UNIVERSITY OF MESSINA

DEPARTMENT OF ENGINEERING

Doctoral Program in
Engineering and Chemistry of Materials and Constructions

CYCLE XXXVII

COORDINATOR Prof. Proverbio Edoardo

A Thermochemical Strategy for Enhanced
Low-Temperature Building Comfort: From Novel

Salt Hydrate to Thermally Active Mortars

Disciplinary Scientific Sector S.S.D. IMAT-01/A

Candidate Supervisor
Dott. Previti Emanuele Prof. Calabrese Luigi
= )

iu/"”«.g Ml AQ"{"‘I ’/é - / //4\

Anni 2023/2024

R(A
€ INNOVAZIONE

o €
i Q@ "oV REACT €U
P UNIONE EUROPEA . Hsristose it Hiriversits RICE 00

Fondo Sociale Europeo o dodlly . Fbvoron



Index

ABSTRACT ...ttt et h bt ettt bbbt et ettt bbbt et e nee i
NOMENCLATURE ..ottt ettt sttt sttt sttt iii
LIST OF FIGURES ..ottt ettt sttt v
LIST OF TABLES ...ttt ettt bbbt ettt b et eneens ix
SCOPE OF THE THESIS ..ottt sttt ettt sttt s xi
Chapter 1 INIrOQUCION ......couiiiiiiieieietet ettt ettt et ettt s s e et e saeenbeeneeenee 1
1.1. Energy demand in buildings: background and effective solutions to restrain it............. 1
1.2. Thermal energy storage (TES) teChnologies ..........cccevvervieriieiieiieieeieseeieeie e 10
1.2.1.  Sensible heat storage (SHS)......ooiiiiiiiee e 14
1.2.2. SHS s0lutions for BUildings .........c.cccverieriieriiriieiie ettt re e ees 16

1.3. Latent heat storage (LHS) ...ccvooiiiiieieiieiieieee ettt 21
1.3.1.  Classifications of Phase Change Materials (PCMS) .......cccceooeiriinieniesiieieeieeeenn 24
1.3.2. PCM COMPOSIEES ...eeuvieutieuteeiteeiieiteesteerte et eteeutesteesteeteeneeenaesseesseesseanseenseeneesneenseenseas 29
1.3.3.  PCMs in building appliCations...........ccverrieriereieiiieiierieniienieereeeesesesseesseesessessnenens 33

1.4. Thermochemical energy storage (TCES) ......oooiiiiiiiiiiii e 38
1.4.1.  Classifications of thermochemical materials (TCMS) ......c.ccccvevireriiencieeniiesieenee. 41
1.4.2.  Salt hydrates for low-temperatures applications............c..eeveevveeviereereereerreenesneenes 47
1.4.3.  Deliquescence phenomenon in traditional inorganic salt hydrates ..........c..ccccc..... 50
1.4.4. TCM composites for low-temperatures applications............ccceeceeeeereereesenneneene 53
1.4.5. Novel organic salt RYdrates .........c.ccceeierieriieiieiieieeeee e 56
1.4.6.  TCMs in building appliCations ...........cccecierrereieiiieiiereeriiesre e esre e eae e eeas 58
Chapter 2 Calcium L-lactate pentahydrate (CL).........coooveoiieiieieniieieieee e 62
2.1. CL: from pharmaceutical excipient to promising TCM .........ccecceviivieiieneniere e 62
2.2 Dehydration and hydration kinetics models for CL .........c.ccocevviiieniiieniiieiieeeieeeieee, 64
2.3. Materials and MEthOdS. ........cecuirieiieiieriee et 65
2.3.1.  Physical, structural, chemical, and morphological characterizations....................... 65
2.3.2. Thermal Stability.......cccceoiieiiireiieeiie ettt ae et e e seae e e 67
2.3.3.  Thermochemical characterization under isothermal conditions .........cc..cccceevuereenne. 67
2.3.4.  Evaluation of the heat Storage capacity ........c..ccceeeverereninenieeierieneneneeeseeeeeennes 67

2.3.5. Thermogravimetric dynamic vapor sorption analyses.........c.ccceevveervrercveenveenveennnn. 68



2.4. ReSults and diSCUSSION .......couvviiiiiiiieiitieeeee et eee e e e e e e e e e e e s s eeaaaeeeeeeeeanns 68

2.4.1.  Thermochemical and structural stability.............cceceverierieriieiiieieeieseeeee e 68
2.4.2.  Dehydration/Hydration cyclic reversibility .........c.ccocevverirerierienienenenenenceeeeenen 72
2.4.3. Heat StOrage CAPACIEY ..c.eeruiereeeiieiieetieetiet ettt ettt ettt et ettt et e 81
2.5. General remarks and future outloOKS.........coeeereeiiiininiiinreeeee e 83
Chapter 3 Deposition of CL on Sepiolite MAtriX ..........ccveevievieeieriierieiiesieeee e seeseesseeseevessaessnens 85
3.1. Influence of porous matrices in enhancing TES properties..........cccceeovereeneenenceeneene. 85
3.2 Sepiolite: an abundant and low-cost mineral Matrix ..........ccoceveeerienienieiinienieneeens 86
3.3. Materials and MEthodS. ........coeiiiiiiiieeeeeee e 91
3.3.1.  Reagents and preparation method...........ccoooiiiiiiiiiiiiiiieeeee e 91
3.3.2.  Structural, chemical and physical characterization analyses ............ccccceeverruerenne. 93
3.3.3. Thermogravimetric charaCterization...........c.cocuerverueeruierreereeeeneeseeseesseesessesne e 94
3.34. Thermogravimetric dynamic vapor SOrption analyses ...........ccceccevvvereerreerreecverenenne 94
3.3.5. Thermochemical characterization under saturated vapor conditions....................... 95
3.3.6.  Morphological charaCterization ..............cceeeuerverieriienrieniiereeeeeeeseeseeseeseeaesene e 95
3.4. Results and diSCUSSION......cc.eiuiruiriiieierieerie ettt 95
3.4.1.  Structural and chemical characterizations ..............coecverureireiesienieseee e 95
3.4.2.  Physical characteriZation .............coecueiierieriesieie ettt 100
3.4.3. Thermal Stability......c.ccceeiieriieiiieieiie ettt e e beeae e saeesseeseenseens 102
3.4.4. Thermogravimetric dynamic vapor sorption characterization ..............cceceevuveueenne 109
3.4.5. Evaluation of materials heat release capacities...........coecvereeriereerrerrenie e 113
3.4.6. Morphological observations on sepiolite-based composite materials..................... 117
3.5. General remarks and future oUtloOKS.........coceeoieiiriiiiiiiineeeee e 119
Chapter 4 Composite plaster mortars With CL ..........ccoooiiiiiiiiiiiieceeeeeee e 121
4.1. Composite mortars integrated with PCMs and TCMS.......ccceceveeviiieeciieiiieeeiieesieeenneenn 121
4.2. Mortars with CL for self-healing...........cccovueviiiieiieiiiieie e 123
4.3. Plaster mortars With CL.........ccooiiiieiieie ettt es 125
4.4. Materials and MEthOdS. .........ccveiieiieiieie e 127
4.4.1.  Plaster MOrtar Preparation.........cccccveereeerueeerueeesieeeseeesreeesseessseeesseessseeesseesseessseesns 127
4.4.2.  Characterization of fresh plaster MOTtars..........c.cccuevuirerinireerienieneneneeeeeeeeens 131

4.4.3. Mechanical CharacCteriZatiON ..........cccuueviieiiieieiiieiee et eeeee e e e e e e eebaraeeeeas 132



4.4.4.  Physical, structural and morphological characterizations............cccccecueeeeniencennen. 133

4.4.5. Isotherms of water vapor SOrption/deSOrPHioN ..........cccuevvereereerieerieereereserenieenens 134
4.4.6. Thermo-physical characterization under controlled boundary conditions............. 134

4.5. Results and diSCUSSION.........oiiiitiiiieiieieeie ettt 136
4.5.1.  Characterization of fresh plaster MOrtar ............ccceeevereieicieriienierieeee e 136
4.5.2. Mechanical characterization of plaster MOItars ..........c..ccevvvereerieereeecieereeeeseennnn 137
4.5.3.  Physical, structural and morphological characterizations of plaster mortars......... 139
4.5.4.  Thermogravimetric dynamic vapor sorption (DVS) analysis ..........cccceeevereencennen. 144
4.5.5. Thermal monitoring analySis ..........cceecuerreereerierreesrerrerreseeseesseesesssesssesseesseesses 145

4.6. General remarks and future outlooks..........ccoviiiiiiiiiiiieee e 149
Chapter 5 Composite plaster mortars with CL reinforced with basalt fibers............cccccooceereennene. 151
5.1. Basalt fibers for reinforcing mortar COMPOSIES ........ccveeveerierieerieeieeierieseeseesieenees 151
5.2. Materials and MEthods.........coeviriiiiiiiie s 155
5.2.1.  Preparation of composite plaster mortars with basalt fibers .............ccocereeneenn. 155
5.2.2.  Characterization of fresh plaster mortar reinforced with basalt fibers................... 156
5.2.3. Mechanical characteriZations. ..........ccevuerereeieienienieniestese ettt 156

5.3. Results and diSCUSSION.........ociiriieiiieiieie ettt 157
5.3.1.  Characterization of fresh plaster mortar reinforced with basalt fibers................... 157
5.3.2. FIeXural DERAVIOT ....c..ooiiuiiiiiiieiieieee et 157

5.4. General remarks and future outlooks.........cccoovieiiiiiiiieeeeeee e 163
CONCLUSIONS ...ttt ettt et et et este st et e ese e st essessesesseeseaseassestessensessesesseassensensensesensenns 165
DISSEMINATION ...ttt ettt ettt st be et st et et e st et e s bt ebe et ensesentenbenee 171

REFRENCES ...ttt st s s et 174



ABSTRACT

The building sector is a major consumer of energy, accounting for a significant
portion of global energy consumption and CO> emissions. To mitigate the
environmental impact of this sector and improve energy efficiency, this research
explores the application of an organic salt hydrate as thermochemical materials
(TCMs) for low-temperatures thermal energy storage (TES) in buildings. The study
focuses on calcium L-Lactate pentahydrate (CL) as a novel TCM and investigates its
properties, enhancement through composite materials, and integration into building
systems. This thesis work is divided into five chapters, each addressing different
aspects of the research.

Chapter 1 provides an overview of the energy demand in the building sector and
the importance of developing sustainable solutions to reduce energy consumption. It
discusses the various factors influencing energy usage in residential and commercial
buildings, highlighting the need for improved energy efficiency and the adoption of
renewable energy sources. The chapter also reviews different TES technologies,
including sensible heat storage (SHS), latent heat storage (LHS), and thermochemical
energy storage (TCES). It introduces the concept of TCMs and their potential for low-
temperatures applications in buildings, with a particular focus on organic salt hydrates.

Chapter 2 delves into the characterization of calcium L-Lactate pentahydrate (CL)
as a promising TCM. The research explores its thermal and structural stability, as well
as its dehydration/hydration cyclic reversibility. Various techniques, including X-ray
diffraction (XRD), thermogravimetric-differential scanning calorimetric (TG-DSC),
scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy
(FTIR), and thermogravimetric dynamic vapor sorption (DVS) were employed. The
results demonstrate that CL offers several advantages over traditional inorganic salt
hydrates, such as the absence of deliquescence at high relative humidity levels, because
of its low water solubility, no risks of generating harmful by-products, robust
performance under a wide range of operating conditions, and no decomposition below
200 °C. Its heat storage capacity (471 kWh m™) and operational characteristics make
it a compelling alternative for low-temperatures TES applications.

Chapter 3 focuses on enhancing the thermochemical properties of CL by

depositing it onto a sepiolite porous matrix. Sepiolite, a low-cost and abundant



mineral, was shown to be an effective support material for CL dispersion. Composites
with varying CL content were realized, and characterization revealed an optimal
composition for promoting salt dispersion and vapor exchange. The materials were
found to be thermally stable for low-temperatures thermochemical heat storage, with
sepiolite playing a crucial role in improving the hydration kinetics of CL. The resulting
composite materials exhibited improved thermal stability and a good balance between
sorption capacity and material density. These findings demonstrate the potential of
sepiolite-based composites for TCES, with the possibility of integration into the
building sector where sepiolite already has various applications.

Chapter 4 and Chapter S detail the development and characterization of composite
plaster mortars incorporating CL. The addition of CL to the mortars improved heat
absorption and delayed the time required for specimens to reach equilibrium
temperature, demonstrating the potential for energy savings and enhanced thermal
comfort in buildings. The use of natural hydraulic lime (NHL) as an environmentally
safe mortar binder contributed to the system's high breathability and crystalline lattice
structure. Chapter 5 further explores the reinforcement of these mortars with rock
fibers. Particularly, the inclusion of basalt fibers enhanced the mechanical performance
of the composite mortars, significantly improving their toughness. This aspect also
addresses the possibility of storing energy, considering not only TCES solutions, but
also the energy absorption through residual post-crack resistance processes. The
enhanced mechanical performance, coupled with the improved thermal characteristics,
indicates that CL-modified fiber reinforced mortars can provide a balance between
thermal and structural properties. This balance is vital for their effective
implementation in building systems, where materials must satisfy both thermal
performance and structural integrity requirements.

In conclusion, this thesis demonstrates the potential of CL as a viable TCM for low-
temperatures building applications. The innovative use of CL, both in its pristine form
and when integrated with sepiolite and mortar, offers a range of possibilities for
enhancing the energy efficiency and thermal comfort of buildings. The findings
contribute to the development of more sustainable building materials and provide a

foundation for future research and development in this field.
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SCOPE OF THE THESIS

This thesis aims to develop innovative composite mortars that integrate passive
thermal insulation strategies for enhanced energy efficiency in buildings. In response
to the increasing global energy demand and the significant contribution of the building
sector to energy consumption and CO; emissions, this research seeks to address the
need for sustainable and energy-efficient building materials.

To this end, scientific research has focused on identifying innovative materials that
can effectively harness solar energy by capturing heat that would otherwise be lost.
The selection of these materials has focused on thermal energy storage (TES)
materials, particularly thermochemical materials (TCMs). Compared to other TES
systems, TCMs offer greater energy storage capacity per unit volume and minimal
energy losses during charging and discharging phases. In the typical temperature and
pressure conditions found in buildings, inorganic hydrated salts are commonly
employed. Although these salts exhibit high energy density, they are susceptible to the
phenomenon of deliquescence, which poses challenges from an application standpoint.
Furthermore, limited research exists on the direct integration of TCMs into building
systems. To overcome these limitations, this thesis discusses the use of a promising
organic hydrated salt. This recent class of hydrated salts exhibits low or negligible
water solubility, providing greater resistance to deliquescence issues. Specifically, the
selected salt, calcium L-lactate pentahydrate (CL), was chosen for its interesting
properties, including wide availability, chemical and thermal stability, and non-
toxicity. This salt also presents a high energy storage capacity due to the dehydration
of'its five coordinated water molecules. Evaluating this material as a low-temperatures
thermochemical energy storage medium was the first objective of this thesis. This
assessment was carried out using various characterization techniques to determine the
storage capacity and verify the reversibility of the hydration and dehydration
processes.

The second objective focused on enhancing the thermochemical properties of CL
by depositing it onto a porous sepiolite matrix. The aim was to improve the distribution
of salt particles onto the sepiolite surface, in order to facilitate the vapor exchange with
the environment and enhance the mass transfer efficiency. This strategy involved the

synthesis of composite materials with varying matrix content, and the subsequent
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characterization of their physical, structural, morphological, and thermochemical
properties.

The third objective explored the ability of CL to influence indoor climate. To this
end, the integration of the salt into plaster mortar materials was investigated. Using a
binder that ensures high breathability of the mortar matrix, the prepared materials
demonstrated interesting capacities, under the investigated conditions, in enhancing
thermal comfort inside buildings. Specifically, the composite mortars were designed
to capture solar heat during the day, by shielding the indoor environment, and release
the stored heat during the night, thereby increasing indoor temperature. Lastly, with
the aim of reinforcing the investigated mortars, basalt fibers of appropriate dimensions
were added to the mixture. The fibers ensured improved mechanical features,
particularly affecting the toughness of the mortars and adding a supplementary form
of energy storage related to the residual post-crack resistance processes.

In addition, the development of plaster mortars with CL represents an advancement
in the technology readiness level (TRL). In fact, the TRL 1 (basic principle observed)
was achieved during the early-stage investigations of CL and its potential as a TCM.
The observation of its thermal properties, stability, and hydration/dehydration behavior
falls under this level. TRL 2 (technology concept formulated) involves the exploration
of possible applications of CL for TES. The concept of utilizing CL's properties for
building applications and enhancing its performance through composite materials is
developed at this stage. TRL 3 (experimental proof of concept at laboratory scale) was
instead achieved when experimental validation of the technology concept is
performed. This stage involves the development and characterization of CL-based
composite materials, particularly the sepiolite composites and the plaster mortars. The
experimental results from these studies provide proof that the CL-based TCM concept
can be realized.

The presented objectives are discussed in depth throughout this thesis work. The
division into chapters allows for more efficient identification of the topics addressed
and the strategies implemented to achieve the corresponding objectives. Finally, the
findings obtained contribute to the development of more sustainable building materials

and provide a foundation for future research and advancement in this field.
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Chapter 1 Introduction

1.1. Energy demand in buildings: background and effective

solutions to restrain it

Recent reports from the International Energy Agency (IEA) show that energy use
in the building sector accounts for nearly a third of global energy consumption [1-3].
In 2023, total final energy consumption for buildings was estimated at around 125 EJ
(exajoules), within a slight 0.7% decrease from 2022. This drop was primarily due to
a warmer winter, which reduced demand for space heating. A closer examination of
the types of energy consumed reveals that the use of fossil fuels has decreased
significantly, in part due to the rising prices resulting from recent geopolitical events.
Conversely, electricity consumption in buildings has continued to rise over the past
decade, reaching 37% of total worldwide electricity usage in 2023. As a result, in 2023,
direct CO; emissions from buildings were estimated at 3 Gt (gigatons), or 15% of end-
use sector emissions. This percentage increases to nearly 30% when including indirect
CO; emissions derived from the electricity and heat used in buildings [3]. Figure 1.1
presents prospects for reductions in direct CO> emissions, the primary anthropogenic

greenhouse gas, under two potential scenarios.

CO, emissions by end-use
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Figure 1.1 CO; emissions by end-use in the buildings sector in the Announced Pledges (APS) and
Net Zero Emissions (NZE) by 2030 scenarios. Other includes emissions from desalination, lighting
and fossil fuel-powered appliances [3].



These scenarios depict different pathways the energy sector could follow. The
Announced Pledges Scenario (APS) examines the outcome if all national energy and
climate targets, including net-zero goals, are fully and timely achieved. The Net Zero
Emissions (NZE) by 2050 scenario outlines an increasingly constrained path to reach
net-zero emissions by mid-century and limit global warming to 1.5 °C. According to
trends up to 2030 in these two pathways, most emissions derive from space heating,
which also includes cooling buildings. Many systems like air conditioning,
refrigerators, and heat pumps consume substantial electricity and emit large quantities
of greenhouse gases. The buildings sector energy consumption balance will shift
significantly from space heating towards space cooling in the coming decades [1]. In
the APS, demand falls by 13 EJ due to new initiatives such as the European Union’s
Energy Performance of Buildings Directive [4], the 6th Strategic Energy Plan in Japan
[5], and the Zero Emissions Building Standard in the United States [6]. However, in
emerging and developing economies, space heating demand remains heavily
concentrated in a few large markets, notably China and Russia.

The demand for space cooling in emerging markets and developing economies is,
on the other hand, projected to grow significantly, with the APS scenario indicating a
tripling from 2.6 EJ to 7.7 EJ by 2050. This mounting energy demand for cooling is
the primary driver of increasing peak electricity consumption from buildings in these
regions. Among countries that have set net-zero emissions targets, the focus of pledges
to reduce cooling-related emissions by 2030 has so far been on improving the
efficiency of cooling appliances [1].

Energy usage across all consumption sectors is rising, but the building sector
exhibits the fastest growth rate [7]. This growing trend, coupled with unprecedented
shifts in living standards and economic circumstances, underscores the importance of
the building sector developments in shaping future global energy landscapes. Within
the building sector, two distinct end-use domains can be identified: residential and
commercial [8].

The residential sector encompasses the energy used in homes and other living
spaces for powering appliances and equipment for heating, cooling, lighting, water
heating, and other domestic needs (Figure 1.2). Energy consumption, household
income, and energy prices all influence residential energy usage patterns. However,

residential energy use is also shaped by various other factors, such as building location,



building characteristics, weather conditions, appliance type and efficiency, access to
energy sources, and energy policies [9,10]. Consequently, household energy
consumption can vary significantly within the same geographic area and across regions
and countries [11]. Generally, the average household in Organisation for Economic
Co-operation and Development (OECD) nations consumes more energy compared to
non-OECD households, primarily due to higher income levels enabling OECD
households to occupy larger homes and acquire more energy-intensive appliances. For
instance, total residential energy demand in Europe is projected to rise from 12.7 EJ in

2010 to 14.8 EJ by 2040, corresponding to an average annual increase of 0.6% [7].

Figure 1.2 Residential building primary energy end uses [12].

While the commercial sector includes the energy consumed in office buildings,
retail establishments, schools, hospitals, and other non-residential structures. The
commercial sector energy usage also encompasses heating, cooling, lighting, water
heating, and other equipment (Figure 1.3) [13]. This energy consumption is influenced
by factors such as occupancy levels, productivity, climate, resource availability, and
energy efficiency. The energy efficiency of commercial buildings is largely determined
by management choices during the construction phase, which may be driven by
national energy policies and regulations [14]. Many European nations have

implemented comprehensive plans to enhance energy efficiency in the commercial



building sector. Projections indicate that total energy consumption in Europe will rise

from 6.9 EJ in 2010 to 9.5 EJ by 2040, with an average annual increase of 1.1% [7].

Figure 1.3 Commercial building primary energy end uses [12].

Significant efforts have been made to improve energy efficiency in buildings, but
substantial work remains. For instance, the widespread adoption of energy-efficient
light-emitting diode lighting in buildings offers substantial gains in efficiency and
convenience compared to other lighting options, suggesting a need for a
comprehensive shift towards this technology [15]. Additionally, to achieve the
ambitious goal of net-zero emissions, the average energy efficiency of global
appliances must double by 2050 [16,17]. Further improvements are also necessary in
the areas of cooking, where developing countries still heavily rely on fossil fuels like
liquefied petroleum gas and natural gas, as well as space heating, which accounts for
60% of the building sector global CO> emissions [3]. Particularly in emerging markets
and developing economies, rapid urbanization and development necessitate substantial
investments to ensure that new buildings are designed and constructed with zero-
carbon emissions in mind [7].

In the European context, or generally in most industrialized nations, the building
sector represents a distinct scenario. Buildings are the single largest energy consumer
in Europe, making this sector crucial for achieving the continent's energy and climate

objectives. Estimates indicate that 85% of European buildings were constructed before



2000, and among these, 75% exhibit poor energy performance, with around 80% of
residential energy use devoted to heating, cooling, and hot water. Consequently,
improving the energy efficiency of buildings is a key strategy for reducing energy
consumption, lowering costs for citizens and small enterprises, and attaining a 60%
decrease in greenhouse gas emissions by 2030, as well as a zero-emission and fully
decarbonized building stock by 2050 [4].

Overall, the building sector presents immense opportunities for advancing energy
efficiency and decarbonization efforts globally. The building sector is a critical focus
area for driving progress towards sustainable energy and climate goals worldwide.
Significant gains can be achieved by improving the energy performance of buildings,
shifting to renewable energy sources, and implementing innovative design and
technology solutions. Concerted efforts in the building sector have the potential to
yield substantial reductions in greenhouse gas emissions and energy consumption,
while also benefiting citizens, businesses, and the environment. In conclusion,
addressing the challenges and unlocking the potential of the building sector is crucial
for a sustainable, low-carbon future.

To further reduce energy use and emissions in the building sector, several strategies
can be implemented [12]. However, all these strategies can be broadly categorized into
two distinct approaches: active and passive systems [18,19]. Active systems require an
external energy source to function. They actively modify the indoor environment to
achieve desired conditions, such as heating or cooling. Passive systems, on the other
hand, rely on natural processes and design strategies to regulate indoor conditions
without consuming external energy. They leverage natural elements like sunlight,
wind, and thermal mass to achieve comfort. The main differences of the two strategies

are summarized in Table 1.1.

Table 1.1 Key differences between active and passive systems.

Feature Active systems Passive systems
Energy source External energy required No external energy
required
Mechanism Active modification of Leverage natural
environment processes

The need for active systems arises from several factors. Firstly, fluctuating external
temperatures and weather conditions often exceed the buffering capacity of passive

measures. In many climates and building types, active systems are indispensable for
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maintaining desired indoor temperatures and humidity levels. Secondly, modern
buildings, particularly those with large glazing areas or high internal heat loads, can
experience significant thermal imbalances. Thirdly, stringent comfort requirements for
specific building types, such as hospitals or laboratories, necessitate precise
environmental control. Finally, urban environments with limited natural ventilation
and high levels of pollution often necessitate mechanical ventilation and air filtration
[20,21].

Active systems, while energy-intensive, offer the advantage of precise control and
responsiveness. They enable buildings to adapt to changing conditions and maintain
consistent comfort levels throughout the year. However, their reliance on energy
consumption raises concerns about environmental impact and operational costs.
Therefore, the selection and design of active systems should prioritize energy
efficiency, integration with passive strategies, and the use of renewable energy sources.

In the pursuit of energy-efficient building climate control, heat pumps have
emerged as a pivotal technology. They offer a versatile solution for both heating and
cooling, presenting a significant advancement over traditional heating and air
conditioning systems. Heat pumps operate by transferring heat rather than generating
it. They use a refrigeration cycle, similar to air conditioners, but with the ability to
reverse the refrigerant flow [22]. In heating mode, the heat pump extracts heat from
the outside air, ground, or water source, and transfers it indoors. In cooling mode, it
reverses the process, removing heat from the indoor air and expelling it outdoors. This
reversible cycle makes heat pumps efficient, as they can provide both heating and
cooling with a single unit [23]. There are two main heat pumps types: compression
heat pumps and absorption heat pumps. The latter are distinct from compression heat
pumps, which are driven by mechanical energy. Absorption heat pumps can be
powered by various thermal sources, including natural gas, steam, solar-heated water,
or geothermal-heated water. While more complex and requiring larger units compared
to compressor-based systems, the primary advantage of absorption heat pumps is their
reduced electricity demand, which is limited to liquid circulation [18].

Another example of forced-air active system are variable air volume (VAV)
systems. VAV is the most popular form of heating, ventilation, and air conditioning
(HVAC) system used in large commercial buildings, where it provides energy

efficiency and individualized zone climate control [24,25]. This technology, indeed,



regulates the airflow to specific zones based on their thermal demands. A central air
handling unit conditions the air and then supplies it through ductwork to VAV boxes
located in each zone. Each VAV box contains a damper that adjusts the airflow based
on the zone's thermostat. When a zone requires more cooling or heating, the damper
opens, increasing the airflow. When the zone reaches the desired temperature, the
damper closes, reducing the airflow. The air handling unit also modulates the supply
air temperature and volume to meet the overall building demand. This system design
necessitates sophisticated control systems, proper airflow balancing, and may generate
noise concerns [26].

Radiant walls are, instead, technologies that use water as heat transfer medium.
These systems circulate heated or cooled water through pipes embedded in walls,
directly interacting with the building's thermal mass to regulate temperature. They can
operate both in heating and cooling mode [27,28]. In heating mode, boiler heats water,
which is then circulated through pipes embedded in floors, walls, or ceilings. The
heated surfaces radiate heat into the room, providing a comfortable and even warmth.
In cooling mode, chilled water is circulated through the pipes, absorbing heat from the
room and providing radiant cooling. Radiant walls are adequate for a wide range of
buildings, offering efficient heating and cooling with reduced air movement and dust
circulation. On the other hand, they require careful design and installation, slower
response time compared to forced-air systems, and potential for condensation in
cooling mode [29].

Although active systems are very efficient and tuneable, they are extremely energy
intensive. For instance, HVAC accounts for 38% of buildings consumption, equivalent
to 12% of global final energy use [30]. Due to the large active systems energy
consumption, many authors in the literature advocate for a combination of active and
passive technologies to enhance the energy efficiency of buildings [31-33]. Passive
technologies offer lower energy consumption but are dependent on the ambient
environment. Incorporating both active and passive approaches can leverage the
advantages of each, optimizing building energy performance while maintaining
comfortable indoor conditions [19].

Passive building design strategies aim to minimize the need for mechanical heating
and cooling by leveraging natural environmental factors. The core principle of passive

design is to work in harmony with the local climate. This involves careful



consideration of the building orientation, form, and materials, as well as the
surrounding landscape. Passive strategies are most effective when integrated into the
early stages of the design process [34].

In fact, by strategically positioning the building it is possible to maximize solar heat
gain in winter or minimize it in summer [35]. In colder climates, south-facing windows
allow sunlight to penetrate deep into the building, providing passive solar heating. In
hotter climates, shading devices, such as overhangs and external blinds, block direct
sunlight, preventing overheating [ 18]. Shading elements such as awnings, louvers, and
exterior vegetation can effectively block direct sunlight during hot periods [34].
Deciduous trees, for instance, offer a dual benefit: shading in summer while allowing
sunlight to penetrate in winter. Furthermore, optimizing window size, placement, and
glazing type can manage solar heat gain. High-performance glazing may also minimize
heat transfer while allowing daylight [36]. In environments where reduced solar
exposure is desirable, reflective surfaces play a crucial role. Light-coloured roofs and
walls can reflect sunlight, thereby reducing heat absorption. Cool roofs are specifically
designed for this purpose [37].

Building orientation also influences wind exposure, which can be harnessed for
natural ventilation. Particularly, natural ventilation helps circulate fresh air through a
building. The strategic placement of windows and vents creates airflow patterns that
remove heat and improve indoor air quality. Techniques such as cross-ventilation and
stack ventilation could enhance airflow [18]. Specifically, cross-ventilation system
consists in properly placed windows and vents which create air currents, drawing
cooler outside air in and pushing warmer inside air out [38]. Windcatchers and other
architectural features can enhance this effect. In addition, stack ventilation is based on
warm air rises, creating a natural upward flow. Designing spaces with high ceilings
and vents at different heights allows warm air to escape, drawing cooler air in at lower
levels [18].

Passive systems, on the other hand, can provide a more sustainable and cost-
effective solution by taking advantage of the building envelope materials. Particularly,
it is possible to operate by insulation or directly inside building structure. Insulation is
a key component of passive design. Materials like polyurethane, mineral wool, and

polystyrene reduce heat transfer through walls, roofs, and floors, keeping indoor



temperatures stable [19]. Proper insulation and air sealing are essential to maximizing
efficiency.

In the case of materials embedded inside building structure, it is important that the
strategy is integrated into the early stages of the design process [34]. Although
solutions can also be found during the renovation phase of the building envelope. An
effective method to mitigate cooling load peaks and indoor temperature fluctuations is
to store excess heat within the structural materials of the building, a concept referred
to as thermal mass [34]. Specifically, thermal mass describes materials that have the
ability to slowly absorb, store, and release heat. Thick walls constructed from concrete,
brick, or rammed earth, for instance, can absorb heat during the day and gradually
release it at night, moderating temperature variations [19]. This effect is particularly
advantageous in climates characterized by significant diurnal temperature swings. The
high thermal mass of a building allows it to store more heat and provide enhanced
thermal inertia to its components. Thermal mass thereby promotes thermal stability
and smoothens the thermal fluctuations between indoor and outdoor conditions. The
efficacy of thermal mass is influenced by numerous parameters, such as climatic
conditions, construction techniques, material properties, and building orientation
[39,40].

This approach allows for greater energy efficiency by leveraging waste heat in
buildings through the use of natural processes like solar energy. The temperature
difference between day and night is exploited using thermal energy storage (TES)
systems. TES is a technology that stores thermal energy by heating or cooling a storage
medium, enabling the stored energy to be utilized later for heating, cooling, and energy
production applications. TES systems are particularly employed in buildings and
industrial processes and have been extensively studied in the literature [41-45].

By strategically combining these passive techniques, building designers can create
comfortable indoor environments while significantly reducing or eliminating the need
for energy-intensive heating and cooling systems [31]. Implementing energy-efficient
technologies is crucial for reducing energy consumption in the construction sector.
Energy efficiency is a fundamental step towards sustainable, green buildings.
Renovation and new construction should focus on thermal modernization to
significantly reduce energy demand and improve indoor climate. Measures such as

optimizing the building envelope, minimizing heat losses, and integrating automation



and control systems can achieve this. In fact, highly energy-efficient buildings have an
adequate envelope, excellent thermal properties, and autonomous heating and
electrical systems with high efficiency and heat recovery. Incorporating renewable
energy sources adds complexity to the design and construction process but reduces
fossil fuel use and environmental pollution. Ultimately, encouraging individuals to
adopt daily practices that safeguard the environment, conserve natural resources, and
reduce energy waste is crucial to ensuring a sustainable future for all of humanity.
For what has been said, building sector is a field with enormous opportunities and
of great scientific research interest. The strategies to make buildings sustainable from
an energy perspective are numerous and well-known. Many of these systems are the
subject of ongoing studies by the international scientific community, with continuous
implementations. This paragraph has presented only a portion of these technologies,
as a comprehensive and detailed description of the active and passive systems for
building energy efficiency would exceed the main scope of this thesis work. The focus
will now shift to the description of TES systems, concentrating on the different classes
of materials used and their application for passive building efficiency. The materials
for TES are diverse, with a wide range of characteristics, enabling their use in various
fields. Investigating new materials for the storage and release of waste heat presents
an intriguing engineering challenge and a broader scientific research opportunity,

which could pave the way for improved global energy efficiency.

1.2. Thermal energy storage (TES) technologies

Thermal energy storage (TES) technologies involve the storage of thermal energy
through the heating and cooling of a storage medium [46]. The stored energy can
subsequently be utilized for various applications, such as heating, cooling, or power
generation. TES systems play a crucial role in bridging the gap between energy supply
and demand, particularly in applications involving renewable energy sources and
building climate control [47]. By storing thermal energy during periods of excess
supply and releasing it when needed, TES systems enhance energy efficiency, reduce
peak demand, and improve the reliability of thermal systems [48]. In fact, the "peak
shift" phenomenon, where electricity demand surges during specific high-usage times,
can be mitigated through the use of TES systems. These periods of heightened demand

often occur during hot summer afternoons when air conditioning usage spikes, or
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during cold winter evenings when heating loads increase. This concentrated demand
places a strain on the electrical grid, leading to issues like higher infrastructure costs,
grid instability, elevated electricity prices, and environmental impacts. For example,
TES systems have been shown to reduce CO> emissions in the United Kingdom by 14-
46% by shifting electric load to off-peak periods [49,50]. TES systems offer a valuable
solution by decoupling energy supply from demand. They can store thermal energy
during off-peak hours when electricity is cheaper and demand is lower, and then
release it during peak hours to reduce the burden on the electrical grid [51].
Additionally, TES technologies can increase overall efficiency from around 50% to
almost 100%, leading to better economics, reduced investment, and lower operating
costs [52]. Thermal storage systems can be employed for short-term (hours or days),
medium-term, and long-term (several months) storage applications, allowing for the
use of the stored energy when needed [46]. These systems are widely utilized in
buildings [41,42] and industrial processes [53], enhancing the overall energy
efficiency and reducing the environmental impact by storing waste heat that would
otherwise be dissipated into the environment, contributing to global warming.

TES technologies can be categorized into three fundamental principles differing in

the way they store thermal energy (heat):

o Sensible heat storage (SHS): this is the most common TES technology, based
on raising and lowering the temperature of a liquid or solid medium to store
and release thermal energy for low to medium temperature applications

[54,55].

o Latent heat storage (LHS): this technology relies on the absorption or release
of energy at a constant temperature during the phase change of a material. The
most common phase change used is the solid-liquid transition, but solid-solid
phase changes are also utilized. Owing to their physical state transformations,

LHS materials are also known as phase change materials (PCMs) [56-58].

e Thermochemical energy storage (TCES): this technology operates through two
mechanisms: chemical reactions and sorption processes. The first stores energy
as reaction heat of reversible chemical reactions, while the second stores
energy through adsorption or absorption processes. Materials employed for

TCES purposes are designated as thermochemical materials (TCMs) [59-61].
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Figure 1.4 reports the energy storage densities of various TES materials as a
function of temperature. Volumetric energy storage density represents the amount of
energy that can be stored per unit volume. It is commonly expressed either in units of
MJ m™ or in kWh m?. It appears clear that TCMs through chemical reactions present
the highest energy density, although heat storage in the form of sensible and latent heat
are the most studied technologies, and they are at an advanced state of development

[62].
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Figure 1.4 Energy density values and comparison of the required storage volumes of various TES
materials including SHS materials, PCMs, and TCMs [52].

Based on the operating temperature conditions in which TES materials should store
heat, TES systems can operate across a wide range of temperature intervals. These
temperature ranges vary significantly depending on the specific application and the
storage medium used (i.e. TES materials) [56,63]. Typical low-temperatures
applications range from 0 °C to around 100 °C, encompassing space heating and
cooling in buildings, domestic hot water (DHW) storage, and agricultural applications
like greenhouse heating. For these types of technologies, the most commonly
employed storage media are water and PCMs with low melting points [64]. Mid-
temperatures applications involve processes in the 100-400 °C range, such as the
recovery of industrial waste heat and solar thermal power generation. The storage
materials investigated for these applications are molten salts and certain synthetic oils

[65]. Lastly, high-temperatures TES (above 400 °C) applications include concentrated
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solar power (CSP) with power towers, high-temperature industrial processes like
cement, steel, and glass production, as well as advanced nuclear reactors. In these
cases, the storage mediums involved are specific molten salts, ceramic materials, and
liquid metals [66]. Importantly, the three classes of TES materials are generally
capable of operating across different temperature ranges, depending on the specific
properties and thermal resistance of the materials used.

The different TES systems can be compared on the basis of various characteristics

[46,67]:

e Capacity: defines the energy stored in the system and depends on the storage
process, the medium and the size of the system.

e Power: defines how fast the energy stored in the system can be discharged
and charged.

e Efficiency: is the ratio of the energy provided to the user to the energy
needed to charge the storage system. It accounts for the energy loss during
the storage period and the charging/discharging cycle.

e Storage period: defines how long the energy is stored and lasts hours to
months (i.e. hours, days, weeks and months for seasonal storage).

e Cost: refers to either capacity (€/kWh) or power (€/kW) of the storage
system and depends on the capital and operation costs of the storage

equipment and its lifetime (i.e. the number of cycles).

All these features, and others, are summarized for the three main classes of TES
materials in Table 1.2. In the following paragraphs, each materials class will be
discussed in detail, focusing on their characteristics and applications in the building

sector.
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Table 1.2 Characteristic of the different TES technologies. In “Maturity of technology” section is
reported the technology readiness level (TRL) for each TES system.

. TES systems
Characteristics SHS LHS TCES Ref.
Heat storage Increase of Heat of fusion | Enthalpy of [52]
process temperature reaction
Energy storage 50 100 ~500 [52]
density (kWh m™) (small) (moderate) (high)
Storage capacity 10-50 50-150 120-250 [46,67]
(kWh t'

Power (MW) 0.001-10 0.001-1 0.01-1 [46,67]
Efficiency (%) 50-90 75-90 75-100 [46,67]
Storage period d/m h/m h/m [46,52]

(h-d-m)
Energy cost 0.1-10 10-50 8-100 [46,52]
(€ kWh™) (low) (moderate) (high)
Heat loss during High High Minor [52]
storage
System Low Low High [52]
complexity
Maturity of Commercialized Pilot-scale Lab-scale [52,68]
technology (TRL = 8-9) (TRL =5-7) (TRL=4)

1.2.1. Sensible heat storage (SHS)

Sensible heat storage (SHS) is the most established and simplest TES technology.
It stores thermal energy by utilizing the temperature difference in a liquid or solid
medium (Figure 1.5). The SHS system accumulates heat as the temperature increases
and releases energy as the temperature decreases [67,68]. A typical SHS system
comprises a storage medium, a container, and input/output devices. The containers
must retain the storage material and prevent thermal energy loss [69,70]. Due to the
high thermal conductivity of SHS materials, they tend to rapidly release the stored
energy after the charging phase [54]. As a result, thermal insulation strategies are
desirable for SHS systems to enhance their performance [55,71]. The main benefits of
SHS are its low cost, being the least expensive TES technology, and the absence of
risks associated with toxic materials [46]. The primary drawbacks are the low energy
density (the lowest among all TES systems) and the variable discharge temperature

[52].
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4 Sensible Heat
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Stored Energy [kJ/kg]

Figure 1.5 Stored heat at different temperatures in a SHS material.

The amount of thermal energy stored in SHS systems is determined by the quantity
of storage material, the specific heat capacity of the medium, and the change in

temperature, as expressed by the following equation [72]:
Tt
Qs=fTi m Cp dT =m Cp (Tr—Ti) (1.1)

Where Qs is the amount of heat stored, m is the mass of storage medium, Cp is the
material specific heat, T; is the initial temperature and Tr the final temperature.

To maximize the efficiency of the sensible heat storage process and minimize the
size and cost of the storage tank, the materials used should have a high specific heat
capacity [69,70]. The most common SHS materials include water, molten salts,
nanofluids, sand, rock, brick, gravel, and concrete [54,55]. Water is the most
economical option and has numerous industrial and residential applications. Due to
the potential for water evaporation at temperatures above 100 °C, oils, molten salts,
and liquid metals are used instead [55]. The listed SHS materials present working
temperatures from around 0 °C to 1200 °C, enabling the use of this technology from
low to high temperatures [54]. Rock bed-type storage materials are used for air heating
applications [73]. Other typical applications of SHS technology include underground
storage in both liquid and solid media [47], as well as the molten salts-based SHS
systems installed in all commercial CSP plants with TES systems.

These plants use mirrors to concentrate sunlight and generate heat, which is then
used to produce electricity. TES systems allow CSP plants to store this heat and
generate electricity even when the sun is not shining, enabling them to provide
dispatchable power [74]. Molten salts are heated by concentrated sunlight and stored

in tanks. Because of their low cost, high heat capacity, and wide temperature range (up
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to 600 °C), they are suitable materials for TES [75,76]. When electricity is needed, the
molten salts are used to generate steam, which drives a turbine. This is a typical
example of how TES systems can capture and store waste heat from various renewable
energy processes, improving overall energy efficiency. Renewable energy sources
such as solar and wind power are dependent on weather conditions (are inherently
intermittent), which can lead to fluctuations in energy production. The variability of
renewable energy sources can create challenges for grid stability. TES systems, as
shown, can store excess energy generated during periods of high production and
release it during periods of low production, ensuring a more consistent and reliable
energy supply [48]. Furthermore, TES technologies can help to smooth out the
intermittent grid fluctuations, maintaining a stable balance between energy supply and
demand [46]. Simply by providing a means of storing excess renewable energy, TES
systems can increase the overall penetration of renewable energy sources into the
energy grid. All discussed aspects acquire importance by considering clean energy
sources will become the largest source of energy in the mid-2030s, led by surging solar
photovoltaic (PV) and wind power [2]. It is expected that this will happen, in particular
way, in the European Union, which continues to be a clean energy leader, with energy-
related CO2 emissions in 2023 declining more steeply than in 2022, driven by
increased electricity production from renewables, a recovery in hydro and nuclear
power, reduced emissions in industry, plus a mild winter. Clean energy transitions
provide an opportunity for European member states to reduce their average electricity
system costs. Continuing the shift from coal and gas-fired power plants to low-
emissions electricity sources could reduce total European electricity system costs by

around 12% by 2035 [1].

1.2.2. SHS solutions for buildings

Integrating TES systems into active systems like renewable energy facilities or
energy-efficient HVAC systems necessitates a holistic design approach. Numerous
studies have focused on enhancing building energy efficiency by incorporating TES
systems that require additional storage volume [77]. Figure 1.6 presents various
methods to integrate active TES systems, such as positioning them within the building
core (ceiling, floor, walls), in external solar facades, as a suspended ceiling, in the

ventilation system, or for thermal management of building-integrated PV systems.
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Figure 1.6 also considers the integration of heat storage water tanks and ground-based
or seasonal storage systems. However, some of these systems may introduce additional
challenges to the building physics, such as thermal bridges, air tightness, or humidity
issues. Therefore, architects and engineers must pay careful attention to the integration

of these systems to maximize their efficiency [78].
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Figure 1.6 Thermal energy storage (TES) integration in buildings [78].

Water is the most commonly used storage medium for SHS solutions in buildings
[45]. It is typically utilized as a storage medium for brief durations, typically ranging
from one to two days. Employing water as a heat storage medium negates the necessity
for a heat exchanger, as the transport fluid and storage medium are effectively the
same. This approach offers several advantages: water is abundant, non-toxic, non-
combustible, and possesses both a high specific heat and density (Table 1.3).
Particularly, water high specific heat capacity makes it an excellent medium for storing

thermal energy. However, there are notable disadvantages, including a high vapor
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pressure that necessitates the use of costly pressure vessels for temperatures exceeding
its normal boiling point, susceptibility to leaks, corrosive properties, the potential for
freezing and subsequent destructive expansion, and challenges associated with
stratification [45].

In DHW systems, water is heated by a heat source (e.g., solar thermal collectors,
heat pumps, or electric heaters) and stored in an insulated tank. Proper tank insulation
is crucial to minimize heat losses [71]. Additionally, the tank size must match the hot
water demand. Temperature stratification within the tank can improve the system
efficiency [79]. Despite, stratified tanks may experience a tendency to de-stratify over
time due to diffusion and wall conduction [45]. When hot water is needed, it is drawn
from the tank, and cold water replaces it, which is then heated. This technology
provides a readily available supply of hot water for bathing, washing, and other
domestic uses, ensuring thermal comfort [80]. Solar thermal DHW systems, in
particular, can significantly reduce reliance on fossil fuels, contributing to sustainable
building practices. Water reservoirs for DHW systems is a technology already broadly
commercialized and used in different projects (Das Sonnenhaus); it has been reported
here just an example (Figure 1.7) of water tank heated by solar systems which has
been architecturally integrated in the living area of an apartment, demonstrating the

feasible application of this technology [78].

BT

Figure 1.7 Solar heated water tank integrated in the living area of an apartment [78].

Alternative liquids, in place of water, can be utilized for thermal storage at
temperatures exceeding 100 °C without the need for a pressurized container. These

liquids are typically organic compounds that possess low density and specific heat
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capacities, along with a high degree of flammability. However, due to their elevated
boiling points, they enable the storage of significant quantities of energy per unit
volume [45]. Table 1.3 lists physical properties of the most investigated organic liquid

SHS storage mediums, comparing them to water.

Table 1.3 Physical properties of most investigated liquid SHS storage mediums at 20-25 °C [45].

Material | Specific heat (kJ kg! K1) | Density (kg m~) | Boiling point (°C)
Water 4.2 1000 100
Ethanol 2.4 790 78
Propanol 2.5 800 97
Butanol 2.4 809 118
Isobutanol 3.0 808 100
Isopentanol 2.2 831 148
Octane 24 704 126

Rock is another viable SHS material due to its cost-effectiveness, although its
thermal storage capacity is approximately half that of water. For instance, the rock
storage bin utilized in residential air-heating systems represents a practical solution
[73]. The primary advantage of rock over water is its ability to be employed for SHS
applications exceeding 100 °C [55]. Particularly, rocks, or generally, solid materials
are advantageous in SHS in high-temperatures applications. For example, a solar
heating system can store heat in a bed of pebbles or rock pile for later building heating.
The storage beds, formed from uniform solid particles, act as both storage medium and
heat exchanger. Air is commonly circulated through the bed to add or remove heat
[45]. Airflow and ventilation with fans are important for distributing stored heat [56].
In fact, optimal storage requires minimal temperature gradient and pressure drop.
Thermal stratification occurs due to bed voids and poor pebble contact. Pebbles on
average occupy 50-60% of the storage volume, resulting in high air-solid heat transfer.
As the bed charges, the hot air entering the storage bed loses its energy rapidly, with
the exit air temperature remaining similar to the initial bed temperature. As time
progresses, the temperature then gradually rises along the length of the bed. When the
storage bed is fully charged, the air flow is reversed to begin discharging the stored
heat at a relatively constant temperature. The exit air temperature will gradually
decrease as the stored thermal energy is depleted until the bed is completely discharged
[45]. Figure 1.8 reports a schematization of a packed pebble bed storage unity

operating in charging and discharging phases.
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Figure 1.8 Operating scheme of a packed pebble bed storage unity [81].

During the projection phase, it is crucial to select suitable materials and ensure
proper insulation to minimize heat losses. Material density and thermal conductivity
significantly impact heat storage and release rates [82]. For this application, naturally
available earth materials like rocks, sands, and gravel are commonly used. These
materials are inexpensive, readily available, non-toxic, non-flammable, and serve as
both heat transfer surfaces and storage mediums. Regarding rock-type materials
(granite, marble and basalt), they exhibit similar thermophysical characteristics and
are suitable for operating temperatures up to 350 °C [56]. Table 1.4 summarizes the

physical parameters of some of the most investigated solid SHS materials.

Table 1.4 Physical properties of most investigated solid SHS storage mediums at 20-25 °C.

Material Specific heat Density Thermal conductivity | Ref.
(kJ kg K1 (kg m?) (Wm'! K"
Granite 0.6-1.2 2530-2620 2.8 [56]
Marble 0.7-1 2510-2860 7.7 [56]
Basalt 1.47 2610-2670 3.2 [56]
Concrete ~0.7 2350 ~0.5 [56]
Brick 0.84 1698 0.6-0.7 [45]
Aluminium 0.88 2700 204-206 [45]

Other commonly employed solid SHS materials include concrete and bricks, which

can be integrated into passive solar design strategies, such as thermal mass walls and
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floors [45,56]. Notably, concrete is a cost-effective material that offers good
mechanical properties, eliminating the need for a separate container and further
reducing overall costs [56].

In conclusion, SHS technologies, utilizing materials like water and rocks, are
pivotal for enhancing building energy efficiency and thermal comfort. Water, with its
high specific heat, excels in DHW applications, despite challenges like pressure
requirements and corrosion. Rock-based SHS, conversely, offers cost-effective
solutions for high-temperatures applications, particularly in air-heating systems,
proving robust and versatile. The choice between water and rock depends heavily on
application specifics, including temperature demands and cost considerations. Both
systems emphasize the importance of proper insulation and material selection to
minimize heat losses and maximize efficiency. The integration of these SHS systems,
especially with renewable energy sources like solar thermal, is crucial for sustainable
building practices. Ultimately, the successful deployment of SHS technologies
contributes significantly to reducing reliance on fossil fuels and ensuring consistent

thermal comfort in buildings.

1.3. Latent heat storage (LHS)

Latent heat storage (LHS) systems enable the storage of significant quantities of
heat at a constant temperature, specifically at the phase change temperature [47]. The
materials utilized in these systems are referred to as phase change materials (PCMs),
as they can either release or absorb energy during a transition in their physical state
[67,68]. A PCM subjected to a temperature gradient, including its phase transition
temperature, can absorb heat through two distinct processes. It can store energy by
simply increasing the temperature, as usual to conventional SHS materials;
additionally, it can store energy at a constant temperature during the phase transition
(Figure 1.9). In this way, PCMs can store significantly higher amounts of heat
compared to SHS materials [46,52].
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4 Latent Heat
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Figure 1.9 Stored heat at different temperatures in a LHS material.

As mentioned, the storage capacity of a PCM can be expressed through the
following equations [54,72]:

Qs=f"mCpdT+mA+ [ mCpdT (1.2)

Qs =m[Cps(Tm - Ti) + A + Cpr(Ts - Tm)] (1.3)

Where Tw is the melting temperature, m is the mass of PCM, Cps is the average
specific heat of the solid phase between T; and Tm, CpL is the average specific heat of
the liquid phase between T and Trand A is the latent heat of the phase change process.
The equations presented previously focus on the case of fusion, as solid-liquid phase
transition processes are among the most extensively studied and employed,
particularly for TES applications at low-temperatures [77]. However, the
considerations discussed are also applicable to all other phase change processes,
including transitions between the same physical states (e.g. solid-solid).

Compared to SHS systems, LHS systems exhibit higher energy storage densities
and occupy less volume, thus resulting in a more compact TES system [77]. This
aspect is particularly advantageous in building applications, where the space saving
can be exploited to store a greater quantity of storage medium, leading to a greater
system efficiency due to the enhanced accumulation capacity of PCMs (latent heat is
50-100 times larger than sensible heat) [56]. Furthermore, PCMs can be used for both
short-term (daily) and long-term (seasonal) energy storage, using a variety of
techniques and materials [46]. Due to described properties, PCMs offer a compelling
solution for TES and management across a wide range of applications. Like SHS
materials, PCMs can operate in different temperature ranges according to their

physicochemical properties and transition temperature.
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PCMs find applications in low-temperatures settings (from below 0 °C), such as
refrigerated transport, cold storage, and food packaging, where they help maintain
consistent temperatures, reducing spoilage and energy consumption [83]. Additionally,
in vaccine transportation, PCMs ensure critical temperature stability, preserving
vaccine efficacy and demonstrating the technology applicability in the logistics and
cold chain of pharmaceuticals and sensitive equipment [84]. The cooling effect of
PCMs is crucial for dissipating heat generated by electronic devices, preventing
overheating and enhancing reliability. They find applications in heat sinks, thermal
interface materials, and electronic packaging, as well as in the automotive sector for
thermal management of batteries [85]. PCMs are also used in textiles to regulate body
temperature, providing comfort in clothing, footwear, and protective gear like vests
and blankets, which can enhance comfort in extreme environments [86,87].
Additionally, they enhance the insulation and thermal stability of building materials
when integrated, reducing energy consumption for heating and cooling [57,88,89].
PCMs, as well as enhance the efficiency and reliability of solar water heating systems
by storing solar thermal energy and providing hot water even during periods of low
solar radiation [90]. The usage of PCMs for the building sector will be discussed in
more detail in § 1.3.3 section.

Mid- and high-temperatures applications of PCMs share similarities but differ in
the involved temperatures and materials employed. For mid-temperatures applications,
PCMs can capture and store waste heat from industrial processes, power plants, and
engines, enabling its reuse. This improves energy efficiency and reduces greenhouse
gas emissions [91]. Additionally, PCMs can be integrated into TES systems within
CSP plants, providing dispatchable power [92].

High-temperature PCMs store thermal energy for extended periods, enabling
continuous power generation from CSP plants. This enhances the dispatchability and
reliability of solar power [92]. PCMs are also employed in high-temperature industrial
processes (e.g., metallurgy, ceramics) to store and release heat, improving energy
efficiency and process control [93]. Additionally, advanced PCM applications are
being explored for use in next-generation energy storage systems, including high-
temperature nuclear applications [94].

Lastly, PCMs offer a suitable alternative to SHS materials, enhancing energy

storage density and efficiency. Furthermore, they maintain a relatively constant
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temperature during phase change, providing stable thermal environments. In this way,
PCMs regulate temperatures, improving comfort in buildings and personal
applications. However, LHS systems present some disadvantages that can limit their
performance, especially after several cycles. These aspects will be discussed in the

following paragraphs.

1.3.1. Classifications of Phase Change Materials (PCMs)

A first classification of PCMs is based on the temperature ranges involved in the
TES process and the characteristic phase transition observed. The phase changes
generally occur in the following increasing order of temperatures: solid-solid < solid-
liquid < liquid-gas. Solid-solid PCMs typically exhibit the lowest specific latent heat,
while liquid-gas PCMs have the highest, but the latter's substantial volume change
during the phase transition is a significant drawback for commercial applications.
Despite their relatively low latent heat, solid-solid PCMs offer the notable advantage
of avoiding the leakage issues associated with materials that undergo liquid or gaseous
phase changes [56].

In addition, LHS systems, similar to SHS systems, can be distinguished as either
direct or indirect systems. Direct systems achieve heat transfer through the immediate
contact of the heat transfer fluid (HTF) with the LHS materials. On the other hand,
indirect systems utilize a solid heat transfer medium to separate the HTF from the
storage material, which allows for the transfer of heat to a container filled with PCM
[95].

Nevertheless, PCMs can be divided into two primary classes based on their
chemical composition: organic and inorganic materials. Organic PCMs are well-suited
for low-temperatures applications, but their cost and flammability are significant
drawbacks. In contrast, inorganic PCMs exhibit higher latent heat and are commonly
employed for high-temperatures applications [52]. Additionally, PCMs can be
formulated as eutectic mixtures, which are combinations of organic and/or inorganic
materials with similar melting and freezing points. However, these eutectic mixtures
could present relatively low latent and specific heat capacities, dependent to the
composition [58]. Figure 1.10 provides a schematic representation of the different

classes of PCMs.
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Figure 1.10 Classification of phase change materials (PCMs).

Many organic materials possess the unique quality of having their solid-liquid phase
change temperature within or close to the human thermal comfort range, typically
between 18 °C and 30 °C. Additionally, organic materials are chemically stable, non-
toxic, non-corrosive, and readily available in nature. Therefore, organic materials are
the most commonly used TES materials for providing thermal comfort in buildings,
textiles, and other applications. However, they tend to decompose at higher
temperatures and have relatively poor thermal conductivity [56]. The various classes
of organic PCMs are presented as shown in Figure 1.10.

Paraffins are the most commonly used organic TES materials in commercial
applications, also because of their very high thermal cycle life (between 3000 and
10000 cycles) [77]. These saturated n-alkane aliphatic hydrocarbons are represented
by a general formula CH3-(CH2)m-2)-CHs, where n denotes the number of carbon
atoms. The melting point of paraffins increases with the length of the carbon backbone
chain [58]. For TES applications, the range of n is typically 15 to 30, with n = 18 (n-
octadecane) being the most widely used paraffin (its melting point at 28 °C is the most
comfortable temperature for humans) [56]. Due to the difficulty and expense of
obtaining pure paraffin compounds, a mixture of various paraffins is commonly used
to form a paraffin wax. These waxes melt over a range of temperatures rather than at

a single specific temperature [56,58].
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Fatty acids offer a more cost-effective alternative to pure paraffin. These materials
possess a carboxylic functional group (-COOH) on the aliphatic chain, resulting in
sharp melting points that increase with the number of carbon atoms in the backbone
[58]. Saturated fatty acids containing 8 to 18 carbon atoms have suitable phase change
temperatures (16-69 °C) within the low-temperatures thermal application range [96].
While unsaturated fatty acids typically exhibit lower phase change temperatures,
some, like oleic acid, have appropriate phase change points around 14 °C [56].
Furthermore, the range of phase change temperatures can be expanded through the use
of fatty acid eutectics [56].

Another approach to lower the melting temperature of fatty acids is through
esterification reactions [56]. This process allows the synthesis of compounds with two
different aliphatic groups, following the general formula R-COO-R!. However, since
esterification is a controlled catalytic process to ensure the desired products, this can
result in higher costs for fatty acid materials [56].

Among organic PCMs, sugar alcohols exhibit the highest melting points and the
greatest latent heat. Their phase change temperatures make them suitable heat storage
media for mid-temperatures (90-250 °C) applications such as solar heaters or waste
heat recovery [97]. Additionally, sugar alcohols are non-toxic and cost-effective
PCMs. These materials also display polymorphism, and the different polymorphic
forms can exhibit significant variations in their physicochemical properties,
contributing to their specific latent heat.

Among glycols, polyethylene glycol (PEG) has potential for TES. PEG is a linear
polymer with a generic formula H-(O-CH»-CH»).-H, available in a wide range of
molecular weights. Interestingly, the phase change temperature of PEG tends to be
close to room temperature and increases with the polymer molecular weight [56].

Although organic PCMs are chemically stable, non-corrosive, and have fusion
temperatures that nearly coincide with solidification, they face some operational
limitations that hinder their full utilization [77]. They exhibit drawbacks such as odor,
flammability, low density, and low thermal conductivity, which can impact on heat
exchange, as well as large volume changes (~10 %) during phase transitions. In
contrast, inorganic PCMs overcome these features, as they are thermally stable and

possess higher specific latent heats. However, inorganic compounds present two
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common disadvantages associated with PCMs: phase segregation and the supercooling
effect.

The segregation phenomenon primarily concerns salt hydrate materials and is
related to incongruent melting [56]. During thermal charging, salt hydrates absorb heat
and undergo complete or partial dehydration as here reported:

o full dehydration:

Anhydrous salt-nH>O — Anhydrous salt + nH>O

e partial dehydration:

Anhydrous salt:nH,O — Anhydrous salt-(n-m)H>O + mH>O

After full dehydration, if the anhydrous salt is completely soluble in the water of
crystallization, it results in congruent melting [56,77]. Conversely, if the anhydrous
salt is only partially soluble in the water of crystallization, it leads to incongruent
melting [56,57]. Congruent melting is desirable, as the difference in density between
the water and salt components of the salt hydrate can result in segregation, causing the
salt hydrate PCM to gradually decrease its latent heat with increasing thermal cycles
[56]. Consequently, the thermal properties and performance of PCMs decline [57].
This issue can be mitigated by adding additive materials, such as polymers, in a process
known as gelling [71]. In this way, salt hydrate particles are held together in a three-
dimensional network. Another solution is thickening, which involves incorporating
additional materials to increase viscosity and maintain the salt hydrate cohesion
[57,77].

Meanwhile, the supercooling effect corresponds to a physical phenomenon that
delays the solidification process [57]. Solidification begins with a nucleation effect,
requiring the formation and propagation of initial crystals (the nucleus). For some
PCMs (particularly salt hydrates), the energy released during solidification does not
compensate for the energy used to create the solid-liquid interface, causing the
solidification process to start at a lower temperature than the fusion temperature [77].
Possible strategies to address the issue include the usage of nucleators or the
employment of an immiscible HTF in direct contact with the salt hydrate solution [57].

Despite these drawbacks, salt hydrates represent the most commonly utilized
inorganic TES materials in commercial settings, and they are the sole inorganic PCMs
that function effectively in low-temperatures applications related to human thermal

comfort [56,58]. The major advantages of salt hydrates are their large latent heat per
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unit volume, the relatively high thermal conductivity (almost double with respect to
paraffins) and the small volume changes during melting process [58]. The most used
salt hydrate in practical use is calcium chloride hexahydrate (CaCl,-6H>O). It has a
melting point (28-30 °C) suitable for low-temperatures applications and presents a
large specific latent heat of 190 kJ kg™! [56].

Inorganic PCMs are thermally stable and some of them can be used for mid or high-
temperatures applications. Among these, salts can be classified into several types,
including nitrates, hydroxides, chlorides, carbonates, sulfates, and fluorides. Nitrates
present the lowest melting temperatures and are the most widely used salts and salt
eutectics in CSP plants. Hydroxides have a melting point that falls within the medium
range of 250 °C to 600 °C. Conversely, chlorides, carbonates, sulfates, and fluorides
are characterized by high melting points that surpass 600 °C. Selecting a suitable salt
that possesses a melting point within the operational temperature range of TES
application is pivotal and can significantly improve the volumetric energy storage
capacity [56]. When the fusion temperature aligns with the operating temperature
range, the storage capacity is notably enhanced due to the effects of latent heat
accumulation in addition to sensible heat (Equations (1.2) and (1.3)). Nevertheless, it
i1s important to note that inorganic salts typically exhibit low thermal conductivity,
generally ranging from 0.5 to 1 W m™ K [56].

Considering this perspective, metals and alloys exhibit superior thermal
conductivity. Furthermore, these materials demonstrate the highest volumetric energy
storage capacity among all TES systems, attributable to their enormous density [58].
While metals and alloys exhibit significant promise as high-temperatures PCMs,
several challenges must be addressed. Repeated thermal cycling can lead to alterations
in their microstructure due to phenomena such as precipitation, oxidation, and
segregation. These changes can subsequently affect their properties, including phase
change temperatures and specific latent heat. To mitigate oxidation, an inert
atmosphere is necessary; however, the inert gases may be absorbed by the metals
during the melting and solidification processes, potentially influencing the
thermophysical properties of the metals and alloys [56].

Finally, eutectic mixtures represent valid candidates as PCMs due to their sharp and
well-defined melting and freezing points, which are tunable based on their

composition [56]. A eutectic mixture is a specific combination of two or more
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substances that results in a melting temperature lower than that of any individual
component. This unique property arises from the specific ratio of the components,
allowing them to solidify simultaneously into a crystalline structure [58]. These
mixtures can be formed using only inorganic materials, only organic materials, or a
combination of the two. Additionally, eutectic mixtures are able to store and release
significant amounts of latent heat during their phase transition, according to their
physicochemical properties, making them efficient TES materials. Raud et al.
reviewed theoretical equations and geometric techniques to predict the properties of
eutectic mixtures of salt species, such as eutectic composition, melting point, latent
heat, density, and thermal conductivity of molten eutectic salts [98]. However, the
chemical nature of the components can present corresponding limitations. For
instance, inorganic eutectics can encounter phase segregation, corrosion, or
supercooling, while organic eutectics may face excessive volume changes that can lead
to leakages.

In summary, PCMs offer diverse advantages for TES, with applications spanning
low to high-temperatures. Organic PCMs, particularly paraffins and fatty acids, excel
in providing thermal comfort due to their melting points aligning with human comfort
ranges, despite challenges like flammability and low thermal conductivity. Inorganic
PCMs, especially salt hydrates, boast high latent heat and thermal conductivity,
making them suitable for commercial use, though they face with phase segregation
and supercooling issues. Metals and alloys, while promising for high-temperatures
applications due to their superior thermal conductivity, face challenges related to
microstructure changes and oxidation. Finally, eutectic mixtures, with their tunable
melting points and high latent heat, present a versatile option, though their
performance is contingent on the physicochemical properties of their components.
Each class of PCM presents unique strengths and limitations, necessitating careful

selection based on specific application requirements.

1.3.2. PCM composites

The use of pure compounds as PCMs is often accompanied by various drawbacks,
including leakages, corrosiveness, flammability, incongruent melting and
crystallization, phase separation, and supercooling. These limitations constrain the

heat storage capacity and reliability of pure PCMs during repeated heating and cooling
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cycles. An effective approach to mitigating these drawbacks is the development of
composite materials [99]. A PCM composite consist of a PCM combined with at least
one additional material. The inclusion of the secondary material serves to enhance at
least one of the PCM properties, commonly its handling characteristics. Furthermore,
the secondary component can also improve the cycling stability of the composite by
introducing microscopic structures that reduce phase separation, or by improving heat
transfer through the addition of highly conductive materials [57].

The most investigated strategy to prevent leakages in PCMs is encapsulation. This
technology could be essential for the technical use of PCMs, as the liquid phase could
otherwise flow away from the application site [89]. There are two main encapsulation
methods: microencapsulation and macro encapsulation. Microencapsulation involves
small, spherical or rod-shaped PCM particles coated in a thin, high molecular weight
polymer film, which can then be incorporated into a compatible matrix. Macro
encapsulation refers to the inclusion of PCMs in containers like tubes, pouches, or
panels, which can serve as heat exchangers or be integrated into building products.
Macro encapsulation is the more common approach, as it helps retain the liquid PCM,
improves material compatibility, and reduces external volume changes.
Microencapsulation, although less prevalent, can improve heat transfer and cycling
stability by restricting phase separation to a microscopic scale [57]. The possibility of
integrating microencapsulated PCMs in surface layers of building structures represents
an interesting and potential technology for construction sector. In this way is possible
to reduce PCMs reactivity towards environment and to improve thermal properties by
increasing the heat transfer area [100]. When PCMs are encapsulated with a hard and
more elastic shell could be directly mixed with building materials (e.g. concrete or
gypsum plaster). The microcapsules, as shown in Figure 1.11, have usually a spherical
shape with vary small diameters (1-5 pm) [101]. The fabrication processes are usually
classified into two groups: physical and chemical. Physical procedures comprise spray
drying or centrifugal and fluidized bed processes. While, chemical methods mainly
include interfacial polymerization, in situ polymerization, coacervation and sol-gel

methods [102].
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Figure 1.11 Spherical microcapsule of PCM [102].

The main disadvantages of this technique are related to the low thermal
conductivity of most materials used for realizing microcapsules and to the small mass-
fraction of PCM that can be used, strongly limiting the heat storage capacity of the
whole system [102].

The low thermal conductivity in LHS materials represents a primary challenge. In
fact, it limits the heat transfer rate and affects the efficiency of the energy storage
system. To address this issue, researchers have explored a variety of heat transfer
enhancement techniques, including the use of fins, modifying the geometry of the heat
exchanger and using cascaded PCM systems [57]. Choure et al. highlighted also the
importance of high thermal conductivity materials in enhancing heat transfer in PCM-
based systems [103]. Actually, different PCM composites were studied for integrating
the active phase with high thermal conductivity materials, such as carbon-based and
metal-based materials. Carbon-based materials like graphene [104], carbon nanotubes
[105], and expanded graphite [106], as well as metal-based materials like metal foams
[107], and nanoparticles [108] can significantly improve the thermal conductivity of
PCM, thereby enhancing the overall heat transfer rate. In addition, studies have shown
that using fins, adding nanomaterials, and employing high heat conductive materials
can help reduce supercooling effect and improve PCM performance [109]. In
summary, by employing these techniques, it is possible to overcome the challenge of
low thermal conductivity in PCM and pave the way for more efficient and effective
energy storage solutions [103].

Another significant limitation, particularly affecting organic PCMs, is flammability.
Given the primary applications of this PCMs class, it is necessary to address this issue.

Presently, stringent safety codes and flammability requirements have been
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implemented for building materials to mitigate fire hazards. The most common
approach, in this context, is to combine flame retardant compounds with PCMs
[57,77]. Difterent types of fire retardants such as magnesium hydroxide, aluminium
hydroxide, expanded graphite, ammonium polyphosphate and treated montmorillonite
have been suggested for increasing thermal stability of composite materials without
changing the PCM thermophysical properties [110].

One of the newest approaches, for enhancing the reliability of TES systems consists
in realizing composite materials involving a porous matrix and the active heat storage
compound. Porous silica materials are attractive matrices for PCMs and TCMs due to
their high porosity, adsorption capacity, chemical and thermal resistance, and
customizable properties. In this sense, research in this area has accelerated since 2010
[99]. The possibility of encapsulating into porous silica prevents leakage of molten
PCMs, and reduces corrosiveness, as the PCM surface area exposed to the exterior is
diminished. In fact, incorporating PCMs into high-porosity silica matrices results in
shape-stabilized PCMs that maintain their solid state even when the PCM melts, due
to capillary forces. Concurrently, matrices with smaller pore sizes and greater pore
volumes can accommodate a higher quantity of PCM, thereby enhancing TES
capacity. Furthermore, silica is non-toxic, non-flammable, and non-explosive.
However, the high specific surface area of the silica matrix may promote undesired
chemical reactions, so the long-term stability of any new shape-stabilized PCM should
be investigated [111].

The two common approaches used for realizing porous silica-phase change
composites are: direct synthesis and impregnation. Direct synthesis involves a one-pot
sol-gel process that encapsulates the PCM within the silica framework, although this
permits less control over the pore structure [112]. On the contrary, the main advantage
of the impregnation approach is the ability to tailor the porous matrix properties before
adding the heat storage material. This is crucial for organic PCMs with long alkyl
chains, which are hydrophobic, while the silica framework is hydrophilic, leading to
poor compatibility. Hydrophobic functionalization of the silica surface can improve
this. The impregnation method can be further classified according to the PCM physical
state: using solid solutions, molten PCMs, or even gaseous PCMs. The impregnation
can also be carried out under different atmospheres, such as ambient, inert gas, or

directly under vacuum [113].
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The present work discusses just a few examples of shape stabilized PCMs
composites of scientific research interest towards low-temperatures applications in
building sector.

Liu et al designed two types of meso-silica/n-eicosane phase-change
nanocomposites in the forms of uniform nanospheres and core-shell nanocapsules
through self-templating. These nanocomposites exhibited enhanced thermal
performance, including good thermal storage, stability, and phase change reliability.
The hierarchical nanostructures significantly improved thermal conductivity and
reduced supercooling, too. In fact, the matrices have pore diameters of 7.9 and 3.3 nm
and have been used to achieve good latent heat values of 122 and 113 J g”!, respectively
for nanospheres and nanocapsules. The thermal conductivity increased from 0.15 for
the pure paraffin to 1.17 W m! K! for the nanocapsules. The nanocapsules also
demonstrated exceptional thermal stability after 1000 cycles, indicating that the solid
silica shell can provide an extra protection for the encapsulated n-eicosane [114].

As mentioned, the tunable properties of nanomaterials offer great potential for
developing increasingly efficient and suitable composites for TES systems. From this
perspective, Li et al. fabricated nanocomposites using commercial silica nanoparticles
and CaCly-6H>0 as PCM. They demonstrated that smaller pore dimensions in the
matrix allow for higher loadings of PCM. Specifically, an optimal balance was found
by incorporating the salt hydrate (75% w.t.), using the melting adsorption method, into
15 nm pore size silica. The resulting composite exhibits a latent heat capacity of 148.2
kJ kg! and a phase change temperature of 25.1 °C. Moreover, the system displays high
stability and reliability, with only a slight decrease in energy storage capacity (~10 kJ
kg!) after 500 thermal cycles [115].

1.3.3. PCMs in building applications

The use of PCMs for thermal storage in buildings was one of the earliest
applications studied [71]. In fact, the first applications of PCMs described in the
literature were their use for heating and cooling in buildings, as pioneered by Telkes
in 1975 [116], and Lane in 1986 [117]. PCMs offer significant advantages in building
heating and cooling applications by leveraging their ability to store and release latent
heat. They enhance indoor thermal comfort, energy efficiency, and thermal inertia

[118].
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Over the past several decades, a variety of bulk-encapsulated PCM products have
been commercialized for both active and passive solar applications. Nevertheless, the
surface area of most commercially available encapsulated PCMs was insufficient to
effectively transfer the stored heat to the building interior after the PCM had been
melted by direct solar irradiation [89]. Conversely, the walls and ceilings of a building
provide extensive surface areas that can facilitate passive heat transfer across the
various zones of the structure. For improving the heat transfer efficiency, PCMs have
been directly integrated in building envelopes, including roofs, ceilings, wallboards,
and floors. PCMs help increase the thermal mass of these key building envelope
components, leading to a reduction in heat transfer between the outdoor environment
and the building, especially during peak periods. This contributes to decreasing the
peak heating or cooling load of the building. Furthermore, PCMs mitigate the impact
of fluctuations in ambient temperature on these key building envelope components,
resulting in smaller variations in indoor room temperature. Thus, it is an efficient
method for maintaining the room temperature within the occupants' thermal comfort
range [90].

As concerns the impregnation of PCMs in wallboards, it is a promising technology,
particularly for gypsum wallboards. These materials serve as an ideal supporting
medium for PCMs due to their high void volume (~40%) [89]. The most common
method of incorporating PCMs in wallboards is direct immersion, which involves
immersing the wallboard in a bath of molten PCM or a PCM solution. Another route
involves the mixture of PCM additive directly in the wet wallboard mixture. In this
way the wallboards gain major energy efficiency. Figure 1.12 shows panels realized
by direct mixing with gypsum of Micronal® (BASF, Germany), used as PCM [119].
For instance, Karaipekli and Sari have shown the positive effect of organic PCMs
mixtures integrated into gypsum wallboards in reducing indoor air fluctuations and
improving thermal comfort [120]. While, Feldman et al. demonstrated the reliability
of a laboratory scale TES system, realized through the incorporation of butyl stearate,
at mixing stage, into gypsum wallboards. The inclusion of butyl stearate was
considerably aided by the use of various dispersing agents. The physical and
mechanical characteristics of the produced wallboard are quite similar to those of
standard gypsum board. The energy storage capability of wallboard has a tenfold

increase in capacity for storing and releasing heat compared to regular gypsum
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wallboard [121]. Again, Kissock et al. conducted an experimental investigation into
the thermal performance of wallboards imbibed with 30% wt. of a commercial
paraffinic PCM (K18). Through their simulations, the researchers continuously
monitored solar radiation, ambient temperature, and interior temperatures in the test
cells for a period of 14 days. The findings revealed that the peak temperature in the
PCM enhanced test cell was up to 10 °C lower than in the control test cell during sunny

days [122].

Figure 1.12 Micronal® PCM-integrated gypsum wallboard [119].

Other than gypsum wallboards, PCMs could be integrated in concrete with
promising results [123], although often the mortar formulation needs to be adjusted
[124]. For instance, Hadjieva et al. demonstrated the impregnation of sodium
thiosulfate pentahydrate (Na2S203-5H20) into a porous concrete matrix, filling up to
60% of the concrete pore and capillary spaces. They found that the large absorption
area of the porous concrete provided a suitable supporting matrix for the PCM
incongruent melting, improving its structural stability during thermal cycling [125].
This microencapsulation technique may prove efficient in containing the PCM in an
inexpensive way and could help address issues associated with the use of hydrated
salts, such as supercooling and phase segregation [89]. In parallel, Mohseni et al.
explored the macro encapsulation of organic, commercial grade PCMs for use in
lightweight structural cementitious composites. They developed an effective system
that can enhance indoor thermal efficiency while also being suitable for structural

applications. The resulting composite material demonstrated impressive thermal
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stability, withstanding up to 500 thermal cycles without any PCM leakage [126].
Particularly, lightweight building materials represent a great area of interest for TES
technology. In fact, these materials tend to have high temperature fluctuations,
because of their low thermal mass, which result in a high heating and cooling demand
[71].

Floors are another promising area for optimizing building energy performance.
PCMs can significantly enhance the efficiency of active underfloor heating systems
(radiant walls) during winter [90]. Some studies have reported impressive reductions
in heating loads (~40%) through the use of PCM floors [127]. In this context, the work
of Farid and Chen is noteworthy. They developed a computer model to simulate
underfloor heating with and without a PCM layer. The simulation results showed that
incorporating a PCM layer led to more stable and consistent surface temperatures, as
well as improved heat retention capabilities, compared to a standard concrete floor.
This PCM-enhanced system demonstrated superior thermal performance and energy
efficiency over a conventional concrete floor design [128].

This thesis has provided examples of LHS systems used to enhance the energy
efficiency of buildings. The materials most commonly employed in this sector include
paraffins, fatty acids, esters, and salt hydrates. Table 1.5 and Table 1.6 list some of the

most widely used PCMs in the building sector, categorized by their chemical nature.

Table 1.5 Thermophysical properties of organic PCMs for building applications.

Material Melting Heat of fusion Thermal Ref.
temperature (kJ kg™ conductivity
O (Wm' K"

Oleic acid 14 81 0.17 [57]
Caprylic acid 16 148 0.15 [52]
Butyl stearate 17 140 0.15 [52]

n-Heptadecane 19 240 0.21 [57]
Paraffin Ci6—Cis 20-22 152 - [57]
Polyglycol E600 22 127 0.19 [57]
Paraffin C13—Co4 22-24 189 0.21 [57]

n-Octadecane 28 244 0.28 [52]

Vinyl stearate 29 122 0.25 [52]

Methyl stearate 29 169 - [57]
Capric acid 32 152 0.15 [52]
Paraffin Ci6—Cas 42-44 189 0.21 [57]
Paraffin C20—Cs3 48-50 189 0.21 [57]
Palmitic acid 57.8 185 0.22 [52]
Stearic acid 69.4 199 - [58]
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Table 1.6 Thermophysical properties of inorganic PCMs for building applications.

Material Melting Heat of fusion Thermal Ref.

temperature (kJ kg™ conductivity

(&(®) (Wm' K"
FeBrs;-6H,0 21 105 - [57]
CaCl,-6H20 29 190 0.54 [57]
LiNO3-2H>0O 30 296 - [57]
Na»S04-10H,0 32 251 0.50 [52]
CaBr, 6H20 34 115.5 - [57]
Na,CO;3-10H,0 36 247 0.45 [52]
Na,HPO4-12H,0 36 280 0.47 [52]
K>HPO4-3H;0 48 99 - [57]
NaxS,03-5H,0 48 200 0.50 [52]
MgSO4-7H,0 48.5 202 - [57]

The effective functionality of PCMs can evoke several enhancements in thermal

performance metrics. They can significantly decrease maximum temperature

fluctuations and improve overall thermal comfort. Several studies have shown that the

implementation of PCMs can lead to significant reductions in energy usage, with

energy savings reaching up to 50% for cooling and 45% for heating applications,

depending on the type and thickness of PCM used [129]. Furthermore, the ability of

these systems to function over the years has been demonstrated even up to a decade

[130].

Despite the potential benefits of using PCMs in building materials to improve

passive heating or cooling, there are several critical issues and limitations that could

hinder their widespread adoption:

o Limited thermal properties: PCMs have capacity, cost, and construction

feasibility limitations, requiring careful encapsulation to optimize performance

and stability.

o Miscibility and workability: compatibility of PCMs with the concrete, mortar,

or wallboard matrix is crucial to ensure structural stability and uniform material

distribution. High PCM amounts can compromise uniformity and stability,

requiring careful evaluation.

e Economics: the use of PCMs in building materials can significantly increase

initial costs, necessitating the development of tools to evaluate and forecast life

cycle costs.
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e Environmental impact: the environmental impact of PCM production, use, and
disposal must be thoroughly evaluated to ensure sustainability.

In conclusion, the advantages of PCMs in building heating and cooling applications
are multifaceted, including enhanced energy efficiency, improved thermal comfort,
and the potential to contribute to sustainable building practices. The array of available
materials, coupled with their desirable characteristics, positions PCMs as a critical
component in contemporary architectural and energy strategies. However, challenges
still remain in a universal implementation of PCMs in building envelops that require

precise evaluations.

1.4. Thermochemical energy storage (TCES)

Thermochemical energy storage (TCES) is the less developed TES technology
despite presenting the highest energy storage density (up to 500 kWh m™) [131,132].
TCES has emerged as a promising alternative, offering distinct advantages over
traditional sensible and latent heat storage systems. TCES systems can store heat
through sorption processes and chemical reactions. Both methods can store substantial
amounts of heat [133]. These technologies leverage a three stages reversible process
for charging and discharging heat.

In the case of the sorption processes the sorbent material absorbs (absorption) or
adsorbs (adsorption) the sorbate, during the charging phase. In fact, the process
requires an energy input, usually in the form of heat [134]. Once the sorbate is captured
by the sorbent, the energy is stored in the form of potential energy. The key advantage
of sorption TES is that if the sorbent and sorbate are kept separate, there are minimal
energy losses during storage [135]. This allows for long-term or seasonal storage of
thermal energy [136]. Finally, to release the stored energy in discharging phase, the
sorbent and sorbate are brought back into contact under different conditions (e.g.,
lower pressure or higher temperature) [135]. The released heat can then be used for
various applications, such as heating buildings or industrial processes. According to
the physical state of sorbent, sorption TES systems can be classified into two

categories [137]:

e Absorption: involves a liquid sorbent absorbing a sorbate.

e Adsorption: involves a solid sorbent attracting a sorbate to its surface.

38



In the case of chemical reactions, the mechanisms involved are akin to the previous
case. Heat is stored and released through endothermic and exothermic chemical
reactions, respectively. Employing chemical reactions, the compounds involved in the
processes are referred to as thermochemical materials (TCMs). Figure 1.13 illustrates
the typical operation of a TCM, which occurs through a reversible chemical process.
Similarly to sorption TES, the overall process comprises three stages: charging,

storing, and discharging of the waste heat.

Charge Storage Discharge

o - N - g
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A A

A

Figure 1.13 Operating scheme of a thermochemical material (TCM).

During the charging step, the thermal energy drives the endothermic reaction, where
the compound "AB" is converted into the reaction products (“A” and “B”). The process
utilizes the waste heat to provide the energy (enthalpy of reaction, AH) required for
breaking the chemical bonds and separating the components "A" and "B". These
separated components can then be stored individually, maintaining the stored energy
for extended periods and theoretically without heat loss. The exothermic reverse
reaction, corresponding to the discharge step, is achieved by the recombination of the
reaction products (“A” and “B”), releasing the previously stored heat of reaction.
Compared to previously discussed TES systems, the potentialities of TCMs are
significantly greater, as the energy is used for breaking and reforming chemical bonds,
allowing for the storage and release of larger amounts of heat [60,138].

The general process taking place in a TCES system can also be written in the form

of a chemical reaction [139]:
AB+AHS A+B

The energy stored for the described reaction can be calculated using the following

equation [59]:

39



Qs = nmot AH (1.4)

Where the amount of heat stored (Qs) is proportional to the reaction enthalpy (AH),
with a factor depending on the number of moles of the limiting reactant (nmo1). When
determining the energy stored in a TCES system, it must be considered that the reaction
may not occur completely, as it could be limited by the presence of a limiting agent or
by conditions (temperature or pressure) that do not allow the reaction to reach
completion.

The use of a reversible sorption or chemical process guarantees that TCES systems
are extremely efficient. Furthermore, the proper conservation of materials during the
storage stage allows energy to be stored for long periods with minimal heat losses
[140]. Other key advantages of TCES systems include their high energy densities,
leading to compact storage systems. Compared to other TES solutions, TCES energy
storage density can be up to fifteen times greater than the SHS energy density and six
times greater than the LHS one [59]. Additionally, this technology offers high
operational flexibility, being suitable for a wide range of applications due to the large
number of available reversible reactions at different temperatures [141]. However,
some limitations hinder the widespread adoption of TCES technology [56]. These
limitations are related to the moderate or high cost of TCMs and the challenge of
realizing efficient systems over multiple thermal cycles, as TCES is the most complex
technology among TES options.

From this perspective, the choice of suitable materials is critical. When selecting

material candidates for TCES, the most important requirements are [59,142]:

e Complete reaction reversibility.

e Suitable reaction temperature.

e High storage density.

e High reaction enthalpy.

e Non-toxicity.

e (Good thermal stability during cycling within the operation temperature
range.

e [ ow-cost.

The selection of TCMs should aim to satisfy as many of these requirements as

possible.
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Given the interesting properties of TCES systems, they have a wide range of
applications due to their high energy density and ability for long-term storage [143].

Key areas include:

e Concentrated Solar Power (CSP): TCES can provide a reliable and
dispatchable energy source for CSP plants, enabling continuous electricity
generation even when solar radiation is unavailable. This is crucial for grid
stability and maximizing solar energy utilization [144,145].

o Industrial process heat: TCES can efficiently store and deliver the high
temperatures required for many industrial processes like drying, calcination,
steam generation, and heat treatments in industries such as cement, glass, and
metal production [146,147].

o Building heating and cooling: TCES can be used for space heating and cooling,
improving energy efficiency and reducing fossil fuel dependence. This
includes seasonal TES and enhancing heat pumps or air conditioning systems
[148,149].

e District heating: TCES can be integrated into district heating networks to store
and distribute heat efficiently, reducing energy losses and improving overall
system performance [143,150].

o Long-duration energy storage: TCES’s potential for long-term storage makes
it valuable for balancing supply and demand in renewable energy systems

[151,152].

In conclusion, TCES is being developed to bridge the gap between energy supply
and demand, particularly in applications involving renewable energy and industrial

heat requirements.

1.4.1. Classifications of thermochemical materials (TCMs)

Since thermochemical energy storage (TCES) is the most complex and least
developed technology within TES systems, further investigations are required. This
section addresses the classification of different reactions and highlights the most
promising materials.

Energy storage through thermochemical reversible reactions can be categorized into
five types according to the states of the materials [61,153]: gas-gas, liquid-gas, liquid-

liquid, solid-gas, and solid-solid reactions. Notably, solid-gas reactions have received
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considerable interest because they offer a wide range of operational temperatures and
facilitate the separation of the reactants [61,154].

TCMs can be classified not only by their physical state, but also according to the
operating temperature range, based on classical low-, mid- and high-temperatures
applications. For low-temperatures, sorption systems and salt hydrates are commonly
employed. These classes of materials are able to store and release energy through
dehydration and hydration reactions, respectively. Materials for higher temperatures
leverage additional types of reactions. Pardo ef al. schematized these other systems in

a diagram here reported (Figure 1.14) [147].

[ Thermochemical TES system at medium and high temperatures (300-1100°C) ]
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Figure 1.14 Thermochemical storage systems studied for medium and high temperatures [147].

Certain TCES materials are not viable due to harmful properties or technical
difficulties. For example, lead-based compounds like PbCO3 pose human health risks,
while sulfate-based systems can produce corrosive gas products [155]. Or even,
ammonia systems also face challenges such as high-pressure needs and slow reaction
kinetics. These limitations complicate the development of effective TCES
technologies [156]. This section discusses the primary solid-gas reactions and sorption
processes that have been investigated for TCES.

Regarding sorption systems, the technology involves a sorption process followed
by a desorption process. These systems can utilize either liquid or solid materials, as
discussed in the previous section. The energy stored in sorption storage systems can
be represented as sum of different contributions. In this way, the amount of heat stored

(Qcharg) Within charging process is expressed by following equations [59,157]:

Qcharg = Qsens + Qcond + Qbind (1 5)
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Qdes = Qcond + Qbind (1 6)

Where, Qsens represents the sensible heat needed to raise the reactor temperature to
the desired desorption temperature. The heat of condensation (Qcond) refers to the
energy associated with the phase transition from liquid to gas at a specific temperature
(normally condensation temperature at the condenser), which is assumed constant. The
binding heat (Quind) represents the sorption forces between the sorbent and the sorbate
[157]. From Equation (1.6), it results clear that for desorbing any system, it is
necessary to furnish an amount of energy (Qqes), sufficient to break the sorption bonds
between sorbent and sorbate, and, additionally, to vaporize the liquid. This
thermodynamic requirement explains why open adsorption cycles are generally
considered more efficient when adsorption occurs at lower temperatures, as the energy
input for vaporization is minimized [134]. Open sorption systems, as the name
indicates, are designed to interact with the surrounding environment. The working
fluid is typically water vapor. During the discharging process, the sorption reaction
occurs by directly utilizing the moisture present in the ambient air, as illustrated in
Figure 1.15 (left), or in some cases from an external moisture source such as a
humidifier. This design feature renders open sorption systems dependent on weather
conditions. On the other hand, a closed system has no mass exchange with the
environment and requires an evaporator/condenser for the evaporation of water when
needed as a reactant and for its condensation during storage, as shown in Figure 1.15
(right) [67]. A comparison between open and closed systems has been published by
Michel et al. They conclude that for the closed system, heat transfer is the main
limitation, and a small increase in thermal conductivity significantly improves the
reaction rate. For the open system, mass transfer is the primary limitation, and the
hydration rate can be enhanced by optimizing the bed permeability [158]. In addition,
closed systems have been extensively researched for use in refrigeration, heat pumps,
and energy storage. These systems are particularly well-suited for small-scale
applications that require compact and highly efficient devices [159]. In contrast, open
systems have lower investment costs, and, additionally, maintenance costs or failures
of auxiliary elements (evaporator/condenser) are avoided [160]. As a result, practical

projects for TCES often utilize open systems [161].
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Figure 1.15 Open (left) and closed (right) systems for TCES [61].

Regarding materials for sorption systems, adsorption processes often involve
activated carbon/methanol, silica gel/H>O, zeolites/H>O, and other sorbent-sorbate
pairs. Absorption-based systems, on the other hand, utilize materials like NaOH/H-O,
LiCI/H>0O, CaClo/H20, LiBr/H>O, and so on [67]. The latter materials class are
generally classified as salt hydrates and their usage as TCMs for low-temperatures
applications will be delved into the next section. Finally, the selection of appropriate
materials is critical for optimizing the performance and efficiency of both adsorption
and absorption based TES systems [162].

Like most common adsorption materials, metal oxides can undergo hydration and
dehydration reactions, at near atmospheric pressures, to store thermal energy at mid-
and high-temperatures. The temperature range depends on the specific metal oxide

utilized. The following reactions describe their operation [163]:
Exothermic reaction: MO + H2O(g) — M(OH)zs) + AH
Endothermic reaction: M(OH)z) + AH — MOgs) + H2O(g)

Where MOg) and M(OH)y) represent the metal oxide and metal hydroxide,
respectively. The H>O partial pressure and the temperature drive the
hydration/dehydration reactions [60,147]. Typical hydroxides, such as calcium
hydroxide and magnesium hydroxide, are cheap, abundant, and non-toxic. These
materials have been extensively studied for high-temperatures TCES applications in
chemical heat pumps (CHPs), due to their high volumetric energy density [164,165].
Typical metal oxides with the potential to be reaction candidates for TES at less than
200 °C are nickel oxide (NiO) and cobalt oxide (CoO). While suitable candidates for
the storage at over 700 °C are strontium oxide (SrO) and barium oxide (BaO) [60].

The common issues with TCMs for hydration reactions include deterioration during
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cycling, inadequacy for the application temperature range, side chemical reactions,
corrosion, pulverization, and deliquescence [166]. Commonly metal oxides reach a
stable active state after multiple hydration-dehydration cycles. However, macro-
crystals may crack during these cycles, necessitating the use of additional stabilizing
materials [59].

Focusing on other TCMs, carbonation and redox processes play an important role,
especially in mid- and high-temperatures technologies. These reactions offer high
energy storage densities and the potential for long-term storage with minimal energy
loss [59].

Alkaline-earth metal carbonates are ideal candidates for thermochemical
applications owing to their elevated decomposition temperatures, substantial energy
density, and cost-effectiveness [153]. Initially, these materials were utilized for
capturing CO». The resulting process of calcination/carbonation chemical looping
operates in cycles and can effectively achieve the necessary storage temperature
(above 800 °C), along with desired energy density and discharge rates [167]. The

calcination/carbonation reactions can be described as [168]:
MCO3i) + AH S MOgs) + COxg)

Carbonates undergo decomposition via an endothermic calcination process,
typically involving an alkaline-earth metal denoted as M. This reaction occurs in a
solid-gas reactor maintained at near-ambient pressure. The reaction temperature is
influenced by the equilibrium partial pressure of CO2. Upon completion of calcination,
CO; and the resulting metal oxide are stored separately, with CO, sometimes being
compressed into a liquid form to minimize storage volume [168]. When energy
recovery is required, both the metal oxide and CO; are directed to a solid-gas reactor
for carbonation, which releases the energy that was previously stored. A significant
challenge associated with carbonates is sintering that occurs after numerous
calcination and carbonation cycles at elevated temperatures [169]. To address this
issue, several techniques are employed to enhance the active surface area and maintain
the stability of the pore structure, including the use of rigid porous materials as support,
the incorporation of additives to boost thermal stability, reducing particle size, and

synthesizing materials with a microporous structure [167].
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Among the carbonation reactions, the most well-established process is based on
calcium carbonate (CaCO3/Ca0O) [170]. However, there are alternative systems that
utilize barium carbonate (BaCO3/BaO) [167], strontium carbonate (SrCO3/SrO) [171],
or magnesium carbonate (MgCO3/MgO) [172].

Typical operational issues associated with TCES processes are not involved in
metal oxide redox systems. These systems guarantee high reaction temperature, non-
corrosive products and no need for gas storage. The redox reactions involved in this

process can be described as [173]:
Reduction: MxOy — MxOy.1 + %2 O2 AH>0
Oxidation: MxOy.1 + /2 O2 — MxOy AH <0

Initially, metal oxides (MxOy) undergo reduction through an endothermic reaction
at elevated temperatures, which allows them to store heat. Subsequently, these reduced
metal oxides (MxOy.1) are re-oxidized to their original state via an exothermic reaction,
releasing the energy that was previously stored. The oxidation process requires a
source of oxygen. When the oxygen source is water or CO3, the reaction produces
hydrogen (Hz) or carbon monoxide (CO), respectively [174]. Air is the most frequently
utilized oxygen source. During the charging phase, the reduction can occur either
through solar irradiation of the metal oxide or by heating the HTF. When air serves as
oxygen source, it coincides with the HTF. This technology offers several advantages.
In fact, the involved reactions are generally simple and do not require catalysts.
Furthermore, most of redox pairs present relatively small environmental impact and
involved metal oxides present medium or high energy storage densities (230-850 kJ
kg™ [59].

Redox systems can be categorized into two groups based on the number of metal
oxides involved: pure and mixed metal oxide redox systems. In the pure oxide system,
only a single metal element is present in the oxides. Some of the most promising pure
oxide materials include BaO»/BaO, CuO/Cux0, FexO3/Fe3;04, MnyO3/Mnz0Os4, and
Co0304/Co0. Typically, the synthesis of pure redox systems is more straightforward,
but mixed metal oxide systems offer advantages such as improved reversibility and
lower costs [155]. Mixed metal oxide redox systems, on the other hand, contain more
than one metallic element in the oxide. Recently, perovskite oxides have gained

significant interest as mixed oxide thermochemical materials due to their intriguing
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characteristics. The general formula for perovskite oxides is ABO3, where A is
typically a rare earth or alkaline earth cation, while B is generally a transition metal
cation. Their structure is ideally cubic, with A cations surrounded by 12 coordinated O
anions and B cations occupying the octahedral holes created by the oxygen lattice.
Perovskites undergo reversible non-stoichiometric reduction at specific temperatures
and oxygen partial pressures. The oxygen release/uptake phenomena in these materials
induce significant heat effects, with reduction being highly endothermic and oxidation
highly exothermic, making perovskites attractive for TES applications [60]. Typical
perovskite oxides used as TCMs include CaMnO3, SrCoOs, SrFeOs, and BaCoOs
[175]. However, doping the perovskite oxide structure with expensive and atomically
heavy rare earth and/or metal cations can increase their thermochemical properties, but
also increase costs and decrease the mass-specific energy storage densities [176,177].

In conclusion, while TCES presents the most complex challenges within TES
systems, the diverse range of reversible reactions, particularly solid-gas interactions
and sorption processes, offers significant potential. Ongoing research into promising
materials like salt hydrates, metal carbonates, and metal oxides (including perovskites)
is crucial for overcoming current limitations such as material stability, reaction
kinetics, and environmental concerns. Further investigation and development in these
areas will pave the way for the realization of efficient and effective TCES technologies

for various temperature applications.

1.4.2. Salt hydrates for low-temperatures applications

Salt hydrates demonstrate advantageous properties for TES in low-temperatures
applications. These advantages include high volumetric energy storage capacity, the
ability to tune the operating temperature, self-separation of the reacting components,
and the utilization of water vapor as a safe and inexpensive gaseous reactant [61,178].
Storage and release of low temperature heat by using salt hydrates comprise
dehydration and hydration processes and can be described by the following reversible

reaction [60]:
SaltmH>O¢) + AH S Salt-(m-n)H2O(s) + nH2O(g) (m >n)

Where, Salt-mH2Os) represents salt hydrate and Salt-(m-n)H2Ogs) is the salt partially
or completely dehydrated. In fact, the dehydration (as well as hydration) reaction can

occur in different steps at different desorption (sorption) temperatures and intermediate
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hydrates phases can appear in the system. During the charging phase, these materials
absorb heat and undergo an endothermic dehydration reaction. In this way the energy
is stored by breaking chemical bonds of water with salt. Once energy is needed, the
reverse exothermic hydration reaction is triggered, leading to the release of the
accumulated thermal energy. The cyclic functionality of TCMs allows for the effective
storage and release of greater thermal energy quantities per unit mass compared to
SHS and LHS systems, resulting in a favorable high energy density. When selecting a
suitable material for a TCES system with salt hydrates as TCMs, several key factors
must be considered to ensure system reliability. Given that the primary applications
for such systems are building cooling and heating, the choice of material must meet

specific requirements [61,67]:

e High energy density: to store larger energy in the minimum possible
volume.

e Reaction temperature reachable by a solar collector: the salt dehydration
process should take place at temperature below 150 °C (known as the
maximum reachable temperature by a solar collector).

e Non-toxicity and non-flammability: essential for implementation in
buildings, ensuring compliance with health and safety standards.

e Non-corrosiveness: particularly concerning the materials in contact with the
reactor.

e Stability after multiple dehydration/hydration cycles: to guarantee the
system's long-term effectiveness.

e Cost-effectiveness: to maintain competitiveness in the market.

The current research into novel salt hydrates exhibiting specific properties relevant
to specific applications, is quite dynamic [41,142,179-181]. A theoretical framework
was suggested by Donkers ef al. [41] and Deutsch et al. [180], whereas N’ Tsoukpoe
et al. [142] presented a combination of theoretical and experimental approaches. For
instance, Donkers et al. conducted a comprehensive study to evaluate the theoretical
potential and limitations of salt hydrates as TCMs for seasonal TES in the building
environment. They compiled and analysed thermodynamic data for a large number of
salt hydrate reactions, filtering the data to identify a shortlist of 25 TCM hydrate

reactions that met specific criteria, including a hydration reaction capacity higher than
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1.3 GJ m™, a hydration temperature of 50 °C or higher, and a dehydration temperature
below 120 °C. The shortlisted reactions were then further analysed considering factors
such as price, chemical stability, reaction kinetics, and safety for domestic
environments. At the conclusion of this evaluation process, K-CO3 was identified as
the most promising candidate for open or closed TCES systems, although it exhibited
a relatively low energy density [41]. On an experimental point of view, N'Tsoukpoe et
al. conducted a comprehensive assessment of 125 salt hydrates for their suitability as
TCES materials, targeting an application that would meet both heating and domestic
hot water demands with a minimum discharge temperature of 60 °C. Their evaluation
process involved a three-step approach. Initially, they performed a preliminary
selection, considering factors such as toxicity and explosion risk. In the subsequent
steps, the authors implemented a combined methodology, integrating theoretical
calculations and experimental measurements using thermogravimetric analysis. The
net energy storage density and thermal efficiency of the materials were then used to
evaluate the potential of 45 pre-selected salt hydrates for low-temperatures TCES
applications. According to the authors, SrBr2-6H>O and LaClz-7H20 were identified as
the most promising salt hydrates from a thermodynamic perspective, but their
evaluation did not consider economic factors [142]. The authors also concluded that
the thermal efficiency of classical TCES processes remains low. To address this, they
agreed on the need to adopt strategies to modify the properties of salts, such as adding
a supplementary salt [41,142].

Trausel et al. identified MgCl,-6H>O, Na>S-9H»0, CaCl,-6H,0, and MgSO4-7H>O
as the most promising candidates for TCES based on theoretical energy density, price,
and workability. While the theoretical energy density ranged from 1.85 to 3.17 GJ
m>, with Na,S having the highest value, the actual energy density under operating
conditions was lower for most salts. However, NaxS still achieved the highest practical
value [182]. The main drawbacks of these salts include the formation of toxic and
corrosive gases, such as H>S and HCI. Other challenging drawbacks, for discussed
salts, include deliquescence and/or low melting points below the hydration
temperature, leading to low material stability [183]. To improve the stability of salt
hydrates, the primary strategies adopted are encapsulation of the active phase and
impregnation in porous inactive materials to create composite materials [60]. The

limitations to the ready implementation of salt hydrates TCMs in operating systems,
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as well as possible solutions to mitigate them, will be discussed in § 1.4.4 section.
While § 1.4.6 section present a list of most employed salt hydrates, together with their
thermochemical parameters, used as TCMs in building sector.

In conclusion, salt hydrates present a compelling option for low-temperatures TES
due to their high energy density and tuneable operating temperatures. However, salt
hydrates present some drawbacks which hinder their practical implementation such as
toxicity, corrosiveness, deliquescence, low melting points, and the need for enhanced
thermal efficiency and stability over multiple cycles. Research is addressed to explore
new reaction systems, as well as, to develop composite materials for overcoming

described issues.

1.4.3. Deliquescence phenomenon in traditional inorganic salt hydrates

One of the most intriguing limitations to the ready implementation of salt hydrates
in operating systems is the issue of deliquescence during repeated
dehydration/hydration cycles. In theory, the rehydration process should be fully
reversible when the salt regains the same number of crystal water molecules. However,
in certain instances, a saturated salt solution is formed instead of a salt hydrate during
the hydration reaction. This phenomenon, known as deliquescence, occurs when a
solid substance absorbs moisture from the atmosphere to such an extent that it
dissolves in the absorbed water, forming a liquid solution. This happens when the
vapor pressure of the saturated solution of the salt hydrate is lower than the partial
pressure of water vapor in the surrounding air. Here is presented a step-by-step

breakdown of how deliquescence occurs in salt hydrates [184,185]:

1) Hygroscopic nature: salt hydrates are inherently hygroscopic, meaning they
have an affinity for water molecules in the air. This is due to the presence of
water molecules within their crystal lattice and the ionic nature of the salt,
which attracts polar water molecules.

2) Water vapor absorption: when a salt hydrate is exposed to air with a
sufficiently high partial pressure of water vapor, water molecules from the
atmosphere begin to condense and adsorb onto the surface of the solid
crystal.

3) Formation of a saturated solution: as more water molecules are absorbed, a

thin layer of aqueous solution forms on the surface of the salt hydrate. The
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concentration of the dissolved salt in this layer increases until it reaches
saturation.

4) Vapor pressure difference: the crucial factor driving deliquescence is the
difference in vapor pressure. The saturated solution of the salt hydrate has a
specific vapor pressure of water above it, which is lower than that of pure
water at the same temperature due to the presence of the dissolved salt. If
the partial pressure of water vapor in the air is higher than the vapor pressure
of the saturated salt hydrate solution, there is a thermodynamic driving force
for more water vapor to condense onto the surface.

5) Continuous dissolution: because the atmospheric water vapor pressure is
higher than that of the saturated solution, the absorbed water does not
readily evaporate. Instead, it continues to dissolve more of the solid salt
hydrate. This process continues as long as the atmospheric humidity remains
above the deliquescence relative humidity (DRH) of the salt hydrate.

6) Formation of a pool of solution: over time, the accumulated absorbed water
becomes sufficient to form a visible pool of concentrated salt solution. The

solid crystal may fully dissolve in this process.

Different factors influence the deliquescence phenomenon in salt hydrate [186—

188]. Are now listed the principal ones:

e Relative humidity (RH): deliquescence occurs when the ambient RH
exceeds the DRH of the salt hydrate. Each deliquescent substance has a
characteristic DRH at a given temperature.

e Temperature: temperature can influence the DRH and the rate of water
absorption. Generally, the DRH of salts with a positive heat of dissolution
decreases as temperature increases.

e Solubility of the salt hydrate: highly soluble salt hydrates tend to have lower
DRH values and are more prone to deliquescence.

e Presence of impurities: impurities can sometimes lower the DRH of a salt

mixture, causing it to deliquesce at lower humidity levels than the pure salt.

The deliquescence phenomenon mainly affects inorganic salt hydrates due to their

high hygroscopic nature, which drives the absorption of water vapor to form a
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saturated solution in which the solid starts to dissolve. This is attributed to the high
solubility of inorganic salts in water. Recently, innovative organic salt hydrates have
been proposed as TCMs to overcome the deliquescence issue [189,190]. These
promising materials have the interesting property of being much less soluble in water,
with their water solubility at least an order of magnitude lower than that of common
inorganic salt hydrates at the same temperature. This aspect excludes the deliquescence
phenomenon by stabilizing the formation of a wetting layer during water absorption
and preventing the establishment of a saturated solution, because salt can not dissolve
in it. Figure 1.16 provides a schematic representation for illustrating the deliquescence
in common inorganic salt hydrates (Figure 1.16a) and how it is excluded with organic

salt hydrates (Figure 1.16b).
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Figure 1.16 Schematic representation of a) deliquescence phenomenon during hydration of
inorganic salt hydrate; b) formation of a wetting layer during hydration of organic salt hydrate, which
prevents deliquescence.
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1.4.4. TCM composites for low-temperatures applications

As seen previously, pure salt hydrates can present several issues that necessitate
finding smart solutions to address them. In addition to the deliquescence phenomenon
discussed in § 1.4.3 section, which leads to the formation of a liquid phase that can
impede the reaction and cause salt leakage and corrosion, other common problems
include low thermal conductivity that hinders efficient heat transfer during charging
and discharging processes. Furthermore, salt hydrates often suffer from poor cycling
stability during repeated dehydration and hydration reactions. The causes of this
problem can be attributed to deliquescence and salt volume changes. Specifically, salt
hydrates typically expand (swelling) in volume during the hydration reaction due to
water uptake, while they reduce (shrinking) in volume when water is released during
dehydration. These phenomena primarily cause cracking within the material and
subsequently lead to mechanical stress on the system. Additionally, salt hydrate
particles tend to agglomerate, reducing the surface area available for reaction and
resulting in performance degradation over successive cycles [191-193].

At this purpose, composite materials are increasingly deployed to improve the
properties of hydrated salts due to their multifunctional advantages in thermochemical
applications. The integration of composites enhances, for instance, thermal
conductivity and mechanical stability while reducing issues such as deliquescence and
related leakage, all critical aspects for effective implementation [194].

One significant benefit of composite materials is their ability to enhance thermal
conductivity. Embedding salt hydrates within a suitable matrix can significantly
improve the overall thermal conductivity of the material, resulting in faster charging
and discharging rates and enhanced heat transfer within the storage system. The most
commonly used conductive fillers are carbon materials, although metallic
nanoparticles are also employed. Examples of carbonaceous matrix include exfoliated
graphite [165] and carbon nanotubes [164] and activated carbon. In addition, the use
of described fillers guarantees an improved reaction kinetics, good durability and
structural support (e.g., by increasing ease of materials pelletization).

The TCM stabilization into a well-designed matrix prevents salt leakage, especially
in cases of deliquescence. This also helps to mitigate corrosion issues with the
surrounding components. For instance, LiCl-H>O exhibits a high-energy density,

suitable for low-temperature heat storage applications. However, the hygroscopic
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nature of lithium chloride leads to deliquescence resulting in various operational
difficulties. For this reason, usually LiCl is combined with adsorbent porous matrices.
In fact, materials like silica gel, zeolites, alumina, vermiculite, clay and metal organic
frameworks (MOFs) provide a porous structure to disperse the salt hydrate, improve
vapor transport, and limit agglomeration. Their high thermal stability represents also
an interesting advantage [157,195,196].

Taking into account the case of LiCl, Calabrese et al. proposed a composite material
made from silicone vapor-permeable foam filled with the salt (40%wt.). The foam can
provide excellent thermal conductivity and structural support. In addition, this system
confines LiCl within a flexible matrix, allowing the salt to undergo volume changes
during dehydration and hydration cycles without compromising the foam structure
[197]. In situ X-ray diffraction (XRD) and environmental scanning electron
microscopy (ESEM) were used to investigate the material's structural and
morphological changes during these cycles. The results show the salt is effectively
embedded, minimizing salt solution release upon overhydration. The energy density
of the stabilized foam, estimated at 1854 kJ kg'!, indicates it is a competitive option
among other LiCl salt hydrate composites [198]. In two distinct studies, Calabrese and
coworkers explored an innovative MgSQO4-7H,0O-filled silicone composite foam for
sorption TES applications [199,200]. The composite foams exhibited a mixed structure
of open and closed cells, with the morphology influenced by the salt hydrate filler
content. Foams with lower salt concentrations (40-50%wt.) had more open cell
structures, while those with higher concentrations (60-70%wt.) had more limited cell
interconnections, partially hindering the vapor exchange. The composite foams
demonstrated a significant capacity for hydration and dehydration compared to pure
salt, and the foaming process did not interfere with the reaction between water and salt
[200]. Further studies evaluated the progressive loss of salt during cycling, finding a
13% decrease after 50 cycles, but showing that this loss did not substantially impact
the sorption storage efficiency of the silicone foams [199]. Overall, the research
confirmed that composite systems with salt hydrates and foams are a viable strategy
to overcome the limitations of using pure hydrated salts.

As previously said, an efficient alternative to foam composites is represented by
salt dispersion into porous matrix. These composite materials utilize salt hydrates that

are embedded within a porous structure. This approach helps to resolve many of the
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difficulties associated with pure salt, as the porous matrix not only supports and
disperses the salt but also enhances heat and mass transfer properties while reducing
the potential for agglomeration and swelling. For instance, Hongois ef al. reported that
the combination of 15%wt. of MgSO4 with zeolite 13X resulted in an energy storage
capacity of 166 kWh m™, which corresponds to 45% of the expected theoretical value.
Notably, this energy density is 23% greater than that of pure zeolite 13X's theoretical
energy density [201]. Instead with silica gel matrix, Courbon et al. reported a
CaCly-6H20 (43%wt.) composite that shows an energy storage density of 211 kWh
m™, which is greater than the energy density of CaCl, with aluminosilicate (180 kWh
m™) and significantly higher than that of MgSOs with zeolite 13X (166 kWh/m?) [202].
Permyakova et al., instead, evaluated CaCl, impregnated with six different water-
stable MOFs, and they obtained composites which had varying properties due to
variation of pore properties of the host matrix. Increasing the desorption temperature
from 80 to 100 °C improves the cyclic loading lift, consequently enhancing the energy
storage capacity [203].

Other than poor thermal conductivity, salt hydrates can present slow reaction
kinetics, which limit the power output and efficiency of TCM-based systems. In some
cases, the porous structure of the matrix can facilitate improved mass transport of water
vapor to the salt hydrate, enhancing the hydration and dehydration kinetics. In this
perspective, the development of thin, porous coatings that enable efficient vapor
exchange with the environment is highly recommended. For the preparation of such
coatings, the TCM is typically blended with a polymeric matrix. Polymers can serve
as binders or encapsulating materials, improving the mechanical stability and
preventing salt leakage. Additionally, polymeric coatings can offer high water vapor
permeability and reversible deformability, minimizing resistance to water transport
and accommodating the volumetric changes of the TCM during repetitive dehydration
and hydration processes [204]. In brief, the application of coatings aids in controlling
the reaction rate. For instance, a coating can reduce moisture access to the salt,
promoting a more gradual and stable hydration. Moreover, coatings can also improve
the thermal stability of hydrated salts. This is particularly important to ensure that the
salts can reliably store and release heat without undergoing structural changes that

would compromise their efficiency. Some coatings can also influence the solubility of
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salts, improving heat storage capacity and reducing energy loss due to too rapid or
inefficient dissolution and crystallization reactions [205].

In conclusion, composite materials offer a versatile approach to thermal energy
storage by enabling the combination of materials with tailored thermal, mechanical,
and chemical properties for specific applications [206]. By improving overall
performance and stability, composites can lead to more compact and efficient thermal
energy storage systems with higher energy storage density at the system level.
However, the cost of materials and manufacturing, along with the complexity of
composite preparation methods, remains a barrier to commercialization. Future
research should focus on optimizing the composition, microstructure, and preparation
methods of these composites, while using low-cost matrices, to achieve high-
performance and cost-effective materials for widespread energy storage applications

[207].

1.4.5. Novel organic salt hydrates

The deliquescence phenomenon and its negative impact on inorganic salt hydrates
have been described in § 1.4.3 section. One possible solution to this issue is the use of
TCMs with low water solubility. Particularly, it has been found that organic salt
hydrates possess this characteristic and have been proposed as novel materials for
TCES in low-temperatures applications [189,190].

The use of organic hydrated salts as TCMs is already known in literature and one
of the first to be used was calcium oxalate monohydrate (CaC204-H20). Knoll ef al.
examined the dehydration and hydration behavior as well as the cyclic stability of this
material [208]. Its selection was determined through the application of an algorithm
capable of systematically evaluating a database of potentially suitable reversible
reactions [180]. Authors have determined that the dehydration and hydration reactions
of calcium oxalate monohydrate are completely reversible, in contrast to other salt
hydrates. Furthermore, they discovered that the rehydration temperature is highly
dependent on the water vapor concentration. Complete reversibility can be achieved
not only at room temperature, but also at up to 200 °C, depending on the water vapor
concentration. This enables isothermal switching of the material between charging and
discharging by altering the partial pressure of H>O. Additionally, the material exhibits

rapid reaction kinetics and complete reversibility over 100 cycles, without any
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observed aging effects [208]. The researchers have further investigated these
promising characteristics by developing and evaluating a pilot-scale thermochemical
heating system directly integrated within a real building environment. They have
successfully demonstrated the technological feasibility of all the process steps and the
system's ability to provide heat supply at the required operating conditions for practical
applications. This research represents a significant advancement in the TRL of TCES,
validating its performance in a relevant environment [209]. Based on the promising
results of the calcium oxalate systems, the researchers investigated other calcium
dicarboxylate salt hydrates as potential heat storage materials. These materials were
synthesized by neutralizing corresponding acidic precursors with a calcium base,
followed by crystallization. Different characterization techniques demonstrated that all
candidates were suitable for low-grade storage and thermally stable up to 220 °C.
Among these, calcium malonate dihydrate (637 kJ kg'), calcium terephthalate
trihydrate (695 kJ kg™!), and tetrafluoro calcium terephthalate tetrahydrate (657 kJ
kg!) exhibited higher enthalpies of dehydration than calcium oxalate monohydrate.
Furthermore, in situ powder X-ray diffraction (XRD) studies were conducted to
examine the dehydration and rehydration reactions of the most promising candidates,
revealing the structural changes between the hydrate and anhydrate states [210].

The studies highlighted in current section pave the way for the use of organic
hydrated salts as innovative TCMs. Having an organic component in the molecule
allows for modulation of the physicochemical and thermochemical properties of the
salt by varying the molecular structure. From this perspective, organic chemistry
reactions enable tailoring the structure to meet specific objectives, unlike inorganic
synthetic procedures. However, it is important to note that increased structural
complexity often leads to higher costs for the final product.

The first attempt to promote organic salt hydrates as a solution for overcoming
deliquescence was proposed by Mastronardo ef al. in 2022 [190]. In their study, the
authors explored new strategies to develop suitable materials based on low-soluble or
insoluble organic hydrated salts. The goal was to reduce or avoid deliquescence
phenomena under operating conditions, ensure the ability to coordinate a high number
of water molecules, and maintain stability [211]. The researchers selected calcium
ceftriaxone, which can combine up to seven water molecules, as the target salt. This

compound was synthesized through an ion exchange reaction starting from a
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pharmaceutical precursor (disodium ceftriaxone hemiheptahydrate). In fact, the
precursor was not an ideal candidate for TCES applications due to its low water content
(i.e., 3.5 water molecules per unit formula) and high water solubility. The synthesized
material was found to be capable of operating in the temperature range of 30-150°C
and did not exhibit deliquescence phenomena when exposed to relative humidity
between 10 and 100%. The observed heat storage capacity of 595.2 kJ kg™!, along with
the demonstrated thermal stability and good reversibility after dehydration/hydration
cycles, highlight the potential of this class of materials. These findings have opened
new research paths for the development and investigation of innovative organic salt
hydrates as TCES materials [190].

Pushed by these interesting results and considering that the exploration and
assessment of new TCMs, especially of organic nature is certainly interesting, a new
work has been recently published on the thermochemical assessment of calcium L-
lactate pentahydrate (CL) [189]. The investigated material represents the main
objective of this thesis work. CL presents a low solubility in water, and it is competitive
with other inorganic salt hydrates in term of heat storage capacity. Furthermore, CL is
inexpensive, non-toxic, non-corrosive, environmentally safe and during
dehydration/hydration reactions does not generate toxic or corrosive gases, like HCI

or H»S. Its thermochemical properties will be discussed in detail in § Chapter 2.

1.4.6. TCMs in building applications

Salt hydrates are promising TCMs for TES in buildings due to their high energy
density and potential for long-term, near-lossless storage. Integrating them directly into
building materials like concrete or mortars (i.e., in building envelops) or in auxiliary
reactors/tanks offers a unique approach to create multifunctional systems capable of
storing and releasing thermal energy on demand [212].

In buildings, TCM storage is assessed to have many advantages over other types of
TES, but it is still in the experimental stage [63]. The analysis of the literature, indeed,
showed that there are still very few studies that carried out environmental or economic
assessments of this kind of system, indicating that this technology has not yet reached
maturity [213].

The introduction of TCMs in the building sector is usually studied for their

implementation in reactors, such as solar DHW applications. When designing the
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system and selecting the TCM, key considerations should include the operating
conditions (vacuum vs. atmospheric) and their impact on reaction temperatures and
the system configuration (open vs. closed). Energy density is also influenced by factors
like sample scale, reactor geometry, characterization methods, and operating
temperatures. However, there is currently no standard procedure to determine the
thermophysical properties of these materials [61]. In addition, most of the systems
have only been studied at the material scale (TRL = 1-2), with only a few reaching the
reactor scale (TRL = 4) in advanced project [133].

Therefore, material selection remains a controversial research field due to the
limitations discussed in § 1.4.4 section. A list of the most promising pure inorganic salt
systems used for TCES applications in buildings is provided in Table 1.7, including
their theoretical and experimental energy densities, as well as their reaction

temperature conditions for charging and discharging.

Table 1.7 Theoretical (Th.) and experimental (Ex.) energy density and reaction temperature
conditions of promising material couples for chemical heat storage in residential applications.

Reaction (TCM) Th. energy Ex. energy Reaction temperature (°C) Ref.
density (GJ m™) | density (GJ m™) (charging/discharging)
MgCly'6H,0 « 2.5 0.71 150/30-50 [61]
MgCl,-H,O + 5H,O
MgCly'6H,0 < 2.2 - 115-130/35 [133]
MgCl,-2H,0 + 4H,0
MgSO47H.0 < 1.5 - 122-150/35 [61,133]
MgSO4+ 7TH,O
MgSO46H.0 < 2.37 1.83 72/- [61]
MgS0O4-HO + 5H,O
CaCl»2H,0 < 0.7 - 95/35 [61,133]
CaCly'H,O + H,O
SrBry'6H,0 < 2.3 2.08 70-80/23.5 [61,133]
SrBr,-H,O + 5H,O
LiCI'-H,0 < 2.08 - 72/66 [52]
LiCl + H,O
LiBr-H,O < 2.01 - 110/103 [52]
LiBr + H,O
K>CO3'1.5H,0 1.3 - 65/59 [52]
K,CO; + 1.5H,0O
Al (SO4)3:6H,0 < 1.9 - 150/- [61]
Al(SO4)3 + 6H,0
CaS042H,0 « 1.4 - -/89 [61]
CaSO4+ 2H,0
CuSO45H,0 < 2.07 1.85 92/- [61]
CuSO4-H,O + 4H,0
Na,S-5H,0 < 2.7 - 80-83/65-35 [61,133]
Na,S-0.5H,0 + 4.5H,0
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Considering, instead, the direct integration of TCMs in building materials, such as
mortar or concrete matrix, shows promising potential as well as challenges to be faced.
First of all, embedding TCMs within the mortar matrix distributes the energy storage
capacity throughout the building envelope (walls, floors), potentially leading to more
uniform temperature regulation and reduced reliance on energy supply for heating and
cooling. In this context, the incorporation of salt hydrates can increase the overall
thermal mass of the building element, further contributing to temperature stabilization
[214]. The integration of salt hydrates into mortars allows for passive TES, where the
hydration and dehydration reactions can absorb or release heat in response to changes
in humidity and temperature. Furthermore, directly incorporating the TCMs into the
building eliminates the need for separate storage tanks or units, saving valuable indoor
space.

However, integrating salt hydrates into mortars for TES requires careful
consideration. The main issues involve compatibility between the salt hydrate and the
mortar matrix. Ensuring chemical compatibility is crucial, as the salt hydrate may
negatively impact on the mortar's mechanical strength, setting time, or long-term
durability. Conversely, the mortar matrix must protect the salt hydrate from
degradation and performance loss over repeated hydration/dehydration cycles, by
ensuring controlled processes and preventing deliquescence [215]. The confined pore
structure of the mortar could hinder the hydration and dehydration of the salt hydrate,
impacting the power output and charging/discharging times of the TES system. Thus,
optimizing the pore structure and water vapor transport within the mortar is essential.
Additionally, salt hydrates undergo volume changes during hydration and dehydration,
and the mortar matrix must be able to accommodate these changes without cracking
or losing its structural integrity. Encapsulation or the use of flexible additives could be
a suitable solution for mitigating salt leakage and potentially accommodating volume
changes. It is important that the shell of microcapsules is permeable to water vapor
[19,31,216].

Examples of composite mortars with directly integrated TCMs will be investigated
in § 4.1 section.

In conclusion, integrating salt hydrates directly into mortars for TCES in buildings
presents an innovative and potentially space-saving approach to enhance energy

efficiency and thermal comfort. However, significant research and development are
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needed to overcome the challenges related to material compatibility, durability,
hygrothermal stability, thermal conductivity, reaction kinetics, and volume changes.
By employing appropriate composite strategies and optimizing the integration process,
it may be possible to create multifunctional building materials that contribute to more
sustainable and energy-efficient buildings. Further research focusing on material
characterization, long-term  performance evaluation, and cost-effective

implementation methods is crucial for the successful adoption of this technology.
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Chapter 2 Calcium L-lactate pentahydrate (CL)

2.1. CL: from pharmaceutical excipient to promising TCM

Calcium L-lactate pentahydrate (CL) is an organic salt hydrate with important
economic interest due to its broad spectrum of applications, mainly in the food and
pharmaceutical industries [217,218]. In the food industry, CL usage was explored as
food additive, stabilizer and thickener, nutritional supplement, leavening and firming
agent, flavor enhancer and pH stabilizer [219,220]. While salt employment in
pharmaceutical field includes the treatment of calcium deficiency and the use as an
excipient for tablet formulations considering its high flowability and compressibility
[221,222]. As described, CL holds promise as an excipient in pharmaceutical
formulations, and for this reason the physicochemical properties of the molecule have
been deeply investigated over the last 20 years [218,222,223]. The synthesis of CL
typically involves the neutralization of L-lactic acid with a calcium base [224], such
as calcium hydroxide or calcium carbonate [225], followed by crystallization under
controlled conditions to obtain the pentahydrate form [219,226]. Despite being a small
organic molecule, CL molecular structure is complex, involving coordinated
interactions between calcium cations, L-lactate anions, and water molecules [225].
This intricate network contributes to its unique physicochemical properties and has
been characterized by X-ray diffraction (XRD) analyses [227]. In Figure 2.1 is shown

the CL unit formula structure.

- 5SH>O

Figure 2.1 Calcium L-lactate Pentahydrate (CL) unit formula structure. The constituent elements
are: Carbon (grey), Oxygen (red), Hydrogen (white) and Calcium (yellow).

As discussed in the previous chapter, the deliquescence resistance of CL is
contingent upon its crystalline structure and the interactions between its constituent
ions and water molecules. The choice to use calcium-based hydrated salt is strategic,

as calcium is a relatively abundant and inexpensive element, contributing to the
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potential cost-effectiveness of related materials. Besides, calcium ions (Ca**) possess
relatively high positive charge density, allowing them to strongly attract and coordinate
polar water molecules. The size of the calcium ion is also suitable for coordinating a
relatively large number of water molecules in its hydration sphere [210]. In fact,
Apelblat et al. established that in the range of temperatures suitable for low-
temperatures applications, calcium L-lactate is the only metal L-lactate compound able
to coordinate five water molecules per unit formula. In contrast, other divalent cations
of the same period (Fe** and Zn?*) or group (Mg?**) of the calcium in the periodic table
were observed to form dihydrates when combined with L-lactate anions [228].
Furthermore, the lactate groups play an important role within the CL structure,
enhancing the properties of this hydrated salt and paving the way for its wide use as a
TCM. Specifically, the lactate groups ensure a suitable hydrophobicity of the molecule,
protecting it from deliquescence. Moreover, the water solubility of CL is affected by
the presence of organic lactate moieties. The solubility in water has been
experimentally determined to be 50 g dm™ at 20 °C, aligning with the data reported in
the scientific literature [229,230]. Nevertheless, this value is significantly lower than
the water solubility of common inorganic salt hydrates used as TCM. For instance, the
solubility of LiCl, LiBr, and CaCl, are 569 [231], 1600 [232], and 745 g dm™ [233],
respectively, at the same temperature. This markedly lower solubility of CL compared
to other inorganic hydrated salts ensures greater resistance to the phenomenon of
deliquescence, as discussed in § 1.4.3 section.

In addition, this organic salt is inexpensive, non-toxic, non-corrosive,
environmentally safe, and widely available due to its broad range of applications.
These attributes make calcium L-lactate pentahydrate (CL) a promising material for
TCES at low-temperatures. Recently, a European patent (#102022000007847) has
been filed on the use of calcium lactate as a component in thermal systems for
thermochemical heat storage, demonstrating the novelty of employing this salt
hydrate, and organic hydrated salts in general, as materials for thermochemical storage.
The patent's inventors are collaborators within the research group where the author of
this thesis conducted his PhD research.

This chapter discusses the reversibility of the dehydration and hydration processes,
as well as the structural, chemical, and morphological modifications that occurred in

the salt hydrate during this cycle. These findings are assessed in the context of
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employing the material for thermochemical heat storage applications. The data here

presented has been recently published in [189].

2.2. Dehydration and hydration kinetics models for CL

The dehydration and hydration behaviors of a material are crucial factors in
evaluating its reliability for TCES applications. Keeping this in mind, Sakata and
colleagues developed kinetic models describing the dehydration and hydration
processes of calcium L-lactate, with the aim of assessing its potential as a
pharmaceutical excipient [222,223]. They examined the dehydration/hydration
behavior of calcium L-lactate pentahydrate and anhydrous forms under various storage
temperature and humidity conditions.

The dehydration process of calcium L-lactate pentahydrate was studied using
thermogravimetric-differential thermal analysis (TG-DTA) with isothermal
experiments conducted at different temperatures: 55, 60, 70, and 80 °C. At all these
temperatures, the dehydration profile of CL appeared as a straight line, and the
dehydration rate increased with temperature [222]. By applying the Hancock and
Sharp kinetic method [234], which is based on solid-state kinetic model equations,
Sakata et al. were able to determine the reaction mechanism. The kinetic model fitting
suggests that the dehydration of CL was best described by a zero-order mechanism
(Polany-Winger equation). Furthermore, the CL dehydration process follows the same
kinetic model at both low and high temperatures, enabling the estimation of the time
required to almost fully dehydrate the salt hydrate powder. For instance, approximately
15 days were estimated to be needed at 40 °C [222]. Additionally, Sakata et al.
observed a significant particle aggregation in the salt powder after dehydration, a
behavior that was also observed in CL tablets. In tablet formulation, the material
contracts in thickness and diameter during dehydration, resulting in a loss of hardness.
Moreover, the micropore radius of CL tablets increases during the process, leading to
a different kinetics model compared to the powder dehydration reaction. The
dehydration of CL tablets might involve water vapor diffusion and other reaction
processes. Since the dehydration of the bulk powder occurs much faster than that of
the tablets, the rate-determining step of the dehydration of CL tablets might be the

process of diffusion from the micropores [223]. Considering these aspects, it is
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plausible that organizing CL in a pellet configuration would likely limit the system
reliability.

On the other hand, the anhydrous salt was subjected to hydration experiments at 25
°C under different relative humidity conditions (31, 43, 60 and 75%). The hydrated
fraction was determined by differential scanning calorimetry (DSC) and the data were
analyzed to determine the reaction mechanism using the Hancock and Sharp method
[234]. In this case, the hydration kinetic of the anhydrous salt was best described by a
three-dimensional diffusion model (Ginstiling-Brounshtein equation). Generally, the
hydration of solid-phase materials can be described by four fundamental processes:
the diffusion of water in the vapor phase, the hydration of the solid surface by water
from the vapor phase, the diffusion of water in the solid phase, and the reaction to form
hydrates. In the case of calcium lactate, the kinetic model established that the rate-
determining step of the hydration process is the diffusion of water in the solid phase.
When this process is the rate-determining step, the other processes can be considered
negligible [222].

In conclusion, Sakata and coworkers’ studies indicate that the dehydration of CL
proceeds more rapidly than the reverse hydration process [222]. Due to this
discrepancy, adjustments are required to enhance the salt hydration kinetics.
Accordingly, § Chapter 3 presents attempts to improve the salt hydration kinetics by
the realization of composite materials using a porous matrix for dispersing the salt

particles.

2.3. Materials and methods

This chapter discusses the thermochemical properties of calcium L-lactate
pentahydrate (CL) as promising TCM for low-temperatures applications. The salt
hydrate has been purchased from Sigma Aldrich and has the molecular formula
[CH3CH(OH)COO]>Ca-5H>0 with a molecular weight of 308.29 g mol!. The material
was provided as a fine powder with an average grain size of 100 to 150 um, as specified

by the supplier, and was used without further treatment.

2.3.1. Physical, structural, chemical, and morphological characterizations

The real density of CL powder was measured using a helium pycnometer (Ultrapyc
5000 Foam, Anton Paar) at 20 °C, based on the average of five measurements. The salt

density will be used to estimate the volumetric heat storage capacity of CL.
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In addition, ex situ X-ray diffraction (XRD) analysis was performed on the CL
powder during the dehydration process, using a D8 Advance Bruker diffractometer
configured in a Bragg-Brentano theta-2theta setup, with Cu Ka radiation at 40 V and
40 mA. The powder was heated in an oven under static air conditions at selected
temperatures of 40, 50, 60, 70, and 80 °C, and allowed to equilibrate for specific time
periods (15 minutes or 2 hours). Following each heat treatment, XRD analysis was
performed. Each scan was executed in the 26 range of 5-40°, with a step increment of
0.010° and a duration of 0.1 seconds per step. This kind of experiment allows to
evaluate the structural change occurred by the salt hydrate during its dehydration
reaction.

The chemical characterization of CL and its dehydrated and rehydrate forms was
carried out by Fourier-transform infrared spectroscopy (FTIR, Spectrum Two Perkin
Elmer) in transmission mode, covering a wavenumber range from 400 cm-! to 4000
cm’!, with a spectral resolution of 4 cm™ and a scan count of 46. This analysis was
performed on the as-received powder (CL), the heat-treated dehydrated powder (CL
DEH), and the re-hydrated samples at various rehydration periods (CL/Hnh, where nh
denotes the number of hours).

The morphological characteristics of CL powder were analysed in its purchased
form as well as in its dehydrated and rehydrated states, employing an environmental
scanning electron microscope (ESEM, FEI Quanta 450) with an accelerating voltage
of 5 kV. This analysis included observations made during the hydration and
dehydration processes. The material was first dehydrated in an oven at 80 °C for 12
hours, after which it was introduced into the ESEM chamber to capture micrographs
in a controlled environment with water vapor. The relative humidity (p/po) was varied
from 0% to 93% by adjusting the temperature and water vapor pressure within the
ranges of 5-40 °C and 10-800 Pa, respectively. Micrographs were specifically obtained
after a 30-minute equilibration period under isothermal conditions at 40 °C, during
which the water vapor pressure was varied from 10 Pa to 810 Pa (representing 0.1-
10.9% relative humidity). Subsequently, under isobaric conditions at 810 Pa, the
chamber temperature was reduced from 40 °C to 5 °C, resulting in relative humidity
values ranging from 10.9% to 93%. Micrographs were obtained while the sample was
maintained under the maximum p/po conditions for intervals of 30, 60, and 120

minutes. The analysis was completed by dehydrating the sample at a temperature of

66



60 °C, with a water vapor pressure set at 10 Pa. For illustrative purposes, a schematic

of the ESEM analysis conditions is included in Figure 2.2.
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Figure 2.2 Schematic representation of environmental scanning electron microscopy (ESEM)
conditions.

2.3.2. Thermal stability

The thermal stability of purchased CL was evaluated by coupled
thermogravimetric-differential scanning calorimetric (TG-DSC) analysis. The
instrument used was a simultaneous thermal analyzer (STA Jupiter F3 Netzsch). The
analysis was conducted in an inert atmosphere (120 mL min™! of Ar) using a Pt crucible
with a holed lid and with a sample mass of ~10 mg. The sample was gradually heated
from room temperature to 900 °C at a rate of 10 °C min™' to evaluate the thermal
degradation of the material. The gaseous species released from the apparatus were

analysed via a mass spectrometer (MS, Discovery, TA Instruments).

2.3.3. Thermochemical characterization under isothermal conditions

The dehydration behavior of hydrate salt was investigated by isothermal
thermogravimetric (TG) analyses. Experiments were conducted at various
temperatures (40, 60, 70, and 80 °C) under inert atmosphere (120 mL min™!' of Ar) for
2 hours by using the previously described STA apparatus.

2.3.4. Evaluation of the heat storage capacity

The evaluation of heat storage capacity was conducted using the previously
described apparatus in a coupled TG-DSC mode, which allowed for the measurement

of mass and heat flow during an isothermal experiment at 80 °C for 2 hours, under an
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inert atmosphere (120 mL min™ of Ar). A platinum crucible with a holed lid was
selected for this purpose, containing a sample mass of approximately 10 mg. The holed
crucible was specifically chosen to mitigate convection losses when compared to open
crucibles. An empty crucible was utilized as a reference. The heat storage capacity per

mass unit (Qg'(kJ kg!)) have been determined by integrating the specific heat flow (hf

(mW mg')) during the reaction period [235]:
QY (kI kg™ f,"hf dt 2.1)

2.3.5. Thermogravimetric dynamic vapor sorption analyses

Hydration and dehydration cycles were executed on commercial CL powder, to
monitor salt mass variations during the processes. The analyses have been conducted
within a controlled environment, characterized by regulated temperature and vapor
pressure, as well as measurable mass changes. This process utilized a
thermogravimetric dynamic vapor sorption (DVS) system (DVS Vacuum Surface
Measurement Systems). The system is equipped with a micro-balance (precision of
+0.1 pg) and a water vapor pressure flow controller located within the measuring
chamber. Before the testing phase, the sample was subjected to dehydration at 150 °C
in vacuum for 2 hours. The hydration and dehydration processes were performed in
two modes: (i) isothermal and (ii) isobar, utilizing various partial pressures (1200,
2550, 3500 Pa). The cyclability of the material was analyzed through three isothermal
cycles at 30 °C, with the p/po ratio ranging from 0 to 90%.

2.4. Results and discussion

2.4.1. Thermochemical and structural stability

This paragraph characterizes the thermochemical behavior of CL during
dehydration reactions examined under different conditions, within its thermal stability
range. It also discusses the salt structural changes occurring during the dehydration
process.

Figure 2.3 illustrates the TG profile for the commercially available CL, which is
subjected to heating from room temperature to 900 °C at a rate of 10 °C min™' in an
inert atmosphere (Ar at a flow rate of 120 mL min™'). The analysis of evolved gas

species through MS reveals three distinct slope changes, each associated with different
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peaks in the gas species detected. The primary gases released during this process are
identified as H>O and CO». The observed mass change of approximately 24.5% within
the temperature range of 40-150 °C corresponds to a peak in the H>O evolution profile,

thereby suggesting a likely connection to the dehydration reaction.
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Figure 2.3 TG profile of CL as purchased heating up the sample from r.T. up to 900 °C by 10 °C
min! under an inert atmosphere (Ar 120 mL min™!). Detected gaseous evolved species by MS: ionic
masses (m x*") 44 (CO,) and 18 (H,0).

The theoretical mass change associated with the dehydration (AmQ) of one mole of
CL can be expressed as:

AmB (%) = ==
C

—CLECLDEL 00 = 29.2% (2.2)

L

Where McL and McL pen are respectively, the molecular weight of pentahydrate
(308.29 g mol!) and anhydrous (218.29 g mol™!) calcium L-lactate. Correspondingly,
the definition of the theoretical mass change due to the hydration (Am) of one mole
of CL DEH is as follows:

Amt (%) = MeMeLoen 1o — 41 294, (2.3)

McL bEH

Taking into account Equation (2.2), it is clear that within low-temperatures range,
only part of the water content (4.2 molecules) is released by the material. The

subsequent mass change of roughly 12.6% that occurs between 260-300 °C is
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associated with the release of both H,O and CO», which exceeds the theoretical mass
change linked to the complete dehydration of CL. This observation supports the idea
that the lactate groups begin to thermally decompose. The thermal degradation of CL
continues up to 720 °C. In fact, the weight change reaches a plateau over this
temperature, resulting in a total mass loss of approximately 79.1%, with no further
evolved gas species observed. The total weight loss observed at 900 °C is comparable
to the theoretical weight loss predicted for CaO, which is considered the final product
of the degradation process, estimated to be approximately 81.8%. A more in-deep
investigation of CL thermal degradation will be provided in § Chapter 3, utilizing
different characterization techniques.

The dehydration process shows that the release of water is not complete within the
typical temperature range for low-temperatures applications. The remaining water
molecules are expected to be released at temperatures above 200 °C, coinciding with
the degradation of the lactate moieties. As a result, quantification is not feasible using
the investigated techniques.

Isothermal TG analyses carried out in the temperature range of 40-80 °C (as shown
in Figure 2.4) demonstrate that the material can complete the previously discussed
dehydration process within 2 hours, starting at a temperature of 60 °C. The isothermal
tests at 70 and 80 °C confirm that the material is able to lose ~4.2 H,O molecules, in
investigated conditions. Due to the increased reaction rate at 80 °C, this has been
chosen as the optimal operational temperature for dehydration. In contrast, the
dehydration process at 40 °C is only partial within 2 hours and is not the optimum
temperature for the system, as outlined in § 2.2 section. However, it cannot be ruled
out that the material could partially function at this temperature, and characterization
under these conditions may be useful for considering low-temperature applications,
such as in residential settings. To facilitate its use in thermochemical heat storage and
prevent thermal decomposition, the operating temperature range of CL under an inert

atmosphere for its dehydration reaction is 40—150 °C.
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Figure 2.4 [sothermal TG analyses in the temperature range 40-80 °C.

The ex situ XRD patterns for the CL powder during dehydration are depicted in
Figure 2.5. The crystalline form of CL in its pentahydrate state is recognizable through
the comparison of the PDF 00-070-1076 with the XRD pattern at ambient temperature
[227]. At 60 °C, a reduction in the intensity of the characteristic peaks associated with
crystalline CL is noted. As the temperature is increased to 70 °C, the transition from
crystalline to amorphous dehydrated CL DEH is observed, which is finalized at 80 °C.
After maintaining an isothermal condition at 80 °C for 2 hours, no further alterations
are noted. In brief, CL is crystalline in its pentahydrate form, and anhydrous in

dehydrated phase.
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Figure 2.5 XRD analysis on ex situ thermally treated CL at varying temperature (from r.T to 80
°C).

2.4.2. Dehydration/Hydration cyclic reversibility

The assessment of cyclic reversibility regarding dehydration and hydration has been
performed using isothermal (Figure 2.6) and isobaric measurements (Figure 2.7).
Particularly, Figure 2.6 shows sorption and desorption isotherms under three cycles at
30 °C. The mass changes, indicative of water uptake, are calculated according to
Equation (2.3), which refers to the dehydrated mass of the sample. The second Y-axes
reports the number of water molecules adsorbed by material. The findings from the
isothermal experiments (Figure 2.6) indicate that a type III adsorption curve, classified
by ITUPAC, is obtained for each cycle, implying a weak interaction between the
adsorbent (salt) and the adsorbate (water vapor). In addition, samples are slightly
overhydrated at high relative humidity (p/po = 90%). In fact, the mass increase
corresponds to a number of water molecules greater than the expected five, which
suggests that the water coordination sphere interacts with extra water molecules

through hydrogen bonding.
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Figure 2.6 Three dehydration/hydration isothermal cycles at 30 °C.

A significant hysteresis is clearly observed between the hydration and dehydration
processes (Figure 2.6) across the entire p/po range, with the amplitude diminishing as
cycling rises. This observation indicates that the dehydration reaction tends to take
place primarily under conditions of significantly reduced p/po, which is generally
associated with a kinetic barrier. This means that the rate of water diffusion into and
out of the material's bulk is a limiting factor. Particularly, if the vapor diffusion
pathways are tortuous or become constricted during hydration, the material takes
longer to reach equilibrium, especially at higher relative pressures. Similarly, during
dehydration, slow water removal occurs, and especially if the water is trapped within
the structure, resulting in hysteresis. In addition, CL undergoes structural changes
during water uptake and release, as seen in previous section. During hydration, the
material absorbs water, forming a hydrate phase by restructuring the crystal lattice to
accommodate the water molecules. This process involves breaking and reforming
bonds, which requires activation energy. Upon dehydration, the reverse process
occurs; however, the material might not revert to its starting anhydrous amorphous
structure immediately. The dehydration pathway could involve different intermediate
states or a slower kinetic process due to the need to overcome energy barriers for water
removal and structural reorganization. This kinetic hindrance can lead to water
retention at lower relative pressures than expected, widening the hysteresis loop. This

is precisely what has been observed for CL, where a rapid reduction in water content
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is noted only at 10% p/po for all analyzed cycle. Moreover, the analysis suggests that
the relative pressures associated with the heat storage process (desorption) and those
related to the heat release process (sorption) are markedly distinct. This situation may
restrict the material's ability to distribute the stored heat under necessary intermediate
operating conditions. The large observed hysteresis in CL may also have significant
negative implications for its performance as TCM. For instance, reduced energy
storage capacity in practical cycles, the same cycles stability, reduced energy
efficiency and implications for system design and operation are all aspects that should
be taken into careful consideration and further investigated. Overall, the hysteresis
considerations discussed in this section refer to pure hydrated salt but are generally
valid for all CL-based composites that will be presented in the following chapters.

As regards cyclability, it is noteworthy that the material displays very similar cyclic
behavior, marked by only a minimal decrease in the final water uptake.

The data presented in Figure 2.7 regarding isobar measurements at 1200, 2550, and
3500 Pa indicate that the complete hydration and dehydration reaction takes place
exclusively at 3500 Pa and at temperature of 30 °C, corresponding to about 80% p/po,
and it is in agreement with isothermal analysis. Furthermore, at 50 °C and 3500 Pa, a
significant increase in water absorption is observed, which is approximately equivalent
to 4 H,0O molecules.

In conclusion, while calcium L-Lactate pentahydrate (CL) shows potential for TES,
the pronounced hysteresis poses challenges. It necessitates careful consideration of the
operating conditions to ensure effective energy storage and release. Optimizing the
charging and discharging parameters to maximize the usable capacity within the
hysteresis loop, and understanding the kinetics of the phase transitions, will be crucial
for developing an efficient TES system based on this material. Further research could
explore strategies to mitigate hysteresis. Further studies could investigate methods to
reduce hysteresis. An initial investigation into this was conducted by depositing the

organic salt hydrate onto a porous clay material, as detailed in § Chapter 3.
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Figure 2.7 DVS analysis of CL DEH under isobaric conditions.

The integrity of the material and the structural reversibility of the
dehydration/hydration cycle have been substantiated by FTIR spectroscopy (Figure
2.8). The material was dehydrated in a static oven at 80 °C for 2 hours and then
rehydrated in a controlled humidity chamber at 30 °C and 80% of RH for 2 hours
(CL/H2h) and 6 hours (CL/H6h). The spectral profile of commercial CL displays
signals associated with O—H stretching at 3129 cm™ and C—H stretching at 2975 cm™.
Two notable peaks at 1567 cm™ and 1394 cm™! are attributed to the asymmetric and
symmetric stretching of the carboxylate -CO* group, respectively. Additionally,
signals for C-O stretching at 1113 cm™ and C—H bending at 897 cm™! are evident at
lower wavenumbers. However, the peaks related to metal-oxygen stretching and
bending in the carboxylate region are found below 400 cm™, which is outside the
detection range of mid-infrared FTIR spectrometers and cannot be detected.

The characteristic features of the lactate structure remain unchanged during the
processes of dehydration and rehydration, indicating that the molecular structure of the
salt does not undergo any additional modifications as a result of the
dehydration/hydration cycle. The only exception to this is the intensity of the O—H

stretching at 3129 cm!, which, as expected, exhibits some variation. In the case of
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dehydrated salt (CL DEH), the O—H stretching is predicted to have a lower intensity
than that of the fresh material, due to the absence of adsorbed water. After rehydration
(CL/H2h), the intensity of the signal increases and remains almost unchanged even

when the hydration time is prolonged to 6 hours (CL/H6h).
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Figure 2.8 FTIR spectra of fresh CL, after dehydration at 80 °C for 2h (CL DEH), hydrated for 2h
(CL/H2h) and 6h (CL/H6h) at 30 °C under a p/po of 80%.

The same samples have been analyzed by scanning electron microscopy (SEM)
analyses (Figure 2.9). The fresh material displays a very compact structure (illustrated
in Figure 2.9a) and it is formed of small particles with irregular shapes, mainly
consisting of very thin filaments that are densely bundled together, as seen in the higher
magnification image (Figure 2.9b). There are no significant changes observed post-
dehydration (Figure 2.9¢). On the other hand, rehydrated samples undergo significant
changes in morphology. After just two hours, a short fiber-like form is noticeable, with
particles closely packed together (Figure 2.9d). The average length and thickness are

about 2 um and 100 nm, respectively. When hydration is extended to six hours, an
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increase in the length (from 5 to 8 um) and thickness (around 300 nm) of the fiber-like

particles can be observed (Figure 2.9¢).

Figure 2.9 SEM micrographs of (a) low and (b) high magnification of fresh CL, (¢) CL DEH, (d)
CL/H2h and (e) CL/H6h.

The reported morphology corresponds with the observations of Seesanong et al.
[217] and Kiran-Yildirim et al. [219]. It is noteworthy, however, that in [222], the
filamentous structure is associated with anhydrous calcium L-lactate. This
confirmation indicates that the morphological characterization of calcium L-lactate is
still a matter of controversy, highlighting the need for further investigation. The
morphological changes noted are correlated with structural modifications of the
material, as evidenced by XRD diffraction patterns of CL DEH samples that underwent

hydration for two and six hours (Figure 2.10). The mass uptake, as calculated in
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relation to the dehydrated mass of CL DEH according to Equation (2.3), is around 30%
for 2 hours and 45% for 6 hours of hydration, corresponding to 3.6 and 5.5 moles of
water, respectively. This suggests that the material was nearly fully rehydrated after
two hours, while it became overhydrated after six hours. XRD analyses performed at
both hydration intervals indicate a more amorphous structure than that of fresh
material. Furthermore, a peak at 20 = 21.4° is significantly more prominent in the
sample that underwent 6 hours of hydration. The growth of CL DEH fibers should be
linked to a specific crystallographic orientation, leading to a heightened intensity in
the XRD analysis along this direction, thereby providing an explanation for the peak

noted earlier.
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Figure 2.10 XRD patterns comparison of fresh CL, after dehydration at 80 °C for 2h (CL DEH),
hydrated for 2h (CL/H2h) and 6h (CL/H6h) at 30 °C under a p/po of 80%.

A detailed in situ morphological study of the salt was executed through the use of
environmental scanning electron microscopy (ESEM), which simulated the cycles of
hydration and dehydration. This technique provided the opportunity to monitor
morphological modifications under dynamic conditions while varying the relative
humidity. To accomplish this, temperature and water vapor pressure were adjusted
within the ranges of 5-60 °C and 10-810 Pa, respectively, in order to vary the chamber
p/po. The material was subjected to dehydration ex situ at 80 °C. Upon entering the
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SEM chamber, the relative pressure (p/po) was incrementally raised from 0% to 93%
during the analysis to promote the hydration reaction. After this phase, the p/po was
gradually lowered to 0%, and the temperature was increased to 60 °C, which is the
maximum temperature that the instrument can reach, to observe the dehydration
process of the salt. The sample was held under these conditions for 12 hours to ensure
effective dehydration. More comprehensive details about the experimental setup are
illustrated in Figure 2.2.

The micrographs depicted in Figure 2.11 were obtained under significant pressure
and temperature conditions within the climatic chamber of the microscope. The area
selected for analysis is representative of overall morphology. At consistent
magnification, the growth of the salt volume is noticeable as the p/po value increases
(compare Figure 2.11a, b, ¢), which is also associated with the appearance of cracks
(as shown by the arrows in the figures). Likely, the formation of these cracks would
accommodate the mass transfer through the more internal areas of the sample.
Additionally, extending the time from 30 to 60 or 120 minutes at the highest p/po does
not reveal any significant volume expansion (see Figure 2.11c, d, e).

In addition, a large area of the salt surface reveals the formation of an alveolar
shroud at a p/po of 93%. Studies in the literature suggest that the hydration of
crystalline salts often involves a two-step solid-solid transition. Initially, a wetting
layer forms, which then promotes the nucleation and growth of the hydrated salt phase.
Consequently, it is plausible to conclude that the shroud observed in the SEM image
of the salt surface (Figure 2.11) corresponds to the wetting layer. Longer hydration
times do not produce morphological modifications that are discernible at this
magnification level. The deliquescence effect is excluded, as it would have caused a
gradual liquefaction of the salt, resulting in a more significant alteration of the sample's
contour, similar to the changes observed in deliquescent inorganic salts.

After maintaining the sample at a temperature of 60 °C for 12 hours under 0% p/po,
a distinct contraction in the particle volume is observed, along with a reduction in the

crack size (Figure 2.11a, e, f). As a result, the initial morphology has been restored.
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T=5°C; P=810Pa; t=60min; T=5°C; P=810Pa; t=120min; T=60°C; P=10Pa; t=12h;

Figure 2.11 Selected ESEM micrographs of CL DEH under varying temperature and water vapor pressure in the ranges of 5-60 °C and 10-810 Pa, respectively. The
selected conditions mimic a hydration/dehydration cycle. Micrograph (a) is taken at the beginning of in sifu analysis on ex sifu dehydrated sample. Micrograph (b) is taken
at increasing p/po. Micrographs (c), (d), (e) are taken at the highest p/po at different holding times of 30, 60 and 120 minutes, respectively. Micrograph (f) is taken after
holding the sample at 60 °C for 12h under 0% p/po.
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The in situ morphological analysis provides a means to directly observe the
reversible nature of salt hydration and dehydration processes. When CL DEH
undergoes hydration, it is enveloped by a wetting layer that is responsible for the
hydrated phase. The stability of this transitional phase during a 120-minute analysis
period indicates the deliquescence resistance of CL DEH. Following dehydration due
to an increase in temperature, the material retains its stability and reverts to its original

morphology.

2.4.3. Heat storage capacity

The heat storage capacity of fresh CL was analyzed using a coupled TG-DSC
apparatus and isothermal experiments at 80 °C per 2 h under inert atmosphere. Figure
2.12 shows analysis results. In the conditions described, only one thermal event was
observed during the dehydration process. The calculated heat storage capacity, derived
from the integration of the endothermic peak (Equation (2.1)), amounts to
1127 kJ kg! (based on the mass of the hydrated salt), corresponding to a weight loss

of 24.8%, which corroborates previous results.
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Figure 2.12 Dehydration TG-DSC profiles for the evaluation of the heat storage capacity of CL.

This significant reduction in mass is associated with the release of 4.2 water

molecules, as calculated in accordance with Equation (2.2), which aligns with findings
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documented in [218]. The determined heat storage capacity is greater than the values
reported in references [222] (762 kJ kg) and [218] (811 kJ kg!), which utilized
materials of lesser purity, a broad [222] or unspecified [218] grain size, and a DSC
apparatus under a constant nitrogen flow with an open lid [222], in addition to a
markedly different heating rate [218,222]. Thus, the variations in the measured storage
capacities can be ascribed to the distinctly different experimental conditions employed
[236].

In Table 2.1 are listed the density values of CL (pp) and of salt after dehydration
treatment at 80 °C for 2 hours (pa). These two configurations represent the limit
conditions in which the organic salt could be found. The densities are measured by an

He pycnometer on powder materials at 20 °C.

Table 2.1 Density values of calcium L-lactate pentahydrate and calcium L-lactate anhydrous
expressed in kg m and measured through an He pycnometer at 20 °C.

Materials Density values (kg m™)
Calcium L-lactate pentahydrate 1505
Calcium L-lactate anhydrous 1609

The measured values take into account the volume shrinkage/expansion that salt
undergoes respectively during dehydration and hydration processes. An estimation of
volume change AV (%) is established with the following equation:

AV (%) = 222100 = 6.5% (2.4)

Pa

The effect of volume change is negligible as indicated by Equation (2.4) allowing
to determine volumetric heat storage/release capacity without a meaningful error.
Taking into account the salt density (pp), reported in Table 2.1, the volumetric heat

storage capacity Qg(MJ m™) is determined through the following equation [163,237]:

Qy(MJ m) = Q¥ (kJ kg™ )-pe(kg m™) (2.5)

The obtained value is 1696 MJ m™ (or 471 kWh m™). The heat storage capacities
per mass and volume unit enable the ranking of this organic salt among the most
competitive inorganic counterparts, such as LiCl (845 kJ kg™!) and CaCl, (837 kI kg™)

[62,238,239]. Nevertheless, these last two salts require their confinement into a host
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matrix to prevent leakages associated with their deliquescence at very low relative
humidity [240,241], thus reducing significantly their storage/release capacity up to
70%. The Table 2.2 provides a comparison with several employed inorganic salt
hydrates for low-temperatures applications. It lists some thermophysical
characteristics that make CL particularly interesting. Additionally, CL stands out by
avoiding the risk of generating by-products, which is a common issue with other salt
hydrates like chloride- and sulfur-based counterparts that can experience instability
issues. For instance, chlorides, particularly when dehydrated beyond 140 °C,
decompose, releasing volatile HCI, leading to potential corrosion problems within the
system [62,133]. Moreover, the operational conditions of CL are less restrictive
compared to other inorganic salts. Deliquescence phenomena are absent even at high
relative humidity values, and no decomposition occurs below 200 °C. Unlike some
inorganic systems with critical dehydration temperatures that can limit their efficiency,

e.g. MgSOq4 [62], CL proves more robust.

Table 2.2 Comparison of the thermophysical characteristics (molecules of H,O involved in the
dehydration process (nmol); heat storage capacity per mass (Q™) and volume (Q") of material and
working conditions (dehydration (Tqen) and hydration (Thya) temperatures)) of CL and other selected
common inorganic salt hydrates.

Material Nmol Q™ QY Taen (°C) | Thya (°C) Ref.
(kJ kg | (kWh m?)

CL - 5H,O 4.2 1127 471 40-100 60-30 [189]
StBr, - 6H,0 5 948 433 52 45 [62]
SrCl, - 2H,O 1 302 164 52 46 [62]

MgSO, - 6H,0 | 4 986 558 91-123 10 [62]
MgCl, - 6H,0 1.3 352 153 104 61 [238]
CaCl, - 2H,O 2 837 542 111 63 [238]

LiCl - H,0 1 845 486 80 73 [242]

K,CO; - 1.5H,0 | 1.5 580 356 65 59 [242]

Further and notable advantages of CL and for its applicability in real operating

systems are the inexpensiveness, non-toxicity, and large availability.

2.5. General remarks and future outlooks

The findings reported here and published in [189] present the first experimental
evaluation of the thermochemical properties of calcium L-lactate pentahydrate (CL)
for applications in thermochemical energy storage. The material demonstrates the
capability to release nearly all of its water molecules within the temperature range of
40-100°C, rendering it a promising candidate for low-temperatures thermochemical

heat storage. In addition, it has been demonstrated that the material possesses strong
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thermal stability up to 150 °C, thereby removing the need for any strategies to prevent
its decomposition, (e. g. such as restricting the maximum charging temperature,
maintaining a low heating rate during the charging phase, or employing porous
matrices, etc.) which are often required for certain inorganic salts. Multiple
characterization techniques have been utilized to determine the most effective
dehydration and hydration conditions. In particular, the dehydration of CL is optimally
achieved by heating the material to 80 °C for 2 hours. Furthermore, the hydration
process has been confirmed to be fully reversible at a vapor pressure of 3500 Pa and a
temperature below 35 °C. It was noted that the process of dehydration and hydration
exhibited full reversibility across three cycles, while preserving the chemical integrity
of the salt. Morphological and structural changes were observed in the material
throughout these cycles, with hydration conditions and time serving as the primary
determinants of the final morphology and structure. Notably, although the calcium
lactate particles swelled significantly during hydration, the salt was capable of
returning to its original size during the dehydration process. To fully assess CL
potential, the heat storage capacity was estimated to be 1127 kJ kg! (or 1696 MJ m™).

These favorable results elevate this organic salt as a strong competitor to inorganic
options. In addition, calcium L-lactate is economical, non-toxic, abundantly available,
and does not exhibit deliquescence issues. This further supports the concept that new
candidate materials for thermochemical heat storage may be found within the family
of organic salt hydrates. Ongoing studies are focused on assessing the material's
durability through multiple cycles of dehydration and hydration under realistic

conditions.
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Chapter 3 Deposition of CL on sepiolite matrix

3.1. Influence of porous matrices in enhancing TES properties

As discussed in § Chapter 1, limitations remain in the widespread implementation
of TES technologies within realistic systems. Numerous challenges have been faced,
and several solutions still need to be found, particularly for TCMs systems. In fact, it
is known that the number of scientific literature focused on TCMs is significantly
smaller than that of the other two TES systems [213]. While challenges related to
material stability, cost, and system integration persist, the potential of TCMs to provide
consistent energy storage in conjunction with renewable sources remains a driving
force behind ongoing research and development initiatives [243]. A method for
improving performance is the implementation of composite materials. By combining
diverse elements, composites enable the development of advanced TES with superior
thermal attributes, enhanced stability, and greater energy storage efficiency, ultimately
supporting the consistent integration of renewable energy [244,245].

An intriguing possibility is the use of porous materials as host matrix for salt
hydrates. Salt in matrix represents a special type of composites in which host
compounds can be classified into three categories based on the dimensions of their
pore widths: microporous (pore widths of less than 2 nm), mesoporous (pore widths
from 2 nm to 50 nm), and macroporous (pore widths greater than 50 nm) [246].
Although the major purpose of a host matrix is to contain the salt and prevent leakages,
its porosity adds extra advantages to the composite. Their increased surface area
contributes to enhancing energy and mass transfer. A suitable host matrix should also
prevent deliquescence and control hydration; otherwise, the composite will pass into
the solution phase [247]. Commonly used porous materials in this kind of composites
are zeolites, MOFs, silicon compounds and carbonaceous materials.

A novel investigated approach involves the exploration of natural porous clays as
matrix supports for TCMs, representing a significant and innovative step towards more
economically viable and scalable energy storage solutions. This emerging research
focuses on the abundance and low cost of clays, while simultaneously aiming to
improve TCM performance through enhanced mass and heat transfer facilitated by the
clay's unique structural characteristics. For instance, Ait Ousaleh et al. realized a

suitable matrix by blending natural bentonite with graphite as support to stabilize three
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hydrated salts (SrCl>-6H>0, CaCl>-6H>0, and LiCl-H>O). The composites exhibited
high energy storage density and good thermal conductivity. The cyclability assessment
showed that over 90% of the stored heat was retained after 10 cycles, confirming the
bentonite as an excellent support to enhance the thermophysical properties of chloride-
based TCMs and stabilize the hydrated salt structure under operating temperature and
humidity conditions. Additionally, the compatibility test of copper in contact with the
bentonite-based TCMs revealed a significant improvement in the corrosion resistance

of copper, up to 43% [248].

3.2. Sepiolite: an abundant and low-cost mineral matrix

In the context of composite materials, sepiolite, a naturally occurring clay mineral,
has gained recognition as a potential matrix material for thermochemical systems. Its
exceptional characteristics, including a high surface area, a porous structure, and
notable thermal stability, make sepiolite a compelling choice for hosting PCMs or
other types of adsorbent materials [249—252]. To enhance the functionality of sepiolite-
based thermochemical systems, the addition of calcium L-lactate pentahydrate (CL)
will be examined. Even though CL demonstrates excellent properties that position it
favorably against standard inorganic hydrated salts researched for low-temperatures
applications, this salt hydrate has some limits that hinder its prompt adoption as a
TCES solution [218,222]. The main drawbacks are linked to the slow hydration
kinetics and issues of agglomeration. From this perspective, Sakata et al. has shown
that the diffusion of water in the solid phase is likely the critical rate-limiting step in
the hydration process of CL. It is noteworthy that salt dispersion to a porous matrix,
such as sepiolite, can help in the separation of CL particles by stimulating the hydration
process through a more effective distribution of vapor within the solid phase [222].
The enhanced distribution of CL on the clay surface further enables a more efficient
separation of salt particles, facilitating the volume shrinkage and expansion processes
that occur during the dehydration and hydration phases, thus helping to prevent
agglomeration issues.

Sepiolite versatile characteristics render it an adequate matrix for the dispersion of
CL particles. The mineral garners attention due to its sorptive, rheological, optical, and
catalytic properties [253]. These features provoke significant interest and support a

wide array of industrial applications. In addition, sepiolite is characterized as a non-
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swelling fibrous clay that preserves its structural integrity in systems with high salt
concentrations. The application scope of sepiolite may differ according to its
agglomeration state. Many industrial sectors utilize the unique property of sepiolite to
form needle-like bundles that attach to each other, which form rigid particles. This
agglomeration process produces a material that is not only highly porous but also
exhibits a remarkable capacity for absorption [254]. On the contrary, rheological
properties are related to separation of fibers into single needles, as seen in the case of
sepiolite in mortars, where the mineral enhances mechanical resistance by inducing a
network structure within the concrete matrix [255-257]. Following the scope of the
current thesis, Salustro et al. recently published a work on thermal characterization of
cement-based composite materials for TCES [258]. In cited paper, authors varied the
proportions of sepiolite for enhancing porosity and reducing composite costs.

As can be deduced, the selection of sepiolite as the porous matrix for dispersing CL
was driven by its unique structural and surface properties, offering distinct advantages
over other natural clays like bentonite, kaolin, and attapulgite, for developing a novel
thermochemical composite. Beyond its fibrous morphology, sepiolite possesses a
significant internal surface area due to its channel-like structure. This fibrous nature
allows for a more open and interconnected pore network, ideal for housing and finely
dispersing the salt particles, ensuring a large contact area between the salt and the
surrounding environment, crucial for efficient hydration and dehydration kinetics.

Similar to sepiolite, attapulgite also has a fibrous, chain-like structure; however,
sepiolite typically exhibits a larger pore volume and a more open pore system, allowing
for better infiltration and stabilization of the salt [253]. Conversely, bentonite, while
having a high surface area, is characterized by a layered structure that swells
significantly in the presence of water. This swelling can lead to structural instability,
potential particle agglomeration, and reduced permeability for water vapor, hindering
rapid mass transfer during sorption cycles. While it can intercalate materials, its
lamellar nature might limit uniform and stable dispersion of a salt hydrate over many
cycles. Also, kaolin presents a layered structure with a relatively low surface area and
limited interlayer swelling. Its compact, plate-like morphology and often larger
particle size offer fewer active sites and less accessible pore volume for salt dispersion,
potentially leading to lower overall energy storage capacity and slower kinetics

compared to sepiolite [259].
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Furthermore, the unique open channel and tunnel structure of sepiolite provides a
highly accessible and relatively uniform pore network. This might facilitate rapid and
efficient diffusion of water vapor into and out of the composite. This is critical for
achieving good cycling stability and kinetics in a thermochemical material. The pore
structures of bentonite and kaolin, instead, are either prone to collapse (bentonite's
interlayers) or are inherently less developed and less accessible (kaolin's compact
structure), which could impede water vapor diffusion and limit the kinetics of the
thermochemical reactions.

The theoretical general formula of sepiolite is MggSi12030(OH)4+(H20)4-8H20,
which reflects the presence of structural water molecules. In terms of its structural
arrangement, sepiolite comprises tetrahedral-octahedral-tetrahedral ribbons that
extend along the c-axis, thereby forming individual fibers, as shown in Figure 3.1.
Each tetrahedron is made up of a silicon atom surrounded by four oxygen atoms, while
magnesium ions are octahedrally coordinated by oxygen atoms, hydroxyl groups, or
water molecules. The ribbons are interconnected via an inverted Si-O-Si bond,
resulting in a continuous tetrahedral sheet that is linked to non-continuous octahedral
sheets. This designation classifies sepiolite as a phyllosilicate. The discontinuities in
the octahedral sheets permit the formation of rectangular cavities. The cross-sectional
area of these tunnel-like micropores is approximately 3.7x10.6 A2, contributing to the
high specific surface area and exceptional sorptive properties of sepiolite, particularly
after the thermal removal of zeolitic water. In addition, the terminal Mg** ions located
at the edges of the octahedral sheets complete their coordination with two molecules
of structural water, which are hydrogen-bonded to the zeolitic water molecules
contained within the cavities [254,260,261].

As stated before, single fibers tend to aggregate, resulting in the formation of
bundles. In this context, the surface properties of sepiolite are influenced not only by
its structural microporosity but also significantly by the agglomeration of the material,
which is a critical factor in determining the final values of specific surface area and
porosity. These properties are indeed the outcome of the combined effects of
intracrystalline (or structural) microporosity and textural porosity, which includes

inter-fiber microporosity and mesoporosity [262].
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Figure 3.1 a) Unit cell of sepiolite projected on the ab plane. The c-axis points towards the reader.
b) Three-dimensional representation of sepiolite structure showing open channels and internal cavities
(tunnels). ¢) Representation of a single sepiolite fiber showing structural intracrystalline
microporosity. d) Schematic representation of sepiolite fibers reunited in a bundle highlighting the
textural porosity.

Small polar molecules can penetrate the tunnels of the clay matrix by either
displacing zeolitic water or by utilizing the cavities that are freed during thermal
dehydration. The formation of hydrogen bonds by these guest molecules allows them
to be firmly anchored within the mineral structure [263]. In spite of its hydrophilic
properties, sepiolite is able to contain small organic polar molecules within its cavities,
which allows for the formation of hydrogen bonds at different positions [264,265].

The application of sepiolite in TES has been widely studied. Fujiwara and Sato
[266] examined the mineral's ability to reversibly adsorb and desorb water, considering
its potential as a CHP. Their research revealed that, while sepiolite has a relatively low
adsorption capacity, it offers multiple advantages for this type of technology: 1) it can
be directly utilized without binders to create various shapes, such as pellets, which
helps to avoid a reduction in energy density; 2) there are no cracking problems during
the cycles of adsorption and desorption; 3) the clay remains stable at high
temperatures. Recent studies have emphasized the application of sepiolite as a matrix
for PCMs. The literature has extensively investigated the use of sepiolite for the
loading of organic PCMs [267-270]. Moreover, there have been attempts to
incorporate inorganic hydrated salts [251] or eutectic mixtures of hydrated salts [250]

into the cavities of sepiolite for LHS applications. In all cited research, the composite
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materials were synthesized via vacuum impregnation, and characterization analyses
revealed no changes in the crystalline structure of either sepiolite or the PCMs,
indicating that the active phase is securely encapsulated within the rigid structure of
the clay during operational conditions. The formation of the composite is
predominantly determined by physical interactions and hydrogen bonding. The
addition of PCMs to sepiolite has led to improvements in both TES capacity and
cycling stability. Considering the low cost and the extensive natural reserves of
sepiolite, this mineral is an excellent candidate for use as a support material in thermal
energy storage applications.

In this chapter, it has been assessed, for the first time, the potential of a novel
composite TCM, developed through the combination of sepiolite and CL. The clay
provides an effective matrix for the salt dispersion. In this regard, pertinent studies
have highlighted the chemical affinity of sepiolite for organic polar molecules and the
favorable interactions between sepiolite and CL-similar chemical compounds. It is
noteworthy that the literature does not contain any reported examples of materials that
incorporate both CL and sepiolite. However, Fukushima et al. have produced
nanocomposites by melt-blending polylactic acid with various amounts of clay.
Significant improvements in thermal and thermomechanical properties were observed
in these materials [271]. Given the analogous chemical structures of polylactic acid
and CL, it is logical to suggest that a positive chemical affinity may exist between
sepiolite clay and the CL salt. The incorporation of the CL molecule into mineral
cavities may be limited by steric constraints [272]. Nevertheless, complementary
characterization techniques have been applied to investigate the interactions among
the pristine materials. Reported findings further illustrate that the hydration and
dehydration processes retain their reversibility, even with the deposition of CL on the
clay surface. Additionally, it has been established that modifying the composition of
composite materials can significantly impact the catalytic activity of clay in relation to
the thermal stability of salt. The thermochemical behavior of the prepared composites
is also influenced by their deposition on the sepiolite matrix. The research specifically
examined the role of salt dispersion in enhancing hydration and dehydration processes.
The volumetric heat release capacities of the materials analysed were estimated and
found to be promising when compared to the primary sepiolite-based composites for

LHS applications. To the best of the author's knowledge, the synthesis and
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characterization of composite materials derived from sepiolite, which incorporate an
organic salt hydrate as TCM, signify a novel contribution to the existing scientific
literature. There has been a singular report of another binary composite material that
combines the thermochemical properties of an inorganic hydrated salt (CaCl,-:6H>0)
with the advantageous adsorption features of sepiolite [273].

The data presented in this chapter are the result of the author's research activity
conducted during his stay at Institute of Catalysis and Petrochemistry (ICP-CSIC) of
Madrid (Spain). Specifically, the synthesis and the structural, chemical, physical, and
thermal characterizations of the composite materials were carried out under the

supervision of Dr. Juan Manuel Coronado at ICP-CSIC.
3.3. Materials and methods

3.3.1. Reagents and preparation method

For the preparation of the composite materials, Pangel S9 (85% sepiolite), kindly
supplied by Tolsa SA (Spain), was utilized together with calcium L-lactate
pentahydrate (Thermo Scientific, purity > 98%). The chemical composition of Pangel
S9, analysed using inductively coupled plasma optical emission spectroscopy (ICP-
OES), is provided in Table 3.1. Both materials were applied without any additional
purification steps. The synthetic procedure involved the use of NN-
dimethylformamide (DMF), supplied by Honeywell (purity > 99.8%), as dispersing

medium.

Table 3.1 Chemical composition of Pangel S9 (sepiolite 85%) detected by ICP-OES.

Pangel S9 Yowt.
Si0, 69.4
MgO 23.8
AlLOs 4.0
CaO 0.7
Fex0s 1.4
K20 0.5
Na,O 0.2

The composite materials were synthesized using a method that employs an organic
volatile solvent, specifically DMF, to disperse sepiolite, as has been previously
reported. DMF was preferred over other solvents, such as water, due to its ability to

achieve effective dispersion of sepiolite fibers in the solution and to ensure the
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complete dissolution of CL. Initially, the raw sepiolite was dehydrated in an oven at
120 °C for 24 hours to extract the zeolitic water from its cavities. A measured quantity
(175-350 mg) of the resulting clay was then sonicated in 3 mL of DMF for one hour,
followed by stirring for two hours. In the subsequent step, the necessary weight
percentage (%wt.) of CL in relation to dehydrated sepiolite, required to prepare
approximately 500 mg of the final product, was dissolved in 1 mL of DMF at room
temperature while being stirred continuously. The two solutions were then
amalgamated and mixed vigorously overnight, promoting the evaporation of the
solvent. The resulting slurry was dried at 80 °C for 24 hours to ensure complete solvent
removal. Finally, the dried composite material was ground to a fine powder. The

synthetic procedure is represented in Figure 3.2.

: ) somcatmg for stirring
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, ¢ '; . -»'4‘
dehydrated sepiolite
at 120 °C per 24 h
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Figure 3.2 Synthetic procedure for preparing sepiolite and CL based composite materials, using
DMF as dispersing medium.

In Table 3.2, the composite materials are listed with their respective nominal weight
fractions of the constituents. These materials are labelled as “S-CL,” indicating the

precursor materials, with a subsequent number that denotes the salt content in %wt.
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Table 3.2 Code of realized composite materials with the corresponding nominal weight fraction of

constituents.

Code Sepiolite (%owt.) CL (%wt.)
S-CL30 70 30
S-CL50 50 50
S-CL65 35 65

Given that the dehydration of the deposited salt occurs during the final drying
treatment [189], it is necessary to hydrate the composite materials prior to conducting
structural and chemical characterization analyses to evaluate the reversibility of
hydration and dehydration reactions. To achieve this, the composite materials were
placed in a crucible within a sealed vessel containing a water reservoir and were left
for 24 hours at 30 °C to ensure complete hydration of the samples (Figure 3.3). The
equilibrium between the vapor phase and liquid phase inside the hermetic closed vessel
facilitates the hydration process. The hydrated material is referred by the previously
defined code, followed by "/H24h". For example, S-CL30/H24h indicates the
composite material with 30%wt. of CL that has been hydrated for 24 hours in the

vessel.

e —

Hermetic
closure 30°C
— [ = Hydrated

24 h material
‘Water bed

Figure 3.3 Description of the system used for hydrating sample.

3.3.2. Structural, chemical and physical characterization analyses

Structural investigations of sepiolite and synthesized materials were executed via
powder X-ray diffraction (XRD) techniques, utilizing an X'Pert Pro PANalytical
diffractometer. The analyses were conducted with Cu Ko radiation (A = 1.5406 A) at a
scanning rate of 0.2° s”! over a 20 range of 4-30°, with an accumulation time set at 50
s. All diffractograms were normalized with respect to the intensity of the highest peak.
The chemical characterization utilized Fourier-transform infrared spectroscopy

(FTIR). Experiments were conducted on both the initial and prepared powder materials
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with a JASCO FT/IR-4700 spectrometer. The spectra were collected in the range of
4000 to 400 cm!, with a resolution of 4 cm™. To minimize the effects of moisture and
COa,, all spectra were subjected to background compensation. The reported spectra
were also normalized with respect to the absorbance of the highest peak. Specific
surface areas and pore volumes of sepiolite and composite materials were evaluated
through nitrogen adsorption/desorption analyses at -196 °C, using an Asap 2020
Micromeritics instrument. The samples were degassed at 120 °C for 16 hours under

vacuum before the measurements.

3.3.3. Thermogravimetric characterization

The thermal stability of both pristine and synthesized materials was investigated
through thermogravimetric (TG) analyses using a PerkinElmer STA 6000 instrument,
which was coupled with a PerkinElmer Frontier FTIR spectrometer for the
examination of the gases released. Approximately 20 mg of samples were heated in an
open pan, with a ramp rate of 10 °C per minute from 30 °C to 600 °C in an air
atmosphere at a flow rate of 20 mL per minute. The FTIR spectra of the resulting gases
were recorded twice at a resolution of 2 cm™! within the range of 4000-1000 cm™'. To
avoid gas condensation, the transfer line between the TGA and FTIR was maintained

at 200 °C during the experiment.

3.3.4. Thermogravimetric dynamic vapor sorption analyses

Water vapor adsorption and desorption experiments were executed to evaluate the
uptake and release behavior of sepiolite and composite materials under controlled
environmental conditions. The mass fluctuations were monitored using a dynamic
vapor sorption (DVS) analyzer (DVS Vacuum). The instrumentation includes a micro-
balance (precision + 0.1 pg) and a water vapor pressure flow control system within the
sample holder chamber. The entire apparatus is maintained in a temperature-controlled
environment at 30 °C. Before initiating water adsorption, the sample (~10 mg) was
activated (degassed) at 80 °C under vacuum (~0.1 Pa) for 3 hours to determine its dry
weight. Subsequently, a valve was opened to connect the evaporator, containing liquid
water, with the sample chamber. Isothermal adsorption and desorption experiments
were then executed at 30 °C, with partial pressures increasing from 0 to 0.9 (p/po). The
pressure was kept constant during each step until the sample weight reached a state of

equilibrium [197].
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3.3.5. Thermochemical characterization under saturated vapor conditions

The thermochemical behavior of both pristine and the most promising materials
was investigated through coupled thermogravimetric and differential scanning
calorimetric (TG-DSC) analyses under saturated vapor conditions. The experimental
setup utilized a closed system featuring a TG-DSC analyzer (Setaram Themys One),
which was customized to include a pump for evacuation and an evaporator. The
analysis was conducted with a temperature ramp of 10 °C per minute to 80 °C,
followed by a 2 h isotherm at this temperature. During these stages, the dehydrated
sample was held under vacuum (~1.6 Pa) to ensure the removal of any adsorbed
moisture or gases. Once the isotherm was completed, the evacuation was stopped, and
the evaporator (Pevaporator = 3150 Pa) was opened. The sample was then cooled to 28
°C, followed by a final 2 h isotherm at this temperature. The recorded increases in
mass and heat during the cooling phase are associated with the hydration process of
the sample [274]. In order to evaluate the volumetric heat release capacity of the
studied materials, the real density of the powders was determined using a helium

pycnometer (Ultrapyc 5000, Anton Paar) at 20 °C.

3.3.6. Morphological characterization

The investigation of sepiolite and composite morphologies was conducted using a
scanning electron microscope (SEM, FEI Quanta 450) set at an accelerating voltage of
5 kV within a high vacuum setting (10* Pa). The analysis included both the
synthesized composite materials and those subjected to a 2 h hydration treatment with

the method of hydration vessel (Figure 3.3).
3.4. Results and discussion

3.4.1. Structural and chemical characterizations

Structural characterization was achieved through XRD analyses, which were
employed to evaluate the purity of the initial sepiolite and to observe the reversibility
of dehydration and hydration processes in the composite materials. The XRD pattern
of the precursor sepiolite, shown in Figure 3.4, exhibits the characteristic diffraction
peaks of the clay, aligning with previously published data [275,276]. A comparison
with the identified phase (PDF 01-080-5015) is also provided [277]. The characteristic

peaks of sepiolite are evident in the diffractograms of the composite materials, and as
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the salt content increases, the resulting patterns exhibit a noisier signal, highlighting
their amorphous characteristics and suggesting the presence of dehydrated CL. In fact,
it is important to note that CL, after a heating treatment at 80 °C for 24 hours, becomes

dehydrated (amorphous phase) [189].
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Figure 3.4 XRD patterns of sepiolite and dehydrated composite materials. It is furnished a
comparison among pristine sepiolite and the reference PDF.

The crystallinity of the salt is fully restored after a hydration period of 24 hours, as
shown in Figure 3.5. The crystalline peaks of hydrated CL were identified in line with
the referenced PDF 00-070-1076 phase [227] for S-CL65/H24h, the identification is
valid for all hydrated composites, as shown in Figure 3.5. The analysis revealed that
the intensity of the sepiolite peaks decreases with higher salt content, resulting in
certain mineral peaks being either partially or completely covered by the signals from
CL. In conclusion, structural evaluations have validated the presence of sepiolite in
the composites, and it is important to note that the clay does not obstruct the

reversibility of the salt hydration reaction in these composite materials.
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Figure 3.5 XRD patterns of hydrated composite materials. Phase identification of calcium L-

lactate pentahydrate is provided according to the referred phase (PDF 00-070-1076). Diffractogram of
sepiolite is reported for comparison.

The reversibility of the chemical structure during the dehydration and hydration
processes, along with the integrity of all materials analysed, has been confirmed
through FTIR analyses. Figure 3.6 provides a comparative analysis of the FTIR
spectra for sepiolite, CL, and composite materials. The spectra for the pristine
materials correspond to samples that were thermally treated at 80 °C for 24 hours,
allowing for an appropriate comparison with the synthesized materials under the same
conditions. The thermally treated sepiolite and CL are marked with the label "DEH"
in Figure 3.6. This section presents a detailed investigation into the primary FTIR
signals of sepiolite and CL. The DEH spectra for sepiolite reveal a notable weak band
between 3700 and 2900 cm™!, which corresponds to the intermolecular O—H stretching
of water molecules. As predicted, this band flattens after the dehydration process and
intensifies with hydration. Additionally, other peaks in this region are attributed to
various forms of water molecules integrated into the mineral's structure, including
zeolitic water, octahedrally coordinated hydroxyl groups linked to magnesium, and
edge Mg—OH bonds [275,276]. The band located at 1655 cm™' corresponds to the
bending of adsorbed water molecules [275]. The spectral range from 1400 to 400 cm™
!'is characteristic of silicate minerals, associated with Si—O bonds in the tetrahedral

sheet and Mg—O stretching vibrations in the octahedral sheet. The weak band at 1210
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cm ! is particularly notable for minerals that exhibit tetrahedral sheet inversion,
attributed to the Si—O-Si bond [275,278]. The intense band near 1000 cm' is typical
of the tetrahedral layer in sepiolite, linked to Si—O vibrations [275]. Lastly, the bands
at 785 and 645 cm™! are attributed to the bending vibrations of Mg—OH [275,278]. In
the case of CL DEH, the spectral analysis shows a significant band between 3625 and
3010 cm!, which is associated with O—H stretching. The peak at 2979 cm™!, along
with those at 778 and 687 cm™, is attributed to C—H stretching and bending vibrations,
respectively [217,220]. The robust band at ~1569 cm™ corresponds generally to C=0
stretching, while the notable peaks at 1260 and 1122 cm™' are indicative of C-O
stretching in esters and secondary alcohols, respectively [279,280]. The results here
reported are in good agreement with the FTIR signals peaks described in § 2.4.2

section and obtained with a different equipment.
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Figure 3.6 FTIR spectra of CL DEH, sepiolite DEH and composite materials.

The spectra of the synthesized composite materials are also illustrated in Figure
3.6. These spectra reveal a broad band attributed to the O—H stretching, as well as a
peak at ~1569 cm™! attribute to carbonyl stretching. Furthermore, the composite
spectra display additional characteristic peaks related to CL and sepiolite. The analysis
of composite spectra indicated that certain distinctive CL peaks shifted towards higher
wavenumbers. Notably, shifts of 6 and 4 cm™! were identified for the carbonyl (~1569
cm ') and secondary alcohol C—O stretching (~1122 cm™!) bands, respectively. These
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shifts are attributed to the heightened energy requirements for the vibration of CL
chemical bonds when confined within the sepiolite matrix. Additionally, as the
concentration of CL in the composites increases, the shifts of the selected peaks
become less pronounced and more similar to the spectrum of the pure salt, suggesting
a lower ability to penetrate the matrix or a less uniform distribution among the sepiolite
fibers. It was determined that no new peaks emerged in the composites, other than
those from the starting materials, indicating the absence of covalent bonds between the
salt and clay. Moreover, salt peaks become more pronounced in comparison to the
peaks of sepiolite, at increasing CL content.

The spectra of pristine materials, which include the pure sepiolite and CL, are
illustrated in Figure 3.7 along with the spectra of the hydrated composites. As
expected, the intensity of the broad O—H stretching band increases with hydration in
both spectra. The increased water content also affects the intensity and width of the
O—H bending in the hydrated sepiolite. A significant hump has been observed,
attributed to the larger number of different water molecules involved in the vibration.
In a similar manner, the peak at 1260 cm ™' in the CL DEH spectra shifts to 1273
cm!, exhibiting greater intensity and a narrower profile with hydration, which
indicates that the functional group is involved in coordinating water. What is clear is
that the FTIR spectrum of CL undergoes significant changes during the dehydration
phase, yet it returns to its original profile once hydration occurs, indicating the
reversibility of the dehydration and hydration processes. Furthermore, the
characteristic peaks of the starting materials are identifiable in the composite spectra,
mirroring the shifts observed during dehydration. Significantly, the peaks associated
with CL become increasingly prominent in comparison to those of sepiolite as the salt
content increases.

In conclusion, the hydrated composites display the specific peaks of the precursor
materials, confirming that the hydration reaction is not hindered by the deposition on
the sepiolite matrix. This observation is supported by XRD characterization, and FTIR
analyses have additionally confirmed the reversibility of the salt dehydration and
hydration reactions in the composite materials. Moreover, the chemical stability of the

composites under the conditions investigated has been successfully demonstrated.
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Figure 3.7 FTIR spectra of CL, sepiolite and hydrated composite materials.
3.4.2. Physical characterization

The physical properties of the sepiolite matrix and its composites were analysed
using conventional techniques. Surface areas and pore volumes were calculated
through nitrogen adsorption and desorption isotherms, with samples previously
degassed at 120 °C for 16 hours. The specific surface area was then derived using the
Brunauer-Emmett-Teller (BET) method and identified as Sggr. For pore volume
assessment, the Barrett—Joyner—Halenda (BJH) approach was employed. The
1sotherms for the precursor sepiolite and S-CL30 are reported in Figure 3.8, indicating
that both materials are categorized as microporous-mesoporous, corresponding to type
IV isotherms according to IUPAC classification [281]. The Sget value for sepiolite is
indicated in Table 3.3 and corresponds with the data found in the literature [253,262].
It 1s essential to note that the internal cavities of the clay were freed of zeolitic water
under the specified degassing conditions. However, the tunnels within the sepiolite
matrix are not accessible to CL molecules due to steric factors [272]. In the composite
materials, an increase in salt concentration caused a sharp decline in surface area
values, as presented in Table 3.3. These results suggest that CL is deposited on the
outer surface of the clay, leveraging the mineral's high hydrophilicity. This

configuration results in salt obstructing the internal cavities, leading to a significant
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reduction in surface area values, as the internal cavities, which contribute to the large

specific surface area of the clay, become inaccessible.
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Figure 3.8 Nitrogen adsorption/desorption isotherms at -196 °C of sepiolite and S-CL30.

Analysing the nitrogen adsorption and desorption isotherms enables the assessment
of total pore volume, which is consistent with previously reported data. A trend similar
to that of BET surface areas was noted in the pore volume behavior. As the salt
concentration increased, a notable decrease in cumulative pore volume was observed,

as detailed in Table 3.3.

Table 3.3 BET surface area and total pore volume of host matrix and composite materials.

Material BET surface area (m? g'!) Total pore volume (cm?® g)
Sepiolite 291 0.130
S-CL30 36 0.011
S-CL50 3 0.006
S-CL65 1 0.004

These observations further support the notion that CL can obstruct the internal
cavities of sepiolite and disperse within the clay fibers, thereby influencing the textural
porosity, as reported in Figure 3.1d. In this regard, the specific surface area and total
pore volume provide critical insights into the distribution of salt on the matrix surface.
The significant surface area of sepiolite not only supports the salt hydrate particles,

ensuring their uniform distribution, but is also likely to enhance the mass transfer
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channels for water vapor, thereby contributing positively to the thermochemical
properties of the salt [282]. In light of the observations made, it is clear that of the
composite materials analysed, only S-CL30 presents a considerable surface area that
might facilitate vapor exchange with the underlying layers during the processes of
dehydration and hydration. The other composites, on the other hand, are completely

covered by salt, which could hinder the exchange of vapor.

3.4.3. Thermal stability

The high surface area of sepiolite not only provides essential support for the salt
hydrates but also enhances the catalytic activity of the clay. This attribute may
influence the degradation of CL by promoting its oxidation [283,284]. Therefore, an
analysis was carried out to investigate and compare the thermal stability of the
precursor and composite materials. The TG profile of pristine sepiolite is presented in
Figure 3.9a. This figure also includes the differential thermogravimetric (DTG) curve,
which help to better distinguish the associated thermal events. The DTG signals are
calculated as the first derivative of the percentage mass variation with respect to time.
The mineral undergoes a three-step dehydration process between 30-600 °C, which is
in agreement with the literature [275,285]. The initial weight loss of 8.8% observed in
the temperature range of 30-160 °C is linked to the removal of water that is physically
adsorbed on the clay's external surface, as well as zeolitic water present in the internal
cavities. The next phase, occurring between 160-330 °C, corresponds to the loss of
approximately half of the coordinated water that is more weakly associated with the
edge Mg?*. This dehydration process resulted in a mass decrease of 2.4%, which is in
agreement with the calculated value of 2.8%. Given these conditions, the sepiolite
structure begins to fold, yet this process remains reversible, allowing for recovery
through hydration. Moreover, there is a significant agreement between the
experimental water loss of 2.3% and the calculated loss of 2.8% for the third
dehydration step, which occurs at temperatures exceeding 330 °C [284,286]. By the
end of this step, approximately at 600 °C, all remaining coordinated water has been
lost [284,286], causing the structure to fold irreversibly [254,276]. A schematic
representation of the dehydration steps is here provided [275,284]:

Step 1) MgsSi12030(OH)4:(H20)4:8H2O — MggSi12030(OH)4+(H20)4 + 8H20
Step 2) MggSi12030(OH)4:(H20)4 — MggSi12030(OH)4:(H20)2 + 2H,0
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Step 3) MgsSi12030(OH)4:(H20)> — MgsSi12030(OH)4 + 2H20
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Figure 3.9 a) TG and DTG profiles of pristine sepiolite from 30 to 600 °C in air atmosphere. The
three dehydration steps are marked. b) FTIR spectra of exhausted gases developed during the TGA of
pristine sepiolite collected at different temperatures.

At higher temperature ranges (here not investigated), specifically around 700 °C, a
transient amorphous phase is generated, while at 800 °C, the dehydroxylation of the
octahedrally coordinated hydroxyl groups is observed. This final step leads to the
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conversion of sepiolite into enstatite [275,286]. Consequently, the thermal stability of
the materials analyzed was assessed up to 600 °C, which occurs before the mineral
transitions to the amorphous phase. The FTIR spectra of exhaust gases collected during
the TGA of sepiolite at various temperatures are shown in Figure 3.9b. These profiles
illustrate that sepiolite undergoes a dehydration process from low temperatures up to
600 °C. The release of physically adsorbed water is detected at 71 °C, while zeolitic
water molecules trapped within the clay cavities are released at 112 °C. At higher
temperatures, coordinated crystal water is expelled during the second (294 °C) and
third (465 °C) dehydration steps. The alterations in transmittance intensity suggest that
the most pronounced release of water occurs during the initial dehydration step, a
conclusion that aligns with TG data.

The TG analysis of commercial calcium L-lactate pentahydrate (CL) in the
temperature range of 30-600 °C demonstrates three distinct thermal events (illustrated
in Figure 3.10a). The initial event involves the nearly complete dehydration of the
salt, occurring up to 200 °C, which results in a mass decrease of 26.2%. This finding
is in agreement with literature data [219,225], and corresponds to the loss of 4.5 water
molecules. The release of water during this dehydration phase was monitored using
coupled FTIR spectroscopy, as depicted by the grey spectrum in Figure 3.10b. In
Figure 3.10a, the thermal events identified in the second (260-360 °C) and third (360-
480 °C) ranges are referred to as “Lactate degradation” and “CO: release,”
respectively, based on the main processes associated with these temperatures [225].
The onset of thermal degradation of organic groups occurs at temperatures above 260
°C, as demonstrated by the red spectrum in Figure 3.10b. This stage is also
characterized by the release of remaining water molecules. The research conducted by
Mastronardo et al. reveals that the second dehydration step is associated with the
thermal degradation of lactate moieties [189]. In a related study, Komesu et al.
demonstrated that lactate groups can undergo decomposition through several
pathways, resulting in the formation of distinct intermediates that are characteristic of
carboxylic acids [287]. The research conducted by Komesu et al. indicates that lactate
groups decompose through various pathways, leading to the formation of distinct
carboxylic acid-type intermediates [287]. This finding suggests that the FTIR spectra
of the exhausted gases produced will display signals associated with the stretching of

C=0 and C-H bonds. The third stage of the process involves the complete
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decomposition of residual organic matter through a combustion reaction, resulting in
the production of carbon dioxide, as depicted in the blue and green spectra in Figure
3.10b. The presence of carbon monoxide signals in these spectra is accounted for the

combustion reaction occurring in an environment with low oxygen content [225].
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Figure 3.10 a) TG and DTG profiles of pristine calcium L-lactate pentahydrate (CL) from 30 to
600 °C in air atmosphere. The three thermal events are marked. b) FTIR spectra of exhausted gases
developed during the TGA of pristine CL collected at different temperatures.
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At the conclusion of the combustion process, calcium carbonate is reported as the
only product of the reaction [189,225]. At higher temperatures, which are not explored
in this study, a conversion to calcium oxide is expected to occur [288].

The TG profiles for the prepared composites are depicted in Figure 3.11. Each
curve can be generally segmented into three main thermal events, resembling the
profile observed for pure CL. The exhaust gases spectra resulting from the
thermogravimetric analysis of S-CL30 and S-CL65 are shown in Figure 3.12a and
Figure 3.12b, respectively. The spectra for the composite S-CL50 are not shown, as

they follow profiles that are quite similar to those of S-CL65.
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Figure 3.11 TG and DTG profiles of prepared composite materials from 30 to 600 °C in air
atmosphere. Like the case of CL, three main thermal events were detected.

Below 115 °C, all synthesized materials showed a release of physically and
chemically adsorbed water, as confirmed by the corresponding FTIR spectra. This
release is attributed to minimal moisture adsorption that took place during sample
manipulation, since the measurements were conducted on dehydrated composites. It is
noteworthy that the degradation of lactate in the composites occurs at lower
temperatures compared to pure CL. The degradation process begins at around 130 °C.
A peak related to carbonyl stretching is present in the red spectra at 133 °C and 150
°C for S-CL30 and S-CL65, respectively (Figure 3.12), while for pure CL, the
corresponding FTIR peak 1s found at 308 °C (Figure 3.10b). Additionally, the DTG

signals show that S-CL30 presents a distinct local minimum at approximately 150 °C,
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which is linked to the degradation of lactate moieties. At the same temperature, the
lactate groups in S-CL65 begin to degrade, as shown by the low intensity of the FTIR
signals. However, the complete degradation process occurs at temperatures above 200
°C, as reflected in the FTIR spectra (blue spectra in Figure 3.12) corresponding to the
two local minima of the DTG signals at 208 °C and 232 °C. These results indicate that
the carbonyl peak becomes more pronounced, and signals associated with C—H
stretching have also been detected. In addition, two new peaks at 1082 and 1380 cm’!
were found, which are attributed to a different degradation mechanism of the lactate
moieties. In addition, the DTG peaks observed at 260 °C and 265 °C for the composites
with the lowest and highest salt contents, respectively, are indicative of the materials
composition. In particular, sepiolite and CL present clear DTG peaks at 291 °C and
300 °C, respectively. As the salt content in the composites increases, a shift towards
higher temperatures for the related thermal events is evident. These results suggest that
the incorporation of CL into the sepiolite matrix modifies the thermal degradation
pathway of the salt. The green spectra recorded at 277 °C and 274 °C for S-CL30 and
S-CL65, respectively, align closely with the CL spectrum at 392 °C (illustrated in
Figure 3.10b). This alignment is marked by a reduction in the carbonyl band and the
identification of a CO; peak as principal signal. The release of water during this period
is likely due to the second dehydration phase that sepiolite experiences at similar
temperatures.

Generally, a shift towards lower temperatures was observed with the reduction of
salt content in the composites, which can be ascribed to the catalytic properties of
sepiolite [283]. This situation makes it challenging to fully understand the degradation
process undergone by CL. Specifically, an effect related to composite formulations
was noted: at low salt content in the composite (i.e. for S-CL30), the catalytic effect
of the mineral is more pronounced due to the higher amount of sepiolite and to the salt
even distribution onto the matrix. Conversely, as the CL content increases (such in the
case of S-CL65), the greater coverage and reduced clay content diminish the catalytic
activity of sepiolite, resulting in a slight delay in the degradation temperatures. For the
S-CL50 composite, an intermediate scenario was observed, owing to the equal
composition of the material. Lastly, the range of temperatures involved in the lactate
degradation step for the composites (~130-350 °C) is broader than that of the pure salt
(260-360 °C).
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Figure 3.12 a) FTIR spectra of exhausted gases developed during the TGA of S-CL30 collected at
different temperatures. b) FTIR spectra of exhausted gases developed during the TGA of S-CL65
collected at different temperatures.

The release of CO2 occurs within temperature ranges that are analogous to those of
pure CL. At temperatures exceeding 380 °C, the primary event is the emission of CO>
due to the combustion of remaining organic matter, as evidenced by the purple spectra
(Figure 3.12). The peaks corresponding to water in the final spectra are likely a result

of the third dehydration step of sepiolite or water molecules generated during the
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combustion reaction. As anticipated, the release of CO; is higher with increased salt
content in the composites. Furthermore, S-CL65 shows a distinct shoulder in the DTG
signals at temperatures above 455 °C, indicating that the process is not fully complete
and continues at higher temperatures, as also reflected in the TG curves.

In summary, this study investigated the thermal stability of pristine and composite
materials at temperatures up to 600 °C. All examined materials displayed three distinct
thermal events, which were characterized through FTIR analysis of the gases
produced. Sepiolite demonstrated three dehydration steps, with the initial step
involving the release of physically and chemically adsorbed water up to about 120 °C.
CL also released water within a similar temperature range while undergoing thermal
degradation at higher temperatures. The composite materials maintained thermal
stability up to approximately 130 °C, and the study discussed the catalytic effect of
sepiolite on the degradation of the organic salt, although the specific species generated
were not investigated, as this was outside the scope of the research. From an
application perspective, composite materials are ideal for thermochemical systems at
low-temperature applications. Furthermore, sepiolite and CL undergo dehydration
processes at temperatures lower than 120 °C, which is a crucial consideration for the
aim of conducted research. This phase involves the release of both physically and
chemically bound water. Although the thermal stability of the hydrated composites has
not been explored, the established reversibility of hydration and dehydration processes
implies that the hydrated materials may also release water at temperatures below 120

°C, which could be utilized for TCES purposes.

3.4.4. Thermogravimetric dynamic vapor sorption characterization

The thermochemical behavior of both pristine and composite materials during
hydration and dehydration cycles was assessed using a thermogravimetric dynamic
vapor system (DVS) under isothermal conditions at 30 °C, with the relative humidity
(RH) in the chamber varied from 0% to 90%. The results are shown in Figure 3.13.
The isotherms for pure salt have been previously documented in § 2.4.2 section and
are included for comparison. For the composite materials, the mass variations, which
indicate water uptake, were normalized with respect to the salt hydrate content. It is
significant to note that the normalization was based on the CL content rather than the

sepiolite, although both components are involved in the hydration and dehydration
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processes. This occurs because the salt acts as the active phase, while the sepiolite

matrix is utilized as a support to enhance the thermochemical properties of the CL.
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Figure 3.13 Water vapour sorption/desorption isotherms at 30 °C of pristine and synthesized
materials. The isotherms of composites were normalized with respect to the CL content in each
material.

Sepiolite has an overall water uptake of ~23% at the highest vapor partial pressure.
The hydration and dehydration processes of this clay are completely reversible,
achievable by varying the relative humidity. In contrast, CL displays a considerable
hysteresis between the sorption and desorption phases [218]. This hysteresis is related
to a kinetic barrier, as the dehydration reaction is only promoted at low partial pressure
values. A notable mass decrease is observed when relative humidity falls below 10%.
This indicates a significant difference between desorption and sorption conditions at
the same temperature, which is dependent on vapor pressure [189].

According to Equation (2.3), the theoretical mass change due to the complete
hydration of anhydrous CL is 41.2%. This threshold value corresponds to the
pentahydrate state. When this value is surpassed, the material becomes over-hydrated,
leading to interactions between the excess water and the water coordination sphere
through hydrogen bonds. The amount of water molecules (nu20) involved in the
sorption process during DVS experiments can be calculated from the right Y-axis of
Figure 3.13. However, as nu2o is determined in relation to the moles of CL (ncy) it is

not particularly relevant for the sepiolite isotherms.
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Among the prepared composites, S-CL30 is the only one that surpasses the CL
absorption at the highest vapor partial pressure. When the composite exceeds five
water molecules, it reaches a state of over-hydration, with the sepiolite matrix likely
playing a pivotal role in this phenomenon. The physical adsorption of water vapor
within the cavities of the matrix may enhance the chemical absorption of the hydrated
salt [273].

Moreover, the uniform dispersion of CL on the sepiolite surface, particularly
evident in S-CL30, significantly reduces the hysteresis. Generally, hysteresis between
the sorption and desorption isotherms indicates that water diffusion through the
material structure is slower as the lattice re-arranges during hydration [289]. In this
context, an adequate distribution over the matrix surface ensures higher and more
uniform vapor diffusion in the solid phase, enhancing the material hydration kinetics.

The two additional composite materials reveal analogous water uptake
characteristics, although they differ in the degree of hysteresis. In particular, an
increase in the salt content of the composites results in a decrease in the absorbed water
and a widening of the hysteresis. The hysteresis of the materials examined was
quantified through DVS analysis, with the percentage variations summarized in Table
3.4. This quantification was achieved by calculating the ratios of the areas (A) under
the curves, as specified in following equation:

AA(%) = Zemete. 100 G.1)

CL

Table 3.4 Percentage variations of investigated materials DVS hysteresis, calculated as the ratios
of the areas between the desorption and sorption curves, according to Equation (3.1).

Material Area (a.u.) AA (%) Hysteresis
Decrease (%)
S-CL30 212.2 9.4 90.6
S-CL50 508.4 22.5 77.5
S-CL65 786.5 34.8 65.2
CL 2263.2 100 0

At lower CL contents, the hydrated salt is more dispersed on the sepiolite surface
and the various CL layers deposited on the clay are more susceptible to the decrease
in vapor pressure during dehydration, tending to release water more easily. This results
in a narrowing of the gap between the absorption and desorption isotherms, leading to

a reduction in hysteresis. Conversely, with greater quantities of salt, an accumulation
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is observed between the different CL layers, and the inner layers are less affected by
the decrease in vapor pressure. Lower RH values will be necessary to desorb the
material.

As mentioned, the S-CL30 composite exhibits the greatest reduction in hysteresis
(the S-CL30 hysteresis is 9.4% of the CL one), indicating a higher vapor transfer
capacity due to the improved distribution of salt on the sepiolite. To support this, the
efficiency in reducing hysteresis is shown in Figure 3.14, calculated by normalizing
each sorption isotherm with respect to the corresponding hysteresis area. The data
reveals that the composites capability to decrease hysteresis increases as the CL
content diminishes. These reductions in hysteresis confirms that the issue of salt
agglomeration is limited for all the investigated composites. This further demonstrates
that S-CL30 is the best-performing among the composite materials investigated, as

also evidenced by BET experiments.
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Figure 3.14 Hysteresis reduction efficiency of investigated materials.

In contrast, the other composite materials, particularly S-CL50 and S-CL65, exhibit
a less pronounced hysteresis decrease, showing a 77.5% and 65.2% reduction
compared to pure CL, respectively. This confirms that the deposition of salt over the
sepiolite porous matrix remains beneficial at higher CL loads. In fact, the hysteresis
decrease efficiency of the latter composites is higher compared to CL, particularly at

higher vapor partial pressures (Figure 3.14). Nevertheless, S-CL30 has the better
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efficiency, suggesting that once a certain salt content is exceeded in the formulation,
the salt covers the surface of the matrix, slightly limiting the vapor exchange processes.
This behavior is frequently observed in the scientific literature, as the TCM content

over clay porous matrices generally does not exceed 30% by weight [248,273].

3.4.5. Evaluation of materials heat release capacities

The heat release capacities of CL, sepiolite, and S-CL30 were analysed using a
custom-designed TG-DSC apparatus that operates under saturated vapor pressure
conditions (static conditions). This modified apparatus was utilized to simulate the
hydration reaction of the materials under investigation, while monitoring their mass
changes and the heat released. The hydration reaction was performed by cooling the
samples from 80 °C to 28 °C at a saturated vapor pressure of 3150 Pa, followed by a
2 hours stabilization period at this condition. Before the analysis, the samples were
thermal treated in vacuum at 80 °C for 2 hours to ensure maximum dehydration
without compromising the materials stability, removing any physically adsorbed gases.
The subsequent analysis was conducted on the most promising material identified
among the examined composites. Figure 3.15 presents the mass increases attributed

to vapor sorption, which were recorded during the final cooling and isothermal phases.
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Figure 3.15 TG profiles of investigated materials recorded during the temperature decrease from
80 °C to 28 °C under a water vapor pressure of 3150 Pa.
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The mass variations were calculated with respect to the initial mass of the
dehydrated sample. The pristine materials maintained an almost uniform TG profile at
the end of the cooling isotherm. The total water uptake recorded was 30.1% for CL
and 12.4% for sepiolite, while the S-CL30 composite exhibited a sorption capacity of
15.5%, indicating an intermediate level of uptake at described conditions.

The heat release capacities of the materials were determined by integrating the
exothermic peaks from the DSC profiles over time for each material, although these
profiles are not shown here. Table 3.5 presents the enthalpies associated with the
hydration reaction (AHnydration), calculated in relation to the mass of the initial
dehydrated material. It also includes the actual densities of the materials examined,
measured at 20 °C using a helium pycnometer on powder samples. The volumetric

heat release capacities (Qy) were calculated using the material densities (p) in

accordance with Equation (2.4) [176] and are provided in Table 3.5.

Table 3.5 List of calculated hydration enthalpies, measured real densities and estimated volumetric
release capacities (Q}) of investigated materials.

Material AHhnydration (kJ kg™1) Density (kg m) Q% (MJ m)
CL 892 1505 1342

Sepiolite 254 2394 608

S-CL30 467 2299 1073

The energy released by CL is consistent with the gravimetric energy storage
capacity outlined by Mastronardo et al. [189]. The result for sepiolite of 254 kJ kg
aligns with literature findings under similar operational conditions [266]. Moreover,
the real density of the clay is consistent with previously reported values [290]. The
density of the composite (S-CL30) falls within the range of precursor materials, as
does its hydration heat. Considering the reversible nature of the dehydration and
hydration processes, along with the principle of energy conservation, it is plausible to
assert that the volumetric storage capacity is comparable to the calculated value Qﬁ.
In other words, the dehydration reaction of the materials, treated under the described
saturated vapor conditions, involves an amount of heat analogous to the one released
during the hydration process. Given the favorable characteristics of S-CL30, a
comprehensive comparison with other sepiolite-based composite materials that

contain PCMs/TCMs is now presented (Table 3.6).
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Table 3.6 List of most investigated PCMs/TCMs combined with sepiolite to prepare composite materials for TES applications. For each material, the corresponding
class (PCMs or TCMs) and its nominal weight fraction in the composite are reported. Additionally, for PCMs, the enthalpy associated with the melting process and the

corresponding temperature are specified. For TCMs, the gravimetric energy storage/release capacities, the temperature range for the dehydration reaction, and the

investigated temperature of hydration are included.

Class Material Content AH T melting T dehydration Thydration Reference
(Yowt.) (kJ kg™) (W(9) O O
TCM CL 30 467 / 40-100 30 this study
PCM EHS* 90 185 38.1 / / [250]
PCM CaClz-6H>0O 70 87.9 34.9- / / [251]
43.7-52.4
PCM Stearic acid 35 76.10 71.0 / / [267]
PCM Lauric acid 60 82.6 42.5 / / [269]
PCM Paraffin 50 62.08 40.02 / / [291]
PCM Decanoic 50 35.69 28.65 / / [291]
acid
PCM FAEM** 42 76.16 22.86 / / [292]
TCM CaCl, 30 1026 / 30-120 20 [273]

*EHS (eutectic hydrated salt): inorganic eutectic mixture of NaHPO4-12H20 and Na>SO4-10H20 in a 1:1 weight ratio.

**FAEM (fatty acid eutectic mixture): organic eutectic mixture of capric acid and stearic acid (83:17%w/w, respectively).
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The dehydration temperature range for S-CL30, as detailed in Table 3.6, is
consistent with the operational conditions analysed by Mastronardo et al. for pure CL
[189]. The literature provides an extensively examination of sepiolite-based composite
materials that incorporate PCMs, while only a single example is provided for binary
composites with a TCM as the active phase [273]. Various methods of preparation,
including direct techniques [291] and vacuum impregnation [251], have been utilized
to develop these composites, all of which leverage the liquid state of PCMs at nearly
ambient temperatures to facilitate their integration among the solid sepiolite fibers and
within the clay's structural voids. This technique removes the need for a solvent. In the
evaluation of inorganic and organic PCMs, composites that contain inorganic materials
allow for a higher loading of salt hydrates and show larger melting enthalpies [250].
However, they are susceptible to material leakage after repeated melting and freezing
cycles. Utilizing organic PCMs improves the stability against leakage. The leakage
issue is facilitated by the deliquescence phenomenon [293]. Organic compounds, with
their low or absent solubility in water, effectively prevent or stabilize the creation of a
wetting surface layer when exposed to moisture, thereby avoiding any leakage [190].
On this perspective, the development of a composite material derived from CaCly,
designed for TES applications, faces significant limitations due to the deliquescence
of the hydrated salt under working conditions, even though it possesses a high energy
storage capacity. The study referenced in [273] reveals a gravimetric storage capacity
of 1026 kJ kg'!, as expected, much higher than that of composites with PCMs and more
than twice that of S-CL30, which has a capacity of 467 kJ kg!. This variation can be
explained by the elevated dehydration enthalpy linked to the hydrated forms of CaCl,
when compared with pure CL [142]. However, the authors also note the instability of
the composite particles, which turn moist and pasty after extended sorption durations
of 100 hours at 10 °C and 73% of relative humidity [273].

Considering the insights presented, employing an organic hydrated salt appears to
be a promising strategy for preparing sepiolite-based composite materials, as it can
prevent deliquescence and related leakage issues. Ongoing activities are focusing on
evaluating the stability of composite materials over hydration/dehydration processes,
a critical aspect requiring particular attention. In fact, this kind of study could yield

important findings regarding the long-term stability of sepiolite-based composite
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materials, thereby reinforcing their application as thermochemical systems for low-

temperatures uses.

3.4.6. Morphological observations on sepiolite-based composite materials

The SEM morphologies of sepiolite are presented at two distinct magnifications in
Figure 3.16. The pristine sepiolite is characterized by particles of different dimensions
and a notable fibrous structure, which can be observed even at lower magnifications
(Figure 3.16a). At higher magnification (Figure 3.16b), the sepiolite fibers tend to
bind together, while still retaining porous and cavities within the fiber folds [262]. This

fibrous arrangement creates an appropriate matrix for the deposition of hydrated salts.

Figure 3.16 SEM micrographs of pristine sepiolite at different magnifications.

The fibrous nature of sepiolite is still discernible in the morphology of the S-CL30
composite, as shown in Figure 3.17a. Additionally, small, irregularly shaped particles
consisting of tightly bundled, very thin filaments have been observed in all composites.
This morphology is attributed to the CL component, and its identification becomes
increasingly difficult at lower salt concentrations [189]. With an increase in CL
loading, as illustrated in Figure 3.17c and Figure 3.17e, the spaces between the
sepiolite fibers seem to be filled with salt, indicating that the CL has permeated the
porous matrix [273]. Moreover, at higher salt concentrations, the composite particles
tend to agglomerate, resulting in a more bundled morphology.

After the hydration treatment for 2h, as shown in Figure 3.3, a significant
morphological alteration was observed, attributed to the rehydration of the CL
component [189]. The salt particles specifically adopted a fibrous form and
demonstrated a tendency to cluster [219]. These salt fibers extended over the surfaces
of the sepiolite, thereby occluding the pores within the matrix. Notably, the composite

material with lower CL content, illustrated in Figure 3.17b, still preserved a

117



considerable level of macroporosity, which allowed for enhanced vapor exchange
between the underlying layers and the environment. Conversely, as the salt content
increased (Figure 3.17d and Figure 3.17f), the composite surface appeared
increasingly compact, which hindered vapor exchange and restricted the hydration
process. The morphologies presented in the composites further clarify the relationship

between structure and properties of these materials, clearly indicating that an even

distribution of salt within the matrix facilitates the exchange of water vapor.

Figure 3.17 SEM micrographs of: a-b) S-CL30 before and after hydration treatment, respectively;
c-d) S-CL50 before and after hydration treatment, respectively; e-f) S-CL65 before and after hydration
treatment, respectively. Red circles indicate the presence of CL particle. Yellow circles indicate the
presence of pores.
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3.5. General remarks and future outlooks

This chapter investigated the feasibility of novel composite materials and their
potential as thermochemical systems for low-temperatures applications. The
composites leverage the favorable properties of sepiolite to disperse a recently
assessed organic hydrate salt as TCM. The strategy involves dispersing the CL over a
porous matrix to enhance the salt hydration and dehydration reactions.

The composites were synthesized using DMF for clay dispersion and salt
solubilization. Materials with different CL contents (30-50-65%wt.) were realized,
demonstrating the applicability of the synthetic process. The prepared samples were
characterized by XRD and FTIR to investigate materials under structural and chemical
points of view. The BET analyses indicated the optimum composition among
investigated composites for promoting vapor exchange processes and enhancing the
beneficial effects of salt dispersion. The thermal stability of the composites was also
investigated and compared to that of the pristine materials, revealing that the
degradation of the salt organic groups in the prepared samples occurs at lower
temperatures than in the pure salt. Nevertheless, the studied materials are deemed
stable for thermochemical heat storage applications at low-temperatures (<120 °C).
The hydration processes were investigated under two different vapor conditions
(dynamic and static) further demonstrating that S-CL30 exhibits the best capacity to
absorb water vapor, by showing an adequate dispersion of the salt on the matrix, as
verified by SEM micrographs. On this purpose, a reviewer correctly argued that
composites with lower salt content (i.e., 20%wt.) could further favor vapor exchange,
potentially accelerating salt hydration and dehydration kinetics. This is a high-impact
aspect for operability in continuous cycles in thermochemical reactors. However,
reducing the CL content in the composite will reduce the storage capacity, considering
that CL contributes more to the storage capacity than clay. Further research should
determine an optimum between formulations to ensure improved performance in terms
of both kinetics and storage capacity. To fully evaluate the potential of the S-CL30
composite, its gravimetric release capacity was compared with that of the main
sepiolite-based composites (with PCMs and TCMs) for energy storage applications,
and the results are promising.

The use of these composite materials is encouraging due to the presence of an

organic hydrated salt that does not exhibit deliquescence-related issues under operating
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conditions. The insights on the beneficial effect of sepiolite in facilitating the
hydration/dehydration reactions of CL prompt the utilization of this matrix for the
dispersion of TCMs, given the excellent adsorption properties and low cost of the clay,
as well as the limited number of examples reported in the literature. Ongoing studies
are aimed at assessing the durability of the composite materials to multiple
dehydration/hydration cycles under realistic operating conditions. Further
investigations can incorporate composite materials in mortars to exploit the beneficial
effect of CL deposition onto the sepiolite matrix. In addition to improved
thermochemical aspects, the deposition on sepiolite contributes to increasing the
composite's mechanical resistance and integrity, thanks to the clay's fibrous structure.
This property is also exploited in the preparation of mortars, where sepiolite reinforces.
The development of the CL composites investigated in this chapter fits perfectly into
the context of this thesis, since sepiolite's structural characteristics can ensure more
effective salt dispersion within a complex matrix like mortars and improve the entire

system's mechanical behavior.
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Chapter 4 Composite plaster mortars with CL

4.1. Composite mortars integrated with PCMs and TCMs

The use of PCMs and TCMs in buildings is recognized as a promising strategy for
enhancing energy efficiency through thermal energy storage and release [126].
Directly integrating these materials into mortar composites to increase the thermal
mass of building envelopes is gaining greater success in the scientific literature,
although the mortar formulation often requires adjustment [124].

For instance, Frazzica et al. developed a cement mortar composites with
commercial microencapsulated PCMs to reduce building energy consumption in
Mediterranean climates. The PCMs used were Micronal DS 5038X and Micronal DS
5040X with melting points of 26 °C and 23 °C, respectively. The microcapsules were
added at 5-15% by weight of the dry mortar. Additional water was needed to optimize
the mortar workability at increasing PCM content, as it retains water during
preparation. Authors evinced, through thermal and morphological analyses, that the
mixing process created a homogeneous dispersion of the PCM capsules in the cement
mortar matrix. Furthermore, experimental testing, in reproduced environmental
conditions, demonstrated the PCM-mortar composites can dampen temperature
fluctuations and shift peak temperatures by improving thermal comfort of around 15%
annually in the Messina region, compared to plain cement mortar [124].

Cementitious composite materials with a TCM were instead investigated by
Lavagna et al. [294]. This study introduces a novel approach for synthesizing cement-
based composite sorbent materials. In fact, the methodology involves incorporating
MgSOs salt into the matrix. Particularly, the composites were prepared by mixing
cement paste with a salt-containing aqueous solution, allowing control over porosity
through the water to cement ratio (w/c ratio). This parameter is also critical in
influencing the mechanical properties of the cement matrix. Characterization revealed
an energy density range of 0.088-0.2 GJ m™ for space heating in temperate climates.
The composites also exhibited hydro-thermal stability over 100 cycles [294]. Further
studies assessed thermal properties and cost [258,295], exploring the use of sepiolite
to enhance porosity and reduce overall costs. The top-performing composite achieved
an energy density of 0.0085 GJ m™ and a storage cost of 9.30 € kWh'!, comparable or
superior to other materials, like Zeolite 13X/MgSO4 and silica gel/CaCl,. However,
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the authors suggest additional efforts are needed to integrate these composites into the
global market, such as reducing cement content or finding more affordable alternatives
[258].

A cementitious composite material with a TCM was also investigated by Clark and
Farid. In three distinct works, they assessed the potential of a cascade TCES system to
improve thermal and exergy energy efficiencies in residential applications [296-298].
First, they proposed creating a porous concrete composite embedded with SrCl>-6H,O
(50% wt.). For this, a known quantity of hydrated salt was added to a dry mixture of
Portland cement powder, reducing, in this way, the amount of water typically required
for the impregnation approach. A subsequent stepwise heating program removed
unbound water and developed the porous structure. The concrete composite's
performance was found comparable to that of zeolite 13X in terms of energy density
(136 vs 164 kWh m™, respectively), and the cement-composite exhibited good
cyclability, too [298]. Next, they studied the hydration reaction kinetics of pure salt
and salt combined in the cement composite, developing models to determine the salt's
hydration behavior while held in the porous matrix. The models revealed the slower
reaction rate due to mass diffusion limitations. Authors also empirically developed a
shrinking-core model for salt in the cement porous matrix, combining chemical
reaction and moisture diffusion to define the overall reaction rate. These kinetic models
can predict the performance of a packed bed TCES system [297]. Finally, they realized
the cascade system, investigating it in a lab-scale reactor and comparing it to traditional
single-material systems. The cascade system used a bed of zeolite 13X beneath the
SrClz-cement composite material. The volumetric energy density ranged from 108-138
kWh m™, with dehydration temperatures of 50-130 °C and hydration conditions of 12
°C at 75% RH. The thermal and exergy efficiencies were analysed, and the cascade
system was found to improve power output, temperature lift, and exergy efficiency by
6-38% compared to traditional salt-based systems. From a cost perspective, the
cascade design allows leveraging the low cost of the salt and the efficiency of the
zeolite 13X in a single system. Authors concluded that further research is required to
improve the energy storage density or salt loading into cheapest concrete porous
materials for this technology to become commercially viable [296].

In conclusion, embedding salt hydrates in concrete mortars presents promising

avenues for enhancing energy efficiency in buildings, yet faces challenges, especially
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in material preparation and cost. Adjustments to mortar formulation are often
necessary, as seen with the addition of extra water to maintain workability when
incorporating PCMs. Furthermore, despite the potential of the technology, the
necessity to reduce cement content or find more affordable alternatives is evident to
achieve commercial viability. For what has been said, in this thesis, the author
approaches a novel strategy for selecting salt hydrates, evaluating the use of an
innovative organic salt hydrate with intriguing characteristics for building
applications. What is more, this chapter discusses the potentiality of CL incorporation
in lime-based mortars as a novel and competitive solution for enhancing thermal

comfort in residential applications.

4.2. Mortars with CL for self-healing

As discussed in the previous section, one of the aims of this thesis is to realize a
composite mortar with calcium L-lactate pentahydrate (CL) for TCES applications.
The use of CL in mortar, particularly in concrete, is not a novel concept in the scientific
literature. In fact, several studies have assessed the potential of incorporating the salt
with bacteria for self-healing applications.

As it is known, concrete is the most widely utilized construction material globally
due to its strength, durability, and cost-effectiveness [299]. However, although the
presence of micro cracks does not significantly alter the structural characteristics of
buildings, the resulting increase in permeability from the network of these cracks can
significantly compromise the durability of concrete structures, particularly in moist
environments. Under specific conditions, as reported in literature, small fractures in
concrete can undergo a healing process, that is identified as “autogenous healing” or
“self-healing” of concrete. The main factors contributing to autogenous healing are
generally attributed to various chemical, physical, and mechanical processes
[300,301]. Nevertheless, it has been observed that the formation of calcium carbonate
(calcite) plays a crucial role in the autogenous healing of concrete. In fact, it has been
demonstrated that calcite may fill the voids and cracks on cement-based materials to
prevent and heal the micro cracks formation [302—-304]. Besides autogenous healing,
cracks can be autonomously repaired by integrating a specific healing agent into the

matrix.
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In this context, Wiktor and Jonkers developed a two-component self-healing system
with bacterial spores. Once germinated, these spores initiate the metabolic conversion
of calcium lactate into calcium carbonate (CaCOs3), in accordance with the reaction

reported below:
[CH3CH(OH)COO]>Ca + 602 — CaCOs + 5CO2 + 5H,0

Specifically, they evaluated the crack-healing ability of this two-component system
immobilized in expanded clay particles, on aged concrete specimens. In this way, the
expanded clay particles serve as an internal reservoir while also acting as a structural
component of concrete and a protective matrix for the self-healing agent. Researchers
prepared also control specimens without bacterial spores. Cracks were induced in
distinct samples by a steel bar in the mortar specimens, which were then submerged in
water for 100 days in an open-air bucket to enable the free diffusion of oxygen and
carbon dioxide. Experiments showed that bacterial concrete could heal cracks up to
0.46 mm wide, while control specimens only healed cracks up to 0.18 mm wide [305].

In another study, Irwan et al. used Enterococcus faecalis with calcium lactate (as
additional food source for the bacteria) in bioconcrete. The research reported an
improvement of compressive strength and water permeability. Specifically, the
calcium lactate, incorporated into the mixture, is present in concentrations of 0.001
mol dm™, 0.005 mol dm™, and 0.01 mol dm™. Tests for compressive strength and water
penetration are conducted after 28 days. It has been determined that the addition of
calcium lactate to bioconcrete significantly enhances its compressive strength, with an
increase of up to 18.8%, resulting in a maximum strength of 42.8 MPa at a
concentration of 0.005 mol dm™. This is notably higher than the control sample, which
had a strength of 36 MPa, and the concrete that included only Enterococcus faecalis,
which measured 38.2 MPa. Additionally, the trend in water penetration reflects similar
improvements, as the combination of Enterococcus faecalis and calcium lactate leads
to a decrease in water penetration. The highest reduction in water penetration,
quantified at 26.2%, is observed with a calcium lactate concentration of 0.01 mol
dm?, resulting in a penetration depth of 8.7 cm. This is notably lower than the control
measurement of 11.8 cm and the 9.2 cm recorded for concrete with only Enterococcus

faecalis. In conclusion, this study confirmed that the addition of calcium lactate as an
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alternative nutrient for bacteria in concrete produces advantageous results regarding
compressive strength and the ability to resist water penetration [306].

Subsequently, a similar study was reported by Vijay and Murmu that evaluated the
effect on compressive strength and self-healing capability of the addition of calcium
lactate and Bacillus subtilis bacteria in concrete. Particularly, Bacillus subtilis was
added to the concrete both in spore form and culture form, while calcium lactate was
added with concentrations in the range 0.5-2.5%wt., and then the materials were tested
after a curing period of 7, 14 and 28 days. According to the obtained results, the
incorporation of just 0.5%wt. of calcium lactate into the concrete led to an increase of
12% in compressive strength. Moreover, it was observed the healing process, and its
efficiency are enhanced with a higher concentration of calcium lactate [307].

Chaerun et al., instead, used Lysinibacillus sphaericus as bacterial component with
calcium lactate. According to their experiments, the addition of calcium lactate
pentahydrate (0.5%wt. of cement), combined with a 10% v/v bacterial inoculum, led
to increases of 45% in compressive strength and 36% in indirect tensile strength.
Moreover, the self-healing process was accelerated in the bacterial mortar enhanced
with calcium lactate pentahydrate compared to the control specimen [308].

In conclusion, all these different researches confirm that the use of two-component
system with bacteria and calcium lactate can improve the durability and mechanical

properties of concrete enhancing the cracks self-healing.

4.3. Plaster mortars with CL

The intriguing capabilities of calcium L-lactate pentahydrate (CL) as a TCM
material have been recently evaluated by Mastronardo ef al. [189] and discussed in §
Chapter 2. As CL presents a low solubility in water, it is resistant to deliquescence
[190]. CL also demonstrates stability under operational conditions and has a significant
storage capacity of 1127 kJ kg!, attributed to its five coordinated water molecules
[189]. The dehydration process of CL occurs in a single step within the temperature
range of 40-150 °C, indicating its potential for low-temperatures applications.
Additionally, Mastronardo et al. have confirmed the reversibility of the hydration
process [189].

This chapter explores the integration of CL into construction materials. For the first

time, the thermal insulation features of the salt are employed to create a mortar that
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not only allows for precise indoor climate control but also efficiently stores thermal
energy. By embedding CL into the mortar, heat absorption is improved, which helps
to prolong heat retention within the building and maintain thermal comfort. In this
regard, an Italian patent (#102022000007862) on the use of mortars including calcium
lactate has been recently filed [309]. Author of present thesis is one of the inventors,
together with his supervisors and external collaborators who worked on the research.
Natural hydraulic lime (NHL) was selected as the preferred mortar binder due to its
high breathability and crystalline lattice structure. Moreover, the addition of inert filler
with proved particle sizes ensures a significant level of porosity in the mortar. These
attributes enable effective water vapor exchange with the environment, thereby
enhancing the thermochemical processes related to salt dehydration and hydration.
This emphasizes CL as a promising option for construction applications. The prepared
mortars were designed to function as lime-based plasters. Plaster plays several key
roles in the building envelope, contributing to its overall performance, protection, and
aesthetics [310]. By using NHL, the resulting mortars are environmentally friendly
and suitable for both internal and external facades. Plaster is the thicker component of
the facade system, and its width varies based on the application (internal or external).
Since it is the most present component, it is advantageous to use a plaster as matrix for
the dispersion of the CL, allowing to increase the quantity of salt available for the
entire building envelope and thus improving thermal efficiency.

In the designed plaster mortars, solar heat is expected to contribute to the
dehydration of the hydrated salt through an endothermic reaction during the day,
helping to lower indoor temperatures compared to the external environment. It is like
the thermochemical effect of salt hydrate shields the indoor environment from higher
outside temperature. At night, on the contrary, the increase in atmospheric humidity
facilitates the exothermic hydration of the salt, causing indoor temperatures to rise.
This process is depicted in the Figure 4.1.

In order to assess this, a comparative study was conducted, involving a reference
sample and mortars with CL in the range of 1-5%wt. Workability tests and mechanical
characterizations were performed on the prepared mortars after 14 and 28 days.
Subsequently, the samples were examined through XRD, SEM, and DVS analyses,
followed by thermal monitoring cycles to assess internal surface temperatures and

weight variations.
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The data presented in this chapter are the result of the author's activity conducted
during a research period at Tradimalt Spa in Villafranca Tirrena (Italy), which is the
industrial partner of the PhD project. Specifically, the preparation, the characterization
of fresh mortar, and mechanical characterization at different aging periods were carried
out under the supervision of Eng. Francesco Grungo in the laboratory of Tradimalt
Spa. The thermal monitoring cycles to assess surface temperatures and weight
variations of the plaster mortars were executed in collaboration with the research group

of Prof. Anna Laura Pisello at the University of Perugia.
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Figure 4.1 Description of dehydration and hydration processes undergone by the salt hydrate
respectively during the day and the night. IN and OUT indicate the indoor and external temperatures,
respectively. The light blue arrow (RH) exemplifies the relative humidity variation during the day and

the night.

4.4. Materials and methods

4.4.1. Plaster mortar preparation

For the preparation of plaster mortars all the necessary materials were provided by
Tradimalt Spa, while high grade calcium L-lactate pentahydrate (CL) was purchased
by Thermo Scientific (purity > 98%).

The dry constituents of mortar and their weight percentages (%wt.) are detailed in
Table 4.1 and divided into three categories. Natural hydraulic lime (NHL) was chosen
as the mortar binder due to its high breathability. Lime is recognized for its superior
capability to allow vapor exchange with the environment, which is critical for

regulating indoor humidity and maintaining dry walls. The high breathability of lime

127



is attributed to its drying process, where it reacts with carbon dioxide in the air,
preventing the formation of an insulating surface film, unlike cement. Furthermore,
these gas exchanges with the environment facilitate the creation of a porous structure,
which is advantageous for the purposes of this study [311]. Specifically, NHLS5 from
the Magistra line by Tradimalt Spa was used to prepare plaster mortars. This building
lime is a commercially produced item that meets the requirements of the current UNI
EN 459-1/2010 regulation [312]. Magistra plasters are suitable for renovation, and
NHLS, in particular, is suitable for cultural heritage, as it combines high breathability
with improved mechanical performance [313]. The number "5" in the NHLS5 label
indicates the compressive resistance class of the binder when mixed in specific weight
proportions with certified aggregates, after 28 days of aging. The use of this type of
plaster for the realization of mortars with CL, which is also suitable for renovation
works, potentially expands the product's market and offers the possibility of exploiting
the thermal properties of salt. This aligns well with the new strategies of renovation
and energy efficiency of buildings, as desired by the European Union and described in

§ 1.1 section [4].

Table 4.1 Constituents of plaster mortar divided by type. Furthermore, the weight percentages
(%wt.) of the various constituents are indicated.

Type of constituent Constituent Yowt.
Binder NHL 5 25
0 0-150 pm
Aggregates 0 150-300 pm
(grey sands) 0 300-600 pm E
0 600-1200 um
Cellulose
Additives Starch <0.1
Air entraining agent

As aggregates, grey sands of four different grain sizes were employed (Table 4.1).

The sand ensures a significant level of porosity in the mortar and is able to work as
“skeleton” of the structure during the hardening phase, reducing the shrinkage of the
binder paste and preventing the onset of cracking phenomena. Furthermore, by

partially replacing the binder, which is relatively more susceptible to environmental
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factors, the aggregate improves the durability of the final product. The addition of
aggregates improves also the workability of the fresh mix and many properties of the
hardened material, such as mechanical strength and elastic modulus, depend on the
quality and quantity of the aggregate introduced.

The addition of small amounts, less than 0.1%wt., of various additives can influence
the workability and intrinsic characteristics of fresh mortars. Notably, cellulose is
recognized for improving the mortar's ability to retain water. This helps prevent
premature drying, ensuring proper hydration of the binder, and thereby enhances the
workability of the fresh mortar. Moreover, cellulose leads to better strength
development and reduced cracking. Furthermore, cellulose acts as a thickening agent,
increasing the viscosity of the mortar and improving the adhesion of the plaster mortar
to the substrate [314]. Starch in mortars also acts as a thickening agent and can offer
some improvement in water retention and adhesion, contributing to better workability.
By modifying the rheology and water retention, starch can contribute to a smoother
and more workable plaster, potentially leading to a better surface finish [315]. The
addition of air entraining agents to plaster mortars creates microscopic, stable air
bubbles that offer several key benefits, improving the workability and freeze-thaw
resistance of the mortars. The spherical air bubbles act like tiny ball bearings, reducing
friction between particles and making the fresh mortar easier to mix, apply, and spread
smoothly. This leads to better consistency and plasticity. Furthermore, the
incorporation of air bubbles decreases the overall density of the mortar, making it
lighter, which can be advantageous for reducing the load on the structure and
improving handling [316].

The preparation of plaster mortars with and without CL was performed in line with
the UNI EN 1015-2/2007 standard [317]. The dry constituents were combined with
water and mixed for one minute in a planetary mixer. The mass of water added is
proportional with the mass of dry constituents. Subsequently, commercial CL powder,
in the range 1-5%wt. with respect to solid components, was introduced into the mixture
and blended for another minute, until a consistent product was obtained. To enhance
the workability of the mortars containing CL, it was crucial to increase the water
content for each batch, leading to total percentages between 20% and 23% [124]. Three

samples with different salt concentrations were prepared: Al (1%wt.), A3 (3%wt.),
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and A5 (5%wt.). Figure 4.2 schematized procedure for preparing plaster mortars with
CL.

Mixing for 60 s

>

i3 &\ CL

Mixing for 60 s addition

—

"\

(4

4

Figure 4.2 Schematic procedure for preparing fresh plaster mortars with CL.

A control batch, referred to as A0, was prepared without CL for comparative
analyses. Table 4.2 reports the codes for all prepared samples along with their

formulation characteristics.

Table 4.2 Codes of all prepared plaster mortar specimens. For each formulation is reported CL and
water contents.

Codes CL content (%owt.) Water content (%wt.)
A0 0 - Reference 20
Al 1 21
A3 3 22
A5 5 23

For all the formulations, 100x100x20 mm? square base block specimens (as shown
in Figure 4.3) were fabricated to evaluate the thermal capacities of the mortars. Any
physical, structural, morphological and thermochemical characterizations were
performed on the specimens described, after 28 days of aging, allowing the mortar to

fully dry from the preparation water.
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Figure 4.3 100x100x20 mm? square base block specimens after 28 days of aging.

4.4.2. Characterization of fresh plaster mortars

The workability of fresh mixed mortars was investigated by slump test using the
flow table method, in agreement with the UNI EN 1015-3/2007 standard [318]. The
test consists in measuring the spread of mortar after being subjected to a series of jolts
on a flow table, considering that a higher spread diameter indicates a more fluid and
workable mortar. The measure system includes a flow table, which is a circular brass
table, typically 300 mm in diameter, mounted on a hinged support that allows it to be
raised and dropped through a specific height. On its plate surface, the fresh mortar is
poured, inside a truncated conical mold. The latter has top and bottom diameters of
respectively 70 and 100 mm and a height of 60 mm. For compacting the mortar inside
the mold, a tamper was used. After levelling the surface and lifting the mold, the mortar
was subjected to 15 jolts of flow table provoking its spread on the table (Figure 4.4).
The mortar spread has been measured along two distinct diameters, with respect to the
initial position using a caliper. The results are reported as average of the two measures,

for each plaster mortar batch [318].

15 jolts of

>

flow table

Figure 4.4 Spread of a fresh plaster mortar after 15 jolts of flow table.
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4.4.3. Mechanical characterization

The hardened plaster mortars were mechanically characterized to evaluate their
flexural and compressive strength. The flexural strength was determined by three-point
loading of hardened mortar prisms to failure. The compressive strength was measured
on the two parts resulting from the flexural test. The tests were conducted in
accordance with the UNI EN 1015-11/2007 standard [319]. To prepare the160x40x40
mm? prisms, the fresh mortar was poured into a stainless-steel mold. The mold-filling
was performed in two layers, each followed by 15 jolts of flow table to ensure uniform
compaction and eliminate large air voids. After levelling the surface, the mold was
stored in a polyethylene bag for 2 days in a climatic chamber. The specimens were
then demoulded and stored in a controlled environment until testing. A schematization

of described procedure is reported in Figure 4.5.

Pouring

=

Shaping

Mold 160x40x40 mm?

Storing for
48 h

Figure 4.5 Schematic procedure for preparing 160x40x40 mm? prism mortars destined to
mechanical characterization.

Considering the nature of the binder employed, it has been chosen to mechanically
test plaster mortar after 14 and 28 days of hardening. NHLS5, unlike concrete, exhibits
a slow and gradual setting with a continuous increase in mechanical resistance over
the months following setting [313]. The mechanical characterization was carried out
on the prepared prisms using an AUTOMAX 65-L1352/LC (Controls). This
instrument allows for flexural testing along one channel and compression testing, on
the two previously broken ends, along the second channel. The flexural tests were
performed with a force gradient of 50 N s, while the compression tests were

conducted with a gradient of 100 N s™. The flexural tests were executed using a three-
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point bending system, with a distance of 100 mm between the supporting rollers. On
the second channel, the compressive strength was directed along two steel plates with
a surface area of 40x40 mm?. The equipment was only capable of recording the applied
force and the stress at the maximum peak value. Regarding the flexural tests, at least
three specimens were tested for each batch and hardening period. This number was
doubled for the compressive analysis, considering the nature of the test. The values
reported for the mechanical tests represent the arithmetic mean of the results, with the

error calculated using the maximum semi-dispersion method.

4.4.4. Physical, structural and morphological characterizations

The real densities of investigated plaster mortars were measured using a helium
pycnometer (Ultrapyc 5000 Foam, Anton Paar) at 20 °C, based on the average of
fifteen measurements. For the measures, mortar blocks of approximately volume of
30x25x25 mm?® were used, after hardening of 28 days. The composite densities will be
used to estimate the void percentage (%void) in mortars, which is an important
parameter considering the scope of the thesis. This feature is calculated by making
comparison among pycnometric (V;) and geometric (V) volumes of described blocks.
In fact, the pycnometer returns a real value of the volume occupied by the mortar,
which does not include its internal voids. The geometric volume, on the other hand,
also includes these voids in its calculation [320]. Therefore, the percentage of voids
can be determined with the following equation:

Yovoid = ~£2100 (4.1)

g

The salt characterization in the composite mortars material was performed using X-
Ray diffraction (XRD) and scanning electron microscope (SEM) analyses. Before
conducting these characterizations, the mortars were ground into a coarse powder.
XRD measurements were executed with a D8 Advance Bruker instrument, which
employed a monochromatic Cu Ka radiation source at 40 kV and 40 mA. The samples
were analyzed in the 20 range of 5-50° using the Bragg-Brentano theta-2theta
configuration with a scanning speed of 0.1° s!. The identification of different phases
was facilitated by the PDF-4+ software. SEM images were captured using a Quanta
450 FEI with Large Field Detector (LFD) and an accelerating voltage of 5 kV in high

vacuum (10 Pa).

133



4.4.5. Isotherms of water vapor sorption/desorption

Isotherms for vapor adsorption and desorption were carried out to investigate the
water absorption and release capabilities of the prepared mortar materials under
controlled environmental conditions. A dynamic vapor sorption (DVS) analyzer (DVS
Vacuum) was employed to observe mass variations. The setup comprises a micro-
balance with a precision of 0.1 pg and a system for controlling water vapor pressure
flow within the sample holder chamber. The entire system is enclosed in a temperature-
controlled environment, maintained at 30 °C. To determine the dry weight before water
adsorption, each sample, (~30 mg), was activated (degassed) at 80 °C under vacuum
(~0.1 Pa) for 3 hours. Once this was completed, a valve connecting the evaporator,
which contained liquid water, to the sample chamber was opened. Following this,
isothermal adsorption and desorption experiments were performed at 30 °C, with

partial pressures increasing from 0 to 0.9 (p/po).

4.4.6. Thermo-physical characterization under controlled boundary

conditions

In collaboration with the University of Perugia, a thermo-physical characterization
of mortars with hydrated salt was conducted under controlled boundary conditions.
Thermal monitoring was performed on all samples to evaluate the impact of the salt
on the mortars. A custom sample-holder in extruded polystyrene was designed to
contain each sample at its center. A Tinytag sensor was then inserted into the sample-
holder to monitor the internal air temperature and relative humidity. Furthermore, the
internal and external surface temperatures were monitored using three type T
thermocouples for each surface, connected to a National Instruments cDAQ-9184 data
acquisition system. Another temperature/humidity Tinytag was positioned near the
external surface of the sample. This system was placed on a KERN572 balance with a
precision of 0.1 grams to allow for continuous weight monitoring [321,322]. The entire
system setup is shown in Figure 4.6a.

The experimental setup involved the following steps:

o Initial mass stabilization of the square-based mortar specimens in an oven at

80 °C (approximately 2-3 days).
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o Transfer of the samples into a climatic chamber at 80 °C at minimum relative

humidity (RH).
e Placement of the sample inside the sample-holder.

e Thermal monitoring of the samples subjected to the following 24-hours total

cycle (Figure 4.6b):

o 2 hours of system stabilization under dehydration conditions (T = 50

°C and RH = 10%).

o 3 hours of hydration (the temperature varies from 50 to 20 °C and the

humidity increases from 10 to 95%)).
o 8 hours under the conditions thus obtained.

o 3 hours of dehydration (the temperature varies from 20 to 50 °C and the

humidity decreases from 95 to 10%).
o 8 hours under the conditions thus obtained.

The first hour of the initial 2 hours of stabilization was subject to evident

fluctuations and was not considered in the discussion of the results.

1h 100

RH (%)

0
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Time (h)

Figure 4.6 a) Picture of the system used for thermal monitoring of the prepared mortar samples; b)
24 h cycle in which the controlled boundary conditions are varied.
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4.5. Results and discussion

4.5.1. Characterization of fresh plaster mortar

The consistency of the fresh mortar for all investigated batches was determined by
the slump test using the flow table method, in accordance with the UNI EN 1015-
3/2007 standard [318]. The resulting spread values provide an indication of the
mortar's workability. Higher spread diameters are indicative of a more fluid and
workable mortar, while lower values correspond to a less fluid or stiffer mortar. Table
4.3 reports the average measured spread after 15 jolts on the flow table. For each
specimen, the water content (in %wt.) used for mixing the mortar and the theoretical
water to lime ratio (w/l ratio), based on the proportion of water and binder contents,

were also reported.

Table 4.3 Measured spread for investigated fresh plaster mortars. It has been reported also the
corresponding water content used for preparing mortar and the theoretical w/l ratio.

Material code | Water content (%owt.) Th w/l ratio Spread (cm)
A0 20 0.80 4.05
Al 21 0.84 3.54
A3 22 0.88 2.09
AS 23 0.92 1.96

It is clear that as the salt content increases, the spread decreases, making the fresh
mortar more difficult to work, as it tends to set more quickly. To address this, more
water was added to the mixture to facilitate the mortar's workability at increasing CL
content. This phenomenon can be explained by the potential capability of CL to retain
water, hindering the effect of the cellulose additive. CL seems to absorb the mortar's
water more quickly than cellulose. This effectively reduces the water available for the
reaction of NHLS, leading to a significant decrease in the actual w/l ratio, which is
lower than the theoretical one indicated in Table 4.3. This lower w/l ratio significantly
affects the workability and mechanical resistance. A low w/l ratio leads to higher
density and strength of the mortar. Furthermore, a low w/l ratio makes the mixture
more compact and difficult to work, increasing the nominal resistance to both bending
and compression. However, considering the application purpose of plaster mortars,
high mechanical resistance is not strictly necessary and can negatively impact the
mortar's elasticity and its retire. It is more useful to obtain a mortar with greater

workability and easier application by the operator. Further research should be directed
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towards improving the formulation of mortars with CL, for example, by reducing or
eliminating the cellulose content or increasing the water quantity. The use of other
additives that can enhance the mixture's workability should also be considered, while

taking into account the product's formula cost.

4.5.2. Mechanical characterization of plaster mortars

The mechanical resistance to flexure and compression of the mortar samples
prepared according to the UNI EN 1015-11/2007 standard [319], were carried out as
described in § 4.4.3 section. The values of flexural (or) and compressive (o¢s) strength
after 14 and 28 days of aging, with varying salt content in the mixture, are represented
by the histograms in the Figure 4.7. Specifically, Figure 4.7a refers to the flexural
strength, while Figure 4.7b refers to the compressive strength. The error bars for each
histogram, calculated with the maximum semi-dispersion method, are also reported.

As a general trend, it was observed that the flexural and compressive strengths of
all mortar samples increased from 14 to 28 days. This is a typical behavior of lime-
based mortar materials as the carbonation reaction progresses [314]. The mortar
without CL (blank sample) exhibited the lowest flexural and compressive strengths at
both aging periods. In contrast, it is evident that as the salt content increases, both
flexural and compressive resistances increase. This suggests that salt enhances strength
development over time. To quantify the improvement in flexural and compressive
strength, the percentage increase with respect to the blank sample was calculated. The
obtained results are reported in Table 4.4. These calculations show a substantial
increase in mechanical resistance after the addition of CL, particularly for compressive
strength at higher concentrations. This behavior can be explained by the lower w/l ratio
values, which lead to higher material compaction and an increase in mortar rigidity.
Notably, with increasing salt content, an embrittlement of the plaster mortar was
observed. A similar behavior is reported in the scientific literature when researchers

explored the self-healing potential of CL with bacteria in concrete matrices [306,307].
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Figure 4.7 Values of flexural (a) and compressive (b) strength after 14 and 28 days of aging, at
varying salt content in the mixture.

Table 4.4 Percentage increase in flexural (Acg) and compressive (Aos) strengths of the CL
specimens at 14 and 28 days of hardening, calculated with respect to the corresponding values for AQ

samples.
Material Aoits(%) Aoccs(%)
14 days 28 days 14 days 28 days
Al 33.9 36.0 46.3 333
A3 81.4 84.0 136.1 106.2
AS 147.5 278.7 250.0 256.6
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4.5.3. Physical, structural and morphological characterizations of plaster

mortars

The real densities of plaster mortars with varying CL content were determined using
a helium pycnometer at 20 °C. Analyses were conducted on mortar blocks
approximately 30x25x25 mm? in size, after a 28-day curing period. The real densities
of the investigated materials are reported in Table 4.5. It also lists the bulk density of
the mortars, calculated as the ratio between the mass of the mortar blocks and their
measured geometric volume. Additionally, %void calculated using Equation (4.1) is

reported for each hardened mortar.

Table 4.5 Bulk and real densities of investigate plaster mortars. The percentage of voids (%void)
calculated according to Equation (4.1) is also reported.

Material Bulk Density Real Density Y%void
(kg m”) (kg m~)
A0 1423 2688 47.1
Al 1448 2628 44.3
A3 1493 2602 41.1
AS 1549 2596 40.4

The results shown in Table 4.5 indicate that as the salt content in the mortars
increases, the percentage of voids (%void) decreases. This trend can be explained by
considering the greater compaction of the mortar as the actual w/l ratio decreases,
which is responsible for a lower presence of internal voids in the material. As shown
in the case of composite materials with sepiolite (§ 3.4.6 section), the lower presence
of voids hinders the water vapor exchange processes with the environment, potentially
limiting and/or slowing down the thermochemical ability of the mortar-based
composite. The influence of this aspect will be evaluated in the § 4.5.5 section where
the prepared mortars are subjected to controlled hydration and dehydration cycles.

Considering the trend of the real densities of the mortars, a slight decrease in the
measured densities is observed as the salt content increases. This behavior can be
explained by examining the real density of the CL powder added to prepare the mortars
with salt. Since the latter is 1505 kg m™ (Table 2.1), which is lower than the density
of the mortar without salt (2688 kg m™), a slight decrease in the densities of the
specimens occurs as the salt content increases. The values are nonetheless very similar
to each other, both due to the low TCM content and the compaction effect of the mortar

as the CL content increases. It is important to remember that the real densities
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measured by the pycnometer are determined by measuring the volume of the solid
specimen examined, thus excluding the internal void volumes of the sample.

For the calculation of the bulk density, on the other hand, the void volumes are taken
into account in the measurement of the geometric volume. Bulk density is defined as
the mass of a material divided by its total volume. The total volume includes both the
volume of the solid materials that make up the mortar (lime, aggregates, ecc.) and the
volume of the internal voids. Therefore, if a mortar has a higher percentage of internal
voids, it means that a larger portion of its total volume is occupied by "empty space"
rather than solid material. Thus, at the same geometric or total volume (the same mold
was used for all the specimens), mortars with a higher %void have lower masses and,
consequently, also lower bulk densities. This explains the opposite behavior in bulk
densities compared to the real densities.

The presence of CL in mortar composites has been demonstrated by XRD and SEM
analyses. The diffractograms for CL and the ground mortar materials are presented in
Figure 4.8. The black pattern indicates that calcium L-lactate pentahydrate (CL)
exhibits a crystalline structure, with the phase identified as PDF 00-070-1076 [227].
The retention of these diffraction peaks in the composite materials demonstrates the
presence of CL in mortars that include salt (A1, A3 and AS5). Moreover, as the salt
concentration increases, the peaks corresponding to CL become increasingly distinct.
Despite the complexity of plaster mortars and the various chemical reactions that occur
during the mixing with water, the integrity of the CL structure is maintained throughout
the process. Besides the CL phase, two additional phases have been identified in
composite materials containing calcite (CaCOs3) and calcium oxide (CaO), which are
typical elements of building lime mortars [323]. The phase corresponding to CaCOs is
identified as PDF 00-002-0629 [324], while the phase for CaO is noted as PDF 00-
017-0912 [325]. As the salt content rises, the peaks related to the CL phase become
increasingly prominent. The peak assignments for the A5 pattern are relevant to all
mortars' diffractograms that exhibit the CL phase; however, for the purpose of brevity,
they are only mentioned for the sample with the highest salt content. As expected, the
XRD profile of A0 shows the same phases present in the other composite materials

with the exclusion of CL phase.
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Figure 4.8 Diffractograms of calcium L-lactate pentahydrate (CL) and grinded plaster mortars.

As observed in Figure 4.3, the square-based mortar blocks containing CL exhibit
the onset of white spots or patches attributed to the efflorescence of the salt used as
TCM. In fact, CL has been reported to effloresce when giving off its crystal water at
ordinary temperatures [222]. Efflorescence is a phenomenon that can occur in mortars,
characterized by the formation of saline deposits on the surface. This process is closely
linked to the presence of water and soluble salts within the material. Although, as stated
in § 2.1 section, CL has a low solubility in water (50 g dm™ at 20 °C), it remains a
hydrated salt with a certain degree of solubility.

The soluble salts present in the mortar dissolve in the water present within.
Subsequently, the water containing the dissolved salts migrates to the surface through
the capillary network of material. This movement is driven by the evaporation of the
surface water. When the water reaches the surface, it evaporates, leaving behind the
dissolved salts. These salts, once their concentration exceeds their solubility limit,
crystallize, forming the whitish or colored deposits that are visible as efflorescence. In
the case of CL, the formation of surface efflorescence has been observed, which
constitutes primarily an aesthetic problem [326]. In the case of the application of the
studied mortars, i.e., for plasters, the efflorescence could also cause the detachment of

the upper coatings applied, such as finishes and paints.
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The efflorescence crystals collected from a 5%wt. mortar sample after 2 days of
curing (Figure 4.9a) were analyzed by XRD analysis (Figure 4.9b), allowing the
attribution of the formation of these surface salts to CL through comparison with the

corresponding PDF [227].
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Figure 4.9 a) Formation of superficial efflorescence over an exceed mortar at 5%wt. after 2 days
of curing. b) Diffractograms of efflorescence crystals and identified PDF.

The SEM micrographs shown in Figure 4.10 display the morphologies of grinded
mortars with (A1, A3 and A5) and without CL (A0). All micrographs show that mortars
exhibit a dense microstructure. At lower magnification, the surface appears irregular
due to contemporaneous presence of rough and smooth particles. The harsh
morphology is attributed to the calcite phase (CC) [303], while regular surfaces are
due to the presence of aluminum silicate (AS) in sand aggregates [327]. At higher
magnification this kind of morphology is overall maintained for all investigated
samples. CC and AS morphologies are evidenced in Figure 4.10 with yellow and light
blue arrows, respectively. In addition, mortars with salt exhibit the simultaneous
presence of fiber-like particles, highlighted in red circles, which are attributed to the
CL in re-hydration phase [189]. The presence of these peculiar structures increases as
the salt content increases and, in particular, for A5 composite material (Figure 4.10h)

the fiber-like structures are homogeneously distributed throughout the surface.
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Figure 4.10 SEM micrographs of mortars with (A1, A3 and A5) and without CL (A0). a-b) A0
mortar; c-d) A1 mortar; e-f) A3 mortar; g-h) A5 mortar. Red circles indicate the presence of CL phase.
Yellow and light blue arrow indicate the presence of calcite (CC) and aluminum silicate (AS) phases,
respectively.
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4.5.4. Thermogravimetric dynamic vapor sorption (DVS) analysis

The thermochemical behavior of the synthesized materials throughout hydration
and dehydration cycles was assessed via a thermogravimetric dynamic vapor system
maintained at isothermal conditions of 30 °C. The chamber's relative humidity varied
from 0% to 90%, and the results are shown in Figure 4.11. The mass changes
illustrated in the graph are linked to the samples' uptake and release of water, which is
influenced by the vapor partial pressure in the chamber. The calculation of percentage
variation for each sample is based on the corresponding dry weight recorded at the end
of the degassing phase. The study highlights a remarkable water absorption potential
in mortar composites containing CL, in contrast to materials that do not include salt.
This sorption ability can be directly attributed to the presence of CL, since A0 plaster
mortar shows minimal sorption, with a mass change of less than 1%. Mortars exhibit
an increased sorption capacity as the salt content escalates. In particular, mass
variations of 4.7%, 7.5%, and 8.8% were observed for the A1, A3, and A5 composites,
respectively, at higher vapor partial pressure. The A5 specimen exhibited only a
marginal increase in mass compared to A3, indicating that the hydration process is
somewhat impeded by the higher salt concentration. This phenomenon can be
attributed to the homogeneous distribution of CL particles within the sample, as
depicted in Figure 4.10h. In this configuration, salt may obstruct the mortar's porosity,
thereby restricting vapor exchange with the environment.

Another significant aspect linked to the presence of CL is the enhancement of
hysteresis between the sorption and desorption phases with rising salt concentrations.
As discussed in § 2.4.2 section, CL, under identical analytical conditions, displays
substantial hysteresis, likely due to a kinetic barrier, as the dehydration reaction is
predominantly facilitated at lower partial pressure values [189]. This phenomenon is
advantageous for plaster mortar composites, as it extends the duration of the salt
energy storage phase under intermediate partial pressure conditions (above

approximately 20% of p/po), thereby decreasing heat dissipation to the environment.
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Figure 4.11 Water vapour sorption/desorption isotherms at 30 °C of prepared composite materials.

4.5.5. Thermal monitoring analysis

The thermal behavior of the mortar samples was assessed by subjecting them to
thermal cycles, varying temperature and relative humidity (RH) in a climatic chamber
over a 24-hour period. The treatment employed is presented in § 4.4.6 section. The
mass variation (in percentage), calculated with respect to the dry mass of the

investigated mortars at the end of stabilization phase in an oven at 80 °C, is reported

in Figure 4.12.
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Figure 4.12 Monitoring of specimen mass during a diurnal hydration/dehydration cycle under
controlled boundary conditions.
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In the initial phase, all samples tend to stabilize their weights in accordance with
the environmental conditions, achieving comparable weights at the start of the cooling
phase. In the following phase, a significant increase in weight is observed in samples
containing salt, due to the increase in humidity. Specifically, samples with salt
demonstrate a higher rate of weight variation, and when humidity reaches 95%, they
tend to absorb water more swiftly. In other words, as relative humidity increases and
temperature decreases, all mortar specimens increase in mass at a higher rate as the
salt content increases. The exception is specimen AS (highest CL content), which
reaches its maximum hydration (indicated by arrow with percentage in Figure 4.12)
at the end of the hydration phase. Conversely, the specimen without salt (A0) reaches
its maximum already at the end of the cooling phase. Meanwhile, mortar samples with
intermediate amounts of CL reach their maximum hydration at progressively longer
times during the 8-hour stabilization phase at the maximum RH condition. This
behavior can be explained by considering the %void of the mortars shown in Table
4.5. Mortars with higher salt content require longer hydration times because they
exhibit lower porosity, which slows the reaction itself, but are able to reach greater
mass variation percentages in proportion to the salt content. A similar trend was
observed for DVS results (Figure 4.11). In fact, here too, the mortars with salt are able
to hydrate more than the mortar without salt, and their water release is slower and not
entirely complete during the dehydration phase. For example, mortar A0 completely
releases its water content at the end of the heating phase, stabilizing its mass variation
at a value close to zero. Specimen A5, on the other hand, retains a water content greater
than 1.5% of its dry weight at the end of the 8-hour isotherm at the maximum
temperature. In general, the hydration percentages observed in DVS were higher than
those observed during this monitoring for all mortar samples with CL. However, it
should be remembered that the mass that could be analyzed in DV'S was ~30 mg, while
the mass of the 100x100x20 mm?® square-based mortar specimens is in the order of 300
g, and therefore more representative of the actual hydration and dehydration processes
of the salt in plaster mortar.

Based on the aforementioned observations, specimen A3 demonstrates the most
favorable composition among those examined, exhibiting the most rapid hydration and

dehydration kinetics under simulated conditions. Moreover, its mass remains relatively
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stable during the isotherm, suggesting effective vapor exchange with the environment,
which likely corresponds to an efficient energy storage capacity.

The ability of salt-containing mortars to absorb/release vapor is also demonstrated
by the thermal monitoring performed on the mortar specimens during the thermo-
physical characterization under controlled boundary conditions. To examine the
charging and discharging phases, the external and internal surface temperatures of the
samples were monitored. Since plaster mortars were designed to improve indoor

thermal comfort, only the internal temperature trends are reported here (Figure 4.13).
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Figure 4.13 Monitoring internal surface temperatures of mortar composites during controlled
hydration/dehydration conditions.

Monitoring the internal surface temperatures of the samples during the
hydration/dehydration phase transitions revealed that the salt-containing mortars (A1,
A3 and AS5) experienced a delay in temperature changes compared to the sample
without salt (A0). This delay is attributed to the hydration and dehydration processes
associated with the presence of CL. Specifically, during the cooling phase shown in
Figure 4.14a, the exothermic recombination of humidity with the salt contrasts the
cooling, allowing the mortars with CL to maintain a higher surface temperature over a
longer period. Conversely, during the heating phase depicted in Figure 4.14b, the salt
undergoes an endothermic dehydration reaction, causing a delay in the increase of
surface temperature. Tabulated data showed the temperature difference between the

CL-containing mortars and the reference sample (A0) investigated under the same
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conditions. The AT values were measured at 4 and 15 hours of analysis, corresponding

to the end of the cooling and heating transition phases, respectively.
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Figure 4.14 a) Enlargement of temperature transitions observed during the heating phase. b)
Enlargement of temperature transitions observed during the heating phase.

Essentially, the addition of salt provides mortars with greater thermal inertia, as
evidenced by the delay in reaching the same equilibration temperature as the mortar
without salt. Although further studies are necessary to assess the reliability of plaster
mortar with CL, these results are promising and encourage the use of TCM for

enhancing thermal comfort in buildings. Furthermore, the addition of CL to the
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investigated materials has demonstrated the potential for energy savings. In fact, a
significant delay of approximately 6 hours was observed in the time required for the
specimens with salt to reach the equilibrium temperature compared to those without
salt (Figure 4.14b). This implies that users can delay the activation or usage at higher

power of active cooling systems, resulting in substantial energy savings.

4.6. General remarks and future outlooks

This chapter focuses on assessing the effects of a newly studied organic salt hydrate,
calcium L-lactate pentahydrate (CL), on the physical characteristics and thermal
performance of composite plaster mortars. The aim is to encourage the progress of
sustainable solutions in building materials and thermochemical applications. CL has
recently been recognized as a thermochemical material, and for the first time, its
thermal insulation properties are being utilized to create a mortar that enhances thermal
comfort within buildings. The hydration and dehydration processes are crucial as they
enable the material to capture heat when water molecules are released and to emit heat
during hydration. The production of the mortar composites has been conducted in line
with the conventional methods for preparing standard mortars. The workability of
fresh mortars and the related issues have been discussed. Mechanical characterization
has shown an outstanding improvement of both flexural and compressive strength of
mortar composites at increasing salt content, attributed to salt capacity of retain water,
thus provoking higher mortar compaction. Considerations on real and bulk densities
have been discussed for determining the percentage of voids of hardened mortars,
affecting water vapor exchange of studied materials. XRD and SEM analyses
confirmed the presence of CL in mortars. The salt presence modifies the diffraction
peaks in the samples, which affects their sorption properties. The material's ability to
store heat during the release of water molecules and to release heat upon hydration is
due to the hydration and dehydration processes. DVS analysis verified the reversibility
of these processes, attributing the water uptake solely to the presence of CL.
Observations from thermal monitoring demonstrate that mortars that include salt show
a delay in their temperature changes. The presence of salt contributes to higher thermal
inertia in these mortars, as evidenced by the extended time required to achieve the

same equilibrium temperature as mortars lacking salt.

149



This facile combination of CL and construction materials supports the storage and
discharge of solar heat, which enhances thermal comfort in buildings and illustrates
the potential of this emerging class of thermochemical composite materials.

However, new strategies must be developed to improve the workability of the
mortar, possibly by increasing the TCM content and thus improving mortar efficiency.
The efflorescence of the salt must also be limited in order to obtain a homogeneous
hardened product and improve its operational efficiency. Strategies may involve the
use of inexpensive materials, like sepiolite, to improve the affinity of the hydrated salt
with the mortar. An effective evaluation of the costs of the composite mortar, as well
as a life cycle analysis of the materials used for its preparation, are useful to validate
mortar use as a thermal and environmentally friendly material. Finally, studies have
been conducted to evaluate the thermochemical capabilities of salt-containing mortars
for diurnal operating cycles. However, more in-depth studies, which therefore require
more time, will have to be carried out to evaluate the properties of these mortars for
seasonal heat storage applications, where TCMs show improved capacities with

respect to traditional TES systems.
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Chapter 5 Composite plaster mortars with CL reinforced

with basalt fibers

5.1. Basalt fibers for reinforcing mortar composites

As discussed previously, mortar materials are largely used for realizing building
envelops. Construction materials, above all concrete, guarantee high affordability,
availability, longevity, and exceptional compressive strength and stiffness. However,
some characteristics of these materials, such as brittleness, low tensile strength, or
susceptibility to humidity, are limiting factors since they can reduce the material's
durability and functionality over the time. So, among the different possibilities, in the
last years the use of polymer composites with reinforcing fillers has become prevalent
in order to enhance the materials performance. Specifically, introducing fibers into
mortars has a substantial impact on their mechanical properties, notably enhancing
toughness and both compressive and tensile strength [328].

Fiber reinforced mortars (FRMs) incorporate short, discrete fibers into a mortar
matrix to enhance its mechanical properties. These fibers, typically made of materials
like rock, steel, glass, or polymers, serve to bridge micro-cracks that develop within
the mortar under stress. This bridging action is the primary reason for the improved
mechanical resistance, particularly in terms of flexural strength. By inhibiting crack
propagation, fibers increase the mortar's ability to deform and absorb energy before
failure, leading to a more ductile and resilient material. A schematic illustration in
Figure 5.1 shows how the fibers influence the crack propagation. It depicts the
bridging action performed by the fibers in the mortar, in comparison to the case of
mortars without fibers, both subjected to a bending force. The addition of fibers to
mortars modifies their behavior under bending stress, leading to higher deformability
of the material before failure. This enhanced performance makes FRMs attractive for
various construction applications where improved tensile and flexural behavior is
crucial [329,330]. The flexural characteristics of FRMs are determined by multiple
factors, including the size of the fibers, the quantity of reinforcement, the distribution
of the fibers, and the configuration of the manufacturing setup [331,332]. For instance,
concerning short fibers the shape and aspect ratio of the reinforcement are important

geometric parameters that affect the ability to resist the initiation and propagation of
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cracks in the brittle cementitious matrix. These parameters significantly influence the
mechanical strength and the deflection under applied loads. Moreover, this type of

fiber offers the additional benefit of being easily formed into a variety of geometric

shapes.
a) Flexuraljtrenght b) Flexuraljtrenght
Micro crack Microﬁ/y
l Effect l Effect
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Figure 5.1 a) Effect of bending force on micro cracks present in a mortar. The applied force
provokes specimen failure. b) Effect of bending force on micro cracks present in a fiber hooked-end
reinforced mortar (FRM). The fibers contain the crack propagation, under the action of the applied
force.

In their study, Wu et al. [333] explored the effects of three types of short steel fibers
straight, corrugated, and hooked-end at different fiber volume contents (0.1%, 2%, and
3%) on the mechanical properties of fiber reinforced concrete. The results demonstrate
that the compressive strength of concrete with 3% hooked-end and corrugated fibers
increases by 48% and 59%, respectively, compared to that with straight fibers.
Furthermore, the incorporation of fibers significantly affected the peak load and
deflection. The use of corrugated polymeric short fibers, in contrast to the standard
steel fibers, is a crucial factor in ensuring the proper workability of the mortar during
the mixing process.

In a recent study, Gulli et al. [334] analyzed the effects of hooked-end steel fibers
at different content levels on the flexural toughness of fiber-reinforced cement mortars
through three-point bending tests. To maintain the workability of the mortar, three low
weight fractions (0.3%, 0.5%, and 0.7%) and two cement matrices, M10 and M15

(characterized by a nominal compressive strength of 10 MPa and 15 MPa,
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respectively), were considered. The results indicated a substantial increase in the
mechanical bending behavior of the mortars with higher fiber content at varying
cement matrices. A critical aspect addressed was the variation in flexural toughness
with different fiber contents and matrix types. All composite mortars exhibited a
toughness index ranging from 10 to 45, highlighting the effective strengthening and
toughening influence of the hooked-end fiber addition. In contrast to unreinforced
concrete, which typically experiences brittle and unforeseen failures due to the swift
and catastrophic development of tensile cracks, the fiber reinforced samples showed a
ductile response, retaining significant post-crack resistance even in composite mortars
with low amounts of metal fibers.

A further approach, reported by Sanfilippo et al. involves using particular
treatments with mildly alkaline solutions on the fibers to enhance their performance
[335,336]. For instance, treatment with NaHCOs3 efficiently eliminates impurities,
thereby promoting better crystallinity. More significantly, it greatly enhances the
roughness and consistency of the fiber surface. This specialized surface modification
leads to improved interfacial bonding with the geopolymer matrix, producing
composites with a notable increase in flexural toughness of 82%, which is a crucial
attribute for construction materials, in comparison to those reinforced with untreated
fibers. Additionally, flexural strength is improved by 53%. So, this not only
demonstrates the successful application of NaHCO3 treatment but also its potential to
contribute to the advancement of high-performance and more sustainable construction
materials.

In fact, over the past few years, the incorporation of natural fibers as reinforcements
in composite materials has generated increasing interest as a viable alternative to
synthetic fibers. This trend is attributed to their unique properties, cost-effectiveness,
health benefits, and recyclability. Flax fiber, specifically, is an economical and easily
sourced bast fiber that is widely used as reinforcement in polymer matrix composites
for various engineering applications, including those in construction. The most
commonly used natural fibres are sisal and flax. However, in recent years, basalt fibers
are increasingly being utilized as an innovative reinforcing material for concrete and
polymer composites, thanks to their beneficial properties. These include chemical
stability, non-toxicity, non-combustibility, high-temperature resistance, and effective

thermal and acoustic insulation, along with mechanical characteristics that are superior
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to those of glass fibers, that are commonly used [337,338]. For instance, Fiore et al.
investigated the impact of basalt external layers on the durability characteristics of
epoxy composites reinforced with flax. Specifically, the effect of external basalt layers
on the mechanical degradation of flax composites in challenging environmental
conditions was investigated through long-term aging tests. The study involved
measuring water uptake, conducting three-point bending tests, and performing Charpy
impact tests on both flax and hybrid flax-basalt laminates. The obtained results showed
that as aging progresses, flax laminates show a much higher percentage of water uptake
than flax-basalt laminates. In comparison, flax-basalt specimens maintained lower
moisture absorption rates than those observed in flax laminates. Moreover, the quasi-
static flexural properties of flax-basalt composites are consistently greater than those
of flax composites under every aging condition. In addition, flax composites suffer a
considerable reduction in performance as aging time extends. Specifically, a
comparison between unaged samples and those aged for 60 days reveals a flexural
modulus decrease of approximately 16% for flax-basalt composites and 56% for flax
composites. Concerning flexural strength, flax composites undergo a 48% variation,
while flax-basalt composites only experience a 10% change. Finally, the impact
strength of hybrid flax-basalt composites remains relatively stable, whereas flax
composites show an increase in energy absorption potential with extended aging
periods. Besides, they confirm that incorporating basalt fibers into composites could
be a viable strategy for enhancing their mechanical properties and overall durability
[339].

This chapter examines the incorporation of basalt fibers into plaster mortars
formulations presented in the previous chapter. Composite mortars were designed with
basalt fiber content ranging from 0.05 to 0.2%wt. to address the fragility of plaster
mortars containing CL. The addition of such rock fibers is expected to improve
toughness and thermal insulation at increasing basalt content. The investigation
involves mortars with a medium salt concentration (3%wt.), prepared with the addition
of basalt fibers. For assessing fibers effect on raw mortar matrix, mortars with fibers
(0.2%wt) but without CL were also prepared. Preliminary tests were conducted to
investigate the influence of these fibers on mortar workability and their ability to store
energy, through residual post-crack resistance processes, during bending experiments.

The possibility of storing mechanical energy constitutes a further way by which
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investigated composite fiber mortars can store energy, other than thermochemical
solution given by salt presence.

The preparation of mortars with basalt fibers, together with their characterization,
were carried out during author’s research period at Tradimalt Spa laboratory, under the

supervision of Eng. Francesco Grungo.
5.2. Materials and methods

5.2.1. Preparation of composite plaster mortars with basalt fibers

For the preparation of fiber reinforced plaster mortars, straight basalt fibers of 13
mm length were employed (Figure 5.2a). These fibers are commercial products and
were kindly furnished by Tradimalt Spa (Italy). The preparation of plaster mortars with
fibers was performed in line with the UNI EN 1015-2/2007 standard [317], following
the procedure described in § 4.4.1 section. The dry constituents, including fibers, were
combined with water and mixed for one minute in a planetary mixer. Subsequently, if
it occurred, 3%wt. of commercial CL powder with respect to solid components, was
introduced into the mixture and blended for another minute, until a consistent product
was obtained. As previously discussed, it was chosen to evaluate the effect of basalt
fibers with respect to NHLS standard plaster mortars by adding 0.2%wt. of fibers. In
addition, the influence of fibers in salt-enhanced mortars was studied by varying fibers
content in the range 0.05-0.2%wt. The obtained FRMs have proved a high level of
basalt fibers dispersion during mixing procedure, as demonstrated in Figure 5.2b,

where the tiny “hair” showed are the basalt fibers.

Figure 5.2 a) Commercial straight basalt fibers (13 mm length) used for preparation of reinforced
plaster mortars. b) Magnification of broken piece of reinforced mortars at highest basalt fibers content
(0.2%wt.).
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The materials investigated in this chapter are listed in Table 5.1 together with
relative code and water content used for preparing them. The codes used for fiber
reinforced plaster mortars reports the labels used in § Chapter 4 for indicating CL
content (A0 or A3) followed by “ Bxx”, where B refers to the presence of basalt fibers

while xx indicate their content by weight.

Table 5.1 Codes of all prepared plaster mortar specimens. For each formulation is reported CL,
basalt fibers and water contents.

Material CL content Basalt fibers Water content
(%owt.) content (Yowt.) (Yowt.)
A0 0 0 20
A3 3 0 22
A0 B02 0 0.2 23
A3 B005 3 0.05 23
A3 B0l 3 0.1 23
A3 B02 3 0.2 23

5.2.2. Characterization of fresh plaster mortar reinforced with basalt fibers

The characterization of investigated RFMs was conducted by slump test using the
flow table method, in agreement with the UNI EN 1015-3/2007 standard [318],

following the procedure described in § 4.4.2 section.

5.2.3. Mechanical characterizations

For the mechanical characterizations with flexural testing analyses, prismatic
160x40x40 mm? samples were prepared and stored for 28 days in agreement with UNI
EN 1015-11/2007 standard [319], following the procedure described in § 4.4.3 section.
In this case, a universal testing machine (Uniframe250, Controls) equipped with a 250
kN load cell was employed for three-point bending tests. The span length (L) for the
analyses was set equal to 100 mm. A load-controlled gradient of 50 N s! was applied,
in agreement to UNI EN 1015-11/2007 standard [319]. Three replicas for each batch
were performed.

In addition, the flexural straights (ofs) of investigated specimens were calculated at

different displacements, using the following equation:

3F-L
2b-h?

ofs (MPa) = (5.1)
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Where F indicate the applied bending force (expressed in N), L is the span length,
corresponding to 100 mm, while b and h indicate the width and the height of the beam,

respectively, and both are 40 mm.
5.3. Results and discussion

5.3.1. Characterization of fresh plaster mortar reinforced with basalt fibers

For the preparation of plaster mortars reinforced with basalt fibers, it was necessary
to increase the water content, compared to the A3 batch, in order to achieve an
acceptable workability. Workability was determined by slump test using the flow table
method [318]. Table 5.2 lists the investigated materials along with their water content
and spread values. As reported, the workability of mortars with fibers is similar to that
of mortars without, at the same CL content. This is due to the strategy of using low
fiber amounts to ensure comparable workability [334], wvalidating further

characterization analyses.

Table 5.2 Measured spread for investigated fresh plaster mortars reinforced with basalt fibers. It
has been reported also the corresponding water content used for preparing mortar.

Material code | Water content (%owt.) Spread (cm)
A3 22 2.09
A3 B005 23 2.99
A3 BO1 23 2.77
A3 B02 23 2.63

5.3.2. Flexural behavior

Figure 5.3 presents typical load-displacement curves for mortars with and without
CL, both fiber-reinforced and non-reinforced. For brevity, only one curve per
investigated batch is shown, but the behavior is consistent across the three replicates.

The effect of the fibers is evident, as they result in a loss of stiffness and an increase
in toughness of the investigated mortars. In fact, the unreinforced mortars exhibit the
expected brittle behavior. The specimens display an almost linear elastic response until
reaching the maximum load, which is approximately 0.30 kN and 0.61 kN for the A0
and A3 samples, respectively. Beyond this point, a catastrophic fracture of the sample

occurs, resulting in a sudden and significant decline in its mechanical performance.
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Figure 5.3 Load vs displacement curves for (a) mortars without CL and (b) mortars with 3%wt. of
CL, under three-point flexural test.

The addition of straight fibers did not significantly modify the pre-cracking stage
of the stress-strain curve. A linear behavior was maintained until matrix cracking
occurred. However, the incorporation of basalt fibers had a notable impact on the post-
cracking stage of the stress-strain response. Specifically, while the unreinforced
mortars exhibited a sudden load collapse upon matrix cracking, the fiber-reinforced
mortars experienced a progressive recovery of mechanical performance, exhibiting a

deflection-hardening behavior. This was characterized by a monotonic increase in load
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with increasing deformation, until a local maximum was reached. At this point, micro-
cracks formed and evolved, coupled with local sliding at the fiber-matrix interface and
fiber pull-out. As more fibers underwent pull-out, the mortar resistance decreased due
to this local fiber sliding and pull-out of the remaining strengthening fiber bridges,
resulting in a deflection-softening stage. The presence of these extensive energy
dissipation mechanisms contributed to a significant increase in the deformation at
failure of the reinforced composite mortars. These materials did not exhibit brittle
behavior but rather displayed significant residual resistance after crack activation. This
behavior can be attributed to the fibers, which provided a bridging effect that increased
the energy dissipated during crack propagation. Increasing the fiber content and length
has been shown to significantly enhance the bridging action, making it increasingly
effective [340]. Furthermore, the fiber content plays a crucial role in improving the
residual strength of the specimen. This effect becomes more relevant as the fiber
content increases.

From a mechanical perspective, the flexural load-deflection curves observed for
FRMs in Figure 5.3 can be divided into three primary stages, as depicted in Figure
5.4: the eclastic stage (1), the deflection-hardening stage (2), and the deflection-
softening stage (3) [336,340].

1) Elastic stage: in the first stage, at low deflections, the micro-cracks are
stable, and no damage propagation phenomena are observed. The load
increases almost linearly with increasing deflection until the formation of
the first crack in the brittle matrix. This is followed by a local maximum in
the load (Prp, point A), which is then followed by a sudden load drop.

2) Deflection-hardening stage: subsequently, as the deflection increases, the
load progressively increases, exhibiting a deflection-hardening behavior.
The material exhibits the maximum residual load (Pwmp, point B). During this
stage, the micro-cracks, triggered during the previous stage, grow and
aggregate, forming a main macro-crack.

3) Deflection-softening stage: once a large macro-crack is formed, a gradual
strength reduction with increasing deflection is observed. The deflection-
softening stage begins. During this stage, the macro-cracks propagate from
the bottom side toward the top side of the beam, leading to a reduction in

the strength capacity of the sample.
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Figure 5.4 Flexural performance parameters on the three-point flexural curve.

As discussed previously, the fiber content has a notable influence on the hardening
and softening portions of the load-deflection curve. Instead, to evaluate the toughening
effects provided by fiber reinforcement, according to ASTM C1609/C1609M [341],
specific reference points along the load decay trend of the load-deflection curve can
be identified. Specifically, in this study, the load values at L/50 and L/25 deflection
(corresponding to a deflection of 2 mm and 4 mm, respectively) were considered as a
reference index of the effective toughening of the mortar (point C and point D in
Figure 5.4, respectively).

Taking into account the discussion of Figure 5.4, Table 5.3 lists the performance
parameters of FRMs with 3%wt. of CL. It was decided to examine the flexural curves
of only the salt-enhanced formulations to evaluate the energy storage capacities of the
investigated mortars, which are obtained through the combination of thermochemical
storage and residual resistance after crack activation (toughness). For this purpose, the
toughness was calculated as the area under the load-deflection curve up to the L/50
and L/25 deflections. L indicates the span length of three-point bending system and
corresponds to 100 mm. Table 5.3 summarizes the main flexural performance
parameters of the mortars from the three-point flexural test. Prp and Srp are the first

peak load and deflection, respectively, corresponding to point A of the reference curve
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in Figure 5.4. Similarly, Pmp and dmp are the load and deflection at the maximum peak
of the curve, corresponding to point B of the reference curve in Figure 5.4. Pr/50 and
PL2s indicate the residual load at the net deflections of L/50 and L/25, respectively.
Additionally, the flexural strains (of) calculated using Equation (5.1) for Prp have been
reported. The reported data represent the average of the results obtained from the three
replicates. The errors, on the other hand, were calculated using the method of
maximum semi-dispersion.

Analyzing the reported data, it is evident that the flexural strength of the mortar
without fibers, for point A, is aligned with the value shown in Figure 4.7a.
Additionally, considering the elastic regime of the load-deflection curves, no
significant differences are observed with the fiber-free mortar as the fiber content
increases. However, an increasing trend is observed in the deflection-hardening stage,
where fibers allow for a progressive increase in Pwmp values. This results in a
remarkable increase in toughness, calculated up to dr/50 and dr25, in FRMs as the fiber
content increases, as visually illustrated in Figure 5.5. The graph depicts the
relationship between basalt fiber content and the toughness of mortar composites. The
general trend suggests that the addition of basalt fibers enhances the material's ability
to absorb energy before failure. Notably, at lower fiber concentrations (0.05%wt.), the
toughness values for both Ti /50 and Trs are relatively close, indicating that the initial
addition of small amounts of basalt fibers has a similar effect on toughness.
Nonetheless, as fiber concentration increases (towards 0.1%wt. and 0.2%wt.), a
significant divergence in toughness values is observed between the two curves. The
Trns curve shows a much steeper increase in toughness compared to the Tyr/s0 curve,
implying that the benefits of increasing fiber content are more pronounced under the

conditions represented by the Trs curve.
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Table 5.3 Flexural loads, deflections and toughness for all investigated composite mortars.

Composite
mortars

Prp (KN)

orp (mm)

orp (MPa)

Pwmp (kN)

omp (mm)

Pris0 (kN)

Pri25 (kN)

TrLs0 (mJ)

TLr2s (mJ)

A3

0.62+0.02

0.45+0.06

1.45+0.04

A3_B005

0.63+0.01

0.57+0.04

1.48+0.02

0.041+£0.010

1.01+0.07

0.032+0.017

0.011+0.004

208.0£8.6

233.4+£27.2

A3 B0l

0.66+0.03

0.74+0.11

1.55+0.07

0.107+0.027

1.13+0.23

0.043+0.020

0.022+0.020

323.449.7

380.2+58.7

A3 B02

0.66+0.06

0.72+0.06

1.54+0.14

0.183+0.030

1.22+0.05

0.117+0.005

0.025+0.022

434.8+42.7

547.8+69.8
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Figure 5.5 Relationship between basalt fiber content and the toughness of mortar composites at specified L/50 and L/25 deflections.
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Considering that the ability of a material to store mechanical energy is closely
related to its toughness, which represents the amount of energy a material can absorb
before fracturing, the effect of fibers in improving the toughness of composite mortars
has been demonstrated. Fibers enable the mortar to deform more significantly under
load, allowing it to absorb energy that would otherwise be released as a sudden fracture
in plain mortar. Additionally, the investigated materials have been designed to store
thermochemical energy through the inclusion of a novel organic salt hydrate. Further
studies will be conducted to evaluate the storage capacity of composite mortars
containing CL, both with and without basalt fibers. Moreover, ongoing investigations
are focused on assessing the behavior of fibers during compression tests and their
influence on improving the passive thermal insulation of the studied mortars.

In conclusion, the results show that the bending loads and deflections increase with
increasing fiber content, due to the enhanced load-carrying capacity of the fibers. This
can be attributed to the combined effects of the crack-bridging action provided by the
basalt fibers at the crack location, and the improved load-carrying capabilities

facilitated by the strong bond strength between the fibers and the mortar matrix.

5.4. General remarks and future outlooks

In this chapter, the influence of the addition of rock fibers to improve the ductility
and flexibility of NHL5 mortar matrices with CL was evaluated. In particular, the
effect of straight basalt fibers of 13 mm length in mortars without CL and with an
intermediate salt content (3%wt.) was analyzed. The aspects investigated were the
workability of the mortar through spreading tests, and the mechanical behavior in
bending.

The addition of fibers led to mortars requiring a higher amount of water to ensure a
homogeneous distribution of the fibers within the mix. This resulted in spreading
values that are slightly higher with respect to the corresponding mortar without fibers.

Considering, instead, the load-deflection curves obtained through three-point
bending tests, a general trend was observed for the composite mortars with fibers. A
first linear range was found for all the specimens investigated, indicating a negligible
influence of the fibers in preventing the matrix from breaking. The presence of fibers
reduces the stiffness of the prepared mortars, decreasing the slope of the linear range

in the elastic regime of the curve. The behavior of mortars with fibers, however, differs
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little in terms of flexural strength and mainly with respect to toughness. The fibers first
ensure a deflection-hardening stage, resulting in residual resistance after crack
activation. Subsequently, a deflection-softening stage occurs, provoking a gradual
strength reduction with increasing deflection. During these processes, FRMs can
absorb energy that would otherwise be released with fracture. The energy that could
be stored depends on the specimens' toughness, and it has been demonstrated that
increasing the fiber content progressively increases the toughness.

The investigated composite mortars have been designed to store energy not only
through mechanical processes but also through thermochemical reactions by the
addition of CL. Further studies will be conducted to investigate the total energy storage
capacity, as well as to evaluate the influence of fibers on thermal insulation. Finally,
ongoing studies are focused on determining the effect of fibers during compression

tests, although it is expected to be more relevant in flexural behavior.
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CONCLUSIONS

This thesis has explored the potential of calcium L-Lactate pentahydrate (CL) as a
novel thermochemical material (TCM) for low-temperatures applications, with a
particular focus on its integration into thermally active mortars with the aim of
enhancing building comfort. The research has spanned from the fundamental
characterization of CL to the development and testing of composite materials for their
application in building systems.

Chapter 1 discusses the state of the art, furnishing the context and the motivation
behind research in the field of thermal energy storage (TES). The chapter starts to
discuss the growing demand for energy in the building sector and the need for effective
solutions to reduce energy consumption, related to well-known environmental issues.
The need to improve the energy efficiency of buildings, switch to renewable energy
sources and implement innovative design and technology solutions is highlighted. TES
technologies are also discussed as a promising solution to improve the energy
efficiency of buildings. The chapter provides an overview of different TES
technologies, including sensible heat storage (SHS), latent heat storage (LHS) and
thermochemical energy storage (TCES). For each technology, the working principles,
the materials used, the advantages and disadvantages are described. Besides, the
classifications of TCMs and their applications in low-temperatures energy storage are
discussed. Finally, the chapter introduces the concept of thermochemical materials and
their potential for building applications. In particular, the use of organic salt hydrates,
such as calcium L-lactate pentahydrate, is mentioned as promising TCMs for indoor
climate control. This innovative class of salt hydrates presents the interesting
advantage of being low soluble in water, resulting in a high resistence of deliquescence
phenomenon, which is one of the main practical limitations of water sorption materials,
in contrast to traditional inorganic salt hydrate.

Chapter 2 demonstrated the promising thermochemical properties of CL,
highlighting its thermal and structural stability, and 1its favorable
dehydration/hydration cyclic reversibility. The characterization of CL involved a
comprehensive approach using techniques such as X-ray diffraction (XRD) to confirm
the reversibility of reactions, from a pentahydrate crystalline structure to an amorphous

dehydrated form. Fourier-transform infrared spectroscopy (FTIR) confirmed that the
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molecular structure of CL remains unchanged during the dehydration and rehydration
processes. Thermogravimetric dynamic vapor sorption (DVS) analysis was used to
study the water vapor sorption and desorption behavior of the dehydrated CL. The
results from this analysis contributed to the understanding of the material's interaction
with water vapor during the hydration process. Furthermore, stability over three cycles
has been demonstrated for CL. Thermogravimetric-differential scanning calorimetric
(TG-DSC) analyses were used to study salt thermal stability and dehydration process,
while scanning electron microscopy (SEM) examined its morphology. These analyses
collectively established that CL presents several advantages over traditional inorganic
salt hydrates, including a reduced risk of generating harmful by-products and robust
performance under a wider range of operating conditions. Notably, CL avoids the
deliquescence phenomenon, even at high relative humidity levels, and exhibits no
decomposition below 200 °C. The material's heat storage capacity (471 kWh m~) and
operational characteristics make it a compelling alternative for low-temperatures TES
applications. This investigation paves the way for a more sustainable approach to
indoor climate control.

Chapter 3 focused on enhancing the thermochemical properties of CL by
dispersing salt particles onto a porous matrix. Sepiolite, a low-cost and abundant
mineral, was shown to be an effective support material, addressed to enhance the
hydration and dehydration reactions of CL. Composites with varying CL content were
synthesized using DMF for clay dispersion and salt solubilization, demonstrating the
viability of the synthetic approach. Characterization through XRD, FTIR, and BET
analyses revealed the structural, chemical, and vapor exchange properties of the
materials, identifying an optimal composition for promoting salt dispersion and vapor
exchange. Thermal stability assessments indicated that while the organic groups of CL
in the composites degrade at lower temperatures compared to pure salt, the materials
remain stable for low-temperatures thermochemical heat storage. Hydration process
investigations under different vapor conditions confirmed that composite at 30%wt. of
CL (S-CL30) exhibits the best water vapor absorption capacity, attributed to adequate
salt dispersion. Promising results were obtained when comparing the gravimetric
release capacity of S-CL30 (298 kWh m™) with other sepiolite-based composites, and
the use of these materials is encouraged due to the organic hydrated salt not exhibiting

deliquescence. The low cost and excellent adsorption properties of sepiolite, coupled
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with limited existing research, justify its use as a matrix for dispersing TCMs.
Furthermore, the presence of sepiolite was found to play a crucial role in improving
the hydration kinetics of CL. Sepiolite's high surface area and unique fibrous
morphology facilitate water adsorption and distribution, promoting more efficient and
complete hydration of the CL salt. This leads to enhanced reversibility of the
dehydration/hydration process, which is critical for the long-term performance of the
TCMs in TES applications. In conclusion, these findings demonstrate the potential of
sepiolite-based composites for TES, providing a pathway to enhance the performance
of thermochemical materials. Furthermore, these novel composite materials could be
integrated into the building sector, where sepiolite already has various applications.
Chapter 4 and Chapter 5 detailed the development and characterization of
composite plaster mortars incorporating CL, with Chapter 5 further exploring the
reinforcement of these mortars with basalt fibers. Chapter 4 investigated the impact
of incorporating CL into plaster mortars, focusing on the evaluation of their
workability, microstructure, and thermal behavior. The addition of CL, in the range 1-
5%wt., was found to influence the mortars' workability, with adjustments to the mix
design necessary to maintain suitable consistency for application. In terms of
mechanical resistance, the addition of CL to the plaster mortars was found to increase
both flexural and compressive strength. Specifically, the addition of CL resulted in
substantial increases in mechanical resistance, particularly for compressive strength at
higher CL concentrations. At 28 days of hardening, mortars with CL demonstrated
increases in compressive strength ranging from 33.3% to 256.6% compared to the
control samples without CL. XRD analysis revealed that the addition of CL did not
significantly alter the crystalline structure of the mortar matrix, as well as that of the
salt, while SEM showed that CL particles were well dispersed within the mortar. DVS
results provided insights into the water vapor sorption behavior of the mortars,
demonstrating the influence of CL on the material's interaction with vapor.
Importantly, the controlled thermal monitoring of the mortars under realistic boundary
conditions demonstrated that CL incorporation improved the mortars' ability to absorb
heat and delayed the time required for specimens to reach thermal equilibrium with
their surroundings. Specifically, mortars with CL exhibited temperature diftferences of
approximately 2-4 °C compared to the control mortars during the peak heating and

cooling phases in the investigated 24-hour cycle. Furthermore, the time taken for CL-
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modified mortars to reach equilibrium temperature in the heating phase was delayed
by approximately 6 hours compared to the control sample. This further demonstrates
the potential of CL-modified mortars to contribute to energy savings by reducing the
rate of heat transfer and improving thermal comfort within buildings. The use of
natural hydraulic lime (NHL) as a binder in the mortar was also significant,
contributing to the system's high breathability and unique crystalline lattice structure,
enhancing its overall performance and compatibility with building applications.

Chapter 5 expanded on this research by examining the effect of basalt fiber
reinforcement on the mechanical properties of the CL-modified mortars. The inclusion
of basalt fibers (in the range 0.05-0.2%wt.) led to significative improvements in
toughness of the composite mortars. Moreover, fibers enhance the material's ability to
absorb energy before fracture, leading to a more ductile behavior. The composite
mortars aim to store energy through both mechanical and thermochemical reactions.
Workability, assessed through spreading tests, showed that fiber addition required
more water for homogenous mixing, slightly increasing spreading values. Flexural
performance, evaluated via three-point bending tests, revealed that fibers reduced
mortar stiffness, with minimal impact on flexural strength. This improvement in
mechanical performance, combined with the improved thermal behavior observed in
Chapter 4, suggests that CL-modified, fiber-reinforced mortars can offer a balance of
thermal and structural properties. Such a balance is crucial for their successful
application in building systems, where materials must meet both thermal performance
and structural integrity requirements.

Overall, this thesis has demonstrated the potential of CL as a viable TCM for low-
temperatures applications. The innovative use of CL, both in its pristine form and when
integrated with sepiolite and mortars, offers a range of possibilities for enhancing the
energy efficiency and thermal comfort of buildings. This thesis has in fact explored
the intriguing challenge of advancing the technology readiness level (TRL) from the
first (assessment of CL as TCM) to the third stage (preparation of mortars with CL and
validation of their core functionality and principles in laboratory tests). The obtained
findings contribute to the development of more sustainable building materials and
provide a foundation for future research and development in this field.

In fact, this research opens several practical avenues and signifies a considerable

step forward for low-temperatures TCES, particularly in the building sector:
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e Decarbonization of buildings: by enabling the storage of surplus thermal
energy (e.g., from solar thermal collectors or waste heat) at low temperatures,
these CL-based composite plaster mortars offer a pathway to reduce reliance
on conventional heating/cooling systems, contributing directly to the
decarbonization goals of the built environment and reducing operational
energy consumption.

e Enhanced building comfort and energy efficiency: the ability of these materials
to actively store and release heat allows for improved indoor thermal comfort
by smoothing out temperature fluctuations. This dynamic thermal management
can significantly decrease peak energy demands and optimize energy usage
within residential and commercial buildings.

e Market potential for novel building materials: this work establishes a proof-of-
concept for 'smart' building materials that go beyond passive thermal mass. It
identifies CL as a viable and non-toxic salt hydrate for this purpose, paving the
way for the development of commercially attractive plaster-based products that
integrate energy storage functionality directly into building envelopes. The
scalable nature of plaster production makes this technology particularly
appealing for widespread adoption.

e Utilization of sustainable resources: the use of CL, derived from bio-renewable
sources, aligns with principles of circular economy and sustainability in
material science, offering an eco-friendly alternative to conventional energy

storage materials.

While this thesis provides a robust foundation, several critical next steps are
identified to translate these promising results into widespread practical application,

opening avenues for future research and development:

o Further investigation into optimizing the performance of CL-based materials is
warranted. This includes exploring different composite strategies, optimizing
material integration, and enhancing material durability, hygrothermal stability,

thermal conductivity, and reaction kinetics.

o Long-term performance evaluations of CL-based materials under repeated

dehydration/hydration cycles in realistic operating conditions are crucial. This
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will involve assessing their durability, stability, and effectiveness under various

environmental conditions.

e Cost-effective implementation methods for CL-based materials need to be

developed to facilitate their widespread adoption in the building industry.

e Additional research should focus on improving workability in mortar

formulations with CL, while maintaining cost-effectiveness.

e Exploring the combination of CL with other materials and technologies, such
as phase change materials (PCMs) and other types of fibers, could lead to the

development of multifunctional building materials with enhanced properties.

o Further research is needed to scale up the production of CL-based materials

and develop efficient manufacturing processes.

o Life cycle assessments should be conducted to evaluate the environmental

impact and sustainability of CL-based materials.

e The integration of CL-based materials with smart building technologies and
control systems should be explored to optimize their performance and energy

savings.

By addressing these challenges and pursuing these research directions, it will be
possible to further advance the development and application of CL-based materials,
contributing to the creation of more sustainable, energy-efficient, and comfortable

buildings.
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