniques that can be related to the 
SoC, to develop methods to link the measured properties to a numerical model of the CTES and use 
the combination to determine the SoC, as well as to test these in stand-alone storages and possibly in 
storages integrated in a system. 

Subtask C experts defined a thermal battery as a TES system with instantaneous SoC determination. 
Therefore, SoC is a component level property, and its determination utilizes measurement techniques 
of material bulk response. The following Figure 2-3 defines three distinct levels to the development of 
SoC determination techniques for PCM and TCM CTES. 
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Figure 2-3. Schematic representation of the 3-level approach for the development of PCM and 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 1ς3). The second level, component level, describes the development of the material level 
measurement techniques either internal or external to the PCM/TCM able to provide data that is 
calibrated to either bulk or local SoC determination (typically TRL 4ς6). The third level, system control, 
describes the integration of the calibrated SoC determination techniques at the component level into 
a CTES system with electronic control (local or remote) at or near the final CTES configuration for end-
use deployment (typically TRL 7ς9). 

To work towards the objective, Subtask C experts conducted three steps. First, an inventory of 
promising material properties and related measurement techniques. Regarding PCM, twenty 
technique submissions were collected. Eleven of 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 level and used either in a laboratory experimental environment or at pilot scale. The two most 
promising methods to achieve higher TRL include (i) enthalpy balance SoC determination technique 
during system operation, and (ii) TCM mass or adsorbate mass balance SoC determination technique. 
As the second step, a collection of experimental and numerical proofs of concept were presented and 
explained in more detail. Third, descriptions of application requirements of four prototype systems, 
where a direct interaction of material bulk response with the control system is in place, were prepared. 

2.4 Subtask D: Stability of PCM and TCM 

In Subtask D, a better understanding of the stability of PCM and TCM during their lifetime and the 
development of recommendations for an application-oriented investigation of this stability were 
addressed. The goal was to support R&D on PCM and TCM with a predictable and improved stability. 

Previous works and the state of literature lack differentiating degradation mechanisms, showing which 
test methods are suitable for determining the respective degradation, and making (material class-
specific) recommendations for accelerating measurements.  
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In Task 40, a CTES material degradation table was proposed to map degradation mechanisms for CTES 
material classes, and to propose recommendations for stability testing based on simple experiments 
to faster investigate stability by accelerating degradation. 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 class. 
Such a mapping diagram informs (scheme shown in Figure 2-4) about the effect of different types of 
degradation on the CTES material and system.  

 

Figure 2-4. Scheme of the degradation mapping diagram to illustrate PCM and TCM stability. 

Task experts provided their degradation expertise about the following CTES materials (classes): 
Organic plastic crystals, lauric and adipic acid, fatty esters, saturated triglycerides, calcium chloride 
hexahydrate, sodium acetate trihydrate, disodium hydrogen phosphate dodecahydrate, zeolites, 
potassium carbonate, and sulfates. Evaluating these eleven examples for CTES materials degradation 
mapping, it became evident that a certain effect on the material (e.g. a transition temperature 
displacement) can be caused by different degradation mechanisms. In the same way, effects on the 
storage system performance can 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 mechanisms, and 
effects on the CTES material and system. Such an understanding can be summarized and 
communicated using the developed degradation mapping diagram. 

2.5 Subtask E: Effective Component Performance with Innovative Materials 

Subtask E focused on material-component interaction for an improved storage system performance. 
This was attained by defining performance parameters, understanding the mechanisms that 
determine the performance-based interaction between storage material and components, and 
identifying methods for improved component and material design. Work was split up between PCM 
and TCM experts, and the outcomes are presented separately.  

2.5.1 PCM  

Performance indicators for PCM components (mainly heat exchangers) were defined and agreed upon. 
These indicators allow a fair comparison of latent heat thermal energy storage units. This 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 experiment. Three 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 method is to normalize the heat transfer rate ὗ 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 a so-called ὅ /ὗ -plot.  

The second method, called three sections approach, helps finding a suitable stop criterion for 
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 process is divided into several sections and the end is 
determined based on their 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 amount of usable heat, especially at high thermal 
power rates. The third method is 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 inlet temperature. 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 thermal power, the 
temperature, and the maximum volume flow. 

2.5.2 TCM 

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 or mass 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 the non-linear 
temperature-heat relationship. As shown in Figure 2-5, 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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Figure 2-5. Illustration of the mapping procedure, where the x-axis represents the temperature difference between sorbate 
and sorbent and the y-axis represents the weight percent or mass fraction. Deviation from the theoretical curve indicates 

loss of system performance. 

This mapping helps visualize the operational constraints and the potential performance of the system. 
There is a non-linear relationship between temperature gain and heat release in all sorption processes. 
As the sorbent's concentration increases, the temperature 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 conditions: 

¶ Desorption: Heat source temperatures are set to a maximum of 95 °C input and 92 °C output, 

which are conditions achievable by solar thermal systems without exceeding practical limits. 

¶ Condensation: Heat rejection during charging is performed with water-based HTF at 30 °C inlet 

and 35 °C outlet, in line with standard heat pump conditions (EN 14511). 

¶ Evaporation: Discharge evaporation takes place at 10 °C inlet and 7 °C outlet, simulating typical 

low temperature ground heat sources in building environments as defined by the EN 14511 

heat pump test standard. 

¶ 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 heat storage systems by ensuring that materials, 
components, and systems are tested under comparable and realistic conditions. By standardizing test 
conditions, the guideline facilitates more accurate comparisons 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 methods, and enhancing the 
understanding of performance degradation. The international collaboration fostered innovation in 
both materials and components, laying the groundwork for more efficient and reliable CTES systems. 
These efforts will contribute to accelerating the market integration of CTES technologies and support 
the broader transition toward sustainable, renewable-based energy systems. 

The Task achieved good success in enhancing material characterization skills through the development 
of measurement guidelines and in building a comprehensive knowledge base for state of charge 
determination techniques. The strong 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 forward, two new Tasks will focus separately on TES materials and components to 
build on the progress made. 
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 FINAL REPORT 

3 Subtask A: Material Characterisation and Database 

The main objective of Subtask A is to develop and validate several standardized measurement 
procedures for TES materials based on PCM and TCM and to further maintain existing material 
databases. 

3.1 Standardized measurement procedures and round robin tests  

Procedures to measure thermal conductivity and thermal diffusivity of liquids, solids and packed beds 
(section 3.1.1), specific heat capacity of powdery materials (section 3.1.2), enthalpy change due to 
sorption or any chemical reaction (section 3.1.3), and thermal expansion, density and viscosity 
(section 3.1.4) were worked on and further developed. 

3.1.1 Thermal conductivity and thermal diffusivity of liquids, solids and 
packed beds 

3.1.1.1 Activities 

Measured material 

The measured material was a Paraffin supplied by Merck (specifications given in Figure 3-1). All 
participants purchased the same material to avoid discrepancies as a paraffin is normally supplied as 
a mixture of different hydrocarbon chains. Participants, who were not able to purchase it, were 
supplied by others. 

 

Figure 3-1: Paraffin supplier and product reference. 

Measurement methods 

A total of eight different pieces of equipment were used, based on transient methods and steady-state 
methods. Three main measuring techniques were used: laser flash analysis (LFA), hot wire (HW), and 
transient plane source (TPS). Besides, non-commercial equipment was also used in this RRT. The 
measurement capabilities in this Subtask provided by the participants were the following: 

¶ Measurement of thermal conductivity, thermal diffusivity depending on the equipment 

¶ Sample form/size 

o LFA: solid 12.7 mm f 

o HW: 50 ml 

o Hot Disk (HD): 18 mm f; 6ς30 mm f; 4ς29 mm f; 2ς29 mm f 

o Transient Hot Bridge (THB): 25x25x5 mm; 10x20x3 mm; 20x22x3; 100 mL 

¶ Temperature 

o LFA: RT to 500 °C (-120ς2,800 °C) 
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o Transient Hot Wire (THW): RTς150 °C (-40ς180 °C) 

o TPS: RT to 180 °C (-70ς300 °C) 

o THB: -15ς200 °C (-150ς700 °C) 

¶ Atmosphere 

o Air/ protective gas (nitrogen) 

o Less available: argon and vacuum 

 

Procedures 

a) Sample preparation 

For the sample preparation, two sets of samples were heated up till fully melted and cooled down 
following two different cooling rates. 

¶ Heating up to 70 °C (till liquid state) and then cool down at ambient temperature. 

¶ 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 
ŘŜƴǎƛǘȅ ǿŀǎ ŎƘŜŎƪŜŘ ŀƴŘ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ ǇǊƻǾƛŘŜǊΩǎ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎΦ 

 

b) Measurement procedure  

A minimum of three samples were tested with three to five values per temperature and sample. 
Different procedures were established depending on the equipment. As an example, the LFA 
procedure is summarized below: 

 

Figure 3-2: Laser Flash Apparatus. 

¶ Focus the laser to a maximal 6 mm (non-focusable LFA: use an aperture with max. 6 mm) to 

avoid signal superposition with the PTFA ring. 

¶ Use thickness values from the additional information for the thermal diffusivity 

measurements. 

¶ Perform measurements with at least five shots at 25, 40, and 50 °C with the pulse length and 

voltage recommended by the software or recommended for polymers by the manufacturer. 

 
After the measurement, provide the information about the pulse voltage, pulse length, pulse area 
(integral of pulse voltage), and the used evaluation model.  
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Figure 3-3: LFA samples prepared for the round robin test. 

c) Uncertainty analysis 

Participants should send the data: mean value and uncertainty following the GUM [1]. The data 
following that method gives a level of confidence of 95%. The main steps followed are summarized in 
Figure 3-4 and Figure 3-5. 

 

Figure 3-4: Standard uncertainty determination of a set of values. 

 

Figure 3-5: Expanded uncertainty. 
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Participants 

 

Fifteen institutions participated in this round robin test. The participants in this activity are listed in 
Table 3-1.  

Table 3-1: Participants by institution, country, and contact person. 

Country Organization Contact person 

Germany DLR   Nuria Navarrete 

Germany Center for Applied Energy Research  Michael Bruetting 

United Kingdom Northumbria University  Carolina Costa 

Canada CanmetENERGY / CanmetÉNERGIE  
 Reda Djebbar,  
 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 für Solare Energiesysteme ISE  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 

¶ Participants: 5 

¶ Procedure 

o Sample size (mm): 12.7ς14.8 and 1ς2 

o Variable power (50ς125%) 

o Number samples: 3ς11 

o Repetitions: 3ς5 

 

Figure 3-6: 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 three-layer system. 

- Test the samples up to 45 °C, when not possible at 50 °C. 

 
TPS results 

¶ Participants: 5 

¶ Procedure  

o Variable parameters 

Á Current (mA): 60  

Á Time (s): 30 

o Sample size (mm):  

Á P7 50 x 11.5 h2 

Á P10 70 x 40 x 5ς15 h 

o Number samples: 3ς4 

o Repetitions: 5 

 

 

2 h = sample height 
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Figure 3-7: Transient plane source results: Hot disk. 

 

 

Figure 3-8: Transient plane source results: Thermal hot bridge. 

TPS equipment can measure thermal conductivity and thermal diffusivity.  

HW results 

¶ Participants: 2 

¶ Procedure  

o Sample size (mm): 34 and 70 h  

o Samples in contact with the sensor. 

o Number samples: 1ς6 

o Repetitions: 6 
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Figure 3-9: Hotwire results. 

The following issues were reported: 

¶ Difficult to ensure good contact between sensor and sample. 

 
Other equipment results 

¶ Participants: 3 

¶ Procedure  

o Sample size (mm):  

Á GHP 70 x 110 x 6 h  

Á GHF 50 x 50 x 6 

Á HF 210x140x18, 250x250x20 

o Number samples: 1ς3 

o Repetitions: 3 

 

Figure 3-10: Steady-state methods result. 



 

ES TCP Final Report Task 40 30 

The following issues were reported: 

¶ Difficult to prepare large sample sizes. 

o Large number of samples; long cool-down process; bubble formation. 

o Non-commercial equipment has to be validated. 

3.1.1.3 Discussion and Outlook 

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

¶ Equipment: Different equipment based on different methods (transient methods and steady-

state methods). 

¶ Sample: Different sample size requires different sample preparation methods, and leads to 

different cooling rates.  

¶ Procedures: Different equipment requires different procedures (e.g. LFA, HW, and THB). 

¶ Results reporting: Uncertainty assessment was included as another step in the procedure. 

Both contributions ς systematic and experimental uncertainty ς were aimed to be included. 

 
Lessons learned:  

¶ Thermal conductivity/thermal diffusivity equipment availability supposes a challenge to 

establish a standardized measurement protocol. The procedures were split according to the 

available equipment into LFA, TPS, HW, and other steady-state equipment. 

¶ 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 error, or iii) not enough samples tested.  

 

Future actions agreed upon: 

¶ Increase the number of repetitions and tests of different samples at the same conditions. 

¶ 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. 

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

¶ Explore other PCM. 

¶ Test TCM. 

3.1.2 Specif ic heat capacity of powdery materials 

3.1.2.1 Activities 

Measured materials: 

¶ Anhydrous strontium bromide (SrBr2); 

¶ Strontium bromide hexahydrate (SrBr2·6H2O), 

¶ Synthetic zeolite Z-13X. 

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

Steps: 

¶ Instrument calibration (temperature, sensitivity). 

¶ Baseline runs. 

¶ Reference material run. 

¶ Sample preparation.  

¶ Sample run and specific heat (cp) evaluation.  

Instrument calibration 

Temperature calibration is recommended with the following reference materials. 

Table 3-2: Temperature calibration reference materials for the RRT of the specific heat capacity. 

SrBr2 SrBr2·6H2O 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. 

¶ /ŀƭƛōǊŀǘƛƻƴ ƻŦ ǘƘŜ 5{/ ǎƛƎƴŀƭΩǎ ǎŜƴǎƛǘƛǾƛǘȅ ƛǎ ǊŜŎƻƳƳŜƴŘŜŘΦ 

¶ 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 1 K/min and c.r. of 1 K/min (with LN2) or 3 K/min (with compressed air) are 

recommended.  

¶ cp evaluation is recommended in the following temperature range: 

Table 3-3: Temperature range of evaluation for the RRT of the specific heat capacity. 

SrBr2 SrBr2·6H2O Z-13X 

125ς180 oC 25ς40 oC RTς250 oC 

 

Baseline runs 

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

tear the crucible masses. 

¶ Run the baseline. The temperature and sensitivity calibration options should be checked.  
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Table 3-4: Baseline runs to be applied for the RRT of the specific heat capacity. 

SrBr2 SrBr2·6H2O Z-13X 

a. Heat to 180 °C. 

b. Isothermal 1 min 

c. Cool down to 25 °C. 

d. Isothermal 1 min. 

e. Repeat steps aςd to get a 

stable cp reading between 

125 and 200 °C. 

a. Cool the instrument down to 

-5 °C. 

b. Isothermal 15 min to 

stabilize the temperature  

c. Heat to 40 °C. 

d. Isothermal 1 min. 

e. Repeat steps aςd to get a 

stable cp reading between 25 

and 40 °C. 

a. Heat to 300 °C. 

b. Isothermal 1 min 

c. Cool down to 50 °C. 

d. Isothermal 1 min. 

e. Repeat steps aςd to get 

a stable cp reading 

between 100 and 

250 °C. 

 

Cool down to room temperature. 

Reference material run 

¶ Remove the crucible lid from the sample side of the sample holder. 

¶ Place inside a Sapphire reference and run the test (steps aςf). 

¶ As a reference material, use synthetic sapphire with 99.9% or higher purity. 

Sample preparation 

Table 3-5: Instructions for sample preparation for the RRT of the specific heat capacity. 

SrBr2 SrBr2·6H2O Z-13X 

5Ǌȅ άŀǎ ǊŜŎŜƛǾŜŘέ ŀƴƘȅŘǊƻǳǎ {Ǌ.Ǌ2 

to remove any moisture that was 
absorbed by the specimen while 
loading into the crucible: Heat the 
sample in the open crucible to 
180 °C and hold isothermally under 
the pressure of 10 mbar until the 
mass of the simple stabilizes; open 
the furnace, remove the sample, 
and seal it instantaneously OR 
prepare the sample inside the 
glovebox if available. 

 

¦ǎŜ άŀǎ ǊŜŎŜƛǾŜŘέ 
commercial material. 

 

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

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

5ŜǘŜǊƳƛƴŜ ǘƘŜ ǎŀƳǇƭŜΩǎ ŘǊȅ Ƴŀǎǎ ōȅ 
heating it in the open crucible (or 
covered with the punched lid) to 
350 °C and keep at this temperature 
until the mass stabilizes (~ 1 h). 

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

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

¶ Repeat the run at least with three different specimens and compare cp. 

¶ Repeat the steps aςf. 

¶ Report results (template in Figure 3-11). 

Organization:   

DSC instrument:  

¶ Manufacturer 

¶ Model 

 

Reference materials for calibration   

Sapphire dimensions  

¶ Diameter 

¶ Height 

¶ Mass 

 

Sample preparation conditions  

¶ Temperature 

¶ Pressure 

¶ Time 

 

Crucible/lid  

¶ Material 

¶ Diameter 

¶ Height 

¶ Mass 

 

Gas 

¶ Flow rate 

 

Cooling method  

¶ Cooling rate 

 

Heating Rate   

 

cp evaluation  

Material m (mg) 
before 

measurement 

m (mg) af ter 

measurement 

cp (J/gK)  

at temperature (°C) 
Ucp 

(J/g) 

T1 T2 T3 Other 

temperatures 

 

1 

2 

3 

       

Figure 3-11: Reporting template for the specific heat RRT. 

Participants 

Eight labs participated in the anhydrous SrBr2 cp measuring procedure. 
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Table 3-6: Participants of SrBr2 cp RRT. 

Country  Organization  Contact person  

Austria AIT Austrian Institute of Technology GmbH Daniel Lager 

Switzerland  HSLU Rebecca Ravotti 

Austria TU Wien  
Peter Weinberger 
Jackob Smith 

USA The US.DOE ς LBNL Sumanjeet Kaur 

Canada CanmetENERGY  
Reda Djebbar 
Lia Kouchachvili  

Spain  University of Barcelona 

Rebecca Saldago Pizarro 
Inés Fernández 
Marc Neira i Viñas 

Adela Svobodova 

Germany  Fraunhofer-ISE  
Thomas Haussmann 
Stefan Gschwander 

Germany Center for Applied Energy Research e. V. Michael Brütting 

 

Three labs participated in the SrBr2·6H2O cp measurement procedure. 

Table 3-7: Participants of SrBr2·6H2O cp RRT. 

Country  Organization  Contact person  

Canada CanmetENERGY  Reda Djebbar; Lia Kouchachvili  

Spain  University of Barcelona 
Rebecca Saldago Pizarro; Inés Fernández; 
Marc Neira i Viñas; Adela Svobodova 

Germany  
Fraunhofer-Institute for Solar 
Energy Systems ISE  

Thomas Haussmann; Stefan Gschwander 

 

Three labs participated in the zeolite 13X cp measurement procedure. 
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Table 3-8: Participants of zeolite 13X cp RRT. 

Country  Organization  Contact person  

Canada CanmetENERGY  Reda Djebbar; Lia Kouchachvili  

Austria 
AIT Austrian Institute of 
Technology, GmbH 

Daniel Lager 

Germany  
Fraunhofer-Institute for Solar 

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 DSC, and one is unknown. All labs used Al crucible, and N2 gas flow except one 
lab using Helium. The heating rate varied (1, 10, and 20 K/min); the cooling rate also varied (2, 3, 10, 
and 20 K/min). The flow rate of gases was also different (10, 20, 40, 50, and 100 mL/min). 

SrBr2 

 

Figure 3-12: Results of the RRT of the specific heat capacity of SrBr2. 

Results from lŀō о ŀǊŜ ŜȄŎƭǳŘŜŘ ŀǎ ǘƘŜȅ ŀǊŜ ŀ ǿŀȅ ƻŦŦ ŦǊƻƳ ǘƘŜ ǊŜǎǘ ƻŦ ǘƘŜ ƭŀōǎΩ ǊŜǎǳƭǘǎ. From these 
results, the assigned values (mean value for all labs at a defined temperature) for the specific heat for 
SrBr2 are: 

cp(125 °C) = 0.326 J g-1 K-1 

cp(150 °C) = 0.337 J g-1 K-1  

cp(180 °C) = 0.341 J g-1 K-1
 

According to ISO 13528 άStatistical methods for use in proficiency testing by interlaboratory 
comparisonέ [2], a z-score can be evaluated to assess the comparability of results. Ȋ Җ μнΣлμ means that 
the performance is satisfactory, a value |2,0| < z < |3,0| means that the performance is questionable, 
and Ȋ җ μоΣлμ means the performance is unsatisfactory.  

In the case of the specific heat capacity of SrBr2, since all labs show a z-score Ȋ Җ μнΣлμ, a good 
performance of every participant and comparable results in that round robin test were obtained. That 
means reliability is given for nearly all measurements/participants here. 
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SrBr2ϊ6H2O 

 

Figure 3-13: Results of the RRT of the specific heat capacity of SrBr2ϊсI2O. 

Results of SrBr2ϊсI2O are still not comparable due to problems with the hydrate sample preparation. 
These results cannot be used to evaluate a z-score for the lab performance. 

Zeolite 13X 

 

Figure 3-14: Results of the RRT of the specific heat capacity of zeolite 13X. 

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

cp(100 °C) = 0.929 J g-1 K-1 

cp(150 °C) = 0.998 J g-1 K-1  

cp(250 °C) = 1.002 J g-1 K-1
 

With these results the z-score can be evaluated. In this case, since all labs show a z-score z Җ | 2,0|, a 
good performance of every lab in that round robin test was achieved. 
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3.1.2.3 Discussion and Outlook 

In the first round, eight participants joined the SrBr2 round robin test. This is already a representative 
number of results for statistical analysis. The results showed a good comparability and a good z-score 
(satisfactory performance) for all participants. 

The SrBr2 hydrate measurements showed strong deviations. These may be connected to different 
hydration states in the measurement. Due to that, the sample preparation and measurement 
procedure routines must be corrected. 

For the zeolite 13X round robin test, only three participants shared their data, which can be connected 
to the late beginning of the round robin test during the Task. Nevertheless, the defined procedure and 
the results showed a good comparability and a low z-score 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 previous Tasks. 

3.1.3 Enthalpy change due to sorption or any chemical reaction  

The aim of this activity was 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 procedure, which is easier to implement, in order to get replicable results. 

3.1.3.1 Activities 

The selected material for the RRT was a standard zeolite 13X, available on the market and 
commercialized by Sigma Aldrich (https://www.sigmaaldrich.com/AT/de/product/sigald/334340), 
using water vapour as working fluid for the sorption process. The 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 the operating conditions to apply (Figure 3-15). 

 

Figure 3-15: Defined standardized testing conditions for the sorption enthalpy RRT. 

Many partners were initially involved in the activities, but the tests were performed only by four 

partners, due to delays and/or lack of funding: CNR, University of Messina, Austrian Institute of 

Technology, and NRCan. 

CNR was not able to provide data for the analysis. The achieved results were not accurate enough due 
to a major issue with the instrumentation. Accordingly, only AIT, UNIME, and NRCan data were 
analyzed. Among the three partners, only AIT was able to accurately follow the planned procedure 
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(temperature range 90ς35 °C, vapor pressure of 12.3 mbar). As reported in Figure 3-16, three 
consecutive tests were carried out to evaluate the replicability of the measurement. 

 

Figure 3-16: Replicability analysis of uptake variation (left-hand side) and sorption heat (right-hand 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 ad-/desorption heat of 2% and ad-/desorption uptake exchange of 5%. 

The tests performed by UNIME and NRCan deviated from the nominal ones. For UNIME, the following 
conditions were applied: Temperature range 95ς35 °C, vapor pressure 17 mbar. For NRCan, the 
temperature range was 95ς25 °C at a vapor pressure of about 25 mbar. This was caused by specific 
features of the available equipment at the respective labs. Nevertheless, a comparison was made, 
reported in Figure 3-17. 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 NRCan were significantly 
deviating from the others. 

  

Figure 3-17: Comparison analysis of uptake variation (left-hand side) and sorption heat (right-hand side) for the average 
data obtained by AIT, UNIME, and NRCan. 

3.1.3.2 Discussion and Outlook 

As experienced in the past, coming to a common methodology to measure sorption enthalpy is not an 
easy task. It depends a lot 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 perform the planned activities is limiting 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 acceptable 
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 set of conditions and different materials to reach 
a common approach to be considered by the scientific community. 

3.1.4 Thermal expansion, density and viscosity 

3.1.4.1 Activities 

Density 

Measured material: 

In the RRT for density, measurements in the liquid and solid phase were carried out and compared on 
a paraffin wax CAS 8002-74-2 (melting temperature 53ς58 °C).  

Procedure and methodology: 

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

¶ Computer tomography 

¶ Oscillating U-tube 

¶ Archimedes principle 

¶ Pycnometer 

No procedure was specified for this RRT, participants were asked to use their usual method. 

Participants: 

¶ HSLU- Lucerne University of Applied Sciences and Arts 

¶ Fraunhofer ISE - Fraunhofer-Institut für Solare Energiesysteme  

¶ NREL - National Renewable Energy Laboratory (NREL) 

¶ ZAE Bayern 

¶ CAE ς Center for Applied Energy Research 

 

Viscosity 

Measured materials: 

¶ Standard oil S3 from Paragon Scientific to check the performance of the viscometers/ 

rheometers. Measurement at 80 °C. 

¶ A paraffin with a melting temperature range between 53ς58 °C (CAS 8002-74-2). 

Procedure and methodology: 

¶ Shear sweep: 

o Geometry used in case of rheometers: plate 

o Gap: 500ς1,000 µm 

o Temperature: 70 °C (paraffin in the melted phase) 

o Time for thermal stabilization: 5 minutes 

o Shear rate range: 0.001ς1,000 s-1 

o Mode: logarithm 
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o Points per decade: 10 

o Sample period: 10 s 

 

¶ Temperature ramp: 

o Conditioning step at 85 °C during 20 minutes. No shearing. 

o Cooling at 0.5 K/min and 100 s-1 from 85 down to 60 °C. 

 

Participants: 

Table 3-9 compiles the institutions involved in the viscosity RRT together with instrument used. 

Table 3-9: Participants of the viscosity RRT. 

Institution Instrument Methodology 

Fraunhofer ISE MCR 502, Anton Paar Controlled stress rheometer 

HSLU MCR 302, Anton Paar Controlled stress rheometer 

Northumbria University Brookfield DV-E digital viscometer Viscometer 

NREL Haake Mars 60 Controlled stress rheometer 

University of Zaragoza AR-G2, TA Instruments Controlled stress rheometer 

3.1.4.2 Results 

Density: 

 

Figure 3-18: Results of the density RRT. 

As Figure 3-18 shows, the results in the liquid phase are comparable, while there are strong variations 
for the solid samples. Due to that, no further investigations for the PCM liquid measurements were 
done and the focus shifted to the solid-state 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 

  

  

Figure 3-19: Balance with installed density kit (upper left). Holders for floating and sinking samples (upper right). Setup for 

measurements at different temperatures (lower 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 paraffin, desalinated 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 
measurement, the stirrer is switched off. The height of the vessel can be adjusted with the X-table.  
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Sample preparation 

 
 

  

Figure 3-20: Used samples (upper left and right); casting a sample (lower left and right). 

Samples used: The 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 cm3), 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 (~1-3 cm3) ZAE poured melted paraffin onto the bottom of a Petri dish to get 
round, plate-shaped 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 sample. After complete 
crystallization, the sample can be easily detached from the Petri dish. ZAE smoothed the surface here 
as well with the hot air blower. 

After measuring the different samples at room temperature, which lead to pretty much the same 
result, ZAE used only small samples for the other temperatures, because temperature adjustment is 
much better with the small samples and the measuring procedure is much easier. During the 
measurements, ZAE was unable to detect any significant differences in the density of the samples, 
despite their distinctly different appearance (the large sample had white inclusions). The measurement 
at 40 °C is in the range of the 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 values obtained by each institution in the shear sweep experiment (Table 3-10) are 
considered, the average viscosity value is 4,712 mPa·s with a standard deviation of 0,177 mPa·s. 
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Table 3-10: Average viscosity for the paraffin at 70 °C calculated according to the procedure defined in Annex 29. 

Institution Viscosity (mPa·s) 

Fraunhofer ISE 4,57 

HSLU 4,87 

Northumbria University 4,91 

NREL 4,51 

University of Zaragoza 4,70 

 

Figure 3-21 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. 
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Figure 3-21: Viscosity based on temperature for the paraffin. Shear rate=100 s-1. 

3.1.4.3 Discussion and Outlook 

Density: 

The density measurements of the liquid showed comparable results. Therefore, no 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 developed and sent to the participants. New results based on this procedure 

have not yet been published by the other participants. This could be one of the first activities in a 

successor Task. 
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Viscosity: 

It can be stated that the measurement procedure is adequate for measuring paraffins in the molten 

phase. So far, octadecane, RT70, and the paraffin detailed in this report have been successfully 

measured. At this stage, viscosity measurements of other PCM families following the proposed 

measurement protocol should be considered. Furthermore, it would be interesting to characterize 

other storage materials that may exhibit non-Newtonian behavior (e.g. PCM slurries) to determine 

how the measurement protocol should be adapted. 

3.2 CTES Materials database and knowledge platform 

3.2.1 Activities 

As part of the development of the data knowledge platform for PCM and TCM, the features of the new 
version of the CTES materials database "thermalmaterials.org" have been defined. The definition of 
the new requirements for the CTES materials database consisted of four main phases, as shown in 
Figure 3-22.  

 

Figure 3-22: Definition of new requirements for CTES database. 

During the database conceptualization phase, the general scope of the new version of the CTES 
materials database has been identified, in relation to its intended use and audience. Although the 
general purpose of the database remains 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 usable. This could be achieved, for example, by improving the 
process by which users can 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 CTES materials and 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 platform, to which other already existing databases with similar 
objectives could contribute in synergy with each other's. 

The set of changes and recommendations for the new version of the database can be classified as 
follows: 

1. System and functional requirements: This entails the structure requirements, including the 

change, integration or remotion of content from the database. 

2. External interface requirements: This 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 database 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 have actively contributed.  

A summary of the activities is presented in Table 3-11: 

Table 3-11: Summary of activities carried out to define new 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 Expert 
Meeting 

AIT  Approximately 40 participants 

/ƻƳǇƛƭŀǘƛƻƴ ƻŦ ǎǳǊǾŜȅ άtǊƻǇƻǎŜŘ /ƘŀƴƎŜǎ 

ǘƻ t/aκ¢/a 5ŀǘŀōŀǎŜέ 
AIT 11 participants 

Elaboration and implementation of inputs 

from brainstorming sessions and survey 
AIT and Fraunhofer ISE 3 participants 

Writing of the software requirements 
specification document (SRS) 

AIT and Fraunhofer ISE 3 participants 

Search for software interface development 
firms that could implement the database 
requirements 

AIT and Fraunhofer ISE 3 participants 

Online meeting with software interface 

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

 

First, the general requirements for the database were defined through online and in-person 
brainstorming sessions during the Task Expert meeting held in Lyon in October 2023. The discussions 
resulted in a list of requirements for the CTES materials database. At the end of the last in-person 
brainstorming session, the participants were asked to indicate their preference (yes/no) and the 
priority they attributed to each requirement (from 0 to 5) by compiling a survey. Once the key 
requirements were selected and ranked in order of importance, they have been further elaborated by 
AIT and Fraunhofer ISE and formalized into the Software Requirements Specification document (SRS), 
available in the Appendix (section 8.1). In parallel, AIT and Fraunhofer ISE have been in contact with 
software interface development firms that could implement the database requirements. Therefore, 
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.  

3.2.2 Results 

The main requirements identified for the new version of the CTES database are summarized as follows: 

System and functional requirements: 

¶ Introduction of new data types and format for 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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¶ Introduction of detailed information about measurements which do not follow the DSC 

measurement standard developed in the framework of IEA ES Annexes 24 and 29, and IEA SHC 

Task 42. 

¶ Introduction of information on users actively contributing to the database, including 

references to relevant projects and research activities of interest for the database. 

¶ Introduction of information to other databases and platforms, which could work in synergy 

with the CTES materials database, and according to the FAIR data principles. 

¶ Introduction of publication list containing papers, reports, public documents etc. which used 

or contributed to the CTES materials database. 

User interface requirements: 

¶ The CTES materials database must be organized according to a matrix format, divided into: 

άǎǳǇŜǊ-ǘƻǇƛŎέ (Home)Σ άǘƻǇƛŎǎέ όCompare and Explore, Measurements Standards, Wiki, 

Workshops, Publications, Database Networkύ ŀƴŘ άŘŀǘŀōŀǎŜǎέ όPCM Database, TCM 

Database). 

¶ The CTES materials database interface must include a new section "Compare and Explore" to 

simultaneously plot different measurements already loaded in the database. 

¶ 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 table of measurements, to plots. 

¶ The CTES materials database interface must include filters and switches to select the 

measurements. 

¶ The CTES materials database must contain specific requirements and procedures for uploading 

measurements for TCM.  

¶ The CTES materials database must be able to automatically generate plots in a predefined 

format and visualize them on demand in the graphical interface.  

Software interface requirements: 

¶ Introduction of hyperlinks to other databases and platforms, which could work in synergy to 

the CTES materials database, according to the FAIR data principles. 

Communication interface requirements: 

¶ The CTES materials database must automatically generate e-mail newsletters to be sent 

periodically according to the user wishes.  

For a more detailed explanation of each requirement, please refer to the requirements specification 
document (SRS) in Appendix 8.1. 

3.2.3 Discussion and Outlook 

The main outcome of the activities is the finalization of the Software Requirements Specification 
document (SRS) for the new version of the CTES materials database. The document details all the 
requirements identified as highly relevant by most of the task members who participated 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 future Task is therefore to implement a reduced number of requirements, 
while contacting a larger number of software development firms. For this purpose, the developed SRS 
document already constitutes a solid basis to start from, as it follows the conventional IT requirements 
format needed for database platform development. Starting from the SRS document, the requirement 
specifications could be further refined to come up with an optimized selection that fits within the 
available budget for the development of the database. 

Finally, collaboration with other existing databases and platforms which share similar scope, use, and 
audience with the CTES materials database, is encouraged for future tasks. This approach would make 
the database more robust and in synergy with the current wider framework of platforms following the 
FAIR data principles. 

3.3 References 

[1] W. Schmid (EURAMET), S. Mieke (PTB), M. Hoxha (DPM), GUM (Guide to the expression of 

Uncertainty in Measurement) © EURAMET e. V. 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 Subtask B: CTES Material Improvement 

4.1 Introduction and Objectives 

4.1.1 Why CTES Materials Improvement? 

The identification of suitable materials and processes to be used in thermal energy storage applications 
is an up-to-date research topic. The development of new materials or the optimization of the existing 
ones, to match the TES application requirements, is fundamental to help the large use of TES 
technologies in the present and the future [1-4]. Concerning materials optimization, the main objective 
is the development of 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 crucial. To 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 and shape stabilization approaches to avoid heat exchangers or dealing 
with liquid phases in case of solid-liquid 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 thermophysical properties [5] όŜΦƎΦΣ ǘƘŜǊƳŀƭ ŎƻƴŘǳŎǘƛǾƛǘȅΣ ǎǇŜŎƛŦƛŎ ƘŜŀǘΣ Χύ ŀƴŘ 
achieving a reversibility of the processes at the selected conditions (e.g., mitigation of supercooling, 
avoiding degradation thus increasing durability). As an example, Figure 4-1 reports examples of 
increasing the enthalpy of transition/reaction and tuning the working temperature of PCM and TCM. 
The picture collects the main strategies explored in Subtask B and is included in a scientific article3.  

  

 

3 Ristiŏ, A., Mal, S., Zabukovec Logar, N., Bérut, E., Bois, L., Outin, J., ... & Doppiu, S. (2024). Improving Materials 
for Compact Thermal Energy Storage: Two Case Studies on Tailor-Made Polyalcohol Mixtures (PCMs) and 

Composites of Chlorides Confined in Gamma-Alumina or Silica-PEG (TCMs). ACS Applied Energy Materials, 
7(20), 9242-9254. https://pubs.acs.org/doi/abs/10.1021/acsaem.4c01702  

https://pubs.acs.org/doi/abs/10.1021/acsaem.4c01702
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Alumino-
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(pure materials 

 

 

Doping  

 

 

Functionalization 

¶ Increasing reaction 

enthalpy, tuning 

temperature, improving 

stability 

 

¶ From understanding of 

phenomena to 

demonstration scale. 

TCM in porous 
matrixes (Salt 
hydrates) 

Polymers based 
encapsulation salt 
hydrates 

Natural-based 

adsorbent TCM as 
host matrices (salt 
hydrates e.g., 

MgCl2, CaCl2, etc.)  

Combining 
sorption and 
chemical reactions  

(Composite 
Materials) 

 

 

Mixing active materials 

Design smart TCM 
composites with: 

¶ High reaction enthalpies 

¶ Tailoring hydrophilicity 

¶ Enhanced heat and 

mass transfer  

¶ Enhanced thermal 

conductivity  

¶ bŜǿ άƴŀǘǳǊŀƭέ ƘƛƎƘƭȅ 

stable composites with 

high chemical storage 

capacity 

Figure 4-1: Tailoring enthalpies and working temperatures of PCM and TCM. 

4.1.2 Objectives 

The main objective of Subtask B was to define proper strategies that allow to tune CTES materials 
properties to improve their performance at component and storage system level. This is a paramount 
aspect for 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 following:  

¶ Developing of new materials for CTES (low cost, no toxicity, non-flammable, natural/raw 
materials). 

¶ Synthesis of novel single-component materials with changed chemistry through modified 
structure.  

¶ Developing multi-component materials (composites) with increased storage capacity and 
enhanced heat and mass transport properties. 

¶ 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 by the Subtask B participants 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 (TCM based 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 goal of this Subtask, two different key aspects and activities, divided in different 
subsections, were highlighted. 

¶ B.1 Exploring potential materials for CTES 

Objective B1: Tailor made materials with tuned thermodynamic properties (high energy storage 
capacity, working temperature aligned with the application).  

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

Objective B2: Improved materials 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 are PCM focusing both on solid-liquid and solid-solid transitions as 
well as composites or shape-stabilized derived materials, and TCM focusing both on sorption processes 
(ad- and absorption) and chemical reactions (mainly gas-solid systems). In Figure 4-2, the general 
overview of the materials studied and the improving paths explored are reported. Figure 4-2 shows 
the types of materials explored and their optimization paths to tune key properties to match the 
targeted application requirements. In general, this is one focal point of the discussion trying to link 
material development with application-oriented requirements. Some more details relevant to the 
materials studied will be given in section 4.2. 

  

Figure 4-2: Overview of the materials studied in Subtask B. 

As an example, the materials modification (optimization) strategies are summarized in Figure 4-3. The 
research work includes Tailoring energy density/working temperature by crystal structure 
modification, functionalization, using nanostructured materials, and new composite materials 
designed by mixing active materials; Enhance heat and mass transport properties by i) adding highly 
conductive materials, ii) infiltration in highly conductive matrixes, and iii) materials with high thermal 
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conductivity (foam/fibres); Best integration into the application by i) shape-stabilization, ii) 
granulation with active and inactive binders, iii) coatings, and iv) monoliths.  

Tailoring energy density/temperatures Tailoring heat and mass transfer 

 

 
 

(a) (b) 

Figure 4-3. Materials modification strategies studied in Subtask B. 

In Subtask B, the expertise of around twenty institutions and experts in the field of thermal energy 
storage was 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 building of a map of all the materials studied 
by the experts involved including i) the types of materials, ii) the improving strategies, iii) the main 
goals of the research, and 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 participating to 
Subtask B. At the 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. 

The organizations that participated to Subtask B are listed in the following Figure 4-4. 

10.1021/acsami.6b14906 

http://dx.doi.org/10.1021/acsami.6b14906
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Figure 4-4. Organizations participating to Subtask B. 

4.2 Overview of experience and map of CTES improvement 

The map of materials studied in Subtask b is given in Table 4-1. 
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Table 4-1: Expertise on CTES materials improving/optimization. 

Institution 

/ Project name 

PCM/TCM Short description of the 

materials 

R&D objectives Pathways 

CETHIL 

Heat Transfer and Energy Processes in 
Buildings and their Environment) 

TCM Ceramic/hydroscopic salt 
composite with multi porosity 

¶ Elaboration of ceramic pastes for 3D 

printing 
¶ Improving mechanical properties 

¶ Multi porosity matrices 

¶ Understanding of heat and mass 

transfer 

Composite materials 

Zeolite coating via a polymer ¶ Coating permeability to steam 

¶ Mechanical strength enhancement 

¶ Adherence of coating after thermal 

and sorption cycles 

Composite materials 

Reactive coating 

Encapsulation of salt hydrates 

by polymer 

¶ Enhanced mechanical resilience of 

the grains  

¶ Understanding of heat and mass 

transfer 
¶ Chemical heat enhancement 

Coating formulation 

Composite materials 

University of Applied Sciences Upper 

Austria 

TCM Salt in porous matrix-

Composites for low-temperature 
TES (40ς150°C) 

¶ Improving mechanical stability  

¶ Sorption capacity enhancement  

 Salt-mixtures (diff. 

synthesis methods) 
and composite (fiber) 
development  

ZAE Bayern 

PCM based on salt-water systems 

PCM Mixtures of salt hydrates, salts, 

and water ŀǎ άƴŜǿέ t/a  

(-70ς120 °C); systems with up to 

three different salts and water 

¶ Solid-liquid phase diagrams: 

Theoretical predication and 

experimental determination 

¶ Identification of eutectic mixtures 

¶ Tests of nucleating agents to 

promote crystallization 

Solid-liquid phase 

diagrams: Theoretical 

prediction and 

experimental 

determination  
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Institution 

/ Project name 

PCM/TCM Short description of the 
materials 

R&D objectives Pathways 

CIC energiGUNE 

PCM-based solid-state thermal 
batteries 

PCM Inorganic Plastic Crystals for TES 
at high temperature  

(450ς650 ᴈ) 

¶ Improving mechanical properties 

¶ Thermal conductivity enhancement 

¶ Multi-responsive features 

Composite materials 

Organic Plastic Crystals for TES 
at medium temperature  
(40ς200 ᴈ) 

¶ Supercooling mitigation 

¶ Enabling direct contact with 

water/steam 

¶ Thermal conductivity enhancement 

¶ Latent heat enhancement 

¶ Multi-responsive features 

External stimuli 

Protective coatings 

Composite materials 

Ionic Plastic Crystals for TES at 
low-to-medium temperature 

(20ς120 ᴈ) 

New molecules undergoing solid-state 
phase transitions with high latent heat 

Rational design and 
synthesis 

TU Wien/NIC Ljubljana/AEE INTEC 

Design of Smart HeatStock TCM 

composites 

TCM Composite TCM based on g-
Al2O3 covered by in-situ AlPO4 

and additionally coated with 
hygroscopic salts 

Boosting the thermochemical heat 
storage capacity 

Composite materials 

HSLU  

Optimization and development of PCM 

PCM Organic (esters) and inorganic 
(salt hydrates) PCM with low to 
medium temperature  
(-15ς80°C) 

¶ Study of the polymorphic 

transformations and ways to control 
them 

¶ Study on the optimization of 

materials in terms of improved 
stability (i.e. kinetics, segregation, 

accelerated long term testing) 

Usage of additives 

In-depth 
characterisation 

development of new 
methodologies 

  



 

ES TCP Final Report Task 40       56 

Institution 

/ Project name 

PCM/TCM 
Short description of the 

materials 

R&D objectives Pathways 

NIC Slovenia 

Research programme 

άbŀƴƻǇƻǊƻǳǎ ƳŀǘŜǊƛŀƭǎέ 

TCM 

for low 

temperature 

TES 

Hierarchical 

aluminophosphates 

(60ς90 oC) 

¶ Water adsorption capacity / storage 

improvement 

¶ Tailoring hydrophilicity 

Green synthesis 

Recycling  

Low cost reactants 

Shaping 

Composites with salt hydrates / 

aluminophosphates (80ς120 oC) ¶ Water adsorption capacity / storage 

enhancement 

¶ Mass and heat transfer enhancement 

¶ Thermal conductivity enhancement 

Preparation paths, 

Green synthesis, Low 
cost reactants 

ZIFs  

(80ς100 oC) 

¶ Ethanol adsorption capacity 

enhancement 

¶ Tailoring structure 

Green synthesis 

Porous matrices  

(60ς100 oC) 
¶ Tailoring structural properties 

¶ Water and heat transfer 

enhancement 

Design and 
monitoring of 

synthesis parameters 

TNO / compact loss-free heat batteries 
based on salt hydrates 

TCM Salt hydrates and salt hydrate 

composites (Salt hydrate + 

additive to improve cyclability);  

 

Optimization of size/shape of 

solid materials for optimal 

performance  

¶ Increase of Energy storage density 

from material to system level 

¶ Optimized module and system lay-

out for increased performance and 

potential series production 

¶ Demonstration of systems in relevant 

use-cases 

¶ Spin-out of technologies for future 

market uptake 

Materials and 

composites testing, 

small-scale (flexible) 

module testing, 

system integration 

and optimization, 

demonstration.  
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Institution 

/ Project name 

PCM/TCM 
Short description of the 

materials 

R&D objectives Pathways 

University of Ottawa (uOttawa) 

Design of composite TCM Materials 

TCM Composite materials made out 

of salt hydrates + host material 

+ encapsulating material 

Increasing the energy storage density 

for commercialization 

 Composite materials 

UniMe 

Development of hybrid and novel TCM 

TCM Inorganic salt hydrates in 

macroporous foams 

  

 

 

 

Organic salts 

¶ Inhibiting deliquescence-related 

issues 

¶ Preventing agglomeration 

phenomena 

¶ Correlation between energy storage 

capability and macro-micro-structure 

of the composite 

 

¶ Identification of novel organic salts 

¶ Characterization & Testing 

Confinement in a 

macroporous foam 

semipermeable to 

water vapor 

 

 

 

 

Rational design and 

synthesis 

Eindhoven University of Technology 
(Applied Physics) 

TCM Salt hydrates for low 

temperature TES (30ς100°C). 

For the built environment. 

¶ Understanding reaction kinetics 

¶ Improving power output by doping 

¶ Making stable mm-sized composite 

particles for reactors (reinforced, 

encapsulated) 

¶ Behavior of particle beds 

Multiscale 

experimental 

approach 
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Institution 

/ Project name 

PCM/TCM Short description of the 

materials 

R&D objectives Pathways 

 BCES (University of Birmingham) 

 PCM-based composite 

PCM PCM composites, by using by-

products such as red mud or 

fly-ash among others. From 

medium to high temperature. 

Improving cyclability and material 

compatibility. 

Formulation 

optimization.  

Scale-up. 

TCM TCM composite at medium 

temperature by using ceramic 

matrix and by-products. 

Special focus on formulation optimization 

and novel manufacturing routes. 

Manufacturing routes. 

Formulation 

optimization.  

Scale-up. 

PCM/TCM Combination of S-L and S-S PCM 

as a TCM matrix at medium 

temperature (salt hydrates). 

Improving cyclability and material 

compatibility.  

Composite materials. 

Manufacturing routes. 

Formulation 

optimization.  

Scale-up. 

University of Warwick / Sorption heat 

pump systems (Mission Innovation) 

 

University of Warwick / HP-FITS 

TCM Resorption of ammonia 

between salts: CaCl2, MnCl2, 

BaCl2, NH4Cl, NaBr 

PoC heat pump and thermal transformers 

with power density > 1kW/litre 

ENG (Sigratherm) 

matrix to promote 

thermal conductivity. 

TCM NaOH ς H2O absorption heat 

storage 

Link to a domestic heat pump for demand 

side management 

Novel absorber and 

evaporator designs, 

possible use of 

additives/mixtures 
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Institution 

/ Project name 

PCM/TCM Short description of the 

materials 

R&D objectives Pathways 

NRCan 

Low-cost high-performance thermal 

energy storage materials 

TCM ¶ Natural-based adsorbent 

TCM as host matrices for 

medium temperature (up to 

250 ᴈ): 

o High-purity crystal 

zeolites 

o Forest waste 

residues 

o Vermiculite 

Host matrices to be loaded with 

salt hydrates (e.g., MgCl2, CaCl2, 

etc.) 

¶ Identification of promising natural-

based host matrices for composite 
materials development 

¶ Investigating shaping techniques 

(granulation/agglomeration) 
¶ Investigating hydrothermal and 

structural stability of the developed 
materials 

¶ Thermal conductivity enhancement 

¶ Structural and surface measurements 

characterization (BET surface area, 
pore size & distribution, SEM) 

Elemental analysis (XRD, XRF, and EDX) 

Composite materials 

Aalborg University / Energy reduction 
for cooling using PCM in 2-pipe chilled 
beam systems 

 

PCM PCM with a phase change 
temperature range: 15ς20ᴈ 

¶ Organic paraffins RT18, RT15 

¶ Organic fatty acids Pure 

Temp 18, Pure Temp 15,  

¶ Salt hydrate SP15 

¶ Coconut oil 

¶ Tamanu oil 

¶ Identification of examined PCM long 

term stability in pure form 
¶ Identification and characterization of 

eutectic mixtures 
¶ Identification and characterization of 

PCM encapsulated in electrospun fiber 

matrices 
¶ Study of optimization of thermal 

properties for future use of PCM in 
LHTES application  

¶ Thermograms of 

PCM in pure form, 
eutectic mixtures 
and encapsulated 

in electrospun 
fiber matrices. 

¶ Theoretical 

prediction of PCM 
applicability in 

LHTES application 
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In Table 4-1, the materials studied (PCM or TCM), the R&D objectives, and the pathways to reach the 

objectives are reported for all participating institutions. This confirms the deep interest around 

materials optimization for TES applications. As already reported in Figure 4-1, the materials studied 

are both organic based and inorganic based and the preferred modification path is given by the 

development of different types of composites depending on the optimization targeted (increase 

energy density, improve thermophysical properties, or best integration into the TES system).  

Considering the modification paths reported in Figure 4-3, the major focus to improve the energy 

density and tailor the working temperature is towards the development of composite materials by 

mixing active materials (Figure 4-3 (a)). This means that all the materials in the composites have to 

undergo a phase transition or a chemical reaction in the same range of temperature, contributing to 

the overall energy density. As two examples, the infiltration of salt hydrates into porous structure (e.g. 

zeolites, aluminophosphates) or the mixing of solid-solid and solid-liquid based PCM (Figure 4-3 (a)). 

Thƛǎ ƻǇǘƛƳƛȊŀǘƛƻƴ ǇŀǘƘ ǇǊŜǎŜƴǘǎ Ƴŀƴȅ ŎƘŀƭƭŜƴƎŜǎ ƛƴŎƭǳŘƛƴƎ ǘƘŜ άǇŜǊŦŜŎǘ ǊŜŀŎǘƛǾƛǘȅέ ŀƴŘ ǊŜǾŜǊǎƛōƛƭƛǘȅ ƻŦ 

the material involved and, at the same time, the materials have to be compatible and do not interact 

too strongly leading to possible deviations negatively influencing their stability/durability. Another 

goal achieved by the development of άŀŘ ƘƻŎέ composites is obtaining materials with improved 

thermophysical properties to enhance the heat and mass transport (Figure 4-3 (b)). For example, this 

includes a small addition of highly conductive materials, the infiltration into porous matrixes or the 

encapsulation of the material into highly conductive fibres. In general, the objective is to minimize the 

amount of inert materials to impact the energy density of the composite as less as possible. Also in 

this case, many aspects have to be considered to ensure the short- and long-term stability without a 

significant degradation of the materials performance.  

Another important aspect is the production of composites for the efficient integration of the TES 

material into the system. The strategy in this case could be taking advantage of the composites 

developed to improve materials properties that can be directly used into the system. This includes for 

examples the shape stabilization or the encapsulation techniques. 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 contribute to the simplification of the systems (no heat exchanger needed) thus lowering the 

cost. 

Keeping in mind this TES material improving philosophy, the discussion during the period of the Task 

touched different crucial points.  

The key discussion points were: 

¶ What is the impact of materials improving on the TES system?  

¶ How to define materials improving guidelines depending on the application addressed?  

So far, these questions have not an answer ς but the discussion with the experts led to the definition 

of possible ways to approach them. 

On one side, the first step was a crossing Subtasks (B, D, and E) brain storming discussion to define 

KPIs at component level linked to material properties. To this end the proposal by Christoph Rathgeber 

(ZAE Bayern) was discussed and then presented to all the experts in expert meeting in Kassel 
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(September 22). Table 4-2 reports the classification of CTES properties on material level and KPIs on 

component level.  

Table 4-2: Classification of CTES properties on material level and KPIs on component level. 

 

The discussion raised many concerns demonstrating how complex it is to approach this problem that 

and many other aspects should be taken into account. For example:  

¶ The impact of encapsulation/shape stabilization on storage capacity is important. 

¶ Materials development can strongly impact the system cost (eliminate heat exchanger): Shape 

stabilization/encapsulation compatibility with the HTF.  

¶ Add the concept of efficiency at component and material level. 

Finally, the key concept to quantify how the materials improvement can impact the TES system is still 

an open discussion between the experts. As a first attempt, it was decided to follow two different 

approaches for TCM and PCM. In case of TCM, the preparation of a joint document led by Frederic 

Kuznik (INSA Lyon) ƻƴ άTCM ƳŀǘŜǊƛŀƭǎ ƛƴǘƻ ǎȅǎǘŜƳέ was discussed. In case of PCM, as suggested by 

Elena Palomo del Barrio (CIC energiGUNE), the approach to follow is building Ragone plots [6] (example 

in Figure 4-5) for selected materials and properties. The corresponding article [6] states that 

άgeometry, 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 a clear 

comparison method between different thermal storage materials and designsέΦ This approach could 

be helpful guiding the materials scientist towards the development of ǘƘŜ άǊƛƎƘǘ materialsέ ǿƛǘƘ 

optimum properties adapted to the application requirements. 



 

ES TCP Final Report Task 40 62 

 

Figure 4-5: 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 certain system configuration) 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 materials. This approach could be extended to other classes of materials and 

properties in a second stage. The 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 cases (TCM and PCM), due to lack of time and resources, this planned work 

was not carried out even if it remains of great interest.  

4.3 Conclusions 

The development of optimized TES materials will continue to be a key topic until the commercialization 

of a large number of TES systems covering the needs of a wide range of applications. The information 

collected in Subtask B demonstrates how complex the study of these materials is, but also how proper 

strategies of improvement allow to obtain materials with tuned properties for potential uses in 

applications. There are still many open questions especially concerning the definition of guidelines for 

materials optimization and the impact on the TES system.  

4.4 Key messages 

The key messages of Subtask B are the following:  

¶ The development of performant TES materials is an up-to-date research topic for the 

implementation of efficient and low cost TES systems  

¶ The definition of guidelines for materials improvement are a key aspect to guide the materials 

development strategies towards the system requirements 

¶ There is a growing effort to enhance TCM with strategies that differ significantly from those 

traditionally employed for PCM.  
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¶ Despite several years of work on improving PCM and TCM, new strategies for designing and 

developing PCM and TCM with 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 C: State of Charge Determination 

5.1 Background & Objective 

Subtask C focused on the collection, classification, and dissemination of the most promising methods 
to effectively determine the state-of-charge (SoC) of PCM and TCM CTES systems. 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 Requirements. This section captures the collective 
outputs from all three steps. 

5.2 Subtask Contributors 

The following Table 5-1 lists the experts and their institutions who contributed to Subtask C. 

Table 5-1: Task experts with state-of-charge experience; investigated PCM and TCM; applied testing devices and 
experimental conditions (sorted alphabetically by country). 

Country Institution Field Experts 

Austria AEE INTEC TCM Wim van Helden, Franz 
Hengel 

Austria University of Applied Sciences Upper 
Austria 

PCM/TCM Gayaneh Issayan, 
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 CanmetENERGY-Ottawa TCM Reda Djebbar, Chris 
McNevin, Thomas Manser 

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, Andreas 
König Hagen 

Germany Fraunhofer ISE PCM Sebastian Gamisch 

Germany ZAE Bayern PCM Christoph Rathgeber 

Italy CNR TCM Andrea Frazzica 

Italy  University of Padova PCM Carolina Mira-Hernández 

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 
and Arts 

TCM Benjamin Fumey, Yannick 
Krabben 

UK Birmingham Centre for Energy Storage 

(BCES), School of Chemical Engineering,  
University of Birmingham 

TCM Helena Navarro 

UK Swansea University TCM Jonathon Elvins 

USA US DOE; US DOE labs (LBNL and ORNL) PCM/TCM Sven Mumme, Sumanjet 

Kaur, Tim Laclair; 
Youngsup Song  

5.3 Definitions 

The following definitions were applied in Subtask C. 

¶ Thermal Battery: A TES with instantaneous SoC determination 

¶ State of charge determination utilizes measurement techniques of material bulk response. 

¶ State of charge is a component level property (analogy: electrical battery). 

5.3.1 State of charge 

The SoC of energy storage systems (electrochemical, thermal, kinetic, gravitational) can be broadly 
defined in Eq. (6.1) as the quotient of either the residual (discharge) or accumulated (charge) energy 
capacity (E(t)) to the maximum system energy storage capacity (Emax), normally expressed as a percent 
value: 

Ὓέὅ Ϸ           (6.1) 

Both E(t) and Emax are determined with respect to reference states that define the anticipated lower 
and upper bounds of operating conditions that produce energy transfer. 

With respect to CTES, these energy capacities are expressed primarily using system relative enthalpy, 
ҟH, 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 either liquid or 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 the heat exchange network between the CTES and 
the external energy sink/source. However, to generalize methods of SoC determination suitable for 
ŜƛǘƘŜǊ t/a ƻǊ ¢/a /¢9{Σ {ǳōǘŀǎƪ / ŦƻŎǳǎŜŘ ŜȄŎƭǳǎƛǾŜƭȅ ƻƴ ǘƘŜ ǘŜŎƘƴƛǉǳŜǎ ǳǎŜŘ ǘƻ ǉǳŀƴǘƛŦȅ ǘƘŜ ҟH 
contributions to the CTES 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 exchange network, 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) measurements 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 upper limit operating conditions. 

5.3.2 Research classif ication 

Members of Subtask C have collectively defined three distinct levels to the development of SoC 
determination techniques for PCM and TCM CTES (Figure 5-1). 

 

Figure 5-1. Schematic representation of the 3-level approach for the development of PCM and 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 conditions imparting heat/mass to the 
PCM/TCM that are useful to determine SoC. Developments characterized by this stage belong 
generally to TRL 1-3, meaning the exploration of the fundamental basis for the technique as well as 
proof-of-concept using either lab evaluation or numerical simulation. 

The second level, given the shorthand "Component Level", describes the development of the "Material 
Level" measurement techniques either internal or external to the PCM/TCM able to provide data that 
is calibrated to either bulk or local SoC determination. Development characterized by this stage 
generally belongs to TRL 4-6, 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 near the desired final CTES configuration for end-
use deployment (TRL 7-9). 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 of the PCM/TCM CTES.  
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5.4 Inventory of Promising Material Properties and Related Measurement 
Techniques 

5.4.1 Survey of past and current studies among Task experts 

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 the research literature, or those for 
which they could reasonably hypothesize a novel approach. 

Table 5-2: Overview of all 21 contributors to the inventory table. 

       

 

Figure 5-2. Measurement techniques applied by Task experts (weighted). 

Figure 5-2 shows a summary of the main measurement techniques applied by Task experts with the 
most used weighted and highlighted in bigger fonts.  

Regarding PCM, 20 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 measurements of the 
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 broadly utilized and achieved higher TRL than most of 
the other techniques.  
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Regarding TCM, six main TCM SoC measurement techniques were submitted by eleven participants. 
Most, if not all these methods were performed at the material level 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 TRL included (i) enthalpy balance SoC determination technique during system operation. 
This SoC determination method was tested by five participants; and (ii) TCM mass or adsorbate mass 
balance SoC determination technique, which was reported by at least four participants. Other 
interesting SoC determination methods being investigated and reported by participants include (iii) 
temperature of the TCM bulk material and adsorbate vapor pressure of the TCM bulk material, (iv) 
adsorbate volume change during operation, (v) electric, and (vi) spectroscopic properties 
measurement of the TCM unit bulk materials. 

5.4.2 Internet survey using ChatGPT (October 2023) 

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

List of measurement techniques: 

5.4.2.1 PCM Applications 

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 techniques can be applied in TES systems, but their 
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. Temperature measurement: Monitoring temperature is a fundamental and widely used technique 

in TES systems. It is a straightforward and cost-effective method to assess the state of charge. 

Temperature sensors, such as thermocouples or resistance temperature detectors (RTDs), are 

commonly employed in TES systems. 

2. Thermal energy flow measurement: Measuring 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 (DSC): DSC is a precise laboratory technique and is not typically 

used in real-time monitoring of TES systems in practical applications. It is more often used for 

material characterization and research purposes. 

4. Ultrasonic techniques: Ultrasonic sensors can be applied in 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. Acoustic emission: 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 real-time monitoring. 

6. Electrical resistance measurement: 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 MRI: These techniques are generally not used in practical TES systems 

due to their complexity, cost, and limited applicability in real-time 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 operation of the system. The choice of 
technique will depend on the specific requirements of the application and the available resources. 

5.4.2.2 TCM Applications 

The choice of measurement methods in large-scale 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 the following considerations: 

1. Temperature measurement: 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 both lab-scale and large-scale 

TCS systems. 

2. Calorimetry: Calorimetry is highly promising, especially for understanding the heat flow associated 

with chemical reactions. In large-scale TCS systems, calorimetric techniques can provide valuable 

information about energy storage and release, aiding in system optimization. 

3. Pressure measurement: Pressure measurement is particularly relevant for gas-phase reactions in 

large-scale TCS systems. It can help ensure safety and provide insights into the state of the storage 

material. 

4. X-ray imaging (XRD and X-ray CT): X-ray techniques offer non-invasive visualization of chemical 

species and structural changes within the storage material. They can be valuable for quality 

control, fault detection, and process optimization in large-scale TCS systems. 

5. Chemical composition analysis (spectroscopy): 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 useful when mass changes are significant in large-

scale TCS systems, such as in reactions involving solid-gas interactions or material 

loading/unloading. 

7. Electrical conductivity: Electrical conductivity measurements may be promising in certain TCS 

systems where electrical properties change significantly during reactions, allowing for non-invasive 

SoC assessment. 

8. Optical imaging: Optical microscopy and imaging can provide valuable visual insights into material 

behaviour and structural changes within large-scale TCS systems, aiding in quality control and 

system monitoring. 

9. Chemical sensors: Chemical sensors can be tailored to specific chemical species or properties, 

making them promising for real-time monitoring of critical parameters in large-scale TCS 

processes. 

10. Heat flow measurement: Heat flux sensors and calorimeters are promising for large-scale TCS 

systems to quantify heat flow and optimize energy storage and release. 
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5.4.3 Theoretical aspects on material level 

5.4.3.1 PCM SoC 

wŜƎŀǊŘƛƴƎ ǘƘŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ҟH in PCM CTES, the component of latent heat of phase transition 
(ҟhtrns) 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 operated around Ttrns in 
a limited temperature range. Eq. (6.2) describes the relative, specific enthalpy (ҟh) of an idealized, 
either pure or eutectic (ҟhmix = 0), solid/liquid PCM while Eq. (6.3) describes the relative, specific 
enthalpy of an idealized binary mixture PCM (ҟhmix = 0) operating within the liquidus dome adjacent 
to the component undergoing phase transition (see Figure 5-20; e.g., salt hydrate with excess water): 

ЎὬὝȟὝ ȟ‬ ‬ЎὬ ᷿ ὅȟὨὝ ρ ‬᷿ ὅȟὨὝ    (6.2) 

T, Tref, Ҝ, Cp,s and Cp,l refer to the PCM temperature, reference temperature used for relative enthalpies 
(i.e., temperature at which ҟƘtrns ƛǎ ŜȄǇǊŜǎǎŜŘύΣ ƭƛǉǳƛŘ ǇƘŀǎŜ ŦǊŀŎǘƛƻƴ όл Җ Ҝ Җ мύ ŀƴŘ ǎƻƭƛŘ ŀƴŘ ƭƛǉǳƛŘ 
PCM phase specific heat capacities (mixture average properties for eutectics), respectively, and,  

ЎὬὝȟὝ ȟ‬ȟύȟύȟ ‬
ȟ
ρ ЎὬ ȟ ᷿ ὅȟȟὨὝ ρ ‬᷿ ὅȟȟὨὝ

ρ
ȟ
᷿ ὅȟȟὨὝ         (6.3) 

w0, wA,c, and subscripts A and B refer to the component A mixture-average mass fraction, mass fraction 
composition of pure species A (0 < wA,c < 1 for coordination compound A ς e.g., salt hydrates, where A 
represents the anhydrous salt ς or wA,c = 1 for single component pure PCM species A), the phase 
transition species and passive, single-phase species, respectively. Such a system as is represented by 
Eq. (6.3) has been described in the literature as a "heat of dissolution" PCM system [1]. 

At T = Ttrns in Eq. (6.2), there is only one remaining degree of freedom, Ҝ, which is independent of T, 
but dependent only on the PCM's heat transfer history (path dependent). 

In Eq. (6.3), w0 and wA,c are fixed, known values, Ҝ and T = Tsat vary throughout the phase transition 
process. Utilizing the binary, equilibrium phase diagram for species A and B (see example in 
Figure 5-20), the Lever rule (Eq. (6.4)) can be used to express Ҝ as ắ(w(Tsat)), meaning that Tsat is the 
only remaining independent variable describing ҟh of the PCM in Eq. (6.3): 

‬ ȟ

ȟ
           (6.4) 

Therefore, as it is the only transient variable multiplying ҟhtrns in both Eqs. (6.2) and (6.3), Ҝ is 
effectively the dominant variable in determining SoC in PCM CTES and that temperature 
measurements in the case of PCM whose energy balances are described by Eq. (6.2) provide only 
limited ability to discern the PCM's SoC in actual practice. 

5.4.3.2 TCM SoC 

With respect to TCM, one common class of equilibrium chemical reactions can be generalized as: 

ὃϽάὄ ὲὄ ᴾὃά ὲὄ        (6.5) 

Species A and B form coordination compounds (e.g., hydrates or ammoniates). The contributions of 
latent heat in these cases come from the combination of the heat of reaction (ҟhrxn) and the heat of 
evaporation or sublimation (ҟhvap or ҟhsub) of species B, thus increasing its magnitude in comparison 
to the latent heat of transition for PCM. For simplicity, however, the heat of reaction (ҟhrxn) 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 Eq. (6.5). 

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

ЎὬ  —ЎὬ            (6.6) 

and 

—
Ў

Ў
           (6.7) 

²ƘŜǊŜ ҟώBϐ ƛƴŘƛŎŀǘŜǎ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ŜƛǘƘŜǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻǊ ǇŀǊǘƛŀƭ ǇǊŜǎǎǳǊŜ ƻŦ ǎǇŜŎƛŜǎ . ŀƴŘ ҟώB]max 
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). While  ̒can 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 CTES,  ̒is therefore the dominant variable in determining SoC. 

5.5 Selected Proof of Concepts 

A survey was conducted, aiming to summarize the state of knowledge on measurement techniques of 
material bulk response (first level - Material) as well as correlation of material bulk response with 
external measurements (second level - Component).  

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 was discussed. In the following sections, a summary of selected examples in order by 
measurement technique - 1. Material level example, 2. Component level example - are reported. 

5.5.1 Latent Thermal Energy Storage 

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 are also discussed. 

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 accumulated energy. 

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

5.5.1.1 Acoustic Wave Amplitude Attenuation (Material Level) 

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 lab-scale TES enclosure with internal tube coil heat exchanger [2], as seen in Figure 5-3. The 
proposed technique was motived by simplicity of SoC measurement configuration and use of 
inexpensive transducers and sensors. 
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Figure 5-3. 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 fraction. However, 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 determine SoC in a PCM TES. For example, wave scattering is a function of the 
signal wavelength and the population of particle sizes [3] which 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, and is therefore fundamentally unsuitable for PCM SoC determination, for which both 
phase fraction and particle size distribution vary independently throughout PCM TES operation, 
coinciding predictably only at full PCM charge (complete fusion), therefore unable to 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 suspensions and colloidal mixtures wherein particle size distributions can be more 
easily characterized within a nominal size range. 

As seen in the results obtained by the researchers in Figure 5-4, there is 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 evidence in Figure 5-4 of a regime of gradual response 
in measured signal to phase fraction. 

 

Figure 5-4. Transient response of acoustic wave attenuation, varying by source signal wave period indicated in ms [2]. 



 

ES TCP Final Report Task 40 73 

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 result in a reliable and 
predictable technique for SoC determination to warrant widespread implementation into PCM TES. 

5.5.1.2 Acoustic Wave Time-of-Flight (Material Level) 

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

At its most simple, acoustic time-of-flight can be simplified as a 1D, direct line-of-sight kinematic model 
as illustrated in Figure 5-5, in which there are fixed and variable material domains (vessel walls, HX, 
PCM liquid and PCM solid), each with their own characteristic times-of-flight and lengths, denoted t 
and L. In reality, however, the situation is more complex and it will be a question primarily of signal 
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 of PCM to those of the target direct line-of-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 each 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 a further strategy to promote increased signal response from the desired line-of-sight path 
of acoustic transmission by subduing the effects of absorption/scattering as was shown in Figure 5-4. 
Furthermore, as time-of-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 off pulses represent an additional tool to improve 
the signal-to-noise relationship of this method. 

 

Figure 5-5. Simplified 1D kinematic model of PCM TES time-of-flight for SoC determination. 

Eqs. (6.8) to (6.11) outline the simplified kinematic equations from which the volumetric phase 
fraction, Ҝvol, would be ascertained, in which v 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, represented by Lliq and Lsol. 

ὸ ὸ ὸ           (6.8) 
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ὸ ὸ ὸ Ƞ ὸ ὒȾὺ         (6.9) 

 

‬ Ƞ ὒ ὒ ὒ                    (6.10) 

 

‬ ὸ άὸ ὦ                (6.11) 

Examining Eq. (6.11), it can be seen that this technique has the potential advantage of a linear response 
of Ҝvol, and hence SoC, with respect to the measured t total as all other quantities represent fixed physical 
parameters and intrinsic material properties. In fact, through suitable calibration ς assuming that 
sufficient signal strength, low noise, and signal disambiguation are achievable and provided that 
| vsol - vliq|  >> 0 ς it would be possible simply to infer the linear equation parameters of fit m and b in 
Eq. (6.11) rather than needing to obtain these through rigorous measurements of both material 
properties and physical design of the PCM TES.  

Figure 5-6 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 
phases is possible in some PCM, in particular organic PCM. Using the compressed liquid in Figure 5-6 
as a simple analogue for the density difference that would be observed between liquid and solid phase 
PCM, a 6% difference in PCM density (typical of many PCM) can correspond to a 24% difference in 
their characteristic speeds of sound. 

 

Figure 5-6. Speed of sound for compressed liquid ethyl myristate (fatty acid ester) at 293.15 K.  

Data from [4]. 

5.5.1.3 Optical (Material Level) 

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 the two-phase 
interface (aka, phase front). Doing so requires a digital camera positioned 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 illustrated in Figure 5-7, 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 determination 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 fundamentally 
impractical for field operation of PCM TES and for SoC determination to be used to trigger a desired 
control system response. It also lacks data relating to the sensible energy content in each phase of the 
PCM. 

 

Figure 5-7. Tracking dynamic changes in the phase distribution of lauric acid (dodecanoic acid) in a rectangular enclosure 

ǿƛǘƘ ŀ сл ɕ/ ƘŜŀǘŜŘ ǾŜǊǘƛŎŀƭ ǎǳǊŦŀŎŜ όǊƛƎƘǘ ŜŘƎŜύΦ {ƻǳǊŎŜΥ [5]. 

Optical determinations of SoC in PCM can 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 
transmission [6]. 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 as opaque (for crystalline solids 
especially).  

 

Figure 5-8. Visible light transmission measured through a sample of PEG 1000 undergoing solidification from the melt. 
Source: [6]. 

30 CHALMERS Civil and Environmental Engineering, Masterôs Thesis BOMX02-16-85 

 

 
Figure 22: This figure shows the results from three light transmittance 
measurements of PEG1000. The upper panel shows the light transmittance plotted 
against the temperature. The bottom panel shows the change in light 
transmittance from the first measurement plotted against the time.  

For PEG1000, the light transmittance remains constant at approximately 2450 lux 

as the polymer is in its liquid state, i.e. above 34 ÁC. As the crystallization starts, 

the light transmittance drops continuously, close to the crystallization temperature. 

After 14 minutes approximately 95% of the polymer is in its crystalline state. These 

results suggests that the light transmittance is directly related to the degree of 

crystallinity of PEG1000. The reason for the difference in temperature between the 

DSC curve and the light transmittance measurements 14 minutes into the 

experiment (seen in the upper panel of figure 22) is due to the LH released during 

crystallization affecting the temperature of the sample. In the DSC, this release of 

heat does not affect the temperature of the sample since the apparatus is set to 

maintain a cooling rate of 1 ÁC/min (the DSC just provides additional cooling to 

maintain these settings). However, during the light transmittance measurements the 

LH heats up the sample (since the sample is only exposed to ambient cooling), 

making the temperature remain higher throughout the crystallization. This effect is 

even more visible for PEG1500 as seen in figure 23. 
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Figure 5-8 illustrates the observed step change in PCM transmittance in a solidifying sample of 
PEG 1000. While this technique has been shown to provide a strong, possibly linear response of light 
transmittance to PCM phase fraction, Ҝ, 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 walls, line-of-sight between the source and sensor 
that is unobstructed by internal vessel features (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 lacks the ability to determine the sensible heat contents of 
the individual phases. 

5.5.1.4 Ohmic/Capacitive (Material Level) 

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 external electric fields. For non-polar 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 and solid phases but are intended to directly monitor the evolution of the local phase 
ŦǊŀŎǘƛƻƴΣ ҜΣ ǿƛǘƘ ǊŜŘǳŎŜŘ ƳŜŀǎǳǊŜƳŜƴǘ ƘȅǎǘŜǊŜǎƛǎΦ 

!ƴ ƛƴŘƛǾƛŘǳŀƭ t/aΩǎ ƳŀǘŜǊƛŀƭ ǊŜǎǇƻƴǎŜ ǘƻ ŜƭŜŎǘǊƛŎ ǎǘƛƳǳƭƛ ǎƘƻǳƭŘ ōŜ ŦƛǊǎǘ ŀǎŎŜǊǘŀƛƴŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ 
suitability for either ohmic or capacitive SoC determinations as well as under what conditions to obtain 
the largest contrast between phases. For instance, Figure 5-9 ƛƭƭǳǎǘǊŀǘŜǎ Ƙƻǿ ŀ ǇŀǊŀŦŦƛƴƛŎ t/aΩǎ ƻƘƳƛŎ 
response compares to 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 conductivity by two orders of magnitude [7]. On the 
other hand, the capacitance of the paraffin, while still not exhibiting such high phase change contrast 
(12% diff. for RT 54HC [7]), can be at least configured practicably to generate a sufficiently strong 
sensor signal as opposed to what could be observed for electrical conductivity. 

  

Figure 5-9. (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 (NaC2H3O2·3H2O) salt hydrate PCM (58 °C peritectic transition temperature). Source: [7]. 

For practical implementation with PCM TES systems, capacitance measurements of organic PCM might 
prove useful in closely monitoring Ҝ for SoC determination in thinly encapsulated PCM as the 
measurement cell is 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 conductivity in 
the solid phase, measurement cells for conductance/resistance are not so sensitive to electrode 
spacing. Also, it is presently unclear how this method would respond to the presence of metallic 
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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 SoC measurement of salt hydrate phase 
change slurries or water-ice slurries with electrolytes dissolved in the liquid phase. 

5.5.1.5 Flow Cell Measurements (Component Level) : Optical, Acoustic, Ohmic 

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 flow stream is present, must keep solidification 
fractions sufficiently low (e.g., < 50% mass) so as to remain fluidized for proper conveyance. As such, 
it is relatively simple to conceive a SoC measurement flow cell using either acoustic or electromagnetic 
wave techniques 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 of off-the-shelf sensors are ultrasonic 
flow sensors (acoustic ς SoC could be calibrated to either acoustic density or time-of-flight), 
electromagnetic flow sensors (ohmic ς often used to measure aqueous solution concentration in flow) 
and turbidity sensors (optical ς also already employed to measure concentration of suspended solids). 
Flow cell densometry, 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). 

 

Figure 5-10. Flow diagram of the SoC-turbidity calibration test bench for K2HPO4·6H2O 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 sensor 

and temperature sensor T1, electrically heated (EIH) to full melting and slight superheating of the liquid 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 calorimetry between T3 and T1 at the flowrate measured and known fluid density r Ґ ấό¢ύΦ Source 

Schmit et al. [9]. 

Schmit et al. [8]-[9] have successfully demonstrated lab calibration of a conventional turbidity sensor4 
to a slurry of K2HPO4·6H2O prepared from its stoichiometric liquid solution (Figure 5-10). For calibration 
(Figure 5-11), the transmission technique turbidity sensor's factory calibrated reference fluid output 
of concentration unit (CU) was correlated to the solid fraction in the stream (reducing with time due 
to ambient heat gain, Ttrns Ґ мпΦо ɕ/ ŦƻǊ Y2HPO4·6H2O(s) [8]. The solid fraction in the stream was 
determined dynamically using flow-based calorimetry for known ҟHtrns, Cp of the liquid phase, and 
liquid phase density and volumetric flowrate measured via electromagnetic flow sensor. As seen in 
Figure 5-11, correlation of CU to %mass K2HPO4·6H2O(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 of suspended solids. 
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Thereby, the ice crystals grow on the surface of the heat exchanger walls and, after reaching a certain size, 
are flushed away by the flow. In practice, there is one main drawback of this method, the clogging of heat 
exchangers due to ice crystals adhering to the heat exchangersô walls and not being carried away by the flow 
(Kauffeld et al., 2005). Despite this known drawback, the method of the hydro scraped slurry generator was 
investigated to generate K2HPO4Ŀ6H2O-PCS.  

Viscosity and storage density of PCS generally increase with increasing crystal fraction. However, since the 
pumping power depends on the viscosity, an optimum between crystal fraction and viscosity has to be 
determined for a reasonable operation (Kauffeld et al., 2005). Therefore, one of the goals of this work was to 
determine the viscosity of K2HPO4Ŀ6H2O-PCS as a function of the crystal fraction. 

2. MAIN SECTION 

2.1. Experi mental procedures 

2.1.1. K2HPO4Ŀ6H2O: melting behaviour and preparation 

K2HPO4Ŀ6H2O composed of 61.7 wt% K2HPO4 melts around 14.3 ÁC (Phase diagram in Schmit et al., 2016). 
However, the melting is semicongruent, i.e. when heating solid K2HPO4Ŀ6H2O above 14.3 ÁC, 
K2HPO4Ŀ3H2O might form and then only melt entirely if the whole mixture is heated above 20 ÁC. The 
melting of the formed K2HPO4Ŀ3H2O requires a homogeneous distribution of K2HPO4Ŀ3H2O in the K2HPO4 
+ H2O solution in order to take place above 20 ÁC. If separation occurs due to the higher density of 
K2HPO4Ŀ3H2O, it might be necessary to heat the mixture above 45 ÁC to obtain liquid K2HPO4Ŀ6H2O again. 
It has to be noted that the formation of K2HPO4Ŀ3H2O can also occur during cooling. 

In each of the experiments, K2HPO4Ŀ6H2O was prepared from anhydrous K2HPO4 and water. The water 
content was verified via a moisture analyser (HR83 from Mettler Toledo) and adjusted till it matched the 
stoichiometrically correct content. In the case of the measurements with the calibration test bench and the 
viscosity measurements, K2HPO4Ŀ6H2O-PCS was prepared using a commercial slush ice machine (ugolini 
MT GL 1P). 

2.1.2. Turbidity sensor and calibration test bench 

The turbidity sensor used in this work is a TF16-N from optek-Danulat GmbH together with the control unit 
C4201. Even though, the turbidity sensor combines the attenuation method with a deflection method, it was 
shown in our earlier work, that only the attenuation method is suitable for the high turbidity values reached 
with K2HPO4Ŀ6H2O-PCS (Schmit, 2016). The logarithmic unit CU (concentration unit) is used to describe a 
relative turbidity compared to a reference fluid, usually water. It gives the relative attenuation of the light 
intensity in the measured medium compared to a reference fluid. In this work, tap water was used as 
reference fluid.  

To assign the turbidity measured with the turbidity sensor to a crystal fraction, a calibration curve has to be 
provided. In order to obtain a link between turbidity value and crystal fraction, a calibration test bench was 
constructed. A schematic drawing of the calibration test bench is shown in Fig. 1.  

Figure 1: Schematic drawing of the calib ration test bench . 
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difficulties were encountered when it was ascertained that the K2HPO4·3H2O(s) species was present in 
the feed, which presumably altered the optical response due to both its different optical properties 
and crystal size (K2HPO4·6H2O(s) forms uniformly small crystals, <1 mm diameter, due to slow crystal 
growth rate). While CU was suspected to be over-represented when K2HPO4·3H2O(s) crystals were 
present, it would also underestimate the feed solid fraction as K2HPO4·3H2O(s) has a more elevated 
Ttrns όϤпт ɕ/ [8]) and would therefore not dissolve completely in the calibration test bench by Schmit 
et al. [9]. 

 

Figure 5-11. Linear calibration plot of solid fraction of K2HPO4·6H2O to transmission technique turbidity measurement of 
concentration units (CU) factory calibrated to a reference fluid. Noted outliers were identified as suspected contamination 

by K2HPO4·3H2O(s) in the slurry. Source: [9]. 

5.5.1.6 Control Volume (Component Level) 

The control volume technique constitutes the method whereby most other SoC determination 
techniques are evaluated and calibrated (see Figure 5-12) 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 Eq. (6.12) and requires a fixed number of sensors for 
TES of any volume: 1x mass flow rate measurement of the HTF, 1x temperature difference 
measurement of the HTF inlet and outlet, 1x measurement of the PCM internal temperature in relation 
to external heat loss and 1x ambient temperature measurement or a surface heat flux measurement 
in their stead.  
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Eq. (2)  

where msl is the mass of K2HPO4Ŀ6H2O-PCS introduced into the thermostatic bath. 

To determine the viscosity, a Rheomat R 180 from proRheo GmbH was used, which is a rotational 
viscometer. Different measurement systems are provided to determine the viscosity of liquids (coaxial 
cylindrical measurement system) and of liquids containing solid particles (anchor agitator measurement 
system). For all of the measurements, the measurement chamber of the viscometer was placed inside a 
thermostatic bath to be able to measure the samples in a stable temperature environment. It has to be noted, 
that absolute viscosity values are obtained with the coaxial cylindrical measurement system. This is not the 
case with the anchor agitator measurement system, where only relative values are measured. 

Preliminary measurements revealed that obtaining reliable values for the viscosity of K2HPO4Ŀ6H2O-PCS 
was nearly impossible due to the apparition of K2HPO4Ŀ3H2O crystals. Therefore, besides liquid 
K2HPO4Ŀ6H2O with the stoichiometrically correct water content, a second liquid K2HPO4 + H2O mixture had 
to be investigated. The peritectic composition, which is the composition with the highest K2HPO4 content 
where the liquidus curves of K2HPO4Ŀ6H2O and K2HPO4Ŀ3H2O do not overlap, was chosen. It contains 
around 60 wt% K2HPO4. Hereinafter, this composition will be referred to K2HPO4+6.4H2O and the 
corresponding PCS as K2HPO4Ŀ6H2O-PCS*. 

2.2. Result s and D iscussion 

2.2.1. Calibration of the turbidity sensor 

K2HPO4Ŀ6H2O-PCS with different crystal fractions were measured in the calibration test bench to link the 
measured turbidity values to the crystal fraction calculated via Eq. (1). The obtained results are displayed in 
Fig. 4. While the black squares represent the measured values for K2HPO4Ŀ6H2O, the red triangles are 
outliers and represent cases, where K2HPO4Ŀ3H2O appeared in the K2HPO4Ŀ6H2O-PCS. The formation of 
K2HPO4Ŀ3H2O in K2HPO4Ŀ6H2O-PCS is due to the semicongruent melting of K2HPO4Ŀ6H2O as mentioned 
earlier. The K2HPO4Ŀ3H2O crystals in the calibration test bench were identified via polarized optical 
microscopy (POM). While the K2HPO4Ŀ6H2O crystals have a rounder shape, the K2HPO4Ŀ3H2O crystals are 
needle-shaped, and thus both hydrates are well discernible via POM (Linn, 2016). Even though the 
appearance of K2HPO4Ŀ3H2O crystals in K2HPO4Ŀ6H2O-PCS is unwanted, the turbidity sensor allows to 
detect their presence since it results in higher turbidity values. 

A linear fit can be applied to the measured values shown in Fig. 4. The relationship between crystal fraction 
in K2HPO4Ŀ6H2O-PCS and turbidity determined in the calibration test bench is linear. This demonstrates, that 

Figure 4: Crystal f ract ion of K 2HPO4Ŀ6H2O-PCS as a funct ion of the turbid ity value. 
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Figure 5-12. Experimental PCM enclosure instrumented for the comparison of control volume SoC determination (labelled 
άI¢C ŜƴŜǊƎȅέ ƛƴ ǘƘŜ {ƻ/ ŎƘŀǊǘύ ǘƻ ōƻǘƘ ǾƻƭǳƳŜ-integrated temperature field (and enthalpy-weighted volume integral, 

SoCt,PCM and SoCh,PCM Ŝǉǳŀǘƛƻƴǎ ŀƴŘ ƭŀōŜƭƭŜŘ άt/a ǘŜƳǇŜǊŀǘǳǊŜέ ŀƴŘ άt/a ŜƴǘƘŀƭǇȅέ ƛƴ ǘƘŜ {ƻ/ ŎƘŀǊǘύ ŀƴŘ t/a ŎŀǾƛǘȅ 
pressure (equation labelled SoCp ŀƴŘ άǇǊŜǎǎǳǊŜέ ƛƴ ǘƘŜ {ƻ/ ŎƘŀǊǘύΦ {ƻǳǊŎŜΥ όDŀǎƛŀ нлмуύΦ 

Ὓέὅ  
᷿ Ў Ў

ρππϷ                  (6.12) 

However, this technique does not rely on state-based determinations of phase fraction distribution or 
heat content of the PCM within a TES, but relies instead on a numerically integrated, pseudo-steady 
state series of heat transfer measurements and heat loss modelling, therefore accumulating 
uncertainty both with the number and duration of time intervals used for data sampling. In practical 
terms, this necessitates reaching a predefined, uniform, end-state at which SoC is known with certainty 
from state-based determinations (e.g., complete charge/discharge) and to re-initiate 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 SoC determination. 

As this technique is most useful to calibrate other state-based 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 thermocouples), 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 
determination ƻŦ {ƻ/ ƛƴ ǎƳŀƭƭŜǊΣ ƭŀō ǎŎŀƭŜ t/a ¢9{ ǿƘŜǊŜōȅ ǎƳŀƭƭ I¢C Ŧƭƻǿ ǊŀǘŜǎ ŀƴŘ ҟT are observed. 
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 working with large 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 
boundaries [10]. 

Separately from the trappings of determining the HTF contributions to Eq. (6.12), the heat loss 
characteristics of the TES vessel must also be well characterized in the value of UAloss and the basis at 
which ҟ¢amb is determined. This is normally done by evaluating the internal temperature and sensible-
only heat content of the PCM in the vessel under static-loss conditions only (zero HTF flow). 
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5.5.1.7 Temperature Field Mapping (Component Level) 

This technique is fundamentally the simplest in 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 required. It can be regarded as a real-life 
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 cooling mode). 

 

Figure 5-13. Temperature profiles at different positions inside a PCM container during melting phase. Source: 

(Zsembinszki 2020). 

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 vessel is devised, and 
temperature probes are inserted in each of these discretization nodes. This can be reduced to 1D or 
2D discretization rather than a full 3D and can take advantage of axial symmetry for the PCM's 
transient temperature profile depending on the particulars of the geometry of the PCM domain inside 
the TES vessel and dominant heat exchange processes (conduction only or with convection). 

¢ƘŜ ōŀǎƛǎ ŦƻǊ {ƻ/ ŘŜǘŜǊƳƛƴŀǘƛƻƴ Ŏŀƴ ōŜ ǘƘŜǊŜŦƻǊŜ ǊŜŘǳŎŜŘ ǘƻ ŀ ƎŜƴŜǊŀƭ Ŝǉǳŀǘƛƻƴ ŦƻǊ Ҝ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ 
Eq. (6.13). Other approaches may be similarly formulated for improved correlation, e.g. SoCT,PCM and 
SoCh,PCM in Figure 5-12, of which SoCh,PCM exhibited the most favourable response at low SoC. 

‬  

ḁ
ρππϷ

ρ
ḁ

ρππϷ
                   (6.13) 

Figure 5-13 illustrates how individual temperature probes correlate poorly to SoC determined by the 
control volume method, whereas spatially integrated temperature fields, such as in Eq. (6.13), 
drastically improve correlation, as seen in Figure 5-12. However, as noted in Figure 5-14, 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 operating 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 temperature gradient discontinuity within the PCM 
domain. In practical terms, this would mean that the phase front is situated somewhere between 
adjacent nodes where T = Ttrns on one side and either T < Ttrns or T > Ttrns on the other side. 

 

Figure 5-14. Example of PCM TES temperature field mapping of SoC, calibrated to fixed HTF inlet temperature/ flow rate. 
Source: [11]. 

As can be seen in Eq. (6.13), uncertainty in determining Ҝ is affected equally by the temperature probe 
uncertainty to determine that T ґ Ttrns 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 
discretizations result in sluggish transient response of determining Ҝ as well 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 promising compromise 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 (Figure 5-15) [12]. This latter technique can be described as a reduction of parameters 
approach to temperature field mapping SoC. 

 

Figure 5-15. Example of calibrated PCM TES energy model interpolations of a local temperature field T (r, x) (a) and 
corresponding local phase fraction field  ˅(r, x) (b) at some transient operating state of the TES. T and ˅  at * denote 

collocation points of temperature probes. Source: [12]. 
























































































































































































