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Abstract

Thermal energy storage (TES) has a crucial role to play in conserving and efficiently utilising energy, dealing with mismatch
between demand and supply, and enhancing the performance and reliability of our current energy systems. A competitive TES
technology requires a number of scientific and technological challenges to be addressed including TES materials, TES
components and devices, and integration of TES devices with energy networks and associated dynamic optimization. This paper
concerns mainly about TES materials challenges with a specific focus on using shape stable composite phase change materials
(CPCMs) for medium and high temperature application. The paper first briefly reviews the state-of-the-art development of
materials research for thermal energy storage. The focus is then on CPCMs for medium to high temperatures applications,
covering materials screening, formulation based on molecular modelling validated at a different length scale through
experiments, formulation based on chemical and physical compatibility, and manufacture of material modules via innovative use
of conventional powder technology. The properties of the materials and materials modules are characterised and analysed with an
aim to establish property-structure relationships. This includes a particularly interesting aspect of the motion of PCM and
nanoscale objects with the PCMs for heat transfer enhancement during thermal cycling, which explains the mechanisms of the
encapsulation of PCMs in the composite.
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1. Introduction

Thermal energy storage (TES) relates to a collection of technologies that store excessive energy in the forms of
heat, cold and their combination in a medium termed TES material, and utilizes the stored thermal energy either
directly or indirectly through energy conversion process when needed. TES currently accounts for approximately
55% of global non-pumped hydro installations [1-5]. Medium and high temperature TES has been widely applied in
industrial waste heat recovery, solar thermal power generation and peak load shifting of electric power [6-8]. TES
for waste heat recovery can solve the problem of matching the discontinuous heat source supply with the heat
demand achieving a better capacity factor, allowing the process components to be designed for a lower maximum
output hence reducing the investment cost [5]. As it can be seen in Table 1, there is wide waste energy sources
related with metal and mineral industry (medium-high temperature) as well as food and tobacco processing sectors

[9].

Table 1. Working temperatures of different industries where TES technologies can be applied

Industry Working Temperatures (C)
iron- and steelmaking 14501550
Steel electric arc furnace 1370-1650
Aluminium furnace 1100-1200
Cooper refining furnace 760-820
Mineral Processing 150-1000
Glass 600-800
Chemicals 95-300
Paper industry 50-120
Food Industry 30-150

A competitive TES technology requires a number of scientific and technological challenges to be overcome
including TES materials, TES components and devices, and integration of TES devices with energy networks and
associated dynamic optimization. For TES materials, the challenges are associated with improving the properties
including energy storage density, thermal conductivity, lifespan, operation temperature range and mechanical
strength under larger temperature swings as well as cost reduction [6]. The use of microstructured composite phase
change materials (CPCMs) provides an effective way to meet these challenges. Such CPCMs commonly consist of a
PCM, a ceramic skeleton material (CSM) and a thermal conductivity enhancement material (TCEM) [9]. A right
combination of these different ingredients could give a hierarchical structure that is able to encapsulate the PCM and
give a substantial enhancement in the thermal conductivity. The scope of this paper is to give an overview on the
development of medium and high temperature composite PCMs research for TES. In order to produce and
manufacture TES materials for TES a thoughtfully scale up process has to be followed to adapt and maximize the
performance according to the application. Firstly it has to be considered the selection of the material and then the
thermal performance enhancement of itself. Moreover, the mechanism between the structure and performance are
analysed at different length scales. Furthermore, the manufacturing process is taking into account for large scale
applications. This includes a particularly interesting aspect of the motion of PCM and nanoscale objects with the
PCM for heat transfer enhancement during thermal cycling, which explains the mechanisms of the encapsulation of
PCMs in the composite.

2. Phase change materials (PCMs)
The PCMs are gaining increasing attention in recent years due to their high energy density and ability to store and

release heat at a constant temperature during phase change. Numerous PCMs have proposed and studied in the
literature. These materials can be divided into three groups of solid-solid PCMs, solid-liquid PCMs and liquid-gas
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PCMs. Solid-liquid phase change processes normally give a small change of volume and relatively high latent heat,
and are therefore broadly recognized and widely used. Solid-liquid PCMs can be further classified into three main
categories of inorganic, organic and eutectic PCMs. Inorganic PCMs include salt hydrates, salt composites and
metallics. Organic PCMs consists of paraffins and non-paraffins such as fatty acids, esters and alcohols. Eutectic
PCMs are made of two or more components, which can be organic-organic, inorganic-inorganic and inorganic-
organic combinations. These PCMs differ in not only the melting temperature and thermal properties, but also in
melting-solidification process and are hence present various issues: organic PCMs and salt hydrates suffer from
phase segregation and sub-cooling; inorganic PCMs have a low thermal conductivity and segregation; Eutectic
PCMs and molten salts are corrosive [2, 4]. Various approaches have been proposed to resolve these problems
particularly for organic materials and inorganic hydrates [9]. These include encapsulation of PCMs to reduce sub-
cooling and overcome leakage, and addition of highly thermally conductive materials such as metal foams and
carbon materials to enhance their thermal conductivity [3]. However, these methods are not effective for molten salt
based PCMs due to low thermal conductivity as well as chemical incompatibility [4]. Recent research has indicated
that the use of CPCMs could provide an effective avenue to resolve these problems. Here, the CPCMs usually
consist of a PCM, a TCEM and a CSM for shape stabilization. Such a combination has been shown to give an
excellent combination of energy density, power density and mechanical properties [2]. A right combination of these
three chemically and physically compatible ingredients could give a hierarchical structure that is able to encapsulate
the PCM and give a substantial enhancement in the thermal conductivity. Understanding of the structure-property
relationships for the composites is therefore essential for the formulation design and manufacture of the materials.

3. Composite phase change materials (CPCMs) formulation

3.1 Materials selection
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Fig. 1. Materials selection according to temperature application and energy density. (a) 220 °C minimum working temperatures. (b) 10£/kg
maximum price constrain.

Materials selection is the primary step for the CPCMs formulation in order to choose a material for a specific
application meeting at the same time specific requirements do to the materials performance often being a
compromise between materials properties while minimizing the cost. It is based first on the identification of the
most relevant thermophysical properties, in the case of TES that means a high latent heat and a suitable melting
point followed by a good thermal conductivity. Thermal conductivity is taking into account the importance on
charging/discharging times. Other properties such as thermal inertia, space or weight constrains and chemical
compatibility and cost will depend on the final application, as well as other relevant issues regarding to durability,
safety, environmental impact, etc. As mentioned above, PCMs can store high amounts of energy and release it when
it is needed at a constant temperature, being in that case the most important property in selection materials the
energy density. Given the amount and growing number of new materials being researched nowadays finding the
optimal material became a complicated and time consuming process. Vitorino et al. [11] categorised the PCM in low
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temperature range below 220 °C, medium range up to 420 °C, and high range greater than 420 °C. In their studies a
preselection was done in order to apply the working conditions that constrain the materials suitable to be candidates.
For medium and high temperature applications, according to the above classification, a minimum working
temperature of 220 °C is selected as a key constrain. As it can be seen in Fig. 1a, major part of polymeric materials
are discarded as well as organic ones because they present chemical changes such as oxidation above 220 °C. The
materials chosen can be then considered into molten salts and metals. Metals present high thermal conductivity that
assures a low charge/discharge process. However, comparing to polymers and molten salts the price is much higher
making them less competitive when there are no other constraints such as available space and fast delivery time (see
Fig. 1b).

3.2 Formulation based on molecular scale modelling

In order to improve the thermal performance of the molten salts and avoid or minimize the corrosion due to its
utilizations, several approaches have been proposed. Specific heat capacity improvement has been done through the
addition of nanoparticles while the thermal conductivity enhancement has been achieved by the introduction into the
formulation of highly conductive materials such as metallic fins, foams, wools or different particle size materials
such as nanoparticles.
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Fig. 2. The Cp/Cp, in molten salt based nanofluids

The improve of thermal performance of molten salts due to the anomalous high specific heat capacity has been
extensively studied since it was observed. A prominent breakthrough that can improve the energy density with
adequate and cost-effective means is in great need. All results in the literatures are summarized in Fig. 2. Most data
have shown an increase tendency which suggests that the mechanism of the specific heat capacity cannot be simply
explained by any of the current existing models or theories. There are several new theories proposed in the
literatures. Shin and Banerjee [12] proposed three independent competing inter-molecular interaction mechanisms,
suggesting that the higher specific heat capacity of nanofluids could be attributed to the higher specific heat capacity
of nanoparticles which have a high surface energy. Molecular Dynamic (MD) simulations and experiments have
been used to study the thermal properties obtained after the incorporation of nanoparticles. Based on the
experimental and simulations results, Jo and Banerjee [13] suggested that the introduction of nanoparticles might be
capable of changing the local molar composition of the salt based fluid, owing to the formation of the compressed
liquid layer on the surface of nanoparticles. Qiao et al. [14] proposed a model for MD simulation that for the first
time supported two of the existing theories, the existence of a semi-solid molecules adhering to the surface of a
nanoparticle and the enhancement was due to the reduced inter-molecular spacing and semi-solid behaviour of this
layer.

3.3 CPCMs manufacture
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Early studies for the manufacture of CPCMs started at low temperature applications. For medium and high
temperature applications, as mentioned before, the available materials are reduced and the selection of the proper
materials to avoid chemical stability and incompatibilities are challenging. The cold compression and sintering
method has been shown to be suitable for making CPCM for medium to high temperature applications. Fig. 3 shows
the detailed procedure. One can see that, the CPCM usually contains three ingredients of a PCM to store and release
latent heat, a supporting material to form structural skeleton, and an additive to enhance thermal properties. These
raw materials are mixed and grinded into uniform particles. Particle size which may affect the density of the
composite should be controlled in the manufacturing process. Sometimes some binders can be added into the
mixture to bind the particles closely, which can help to form skeleton of the composite. Upon compressing, the void
space between particles has been reduced significantly leading to an increase in the green composite. After sintering,
the melting liquid provides a tension to gather the grains of skeleton material and bonds them together, which result
in a densified composite with a relatively high rigidity and high thermal conductivity.

Binder
| PCMs |

Grinding & — T
|SupportingMaterials | —> Sievingg — | Mixing |—>|Pelletmngl
| Additives I
Performance

& — | Samples |<7|Sintering |<7 | Drying | E— | Compressing

Test

Fig. 3. Schematic diagrams of cold compression and sintering method
4. Structure-property relationships and microstructure characterization

Understanding the microstructural characteristics is essential for the establishment of structure-property
relationship for CPCMs and hence the capability of design and manufacture of the material. In this section a typical
MgO based carbonate salt CPCMs was used which are mainly for the medium and high temperature TES
applications. The goal is to study the microstructure characteristics and structural changes during thermal cycles. A
eutectic molten salt with a composition of 50 wt.% of Li,CO; and 50 wt.% Na,COj; has been selected as PCM. MgO
and natural graphite flake were used as the CSM and TCEM, respectively. The cold compression and sintering
manufacturing process has been selected. Fig. 4 shows SEM images of the composites containing graphite. A
layered structure is observed in composite and which is due to the addition of graphite flakes and the flat surface of
the graphite particles orientate perpendicularly to the compression force. Fig. 4 also shows a graphite rich area and
there micro-gaps between graphite flakes and other ingredients in the composites. This could be attributed to the
poor wettability of salt on graphite [2-4]. An inspection of Fig. 4(a) suggests the formation of a molten salt liquefied
structure (MSLS) within the composites, leading to a dense structure.

Fig. 4. SEM images of sintered NaLiCO3-MgO-Graphite composites (a, b) with a mass ratio of 1:1:0.1. » micrograph is a magnification of the
rectangular areas indicated on a figure.
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Fig. 5 shows EDS mapping of element C within the composite after different thermal cycles. The flake shaped
graphic particles have an orientation perpendicular to the direction of compression in the green pellet (Fig. 5a). After
increasing thermal cycles number, graphite flakes start fragmenting into smaller sizes as can be seen in Fig. 5b, ¢
and d. As melting-solidification thermal cycles progressed, the element C is distributed more uniformly due to the
particles motion within the composite. The work by Ge et al indicates the existence of a competing mechanism
within a composite structure due to different wettabilities of the PCM on the CSM and, that on the carbon material
[3, 4]. This competing mechanism leads the formation of microcavities within the composite structure after thermal
cycling. Such microcavities provide a route to absorb volume change during phase change. During heating, salt
turns into a viscous liquid, providing a capillary force hold the ceramic particle together while avoiding leakage. In
the same time, liquid salt moves within microcavities and interparticle pores, generating particle migration and
creating a shear force that could break graphite particles. The solidification process could also generate significant
stress on the graphite, leading to size reduction. The reciprocating motion of salt causes particle redistribution within
the composite, leading to a more homogenous distribution of ingredients.

Fig.5. EDS mapping images of C element (yellow colour) within the composite with a mass ratio of 1:1:0.1. (a) Green sample, (b) after 1, (¢) 10
and (d) 50 heating and cooling cycles.

5. Conclusions

For the TES technology to be competitive a number of scientific and technologies challenges have to be
overcome including TES materials, TES components and devices, and integration of TES devices with energy
networks and associated dynamic optimization. This paper focuses on TES materials challenges with a main
attention paid to shape stable composite PCMs for medium and high temperature applications. In order to develop
TES materials for large scale applications firstly a materials selection methodology has been applied to find the
potential candidates for medium high temperature TES. The results of that study shows that molten salts are the
most promising candidates. These salts are thermodynamically stable, operate at low pressures and have relatively
low costs. However, their applications as PCMs are often hold up by chemical incompatibility and low thermal
conductivities. Therefore, an optimization of the formulation of the TES material is the second step of the process.
Moreover, also the manufacturing process is taken into account in order to assure a competitive cost of the
technology. Thus, cold compression and sintering is an effective way to prepare composite PCMs for industrial
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production. Following these methodologies a medium and high temperature TES material has been formulated by a
cold compression and sintering method. A eutectic molten salt with a composition of 50 wt.% of Li,CO; and 50
wt.% Na,CO; has been selected as PCM, a ceramic matrix, MgO as a supporting material to prevent the leakage and
finally, graphite flakes as the thermal conductivity enhancer. The ratio formulation is 1:1:0.1 respectively. The
microstructure of the composite has been studied in order to characterize the stability after different
charging/discharging cycles. It has been observed the redistribution within the composite structure of the materials
during repeated heating and cooling processes. The solidified molten salt re-turns into viscous liquid when the
temperature is above the melting point and flows into the pores and voids due to the volume change. Meanwhile, the
viscous liquid phase provides a capillary force to gather and drag the CSM movement with them, which could create
stress into the graphite flake structures breaking them after several cycles.
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