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ABSTRACT ARTICLE HISTORY
Thermal systems, including those utilising solar energy and waste heat Received 1 February 2023
recovery, often have a mismatch between the energy supply and Accepted 11 December 2023
demand. It is crucial to implement a form of Thermal Energy Storage
(TES) to effectively utilise the energy source. This study evaluates the 'E(EYWORDS -

nergy storage; HTF; packed-
thermal performance of a packed bed Latent Heat Thermal Energy bed Ihtes; PCM: SHS; TES
Storage (LHTES) unit that is incorporated with a solar flat plate collector.
The results show that the time required to charge the tank is reduced
by 7% when the porosity is increased from 0.49 to 0.61, and also when
the flow rate is raised from 2 to 4 kg/min, the charging time decreases
by 2.5%. Additionally, studies were done to investigate the
performances of different kinds of paraffin (RT30, RT28HC, WAX, RT58,
and P56-58), and compare the heat capacities of each TES tank which
resulted in the RT58 TES tank having the highest heat capacity.

Abbreviations: BC: boundary conditions; HTF: heat transfer fluid; LHS:
latent heat storage; LHTES: latent heat thermal energy storage; PCM:
phase change material; SHS: sensible heat storage; TES: thermal energy
storage

1. Introduction

Scientists worldwide are actively searching for innovative and sustainable energy sources to lower
the amount of carbon emissions from the burning of fossil fuels, especially in situations where low-
temperature applications are concerned.

Solar energy offers immense potential for building heating and cooling, as well as producing hot
water for home and industrial use, such as cooking, warming greenhouses for agricultural crops, etc.
(Kylili and Fokaides 2017). Nevertheless, solar energy is erratic, impulsive, and only accessible in day-
light. Therefore, an efficient amount of TES is required where a vast amount of heat is collected and
stored for later use during the night. Any energy storage technology’s primary goal is to correct a tem-
poral mismatch between the supply and demand for energy (Steinmann 2022). This balance is necessary
in all electricity grids to maintain a stable and safe supply. Energy storage can balance out fluctuations in
demand and supply by storing excess electricity for various periods of time, from quick storage of just a
few seconds to longer storage over the course of days (European Commission n.d).

In TES, the energy stored is transferred to the storage medium where it changes into an internal
energy which can happen in the form of sensible heat or latent heat, or a combination of both
(Sharma and Sagara 2005).
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Paraflins are a common type of PCM used in TES systems due to their high latent heat of fusion
and good thermal stability (Rathore and Shukla 2021). However, different types of paraffins can
have different thermo-physical properties that may affect their performance in TES systems. In
this study, the objective was to investigate the performance of five different types of paraffins in
TES systems using simulations in COMSOL Multiphysics. This was achieved by comparing the per-
formance of these paraffins, to determine which paraffin would be the most suitable for use in TES
systems for low-temperature applications.

In addition, this study investigates how changes in porosity and the HTF flow rate can impact the
performance of the TES system. The porosity of the packed bed in the TES system represents the
fraction of the total volume that is occupied by the PCM, while the HTF flow rate represents the rate
at which heat is transferred from the solar collector to the TES system. By studying the effects of
these parameters on the TES system’s performance, optimisation of the system’s design can be
achieved to improve its efficiency.

Many studies have been done on the performance of latent heat storage units (Pu et al. 2020). In
the recent years, simulation tools and software have been gradually used to help in these. Compu-
tational fluid dynamics became an essential tool for the storage design as well as for analysing var-
ious working conditions. Simulations are especially helpful in heat transfer and temperature
distribution analysis.

The novelty of this study lies in its systematic evaluation of a packed bed Latent Heat Thermal
Energy Storage (LHTES) unit, considering the impact of porosity, flow rate, and parafiin material
types. By addressing the challenges of thermal energy storage and providing specific insights into
the LHTES system’s thermal performance, the study offers valuable information for researchers,
engineers, and policymakers working on sustainable energy storage and utilisation solutions.

1.1. Aim

This study aims to:

 Explore latent heat storage systems and the utilisation of PCM materials.

¢ Model a packed-bed storage tank unit integrated with solar water heating system, containing
encapsulated PCM in spherical capsules, surrounded by SHS material.

 Simulate different types of paraffins and study their performances.

 Investigate the effect of HTF flow rate and porosity on the performance of the TES system.

 Investigate and show the evolution of the PCM and HTF temperatures.

e Determine which paraffin yields to highest capacity among the simulated TES tanks.

2, Theoretical background - literature review

Energy storage systems have long been praised for their capacity to decouple energy supply from
energy demand, a critical trait that provides substantial flexibility in fuel and primary energy
source selection. For thousands of years, flywheels have been employed in pottery production
and early societies and cultures have long stored thermal energy in water and rocks for later
use with no new advancements to be made on the practised methods until the onset of the
Industrial Revolution (McLarnon and Cairns 1989). However, the demand for energy storage
has risen as our society has come to depend more and more on easy and effortless access to
affordable, clean energy.

According to Jouhara et al. (2020) and Koohi-Fayegh and Rosen (2020) energy storage can be
classified into several categories, such as thermal energy storage, electrochemical energy storage,
thermochemical energy storage, pumped hydro and magnetic energy storage, flywheel energy sto-
rage, compressed air energy storage, chemical and hydrogen energy storage.
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2.1. Thermal energy storage

TES systems are used to conserve energy, enhancing the performance of energy systems by aligning
energy supply with demand through the use of energy storage methods (Gil et al. 2010). This can
lead to cost savings, a reduction in emissions, and an overall increase in efficiency (Arce et al. 2011).

TES systems can store heat or cold to be used later, at different conditions such as temperature,
place, or power (Cabeza et al. 2015). TES systems can be designed for SHS or LHS, or a combination
of both. SHS involves increasing the temperature of the storage material as energy is stored, while
LHS utilises the energy stored during a substance’s change in phase. When heat is added to a sub-
stance, it causes an increase in internal energy, which results in a rise in the temperature (sensible
heating) or a change in phase (latent heating). This is shown in Figure 1. Starting from an initial
solid state at point A, the addition of heat to the substance initially results in sensible heating of
the solid (A-B) followed by an alteration in crystalline structure (B-C) that results in a solid-
solid phase change, further sensible heating of the solid (C-D), a solid-liquid phase change (D-
E), sensible heating of the liquid (E-F), a liquid-gas phase change (F-G), and sensible heating of
the gas (G-H) (Regin, Solanki, and Saini 2008).

The total amount of energy stored can be written as,

Tp Tr Ty
Q=m| | Cp(TdT + Ly + L+ | Cu(T)dT + Ly+ [ Cpe(T)dT 1)
Ta Te Tg

where m is the mass of material, Cy; is the specific heat of material in solid phase, C; is the specific
heat of material in liquid phase, C,, is the specific heat of material in gas phase, L, is the latent heat
of solid-solid phase change, L is the latent heat of solid-liquid phase change, and L, is the latent
heat of liquid-gas phase change.

2.1.1. Sensible heat storage

The most typical way to store heat is SHS. This type of heat storage technique is the simplest and
most straightforward (Jouhara et al. 2020). It has traditionally been used to store heat (Koohi-
Fayegh and Rosen 2020). Sensible thermal storage is produced by changing the temperature of a
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Figure 1. Temperature-time diagram for the heating of a substance (Regin, Solanki, and Saini 2008).
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Table 1. Typical materials used in sensible heat TES systems (Cabeza et al. 2015).

Material Density (kg/m3) Specific heat (J/kgK) Volumetric thermal capacity (10°J/m? K)
Clay 1,458 879 1.28
Brick 1,800 837 1.51
Sandstone 2,200 712 1.57
Wood 700 2,390 1.67
Water 988 4,182 4.17

medium for storing heat, such as water, oil, or ceramic materials. The amount of heat that can be
held depends on the material’s specific heat capacity (Mehling and Cabeza 2008). In this case, the
temperature changes in a linear manner according to the amount of stored heat. Low energy density
and thermal energy loss at all temperatures are two drawbacks of this type of energy storage (Jou-
hara et al. 2020).

Heat energy stored in the medium is absorbed and released through radiation, conduction, and
convection and is presented by the formula below (Rathore and Shukla 2019).

Q = mC,AT )

Here, Q is the quantity of the material’s heat storage, m is the mass of storage material, C, is the
specific heat, and AT is the change in the temperature.

Some common materials used in sensible heat TES systems are presented in Table 1 (Cabeza
et al. 2015).

2.1.2. Latent heat storage

LHS is a fairly recent field of study and was first explored by Dr. Telkes in the 1940s though until the
energy crisis of the late 1970s and early 1980s, it did not receive significant attention (Sharma and
Sagara 2005).

LHS systems use the reversible enthalpy change Ah pc of a material that undergoes a phase
change to store or release energy. Fundamental to LHS is the high energy density near the phase
change temperature of the storage material (Steinmann 2022). The most relevant materials that
are used are: molten salt, paraffin wax and water/ice (Elias and Stathopoulos 2019).

A substance may store heat by changing phases (solid-liquid, liquid-to-vapour, and solid-to-gas)
at a nearly constant temperature through latent heat energy storage (Rathore and Shukla 2019).
Evaporation, condensation, crystallisation, and melting are examples of phase shifts that can
occur in either the solid or liquid phase without changing the aggregation state (Jouhara et al.
2020). Depending on the qualities of the chosen material, this method can store a significant quan-
tity of heat or cold (Jouhara et al. 2020). As a result, the PCM energy density storage capacity rises
throughout a narrow temperature range (Rathore and Shukla 2019).

This makes PCM systems an attractive solution for applications where heat transfer within a
narrow temperature range is required (Abedin and Rosen 2011).

Q = mAh 3)

Here, Q is the quantity of the material’s heat storage, m is the mass of storage material, and A#h is the
phase change enthalpy.

Some common materials used in latent heat TES systems are presented in Table 2 (Cabeza et al.
2015).

2.2, Latent heat storage system elements

A LHTES unit consists of three main parts (Regin, Solanki, and Saini 2008):

(i) A fitting PCM.
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Table 2. Typical materials used in latent heat TES storage (Cabeza et al. 2015).

Material Melting temperature (°C) Melting Enthalpy (MJ/m?)
Water-salt solutions —-100to 0 200-300

Water 0 330

Clathrates -50to 0 200-300
Paraffins —20 to 100 150-250

Salt hydrates —20 to 80 200-600

(ii) A PCM container.
(iii) A heat exchange surface is required for transferring the heat from heat source to PCM and
from PCM to the heat sink.

2.2.1. PCM materials

PCM was initially used in British trains against cold (Stritih 2003). The first reported utilisation of
PCM in literature was for temperature regulation in buildings, specifically for heating and cooling,
by Telkes (1975). Telkes (1978) first proposed the concept of incorporating PCMs in walls, com-
monly referred to as Trombe walls.

The phase change is a process of going from one physical state to another. The three basic phases
of matter: solid, liquid, and gas are known but others are thought to exist, including crystalline, col-
loid, glassy, amorphous, and plasma phases (Kiron 2012). Materials that undergo this process are
known as PCMs.

Even though many ways of TES have been established, PCMs are substances that can absorb,
amass, and release a significant amount of energy per unit of mass in the phase’s transition temp-
erature range, thus being so common and popular and utilised in several TES applications (Jouhara
et al. 2020).

Utilising PCM in solar energy or heat recovery systems can result in energy savings. The effective
utilisation of energy, managing the imbalance among supply and demand, and improving the effec-
tiveness of energy systems are all made possible by LHTES based on PCM.

As the material’s phase changes from solid to liquid, the chemical bonds inside the PCM disin-
tegrate as the source temperature increases. As a result, the PCM absorbs heat because the phase
change is an endothermic reaction (Sharma and Sagara 2005). When the phase change temperature
is attained, the material starts melting. After that, the temperature remains constant until the melt-
ing is complete. The heat stored during this process is called latent heat.

PCMs’ main advantages:

 The ability to store large amounts of heat with minor temperature changes, as a result has a high
storage density.

¢ Smoother temperature variations.

e Cheaper as they require smaller weight and volume (Jouhara et al. 2020).

e Can be used in a wide temperature range (Sharma and Sagara 2005).

According to (Buddhi and Sawhney 1994; Garg, Mullick, and Bhargava 1985; Hale, Hoover, and
O’Neill 1971; Mehling and Cabeza 2008), desirable thermo-physical, kinetic, chemical, and econ-
omical properties should be achieved for a PCM to be utilised when designing a TES unit. The
required properties are listed below.

Thermo-physical properties:

(i) Desired temperature range for melting.
(if) High latent heat of fusion per unit volume to reduce the required container size for a given
amount of energy.
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(iii) High melting enthalpy for a high latent heat storage capacity.
(iv) High specific heat for sensible temperature changes.
(v) High thermal conductivity in both solid and liquid phases to aid in both charging and dis-
charging energy in storage systems.
(vi) Minimal volume changes during phase transformation and low vapour pressure at operating
temperatures to minimise containment issues.
(vii) PCM has congruent melting for a consistent storage capacity with each freezing/melting
cycle.
(viii) Minimal supercooling.

Kinetic properties:

(i) Adequate rate of crystallisation, ensuring the unit meets the demands of heat recovery from the
storage system.
(if) Rapid nucleation rate to prevent supercooling of the liquid phase.

Chemical properties:

(i) Complete and reversible freezing and melting cycles.
(if) Chemical stability.
(iii) Non-corrosive and compatible to the materials used in construction.
(iv) No degradation after multiple freezing and melting cycles.
(v) Non-toxic, non-flammable, and non-explosive materials for safety and minimal impact on the
environment.

Economical properties:

(i) Low cost, easily available.
(ii) Environmentally friendly and economically sustainable through the ability to be recycled.

The primary factor to consider when selecting a PCM material is the melting point (Jouhara et al.
2020; Reyes et al. 2020). When deciding on a PCM material, it is important to take into account the
temperature range in which it will be used. The melting point of the material should be lower than the
temperature of the heat source and higher than the surrounding environment (Reyes et al. 2020).

In reality, no available PCM fully satisfies all requirements to date, but each has its own pros and
cons to take into consideration for every application.

2.2.1.1. Classification of PCMs. PCMs separate into three groups, based on phase change state:
solid-solid, solid-liquid, and liquid—-gas. Amongst the solid-liquid PCMs are most fit for thermal
energy storage. The solid-liquid PCMs include organic PCMs, inorganic PCMs, and eutectics
(Kiron 2012). Organics include mainly paraffins or non-paraffins, inorganics include salt hydrates
and metallics and eutectic include mixed PCMs of organic and inorganics (Kylili and Fokaides
2016; Fokaides, Kylili, and Kalogirou 2015).

The following classification tree shown in Figure 2 displays the groupings for typically used
PCMs.

Owing to their extremely diverse chemical and thermal behaviour, the features of the subgroups
that influence the design of LHTES systems for using PCMs from that subgroup are covered in
detail below.
2.2.1.1.1. Organics PCM. Natural materials are referred to as organic materials. They are categorised
and described as paraffin and non-paraffins (Magendran et al. 2019). Organic materials have con-
gruent melting which gives them the ability to repeatedly melt and freeze without phase separation,
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Organic
Non-paraffins

Salt Hydrates
Inorganic
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‘ Phase Change Materials‘

Eutectics = ——{Organic-Inorganic

Inorganic-
Inorganic

Figure 2. Classification of PCMs.

which would reduce their latent heat of fusion. Self-nucleation causes them to solidify; to form crys-
tals with little to no supercooling, and with minimal corrosivity (Sharma et al. 2009).

2.2.1.1.1.1. Paraffins. The normal paraffins, which are hydrocarbons with the chemical formula C,,.
H,, + 2, have similar characteristics. Those with shorter hydrocarbon chains are liquids, while those
with longer chains are waxy solids. As the length of the hydrocarbon chain increases, the melting
temperature and heat of fusion also increases (Sharma and Sagara 2005).

Paraffin has been widely used in energy storage systems due to its advantageous properties such
as a high heat of fusion, fluctuating phase change temperature, high phase change enthalpy, zero
supercooling characteristics, low vapour pressure, constant conductivity cyclic stability (Reyes
et al. 2020). Additionally, the different melting points of paraffin make it suitable for boosting
indoor thermal performance by incorporating it into double-glazed units, thus dropping the energy
demand of the building (Jouhara et al. 2020).

Paraffins exhibit little volume changes while melting, are chemically inert and stable below 500°
C, and have low vapour pressure when in the melt state. The freeze-melt cycle of system-using
paraffins is typically relatively long due to these characteristics of the paraffins. Technical grade
paraffins, which are mainly paraffin mixes and are not fully refined oils, are listed by their thermal
properties in Table 3 (Sharma et al. 2009).
2.2.1.1.1.2. Non-paraffins. The PCMs with the greatest number and widest range of properties are
the non-paraffin organics. As opposed to paraffins, which have remarkably comparable properties,
each of these materials will have unique characteristics. These materials are flammable and should
not be exposed to excessively high temperature, flames, or oxidising agents (Sharma et al. 2009).
Few examples of non-paraffin’s are showed in Table 4.
2.2.1.1.2. Inorganics PCM. Metallics and salt hydrates are additional categories for inorganic
materials. When compared to organic compounds, inorganic compounds have lower volume
costs, more latent heat per unit mass, and are non-flammable (Tyagi and Buddhi 2007). They
experience decomposition and supercooling, though, which can further modify their phase-change
properties (Sharma et al. 2009).

Table 3. Physical properties of some paraffins (Sharma et al. 2009).

Paraffin Freezing point/range (°C) Heat of fusion (kJ/kg)
6106 42-44 189
P116/c 45-48 210
5838 48-50 189
6035 58-60 189
6403 62-64 189

6499 66-68 189
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Table 4. Physical properties of some non-paraffins (Sharma et al. 2009).

Non-paraffins Melting point (°C) Latent heat (kJ/kg)
Formic acid 7.8 247

Phenol 41 120

Thymol 515 115

Acrylic acid 68 115

Benzoic acid 121.7 142.8

2.2.1.1.2.1. Salt hydrates. Salt hydrated are alloys of inorganic salts and water that when combined
form a crystalline solid with general formula ABAnH,0O (Sharma et al. 2009; Wong-Pinto, Milian,
and Ushak 2020). The bonds formed are usually ion-dipole bonds or hydrogen bonds. The water
molecules are located and oriented in the structure, and while in some structures the water is closer
to the anion, in others to the cation of the salt (Hyun et al. 2014). The use of salt hydrates in TES
systems has drawn a lot of research. Salt hydrates are attractive for TES due to their high latent heat
of fusion, high thermal conductivity, and minimal volume changes during phase changes. However,
they can be slightly toxic and not always compatible with plastics, making them less suitable for
transportation and storage (Wong-Pinto, Milian, and Ushak 2020). The low thermal conductivity,
corrosivity, non-negligible phase change associated volume increase, and significant subcooling are
only a few of the drawbacks that limit the use of salts (Cardenas and Ledn 2013).

2.2.1.1.2.2. Metallics. Metallics PCMs have not been actively considered for LHS systems due to
their weight and cost (Costa and Kenisarin 2022). However, since they have a high latent heat of
fusion per volume unit, they are good candidates when volume is a priority and can compete
with salts (Cérdenas and Leén 2013). The main advantage of metallics PCMs is their high thermal
conductivity, which eliminates the design of thermal energy storage, reducing the need for heat
transfer improvements methods (Costa and Kenisarin 2022).

2.2.1.1.3. Eutectics. A minimum-melting composition of two or more components is known as a
eutectic, and during crystallisation, each of these components melts and freezes concurrently to
form a mixture of the component crystals (Tyagi and Buddhi 2007). Eutectic materials almost
never segregate during melting or freezing because they freeze to an intimate mixture of crystals,
minimising the chance of the components separating. Both components simultaneously liquefy
when melted, making separation unlikely (Sharma et al. 2009). A further challenge in evaluating
eutectics salts as PCMs is the fairly large heat flux that is required. Heat transfer is decreased since
eutectic salts have a comparatively low thermal conductivity. However, due to the large variety of ther-
mal conductivities, it is important to consider how it may affect system costs (Raud et al. 2017).

2.2.2. Containers
When designing a latent heat storage system, once the PCM is selected, the next most crucial factors
to consider are (Agyenim et al. 2010):

(i) PCM container’s geometry.
(ii) The container’s required thermal and geometric parameters for a given amount of PCM.

Each of these factors has a direct influence on the heat transfer characteristics in the PCM and
finally affects the performance and the melt time of the PCM storage unit. Therefore, successful use
of PCM and HTF depends on developing means of containment.

The size and shape of the PCM container must agree with the melting time of the PCM and the
daily insolation at a given location if the source of energy is a solar collector. This is to the guarantee
long-lasting thermal performance of any PCM system.

Typical geometries of containers that PCMs are placed in are rectangular containers, cylindrical
containers, or long thin heat pipes. Figure 3 gives the schematics of the cylindrical and rectangular
containers.



INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY e 9

J \/
- HTF %
-]

’ PCM ‘

)

A\

X

5

NS NI
(a) Pipe model (b) Cylinder model (c) Shall and tube model (d) Rectangular or slap container

Figure 3. Typical geometries of PCM containers (Agyenim et al. 2010).

PCM containment should (Regin, Solanki, and Saini 2008):

(i) Facilitate efficient heat transfer by providing a suitable surface area.

(ii) Function as a protective shield to prevent the PCM from being affected by external factors.
(iii) Ensure structural stability and ease of handling.
(iv) Ensure the necessary strength, flexibility, resistance to corrosion, and thermal stability are met.

Figure 4 shows the different containment schematics used in LHTES systems.
Types of containment examined are bulk storage in tank heat exchangers, macroencapsulation,
and microencapsulation.

2.2.2.1. Bulk storage. Bulk storage encases PCM in large tanks (Whiffen and Riffat 2013). The main
unique trait of PCM bulk systems is the demand for a higher heat transfer compared to that found
in non-PCM tanks due to the PCM’s heat storage density being higher than other storage media
(Regin, Solanki, and Saini 2008).

A cost-effective method of energy storage that involves minimal processing of materials but has
faced challenges due to low thermal conductivity resulting in inconsistent performance. Whiffen
and Riffat (2013) have investigated ways to enhance heat transfer, through agitation and increasing
the surface area.

2.2.2.2. Macroencapsulation. The widest way used for PCM containment is macroencapsulation,
where a substantial amount of PCM is encapsulated in an isolated unit such as tubes, spheres,
panels, or other receptacle. These types of containers can be used directly as a means of heat trans-
fer, or they can be integrated into building products (Cabeza et al. 2011). The mass of PCM per unit
may range from few grams to a kilogram and encapsulated in containers of normally greater than
1 cm diameter (Regin, Solanki, and Saini 2008).
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Figure 4. Different containment schematics used in LHTS systems (Regin, Solanki, and Saini 2008): (a) flat plate; (b) shell and tube
with internal flow; (c) shell and tube with parallel flow; (d) shell and tube with cross flow; (e) sphere packed bed.

Besides holding the liquid PCM and averting changes of its composition through interaction with
the environment, macro encapsulation also (Cabeza et al. 2011; Regin, Solanki, and Saini 2008):

e improves material compatibility with the surrounding, through building a barrier.
e improves handling of the PCM in a production.

¢ reduces external volume changes.

e minimises phase separations.

e improves the heat transfer rate.

e provides a self-supporting structure for the PCM.

These macroencapsulation units prevent corrosion, allowing for the encapsulation of inorganic
PCMs. Additionally, insufficient heat transfer across the confined PCM results in edge solidifica-
tion, which limits performance (Whiffen and Riffat 2013). As a result, the most economical options
for containers are containers made of plastic such as high-density and low-density polyethylene
bottles, and metal cans made of mild steel and tin plating (Regin, Solanki, and Saini 2008).

As demonstrated by the abundance and calibre of research, the macrocapsule is the most widely
used containment method for PCMs. By carefully choosing the geometry and material of the cap-
sule, it can be utilised to meet a wide range of energy storage needs.

2.2.2.3. Microencapsulation. Microencapsulation refers to the technique in which a large amount of
small, spherical, or rod-shaped particles, usually of a few microns in diameter, are enclosed in a thin,
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high molecular weight sealed membrane. If the membrane encapsulating the PCM does not have
high thermal conductivity, the system suffers from a low heat transfer rate (Regin, Solanki, and
Saini 2008). Microencapsulation serves the same purpose as mentioned above for macro encapsu-
lation, but also (Cabeza et al. 2011):

e increase heat transfer to the surrounding due to its high surface to the volume ratio
» improves cycling stability since phase separation is limited to microscopic distances.

Due to the high surface area to volume ratio, most modern applications of PCM favour micro-
encapsulation, minimising the effects of poor thermal conductivity. The thermal conductivity of the
shell has a considerable impact on the total thermal conductivity of the capsules due to their tiny
size. Internal volume variations in microencapsulated PCM are endured by the shell and avoid bulk
volume change (Whiffen and Riffat 2013).

Although, at the moment, the cost of using microencapsulation is relatively high in comparison
to other methods and is typically only used in specific applications related to thermal control.

2.3. PCM beds for thermal storage

2.3.1. Schematics of PCM beds
A packed-bed LHTES system consists of four main components: the TES tank, PCM capsules (e.g.
Spherical), HTF, and distributor, as shown in Figure 5(a).

In the packed bed, there are a lot of heat storage capsules amassed together. HTF flows and trans-
fers heat between the voids of capsules absorbing, storing, and releasing the thermal energy that exists
between PCMs and HTF. In order to provide uniform fluid flow through the cross-section of the
packed-bed region, the distributor is positioned at both ends of the tank. Different PCM types and
encapsulation technologies are taken into consideration to determine the precise operating parameters
in accordance with the application target, thermal storage capacity, and economy (He et al. 2022).

Finding a practical and cost-effective way to achieve the heat transfer required to alternate
between freezing and melting the storage medium in a LHTES system is crucial (Regin, Solanki,
and Saini 2008).

Charging

Distributor /// \\\

Spherical PCM HTF
Tank 9000900 ell
thickness
Sasssssassisssssosss y PCM PCM
955| Tank wall with | |55 1l
Insulation
13
& FIRY
Head Tanksltleel b % ¢ W Y
wa “ Qutside Stee
Pipeline \\\ /// Insulation  Wall

layer
Discharging

Figure 5. (a) Schematic of a PCM bed TES tank with spherical capsules, (b) HTF flow around PCM (He et al. 2022).
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It is possible to think of the packed-bed LHTES system with spherical capsules as a continuous
porous media. In order to generate a stable and uneven solid framework that is equivalent to porous
media macroscopically, spherical capsules support and squeeze one another. As shown in Figure 5
(b), HTF circulates through the spaces created by the pores in the capsules and transfers heat to the
PCM (He et al. 2022).

When designing a storage unit containing PCM, the main factors to be considered are (He et al.
2022):

e temperature target and cycle time

* type and size of PCM particles

e the void fraction within the bed

o the thermophysical properties of PCMs

o the thermophysical and flow properties of HTF

e the thermal load

 configuration of the storage bed

e design parameters of encapsulation method (e.g. spherical capsules)

Effective heat transfer between the HTF and the capsules in the bed is necessary for improved oper-
ation of a packed bed. There are several factors that can influence and impact the performance of a
packed-bed TES unit, which can be separated into three classes (He et al. 2022; Regin, Solanki, and
Saini 2008):

(i) The ones related with the bed construction and geometry of the container.
(ii) The ones that determine the traits of the fluid such as its properties and flow rate.
(iii) The ones that are related to the bed material’s transient response, such as the bed’s initial ther-
mal state, the fluid’s inlet temperature, the physical and thermal properties of the bed material,
and the coefficient of convective heat transfer.

2.3.2. Operation modes
The heat is transferred to or from the HTF as the HTF flows through the voids in the bed. As shown
in Figure 6, the system functions in three modes (He et al. 2022):

(iv) Charging mode: Firstly, the hot HTF carrying energy from the source is circulated through the
tank. The encapsulated PCM absorbs latent heat and melts. SHS is carried out first, and once it
reaches the melting temperature, the latent heat is charged. If the starting temperature of HTF
is higher than the melting temperature of PCM, thermal energy is continuously being charged
as sensible heat after the PCM has melted entirely.

(v) Discharging mode: This mode occurs when the cold HTF’s temperature is lower than the
temperature in the tank and is circulated through the tank, causing the encapsulated PCM
to freeze. The heated fluid is then utilised to fulfil the demand either directly or through a
heat exchanger. The PCM liquid phase ratio changes with time. After PCM has fully solidified,
the system is also discharged in the form of sensible heat.

(vi) Standby mode: The system switches to standby mode when the tank is fully charged or dis-
charged or when there is no efficient heat exchange. This is the change from charging to dis-
charging mode.

2.4. Economic analysis

It is important to consider the cost of LHTES systems when evaluating their feasibility. Many current
cost analyses for LHTES systems rely on experimental or estimated values for the PCMs used in these
systems (Nithyanandam and Pitchumani, 2014a; Jacob et al. 2014). However, such data is only
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Figure 6. The TES system operation modes (He et al. 2022).

available for a limited number of PCMs, which means that cost-effective options may be missed. The
method described below can be used to compare the theoretical costs of encapsulated LHTES systems
using predicted PCM properties. For more information on cost analysis of other types of LHTES sys-
tems, please refer to the provided reference (Nithyanandam and Pitchumani, 2014b).

Three key expenses make up the price of an encapsulated LHTES: the encapsulation cost, the
tank cost, and the storage medium cost. The installation cost is thought to be twice as large as
the direct cost. The price of encapsulation can be based on prices calculated by Nithyanandam
and Pitchumani (2014b) based on the size of the capsule and a fluidised bed coating process. By
modifying the following equation to account for the size of the capsule and the cost of the capsule
material, we are able to increase the validity of Nithyanandam’s estimation and conduct a more
comprehensive cost analysis for different shell materials.

rcup 0.3

E =
CE = (m*C) + 5005

*C pro*my (4)

where CE is the cost of encapsulation, m; is the mass of the total required shell material, C; is the
cost of encapsulation material, 7.4 is the capsule radius, C,,, is the processing cost, and m, is the
mass of the PCM to be encapsulated.

The estimation of the cost of the tank is based on previous research (Herrmann, Kelly, and Price
2004; Kelly and Kearney 2006; Nithyanandam and Pitchumani, 2014c) on the actual cost of storage
tanks. The cost of the tank is broken into three main costs: the tank material, the insulation, and the
foundation:

Cr = [prphs((r + W)2 - 777’2)]CTM + ercf + 27, C; (5)

where py,, is the density of the tank material, h; is the height of the tank material, ; is the radius of
the tank material, w is the thickness of the storage tank, Cry is the cost of the tank material, and Cr
and C; are the cost of the foundations and insulation, respectively.

According to Jacob et al.’s (2014) design methodology, the theoretical and measured PCM’s sto-
rage tank size and material mass can be estimated. The storage material’s cost is calculated by mul-
tiplying the PCM and HTF bulk prices by their respective mass. It is reasonable to assume that bulk
prices can be used for large storage systems, but it’s important to note that additional costs for
transportation and further processing may also be incurred and are not considered in this analysis.
Costs associated with various typical PCMs and HTFs can be found in Liu et al. (2016) and Xu et al.
(2015).
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In addition to the direct costs mentioned above, there are also indirect costs associated with
LHTES systems that need to be considered. These costs include maintenance, operational expenses,
and potential system modifications (Robak, Bergman, and Faghri 2011). Maintenance costs encom-
pass regular inspections, repairs, and replacements of system components over its expected lifetime.
Operational expenses involve the cost of energy required for the system’s operation, such as elec-
tricity for pumps and controls. Furthermore, to accommodate changes in energy demand or
improve system performance, modifications or upgrades might be necessary, leading to additional
costs.

To obtain a comprehensive understanding of the economic viability of LHTES systems, a life-
cycle cost analysis (LCCA) should be conducted. LCCA considers all the costs associated with a sys-
tem throughout its entire life, from initial investment to decommissioning (Struhala and Ostry
2022). It accounts for factors such as the system’s expected lifespan, discount rates, and inflation
to provide a more accurate picture of the system’s long-term financial impact.

By including these indirect costs and performing a life-cycle cost analysis, researchers and pol-
icymakers can make well-informed decisions about the adoption and implementation of LHTES
systems. It allows them to evaluate not only the initial investment but also the ongoing costs and
benefits, leading to more sustainable and economically viable solutions for energy storage and
management.

2.5. Experimental studies

A variety of experimental and numerical investigations were studied to further understand how
different types of paraffin behave under different conditions. These would act as a reference
when running the simulation and importing values for the parameters and properties of the TES
unit.

2.5.1. Technical grade paraffin RT30

Due to their wide melting/solidification temperature ranges and comparatively large latent heat
capacity, technical-grade paraffins have been widely used as heat storage materials. Additionally,
they do not experience any subcooling during the solidification process and only experience a
minor volume change throughout the phase change processes. They are neither toxic, corrosive,
or chemically unstable and can be stored for a long time without harm (Trp 2005).

Anica Trp (2005) conducted an experimental and computational analysis of heat transfer during
the solidification and melting of technical grade paraffin in a shell-and-tube latent thermal energy
storage system. Rubitherm RT 30, a technical grade paraffin, was used as the PCM in studies due to
its appropriate thermophysical characteristics, widespread availability, and relatively low cost. The
schematic of shell-and-tube unit used is shown in Figure 7. The results offer a reliable estimate of
the PCM melting and solidification processes, providing accurate guidelines for optimising a TES
unit’s performance and design.

2.5.2. Paraffin RT28HC

In another experimental analysis done by Zeinelabdein, Omer, and Gan (2018), paraffin produced
by Rubitherm Gmbh was used once again called paraffin RT28HC. The performance of PCM char-
ging and discharging was examined, under various inlet operating conditions for various arrange-
ments of PCM modules with different air flow channels. The proposed TES unit had 16 modules,
which were arranged in eight parallel rows of two modules each. In order to fit the full arrangement
of PCM storage modules, a rectangular enclosure made of aluminium measuring 1.25 m (L) x
0.31 m (W) x 0.26 m (H) was created. Figure 8 shows the positioning of the PCM modules inside
the main container.
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Figure 7. Shell-and-tube unit (Trp 2005).

The study concluded that the optimisation of the distance between the PCM panels plays a cru-
cial role in enhancing the TES system performance. In addition, a slower melting rate can be
achieved during the discharging process with wider air channels.

2.5.2.1. Paraffin wax. Another experimental and numerical investigation was done by Kibria et al.
(2014), using paraffin wax, suitable for the domestic hot water system. Paraffin wax is widely used
for its excellent heat storage density and ability to melt or solidify with little to no sub-cooling as
well as for being cheap and non-reactive with most chemical reagents. To analyse the storage
unit’s heat transfer behaviour in both cycles with various flow parameters and system dimensions,
a parametric study is conducted. It is discovered that tube thickness is not a crucial factor for enhan-
cing the storage unit’s performance. Consequently, tube radius has a greater effect on the storage
unit’s operational time and outlet temperature. It may be said that the current study may provide
suggestions for designing an optimised LHTES system with PCM.

2.5.2.2. Paraffin RT 58. In the work of Liu, Yao, and Wu (2013), a shell-and-tube type LHTES unit
is used with a numerical model created for the PCM embedded in metal foam. Based on the
numerical predictions, parametric research is conducted to analyse the effects of influencing factors
on the thermal performance of the storage unit. From their experiment, they concluded that the
phase change heat transfer can be improved by more than seven times when compared to the out-
comes of the pure PCM and the in-let conditions played a significant role in their performance
results.

2.5.2.3. Paraffin of P56-58 (MERCK). In another experimental study done by Avci and Yazici
(2013), solidification and melting characteristics of paraffin of P56-58 produced by MERCK have
been examined.

A horizontal shell-in-tube thermal energy storage unit has been taken into consideration. It has
been discovered that melting behaviour is significantly different for locations in the upper area as
opposed to the lower section. Natural convection currents cause the molten PCM to rise to the
upper section of the storage unit. Because the melt area outspreads radially upward, the temperature
field is radially asymmetric. Thus, the points in the upper section reach the melting temperatures
before those in the lower section. Convection has initially been shown to be effective in transferring
heat for the solidification behaviour, which is thereafter reduced by conduction. As anticipated, it is
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Figure 8. Module arrangement of PCM containment (Zeinelabdein, Omer, and Gan 2018).

discovered that the HTF inlet temperature accelerates the phase change process within the PCM
either by increasing (charging) or decreasing (discharging) it. The asymmetrical behaviour
observed may result in new pioneering designs. Figures 9(a and b) show the effect of the inlet temp-
erature on the total melting and solidification time.

3. Methodology

The purpose of this dissertation is to model the flow through a TES tank and investigate its per-
formance using different types of paraffins.

3.1. Simulation tool

The implementation of this study is done in COMSOL Multiphysics Simulation Software which is a
simulation platform that provides fully coupled multiphysics and single-physics modelling capabili-
ties, able to simulate designs, devices, and processes in all fields of engineering, manufacturing, and
scientific research. It is particularly useful for studying systems that involve multiple coupled phy-
sics phenomena, such as thermodynamics, electromagnetics, and fluid dynamics. The software
includes a wide range of predefined models and simulation tools, as well as the ability to build cus-
tom models using specialised numerical methods. The software utilises advanced algorithms and
finite element analysis to accurately simulate and predict the behaviour of systems in various
fields such as electrical, mechanical, fluid, and chemical engineering. The software is widely used
in research and industry and has a user-friendly interface.

With COMSOL Multiphysics, users can predict system behaviour, optimise designs, and validate
performance, all within a single integrated software environment. Overall, COMSOL Multiphysics
is a powerful tool for understanding and predicting the behaviour of complex physical systems
(COMSOL).
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Figure 9. Effect of inlet temperature on the (a) total melting time and (b) solidification time (Avci and Yazici 2013).

3.2. Model definition

Due to its relatively cheap nature, dependability, and commercial availability for a wide range of
melting temperatures, paraffin is an appropriate PCM to include and study the influence of latent
heat.

The modelling of the storage unit is inspired by the experiment found in Nallusamy, Sampath,
and Velraj (2006). The experimental setup illustrated in Figure 10 includes a solar flat plate collector
(1), a circulating pump (2), two flow control valves (3,4), a flow meter (5), an insulated cylindrical
TES tank (6) with spherical capsules containing PCM (7), and a temperature indicator (8).

3.2.1. Parameters

In this system, the initial temperature is set to 25°C and the porosity of the bed is €, = 0.49. Water
flows inside the TES tank with a flow rate of V;,, =2 kg/min, and it is continuously heated by a solar
collector that delivers a power of Q,, = 375 W. The tank is made of stainless steel and has dimensions
of 0.36 m in diameter and 0.47 m in height, with a capacity of 48 L, capable of supplying hot water
for a family of 5-6 people. The tank has two chambers, on top and bottom, and a flow distributor on
the top to ensure the HTF has a uniform flow. The tank is also insulated with glass wool of thickness
of 0.05 m. The PCM capsules have a diameter of 0.055 m and are made of high-density polyethylene
with a wall thickness of 0.8 mm. There are 264 capsules in the tank, which are packed uniformly in
eight layers and maintained by wire mesh. The capsules occupy 51% of the total volume of the tank,
while the remaining volume is occupied by SHS material. Paraffin is used as the PCM, and water is
used as both the SHS material and the HTF, with the PCM capsules in the TES tank being immersed
in water. The specifications of the storage tank are also given in Table 5.

3.2.2. Geometry
The tank contains spherical capsules filled with paraffin, which have a diameter of 55 mm and are
placed within a cylindrical container measuring 36 cm in diameter and 47 cm in height. The 2D
geometry of the model is shown in Figure 11.

Only a section of the TES system was drawn as that was the only section necessary. Defeaturing is
a powerful way to simplify the part/s under investigation, as it allows for an increase in ease of
meshing, without decreasing the accuracy of the analysis. This was done to take advantage of the
reflective symmetrical geometry of the part, by splitting the part in half along the line of symmetry.
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Figure 10. Schematic of experimental setup (Nallusamy, Sampath, and Velraj 2006).

This led to a much simpler part with a much-reduced computational time, as the number of
elements were significantly reduced. This allowed for a much more refined mesh and reduced
the storage requirements for the analysis.

3.2.3. Boundary conditions
To increase the accuracy of the simulation regarding the real-world situation the part is used in,
boundary conditions (BC) were utilised and applied to the model (COMSOL Documentation 2022).

3.2.3.1. Axial symmetry. Axial symmetry BC applies frictionless supports on symmetric cut planes
that constrain the motion normal to the cut plane. This BC was applied only to the surface area
created when the part was split in half during defeaturing which translated to constraining that
face from moving in the direction perpendicular to itself, but instead only to the 2 axis this
plane lies on. The geometry of the 3D model is shown in Figure 12.

Additional boundaries and conditions that were set are:

e Inlet

e Outlet

e Heat flux

e Wall

e Thermal insulation

e Local thermal nonequilibrium

Table 5. Main outcomes for each material.

Types of paraffin Main outcomes

Technical grade paraffin ~ Well-suited for heat storage, aids in TES unit optimisation, and provides insight into PCM behaviour.
RT30

Paraffin RT28HC Module setup impacts effectiveness, TES improvement possible with optimised PCM panel distance,
wider air channels can regulate the melting process.

Paraffin wax Efficiency confirmed, tube diameter plays a major role in performance, aids in LHTES system design.

Paraffin RT 58 Enhanced heat transfer when used in metal foam, inlet conditions crucial.

Paraffin of P56-58 Asymmetrical convection impacts melt patterns and phase change speed, enabling novel designs.

(MERCK)
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Figure 11. 2D model geometry.

These are clearly shown in Figure 13.

3.2.3.2. Inlet condition. At the inlet condition, the option of Fully developed flow is added. In order
to achieve a fully developed flow condition, the inlet boundary must be flat and additional contri-
butions are added to the inflow boundary to guide the flow towards the solution. This approach
considers the channel as an extended version of the inlet section, which is necessary for accurately
modelling heat transfer with phase change.

3.2.3.3. Outlet condition. At the outlet condition, the Pressure option is selected. The normal stress
at the inlet boundary is defined as the pressure and the tangential stress is set to zero. The reference
pressure at the physics interface level is set to 0, meaning the value of the pressure at the boundary is
the absolute pressure. The option of Suppress backflow is enabled by default. which adjusts the out-
let pressure in order to prevent fluid from flowing back.

3.2.3.4. Heat flux. Convective heat flux is added as the flux type with a heat transfer coefficient (h) of
5 W/m* K.

3.2.3.5. Wall. The Wall node includes a set of boundary conditions that describe how fluid interacts
with stationary, moving, and leaking walls. The boundary condition at a wall is defined as No slip,
meaning that the fluid velocity relative to the wall is zero. This is the default condition for modelling
solid walls, and it applies to stationary walls, where the fluid velocity is equal to 0.
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Figure 12. 3D model geometry.

3.2.3.6. Thermal insulation. This node is the default boundary condition for all Heat Transfer inter-
faces. This BC means that there is no heat exchange across the boundary and the domain is well
insulated. This condition is established by making sure that the temperature on one side of the
boundary is equal to the temperature on the other side, resulting in a zero-temperature gradient

= Inlet
= Outlet
= Heat flux

Axial symmetry

Wall
mmw Thermal insulation
mmm  Local Thermal nonequilibrium

Figure 13. Boundary conditions.
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and preventing any heat transfer. This boundary condition is typically applied to external bound-
aries, but it can also be manually applied to interior boundaries.

3.2.3.7. Local thermal nonequilibrium.. This node is automatically activated on all interior and
exterior boundaries of the computational domain that are adjacent to areas where a Local thermal
nonequilibrium porous medium type is applied. It indicates which boundaries are connected to
regions where separate temperature values are being calculated.

3.2.4. Materials

The geometry is split into domains as shown in Figure 13, where appropriate materials are selected
for each as shown in Table 6. The selection of the Material type option determines how a material
behaves and how its properties are interpreted when the mesh is deformed. In this case, the Solid
option is chosen, which is appropriate for materials whose properties vary based on factors such as
material orientation, material strain, and other variables assessed in a material reference
configuration.

Other than water and the paraffin that are under investigation, glass wool is modelled for
domain 4. Glass wool, also known as fibreglass, is a type of insulation that is highly effective and
environmentally friendly. Its excellent thermal properties help to save energy and reduce environ-
mental impact. It offers excellent thermal insulation because the small pockets of air in the glass
wool minimise heat loss and help to maintain the desired temperature within the storage unit.
Glass wool is also non-combustible, meaning it does not contribute to or spread fires. It is also
easy to handle, store, transport, and install because it is compressed into rolls or sheets (Isover n.d).

3.2.5. Meshing

Best simulations are those who use the simplest type of geometry and element type possible to pro-
vide results with significant enough accuracy, because as we increase the complexity of the elements,
the computational time and resources rise as well. Assigning the layout of the elements that generate
the part, is a process called meshing.

The storage unit was modelled with a physics-controlled mesh and the element size was set as
Fine. The default physics-controlled mesh automatically takes into account that there are steep gra-
dients for the velocity close to the walls. A fine mesh also resolves the thermal effects well. The mesh
configuration is shown in Figure 14 and the complete mesh statistics are shown in Table 7.

3.2.6. Physics interface
The temperature difference between the inlet and outlet of the storage tank is given by the relation,

Qu
W == pcp(Tin - Tout) (6)

Table 6. Specification of the TES tank.

Parameter Value
Diameter of encapsulated PCM (spherical pellets) (m)  0.055
Bed porosity 0.49
Flow rate (kg/min) 2
Initial temperature (°C) 25
Solar heating power (W) 375
Volume of storage tank (m?) 0.048
Volume of PCM in the spherical capsules (m?) 0.024
Volume of water in the storage tank 0.023
No. of spherical capsules of 55 mm diameter 264

Mass of spherical capsules (kg) 4.00
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Here, p is the density of water, C, is the heat capacity of water, and T;, and T, are the inlet and
outlet temperatures.

The Ergun equation is used to calculate the pressure drop in a packed bed as a function of the
velocity field u.

po L75(1— &)

Vp= -y 27 7P 7
p P 4yl plulu (7)

Here, u is the viscosity of water, p is the density of water, d, is the diameter of spheres, and &, is the
porosity.
The permeability « of the packed bed is given by

d2e’
K= % (8)
150(1 — &)
The Reynolds number can be approximate as
d
Re cdd ©)

- (1— 8p),u
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Table 7. Material selection.

Material Selection
Water, liquid Domains 1,2, 3
Paraffin, solid/liquid Domain 2
Glass Wool Domain 4

The maximum velocity in the bed, v, was found to be around 6 mm/s, resulting in a Reynolds
number of 600. This suggests that the flow field is not affected by temperature changes and a
stationary field can be calculated, making the computation process more efficient.

The size of the capsules in relation to the storage tank indicates a significant temperature vari-
ation between the paraffin inside the capsules and the surrounding water flow, therefore a local
thermal nonequilibrium approach is considered in this scenario.

The energy transferred from the paraffin-filled capsules to the water is modelled with a heat
source.
=1, - 1 (10)
&

Qr

where T is the paraffin temperature, T is the water temperature, and g (W/ (m? K)) is the inter-
stitial convective heat transfer coefficient, which for spherical capsules reads

6(1 — &)
P

The heat transfer within the capsules by convection is not considered in the model.

3.3. Development of studies

Several simulations are undertaken to investigate the impact of heat transfer during the phase
change process, analysing the changes in temperature of both the paraffin and water. Each simu-
lation is done by alternating various conditions and variables, both referencing previous studies
and original ones. Results will be obtained and discussed to reach a conclusion.

As mentioned before, the initial temperature is set to 25°C and the bed’s porosity is ¢, = 0.49.
Warm water flows through the tank with a flow rate of V;,, = 2 kg/min, and during thermal charging
it is continuously heated up by a solar collector which delivers a power of Q, = 375 W. These values
are kept constant for each simulation, to lead to a fair investigation of the performance of the differ-
ent tanks with the different paraffins.

The thermophysical properties of paraffin are alternated with each case study, with values
obtained from the literature review and research, simulating as close as possible a real-life scenario.
These include phase change temperature, latent heat, thermal conductivity, specific heat and
density.

The values used for the simulation can be seen in Table 8.

In addition, crucial experimental parameters are porosity and HTF flow rate. Simulations were
also done with different HTF flow rates (2, 4, 6 kg/min) and values for porosity (0.49, 0.61) to inves-
tigate the effect each has on the temperature of the PCM and HTF.

4, Results

This study examines and records the temperature changes of both the PCM and HTF in the TES
unit for various types of paraffins during the charging process, as well as the distribution of phases
after specific intervals of time. In addition, the results when altering the HTF flow rate and porosity
are studied to investigate their effect on the TES tank.
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Table 8. Mesh statistics.
Number of elements Triangles Quads Edge elements Vertex elements
7728 7131 597 496 28

4.1. Reference case - validation (Experiment vs Comsol)

Figure 15(a and b) show the result of the experimental study of Nallusamy, Sampath, and Velraj
(2006).

Figure 15(a) shows the temperature change of the HTF inside the storage tank and Figure 15(b)
shows the temperature change of PCM, for a porosity of 0.49 and mass flow rate of 6 kg/min, at the
different points of the storage unit from top to bottom.

Figure 16 shows the temperature histories of the PCM and HTF at the three different coordinates
as shown in the legend of the graph, which resulted from the simulations done in COMSOL.

4.2. Different studies

The conclusions drawn from the comprehensive analysis of paraffin types RT30, RT28HC, Wax,
RT58, and P56-58 are displayed graphically in Figures 17-21, respectively.

aThe figures encapsulate the distinct findings and notable performance traits of each paraffin
type, contributing to a better understanding of their suitability and effectiveness in energy storage
applications.

Additionally, the paraffin phase distribution for each paraffin is shown in the Appendix. These
show at which hour each paraffin starts to melt and at which hour it is completely molten. It can be
seen that at some points, the phase transition has not yet begun while it is already completed in the
centre of the tank. This is due to the fact that, close to the walls, the flow velocity is insignificant.

4.3. The effect of varying porosity

The outcome of the study when changing the value of the porosity is shown in Figure 22.

4.4. The effect of HTF flow
The outcome of the study when changing the value of the HTF flow is shown in Figure 23.
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Figure 15. (a) HTF Temperature, (b) PCM Temperature (Nallusamy, Sampath, and Velraj 2006).
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Figure 16. COMSOL results. PCM and HTF temperature distribution.

5. Discussion

During the charging process, the HTF is continuously distributed through the TES tank. The
HTF transfers its energy to the PCM capsules. At the start of the charging process, the PCM
inside the packed bed capsules is at a temperature of 25°C, which is lower than the melting
temperature. Until the PCM reaches its melting temperature, the energy is stored as sensible
heat. As the charging process goes on, and the melting of the PCM starts, the energy is stored
at a constant temperature. Lastly, the PCM becomes superheated, and the energy is then stored
as sensible heat in the liquid PCM. The charging process is continued until the PCM tempera-
ture reaches 70°C, due to the stop condition inserted in COMSOL to avoid unnecessary com-
putational time and storage space.

5.1. Reference case

It is seen from Figure 15(a) that the temperature of the HTF increases gradually until it reaches
the temperature of 335 K where it remains almost constant at 337 K for around 3 h at which the
PCM undergoes phase change. This period starts at approximately 5 h, same as in the COMSOL
results shown in Figure 16. The graph in Figure 15(b) illustrates the gradual rise in PCM temp-
erature at the beginning of the charging period, a stable temperature around 333 K during the
phase change process, and a sudden sharp rise in temperature during the heating of the liquid
PCM. The charging process is terminated when the PCM temperature reaches 70°C. As before,
the phase change period starts at approximately 4.2h for both experimental and COMSOL
results.
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Figure 17. COMSOL results. PCM & HTF temperatures of TES tank using RT30.
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Figure 19. COMSOL results. PCM & HTF temperatures of TES tank using WAX.
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Figure 20. COMSOL results. PCM & HTF temperatures of TES tank using RT58.
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Figure 21. COMSOL results. PCM & HTF temperatures of TES tank using P56-58.
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Figure 22. COMSOL results. The effect of varying porosity.
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Figure 23. COMSOL results. The effect of varying the HTF flow rate.

Therefore, it can be observed that the experimental study agrees with the simulation as
both studies yield the same results so it can be confirmed that the simulation is as accurate
as it can be.

In addition, Figure 15(a and b) show that there is little difference in temperature between differ-
ent points in the storage tank (from top to bottom) throughout the sensible heating of solid PCM
and the phase change period. This is true for the COMSOL results in Figure 16 as well. The gradual
increase in temperature of the water in the storage tank is linked to the gradual increase of the HTF
inlet temperature supplied by the solar collector. As a result, the PCM temperature increases as well
in tandem with the HTF temperature.

5.2. Different studies

In this section, we will discuss the results of various studies and simulations that have been con-
ducted using COMSOL on different types of paraffins for their use in TES systems. The focus of
these simulations was on the PCM and HTF temperature histories within a TES system which
are shown in Figures 17-21. These simulations provide valuable insights into the performance
and behaviour of different types of paraffins in TES systems.

By examining the results of these simulations and doing some further calculations, the heat
capacity of the TES tanks can be found to determine which TES tank has the best performance.
The TES tank with the highest heat capacity will be the one that can store the most heat using
the same amount of power from the solar collector. In addition, we can gain a better understanding
of the potential advantages and limitations of using different types of paraffins in TES systems, and
how they may be optimised for specific applications.

To calculate the heat capacity of the TES tank for the different paraffins, the following steps were
taken:
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Table 9. Charging characteristics of the PCM:s.

Paraffin RT30 RT28HC Wax RT58 P56-58
Max. Charging Temperature (K) 307 308 339 339 337
Temperature difference AT (K) 9 10 41 41 39
Time required for the charging process (h) 4.2 4.8 8.6 9.7 10

Table 10. Thermophysical properties of the different paraffins.

Property Reference RT30 RT28HC Wax RT 58 P56-58
Phase change temperature (K) 333 300.7 301 334 333 3316
Latent heat (kJ/kg) 213 206 250 190 181 250
Thermal conductivity

(W/m K) - solid/liquid 0.4/0.15 0.18/0.19 02/02 0.24/0.22 0.2 0.21/0.2
Heat capacity of PCM

(J/g K) - solid/liquid 1.85/2.28 1.8/2.4 2/2 2/215 2.1/2.2 1.84 /237
Density (kg/m3) - solid/liquid 861/778 789/750 880/770 910/790 840 820/780

Table 11. Heat added to the PCM during charging for each TES tank.

Paraffin RT30 RT28HC Wax RT58 P56-58
Heat capacity of PCM (J/g K) 1.8 2.0 2.0 2.1 1.84
Heat added to the PCM during charging (J) 68.04 96.00 705.09 835.17 717.60

Firstly, the temperature difference between the initial temperature of the PCM and the maxi-
mum charging temperature was determined for each study from the results (PCM temperature
vs time graph - Figures 17-21), always taking the average value of the 3 points-top to bottom.
This temperature difference represents the amount of heat that was added to the PCM during
the charging process. Then, the time required to charge the PCM from the initial temperature to
the maximum charging temperature was determined, from the same graphs. The values obtained
are presented in Table 9.

Next, the heat added to the PCM during the charging process was calculated by

Heat added to the PCM during charging
= Temperature AT
xch arg ing timexHeat Capacity of PCM

Here, Temperature AT is the Temperature difference and Heat Capacity of PCM is the amount of
heat required to raise the temperature of a given mass of the PCM by one Kelvin. This value is found
from the literature review and used in the simulations as mentioned before in Table 10.

The calculated values for the Heat added to the PCM during charging are shown in Table 11.
The values of the heat capacity of each paraffin in the solid state are shown again. Using the heat
capacity of the PCM in the solid state allows you to accurately calculate the amount of heat that
was added to the PCM during the charging process, and subsequently, the heat capacity of the
TES tank. This is because the heat capacity of the PCM in the solid state represents the total amount
of heat required to change the phase of the PCM, while the heat capacity of the PCM in the liquid
state only represents the additional heat required to change the phase of the PCM from the liquid to
the gas state.

Lastly, the heat capacity of each TES tank can be calculated by

Heat added to the PCM
Power provided by the solar collector

Heat Capacity of TES tank =
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Table 12. Heat capacity of TES tanks with each paraffin.
Paraffin RT30 RT28HC Wax RT58 P56-58
Heat capacity TES tank (Wh) 0.181 0.256 1.88 2.23 1.91

Here, the Power provided by the solar collector is the value of 375 W that was used in the simu-
lations for all studies.

The calculated values for the Heat Capacity of each TES tank are shown in Table 12.

The results of our calculations showed that the TES tank using RT58 as the PCM had the highest
heat capacity among the five TES tanks tested. This suggests that RT58 is a highly effective PCM for
thermal energy storage, as it was able to store more heat using the same amount of power from the
solar collector compared to the other paraffins. On the other hand, the TES tanks using RT30, RT28,
WAX, and P56-58 as PCMs had lower heat capacities, which may be due to the lower energy density
or poorer heat transfer properties of these paraffins.

The performance of TES tank with WAX was similar to that of TES tank with P56-58, but TES tanks
with RT30 and RT28HC had significantly lower heat capacity compared to the other tanks. This may
be due to the stability and lifespan of the paraffin used, as materials with lower stability or shorter life-
span may degrade over time and reduce the TES system’s overall performance. Furthermore, their
phase change temperature was lower than the rest, thus the gap between the initial temperature and
the melting temperature was smaller. Further optimisation of the TES tank design or the use of a differ-
ent storage medium may be necessary to improve the performance of these two TES tanks.

5.3. The effect of varying porosity

Porosity refers to the amount of empty space within a material, and it plays a role in the ability to
store thermal energy and the heat transfer surface area between particles and fluid per unit volume.

In a TES system, the porosity of the storing medium (such as water or a PCM) can influence the
system’s performance in several ways.

First, porosity can impact the capacity of the TES tank. A material with high porosity may be able
to store more thermal energy within a given volume, resulting in a higher capacity TES tank. On the
other hand, a material with low porosity may have lower capacity.

Second, porosity can influence the rate at which thermal energy can be stored or released from
the TES tank. Materials with high porosity may allow for faster heat transfer and therefore faster
charging or discharging of the TES tank. Materials with low porosity may have slower heat transfer
rates, leading to slower charging or discharging of the TES tank.

Finally, porosity can affect the stability and lifespan of the TES tank. Materials with high porosity
may be more prone to degradation over time, which can reduce the overall performance and life-
span of the TES tank. Materials with low porosity may be more stable and have a longer lifespan.

Overall, the porosity of the storage mediumina TES tank can have a significantimpact on the perform-
ance of the system, and it is important to carefully consider these factors when designing a TES tank.

The porosity of the storage tank is adjusted by varying the number of PCM capsules within the
storage tank for a fixed volume of the storage tank and size of the spherical capsules. An increase in
porosity reduces the charging time of the PCM capsules because it reduces the mass of the PCM.
This can be seen from Figure 22, where it is reduced by 7% when the porosity is increased from 0.49
to 0.61. However, the charging rate (the rate at which energy is added to the storage tank) remains
relatively constant regardless of the porosity.

5.4. The effect of HTF flow

The HTF flow in a TES tank can have a significant effect on the performance of the system. In a TES
system, the HTF is circulated through the tank to transfer heat to or from the storage medium (such
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as water or a PCM) in order to store or release thermal energy. The rate at which the HTF flows
through the tank can affect the amount of heat that is transferred and the efficiency of the energy
storage process. The HTF flow can be controlled using a pump or other means of flow control.

If the HTF flow rate is too low, it may take longer to charge or discharge the TES tank, which can
impact the overall performance of the system. For example, if the TES tank is being used to store
thermal energy during periods of low demand (such as during the night) and release it during
periods of high demand (such as during the day), a low HTF flow rate may result in the TES
tank being unable to meet the demand for heat during the day.

On the other hand, if the HTF flow rate is too high, it may lead to increased pumping power
requirements and higher operating costs. In addition, a high HTF flow rate may result in a higher
rate of heat transfer, which can potentially lead to thermal stresses and degradation of the storage
medium over time.

Therefore, it is important to carefully control the HTF flow rate inside a TES tank to enhance the
system’s performance.

Figure 23 demonstrates the effect of altering the mass flow rate of HTF (2, 4, and 6 kg/min)
during the charging of the storage tank. The phase transition process of a PCM is heavily influenced
by an increase in the mass flow rate. As the flow rate increases, the time required for the PCM to
fully charge also decreases. It is seen from Figure 23, when the flow rate increases from 2 to 4 kg/
min, the charging time decreases by 2.5%. Similarly, when the flow rate increases from 2 to 6 kg/
min, the charging time decreases by 5.5%. This is because a higher flow rate increases the surface
heat transfer coefficient between the HTF and PCM, leading to a faster charging time for the storage
tank.

6. Conclusion

In conclusion, the performance of different types of paraffins in TES systems was evaluated using
COMSOL Multiphysics simulation software. The TES tanks were charged using the same initial
temperature and solar collector power, and the heat capacity of each tank was calculated based
on the temperature history of the PCM and the power provided by the solar collector. The heat
capacity of TES tanks using RT30, RT28, WAX, RT58, and P56-58 as PCMs was calculated and
compared.

The results showed that the TES tank using RT58 as the PCM had the highest heat capacity, indi-
cating that RT58 is a highly effective PCM for thermal energy storage. On the other hand, the TES
tanks using RT30, RT28, WAX, and P56-58 as PCMs had lower heat capacities, potentially due to
the lower energy density or poorer heat transfer properties of these paraffins. However, it is worth
noting that the heat capacity of a TES tank is just one factor to consider when evaluating the per-
formance of different PCMs. Other factors such as the stability and lifespan of the PCM, the
efficiency of the solar collector, and the design of the TES tank may also impact the overall perform-
ance of the system. It can be deduced from the temperature histories, that the rate at which heat is
transferred from the HTF to the PCM in the tank is greater than the rate at which the HTF receives
heat from the solar collector. Therefore, by increasing the surface area of the solar collector, it is
possible to further decrease the charging time. Further studies and simulations could be conducted
to evaluate the performance of different PCMs more thoroughly under different operating con-
ditions and for different applications.

There are several ways to optimise the performance of different types of paraffins in TES systems.
One of the keyways is through the selection of the optimal parafin type. Different types of paraffins
have different properties and behaviours that can impact their suitability for use in TES systems. By
carefully considering these properties and behaviours, it is possible to select the most suitable
paraffin type for a given application. For example, some paraffins may have a higher energy density,
while others may have a higher thermal stability or lower cost. Another way to optimise the per-
formance is through the selection of the optimal storage medium. The storage medium in a TES
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system plays a crucial role in the performance of the system. Different storage media can have
different heat transfer properties and stability, which can affect the efficiency and lifespan of the
TES system. Additionally, optimising the flow rate of the heat transfer fluid (HTF) in TES system
can affect the rate at which heat is transferred to or from the storage medium, as well as the
efficiency and operating costs of the system. Lastly, by optimising the design of the TES tank, it
is possible to improve the heat transfer properties, capacity, and stability of the TES system.

7. Future work

While this study has provided valuable insight into the performance of different paraffins in TES
systems, there are several areas that warrant further investigation. These include conducting exper-
iments to validate the simulation results, investigating the performance of other types of PCMs,
optimising the design of the TES system, investigating the performance of the TES system in differ-
ent climate conditions, and integrating TES systems with other renewable energy sources.

¢ Conducting experiments to validate the simulation results: The current study uses simulation
software to evaluate the performance of different paraffins in TES systems. Conducting physical
experiments to validate the simulation results would provide further confidence in the findings
of the study.

¢ Investigating the performance of other types of PCMs: While this study focuses on paraffins,
there are other types of PCMs that may be suitable for use in TES systems. Investigating the per-
formance of other types of PCMs (such as salts or ceramics) in TES systems could provide
additional insight into the best materials to use in these systems.

¢ Optimising the design of the TES system: The current study investigates the effects of porosity
and HTF flow rate on the performance of the TES system. Additional research could be con-
ducted to optimise the design of the TES system by investigating other design parameters
(such as the size of the storage tank or the type of insulation used) and determining the best
configuration for the system.

¢ Investigating the performance of the TES system in different climate conditions: The current
study evaluates the performance of the TES system under specific climate conditions. Investi-
gating the performance of the TES system in different climate conditions (such as hot or cold
climates) could provide insight into how well the system would perform in different regions
of the world.

¢ Integrating TES systems with other renewable energy sources: The current study focuses on inte-
grating the TES system with a solar flat plate collector. Investigating the integration of TES sys-
tems with other renewable energy sources (such as wind or geothermal) could provide insight
into the best ways to utilise different forms of renewable energy.
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Appendix
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Figure A1. Phase distribution of TES tank using paraffin RT30.
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Figure A2. Phase distribution of TES tank using paraffin RT28HC.
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Figure A3. Phase distribution of TES tank using paraffin WAX..
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Figure A4. Phase distribution of TES tank using paraffin RT58.
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Figure A5. Phase distribution of TES tank using paraffin P56-58.
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