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Abstract

The building sector is a major contributor to global energy consumption and
carbon emissions, with heating demand predominantly met by fossil fuels. As
the integration of variable renewable and waste heat sources into urban
heating networks expands, thermochemical energy storage (TCES) presents
a promising solution, offering high energy density and the potential for long-
duration storage. However, the practical deployment of TCES has been limited

by material and reactor inefficiencies critical for industrial waste heat recovery.

This research aimed to develop and evaluate a novel TCES material tailored
for medium-temperature waste heat applications. A new composite based on
Mg(OH), doped with 5 wt% KNO; and 15 wt% Al,O; was synthesized and
characterized. The doped material exhibited a reduced dehydration
temperature from ~317 °C to 293 °C, enabling more efficient waste heat
capture within the 293—400 °C range. The energy storage capacity increased
from 1246J/g to 1317 J/g. Molecular simulations predicted a thermal
conductivity of 0.708 W/mK, an enhancement of 12.9% over pure Mg(OH),,

which aligned well with experimental values (0.6484 W/mK).

Reactor-scale numerical modelling of 1.5 kg of the composite in an agitated
fluidized bed reactor showed that dehydration began at 300 °C with an airflow
of 28.95 kg/h, achieving a minimum fluidization velocity of 0.1850 m/s and a
99.99% reaction efficiency, releasing +5 kW of heat. Hydration initiated at
200 °C using a humidified air stream, with a minimum fluidization velocity of
0.01598 m/s and a 99.21% reaction efficiency, releasing —4.8 kW of heat. A
water vapour to MgO molar ratio beyond 4:1 showed saturation effects,

indicating water as a limiting factor in hydration.



These findings demonstrate the potential of the developed Mg(OH),-KNO3-
Al,O3 composite for efficient medium-temperature TCES. Future work should
focus on long-term material stability, advanced reactor modelling, and full-

scale validation to support real-world deployment in building energy systems.
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Chapter 1: Introduction

1.1 Background

The building sector, comprising residential, commercial, and institutional buildings, is one
of the largest energy consumers globally. According to the International Energy Agency
(IEA), buildings account for 30% of global final energy consumption and almost 28% of
direct carbon dioxide (CO,) emissions [1]. The primary energy use in buildings is
dominated by heating, ventilation, and air conditioning (HVAC) systems, which account

for around 50% of total building energy consumption in many regions [2].

This energy demand for heating is largely met by the combustion of fossil fuels, which
significantly contributes to the carbon footprint of the sector [3]. Given that fossil fuels
account for around 74% of the heating demand in buildings, this not only contributes to
climate change but also heightens concerns about energy security and affordability [4].
Hence, it is imperative to decarbonize the building sector to align with global, national,
and local emission reduction targets as an urgent priority. Innovations that reduce energy
consumption and emissions while simultaneously improving energy efficiency are

therefore essential to achieve this.

Consequently, the transition to low or zero-carbon heating systems is crucial for
decarbonizing the supply side of the built environment. Numerous viable options include
geothermal and solar-thermal systems and heat pumps. However, the daily and seasonal
variability of these low or zero-carbon energy sources and a mismatch between energy
demand and supply pose challenges to decarbonizing individual buildings and
neighbourhoods. District heating (DH) systems are well-positioned to provide the required
infrastructure to meet demand from urban buildings using waste heat and zero-carbon
sources, but they do need appropriate thermal energy storage facilities that can operate
at different temperatures. These heat sources are commonly categorized by temperature

as low-grade (ambient to 250°C), medium-grade (250-500°C), and high-grade
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(>500 °C). For instance, the UK’s industrial and power generation sectors are estimated
to produce approximately 391 TWh of waste heat annually across the various foregoing
heat grades [5]. Additionally, substantial quantities of waste heat are generated from
renewable energy sources such as solar and geothermal systems. From all the waste
heat sources, medium-grade dominates, accounting for over 25% of the estimated total
waste heat available in the UK [6]. Therefore, the efficient recovery and utilization of

medium-grade waste heat for application in the building sector is of critical importance.

In this context, thermochemical energy storage (TCES) emerges as a promising
technology to fulfil this requirement. For example, TCES materials have high energy
storage densities and can be utilized for heat storage at different operating temperatures
[7] from as low as 80 °C for solar-thermal applications to over 150 °C for waste heat
recovery. They can retain the energy in the adsorbed state, with near-zero losses, and
so potentially allowing storage inter-seasonally (i.e., storing solar energy in summer
during low demand and discharging in winter during high demand), thereby offering
flexibility to match the diverse thermal needs of buildings. These attributes, therefore,
underscore the increased research interest in TCES in the last few decades as a

promising technology for facilitating global energy transformation goals.

However, commercially available TCES materials possess relatively low thermal
conductivity, which tends to affect their thermal response and thus the effectiveness of
TCES reactors [8]. These materials also function at fixed and high dehydration
temperatures, and are therefore unable to be used for harvesting waste heat from a wide
range of heat sources [9]. There is therefore a need to gain a full understanding of the
physical and chemical attributes of various potential TCES materials to enable novel
materials to be developed. Accordingly, this project was focused on overcoming the

scientific and technical limitations of existing medium-grade TCES materials.
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1.2 Research aim and objectives
This research was aimed at developing a novel TCES material for medium-temperature
waste heat storage applications. Therefore, the specific objectives of the research were

to:

e Undertake comprehensive literature reviews of various thermochemical reactors
and energy storage materials to establish their technical and scientific limitations.

e Screen and select core materials for the development of medium-temperature
energy storage materials.

e Perform computational analysis to establish the thermophysical properties of the
developed materials at molecular level.

e Undertake experimental approach to enhance the thermal performance of the
developed material.

e Conduct numerical evaluation of the thermodynamic behaviour of the developed

material in a model agitated fluidized bed.

1.3 Contribution to knowledge

The main contributions to knowledge from this research are summarized as follows.
Material performance improvement:

e Demonstrated that doping Mg(OH), with 5 wt% KNO; significantly lowered its
dehydration temperature (~24 °C reduction), and achieved a measurable increase
in heat storage capacity, enhancing its suitability for medium-grade waste heat

recovery.
Thermal conductivity enhancement strategy:

e Showed that incorporating 15 wt% AIl,O; nanoparticles improved thermal
conductivity of doped Mg(OH)2 by up to 12.9%, offering a pathway to faster heat

transfer in TCES systems.
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Reactor-scale modelling and system efficiency:

e Developed a novel process model for a fluidized bed reactor using 1.5kg of
material, achieving high dehydration (99.99%) and hydration (99.21%) efficiencies
with approximately 5kW energy exchange, and identified optimal operating
conditions including temperature, airflow rate, and fluidization velocity.

e |dentified a hydration efficiency limit related to water vapour saturation, with
equilibrium reached at a 4:1 molar ratio, informing future reactor design and

operation strategies.

1.4 Thesis structure

The remaining chapters of this thesis are presented as follows:
Chapter 2: Literature Review

Focuses on relevant background details in the literature related to thermochemical
storage materials and reactors. It expounds on the principles governing thermochemical

energy storage and its implementation, addressing technical concerns and limitations.
Chapter 3: Development of Novel TCES Materials

Covers the screening criteria for candidate materials, synthesis methods, and various

characterization processes for the developed TCES materials.
Chapter 4: Thermal Enhancement Modelling of the Developed Material

Focuses on the computational approach used for analyzing the thermophysical properties

of the developed materials at molecular level.
Chapter 5: Experimental Thermal Enhancement of the Developed Material

Covers the experimental approach to thermal enhancement of the developed material,

leveraging the predictions from theoretical modelling.
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Chapter 6: Numerical Evaluation of the Developed Material in a Model Agitated

Fluidized Bed Reactor

Covers the development of multicomponent mathematical models, crucial for assessing
the thermodynamic performance of the developed storage material in a model agitated

fluidized bed reactor.

Chapter 7: Conclusion and Recommendations for Future Work

Provides analysis, implications, and conclusions to each theoretical and experimental

aspect of the work and gives recommendations for future research.
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Chapter 2: Literature Review

2.1 Introduction

This chapter gives an overview of thermal energy storage (TES), providing relevant
background on the fundamental principles governing each TES technology and the
practical issues related to implementation. The discussion encompasses technical
concerns, current limitations, and emerging challenges in the field. Furthermore, the
chapter highlights the trajectory of the state-of-the-art TCES as a promising TES option,
offering insights into ongoing developments. Additionally, a forward-looking analysis is
presented, outlining the anticipated future trends and advancements in this critical area

of research.

2.1.1 Overview of thermal energy storage technologies

As the shift toward more sustainable energy systems becomes imperative, the
significance of energy storage becomes increasingly prominent. Thermal energy storage
(TES), often referred to as heat batteries, has garnered growing attention, emerging as
a crucial component bridging the gap between heat demand and supply. TES serves as
a valuable solution for harnessing and utilizing heat that would otherwise be wasted,
playing a pivotal role in improving the energy efficiency of heat-related processes,
optimizing heating systems, and increasing the utilization of renewable energy sources
[10]. The three main types of TES recognized are sensible heat storage (SHS), latent

heat storage (LHS), and thermochemical energy storage (TCES).

2.2 Sensible heat storage
SHS technology relies on introducing heat into a storage medium to raise its temperature
while keeping its phase unchanged. The stored heat (Q) depends on factors such as the

material's specific heat capacity (C,), its quantity or mass (m), and the temperature range

(AT) during operation [11]. This is mathematically expressed as
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Q = mC,AT (2.1)

Since m = pV, where p and V are the medium’s density and volume, the sensible storage

heat capacity is also written as
Q = pVC,AT (2.2)

So that the energy storage density of the medium is

< _ 23
var = PG (2.3)

Going by the specific heat capacity, cost, and temperature range, solid and liquid
materials are generally preferred as heat storage media [12]. For high-temperature
thermal storage (with temperature changes exceeding 100 °C), solid materials such as
sand, gravel, concrete, and metals are typically used. In contrast, for thermal storage
across various temperature ranges, liquid materials like water, aquifers, some heat
transfer oils, and high-temperature molten salts are commonly employed [12-14]. A

comparison of some commonly used SHS materials is presented in Table 2.1.
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Table 2. 1 Classification and comparison of common SHS materials [12]

Classification Material Operation Density Thermal Energy
temperature (kg/m3) conductivity density
(°C) (W/mK) (kd/m3)
Solid Brick 0-1000 1500-1800 0.9-1.2 1764
Concrete 350 - 390 2307 1.36 2112
Rock 200 - 300 2480 2-7 2940
Sand <1500 1450 0.26 1136
Castiron 200 - 400 7900 29.3 6100
Liquid Thermal oil 0-400 875 0.1276 1995
Water 0-100 1000 0.59 4192
Molten nitrate 450 - 540 1800 - 1740
(KNO3s/NaNOs/
NaNO2)

The advantage of a liquid storage medium lies in the ease of being circulated (as an
active system), therefore allowing for effective heat transport. Additionally, the density
difference caused by heating the liquid generates buoyancy, which helps establish a
desirable thermal gradient within the storage material [15]. SHS is the most established
and widely used TES technique in buildings and usually employs water as a medium for
storing and releasing thermal energy. The choice of water owes to its high specific heat
capacity, non-toxicity, abundance, chemical stability, and high capacity rate during charge
and discharge [16]. In most cases, SHS is employed in space heating and domestic hot
water supply systems, where temperatures typically range between 20°C and 90 °C. For
a temperature change of 70 °C within this range, water can store about 290 MJ/m?3 of
thermal energy and thus remains the most used storage medium for solar-based hot
water and space heating applications [17]. Water tank storage is common and cost-
effective, and its efficiency can be enhanced by ensuring optimal water stratification within

the tank and utilizing highly effective thermal insulation [18].
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Detailed design criteria for systems with water as a heat storage material are available in
the published report of Kemna et al. [19]. In the UK, where space heating is a significant
energy demand, SHS systems are integrated with central heating systems to store
excess heat generated by renewable sources or off-peak electricity. Water tank storage
can also be used to store heated water for domestic hot water (DHW) supply. Hot water
storage systems, which act as buffer storage for DHW supply, usually range in capacity
from 500 litres to several cubic metres. This technology is also employed in solar thermal
installations that combine DHW with building heating systems, known as Solar-Combi-
Systems [18]. Atypical example of a system for water tank storage consisting of a solar

collector and a boiler that heats the water storage tank is shown in Figure 2.1.

1

Storage

Space healing

o o=

Enecray supply  Sterage, Control. Transfer and Dislribution Load

Saolar collector

Figure 2. 1 Schematic of a combined system of solar collector and boiler for charging the

storage tank [20]

Additionally, large hot water tanks are used for storing solar thermal heat over extended
periods, often in conjunction with small district heating (DH) systems. They can have
volumes up to several thousand cubic meters. Typically, charging temperatures are
between 80-90 °C, and the usable temperature difference can be increased by using heat

pumps to discharge to temperatures down to around 10 °C [18].
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One of the major drawbacks to the performance of a water tank storage is its size. The
large storage volume impacts system efficiency, economic viability, the ability to provide
long-term storage, and the system's suitability for various applications [16]. Therefore,
such systems require the development of techniques that substantially eliminate heat
losses due to steam diffusion through the walls and optimize stratification within the tank
to maintain good thermal performance [15]. To address these issues, modern water
storage vessels are incorporated with several advanced features to improve the overall

efficiency of heat storage, including [21]:

e A minimal number of thermal bridges around the storage vessel to reduce heat
losses.

e Enhanced heat insulation, such as vacuum insulation.

e Siphon pipe introductions to prevent natural convection losses.

e Stratification enhancers to increase the exergy value of the stored content.

e Internal devices to reduce the speed of inlet water, preventing disturbance of
stratification within the storage vessel.

e Large heat exchangers or mantle heat exchangers.

Despite these improvements, one disadvantage of using water as a SHS medium is its
upper-temperature limit of around 100 °C, which restricts its applicability for high-
temperature heat storage, especially in concentrated solar thermal power (CSTP)
systems or industrial processes. It also has a high vapour pressure at elevated

temperatures and is susceptible to corrosion [22]

2.3 Latent heat storage
In Latent heat storage (LHS), thermal energy is stored by utilizing the latent heat of phase
change materials (PCMs) during phase transitions. That is, when a PCM undergoes a

phase change, heat energy is either released or absorbed. LHS can be accomplished via
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solid-solid, solid-liquid, solid-gas, and liquid-gas phase transitions, but only two are of
practical interest: solid-liquid and solid-solid [23]. Although the solid-gas and liquid-gas
transitions possess a greater latent heat, their substantial volume changes during phase
transition pose containment challenges, thus limiting their suitability for application in
thermal storage systems [23]. For solid-liquid transition, the change of phase takes place
at the melting temperature when heat is added but does not exhibit a temperature rise.
Thus, the increase in heat cannot be detected and appears to be ‘hidden’ (latent). The
transition from solid to liquid typically involves a slight volume change of less than 10%,
and there is generally no significant pressure change [24]. These factors result in the
melting or solidification of the material occurring at a constant temperature known as the
phase change temperature. Therefore, the storage of heat energy within a narrow
temperature range close to the phase change temperature is one of the most cherished
advantages of LHS [7]. Moreover, the solid-liquid transition processes have proven to be
economically competitive for application in thermal energy storage systems compared

with other LHS solutions [23,25].

The amount of heat stored (AQ) is equivalent to the change in enthalpy (AH) between

the solid and liquid phases [24], that is

AQ = AH = mAh (2.4)

where mAh is the latent heat. In a typical LHS system, the total stored heat comprises
both sensible heat, observed before and after the phase change, and latent heat,
observed specifically during the phase transition [25]. The phase transitions are depicted
in the schematic diagram in Figure 2.2, whilst the total energy involved in each phase is

expressed in Equation 2.5.
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Figure 2. 2 Schematic diagram of solid-liquid and liquid-solid phase transitions of a PCM

[26]
Q = mC,AT(s) + mAh + mC,AT (1) (2.5)

where the mass (m), specific heat capacity at constant pressure (C,), and temperature
(T) are the properties of the LHS material. Generally, solid-liquid PCMs fall into different
categories (Figure 2.3), each with specific properties. The properties of different PCMs

are summarized in Table 2.2.

Phase Change
Materials
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>
| Eutectic inorganic
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Figure 2. 3 Classification of solid-liquid PCMs [27]
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Table 2. 2 Properties of different solid-liquid PCMs [28]

Organic  Organic non- Inorganic salt Inorganic

paraffin  paraffin hydrates metal
eutectics

Melting -12-187 <150 20 — 140 30 -125
temperature
(°C)
Latent heat 190-240 140-430 250 — 660 300 - 800
J/m3) x 108
Density ~810 900 - 1800 900 - 2200 ~ 8000
(kg/m?3)
Thermal ~0.25 0.2 06-1.2 ~ 20
conductivity
(W/mK)
Toxicity No Some Highly Some
Corrosivity Low Some Highly Some
Congruent Yes Some Most Yes
melt
Supercooling No No Most No

Organic PCMs offer numerous advantages. Their phase transition temperature increases
with the number of carbon atoms in their chain, making them suitable for a wide range of
applications. They are non-corrosive, chemically inert, and thermally stable within
specified temperature ranges. Additionally, they have a congruent melting process,
preventing phase segregation during repeated transitions. They also have low liquid
phase undercooling, high latent heat of fusion, high nucleation rate, are recyclable, and
are compatible with most construction materials [29,30]. However, organic PCMs also
have several disadvantages, including low thermal conductivity, flammability, significant
volume variation, and high cost [29,30]. For inorganic PCMs, salt hydrates are the most
investigated. Compared to the organic PCMs, they have notable advantages, including
relatively higher thermal conductivity and high LHS density. They also exhibit low volume
change during phase transition and are non-flammable [29]. However, their main
drawback is incongruent melting, which causes phase segregation and dwindling

performance after each charge-discharge cycle. Additionally, they have poor nucleating
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properties, leading to supercooling before crystallization, they are corrosive and
incompatible with many construction materials [31]. On the other hand, eutectics,
composed of mixtures of various organic, inorganic, or hybrid phase change materials
(PCMs), allow for the creation of materials with tailored thermal properties, such as
specific phase change temperatures and latent heat capacities. Their key advantage lies
in their customizable phase change temperatures for various applications. Organic
eutectic mixtures offer additional benefits, including long-term stability, high phase
change enthalpy, and ease of impregnation into porous materials due to their chemical

compatibility and surface tension [32]. However, their main drawback is their high cost.

Despite these shortcomings, PCMs find applications across various sectors such as
renewable energy (e.g., solar power), HVAC (Heating, Ventilation, and Air Conditioning)
systems, thermal management in electronics, and building materials for energy-efficient
buildings. For instance, Du et al. [26] conducted a focused review of the utilization of
PCMs for both cooling and heating applications across various temperature ranges. Their
findings reveal significant potential for energy savings and efficiency improvements in
buildings. Specifically, PCMs have the potential to be incorporated into free cooling
systems or building construction materials [26,27], to provide thermal sufficiency,

enhanced indoor thermal comfort, and decreased energy consumption.

However, several grey areas and gaps still exist. While there have been advancements
in expanding the operational temperature range of LHS systems, there is still a need for
PCMs that can accommodate high temperatures encountered in certain applications,
such as solar thermal energy storage [33]. Again, the rate of heat transfer during the
phase change process can sometimes be slower than desired, requiring efficient heat
exchange systems to maximize performance [31]. Ensuring the long-term stability and
reliability of LHS systems remains a challenge, particularly regarding compatibility issues

between PCMs and container materials as well as potential degradation mechanisms
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over multiple phase change cycles. Research efforts have shown that the fabrication of
composite PCMs and encapsulation techniques have helped in addressing some of these
issues like enhancement in thermal conductivity, cyclability, and heat transfer rate, as well
as preventing the leakage of the liquid phase [30]. However, one disadvantage of PCM
encapsulation is its cost, and the encapsulation can potentially impact the mechanical

aspect of building materials [33].

Therefore, ongoing research and development in PCMs must address these
shortcomings to facilitate the discovery and optimization of materials with desirable phase
change temperatures, improved thermal conductivity, and enhanced cycling stability,

thereby driving the further adoption of LHS systems.

2.4 Thermochemical energy storage

In the TCES approach, heat is stored chemically when a material (say AB) absorbs heat
equal to its heat of reaction and splits into products A and B (Equation 2.6), which are
stored separately. The splitting route is endothermic and is the charging process. Bringing
the products together triggers a reversible reaction that releases the heat. This reversible

exothermic path is the discharging process.

AB+AHS A+B (2.6)

Therefore, reversible chemical reactions govern the storage and release of heat in TCES
systems, with the amount stored determined by the enthalpy (AH) change of the reaction.
The reaction typically occurs in a reactor, and the process can be run continuously using
a suitable reactor design. Charging and discharging phases can be conducted in two
separate reactors with storage tanks in between (Figure 2.4). Heat is introduced in
Reactor 1, designated as the charging reactor, and solid component A undergoes a
reaction to produce solid component B, resulting in the release of a gaseous component,

in this case, water vapour. Following a storage duration, component B is transferred to
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Reactor 2, where water is introduced to facilitate the release of the stored energy. The
thermochemical cycle is then completed and can be initiated anew by reintroducing

component A into Reactor 1.

Hzo ¥ Heat
/ ol output

A(,) + 8H B(s) + H,0

Reactor 1 Reactor 2
By + H2O — Ay + AH.
Heat B B H,O
input

Figure 2. 4 General principle of TCES [34]

The reversibility of the chemical reactions is a key aspect of TCES. Also, of great
importance to the long-term viability of the technology is the ability to repeatedly charge
and discharge the storage medium without significant degradation. Therefore, identifying
and using suitable materials for the storage medium is crucial, and generally, these
materials should have the ability to undergo reversible reactions, have high energy
density, and good thermal stability. The choice of reactions is often based on their
operating temperature range. By selecting reactions that occur within a specific
temperature range, TCES systems can be designed to match the thermal requirements

of different applications.

The merits of TCES over the other two technologies (SHS and LHS) lie in its theoretically
higher energy storage density and zero heat losses during storage [35]. Concerning
energy density, it is theoretically estimated to be about 5 to 10 times higher than LHS and
SHS, respectively, when compared on the same scale basis [36,37]. Thus, the theoretical

higher energy storage density and zero heat loss are the salient hallmarks of the TCES
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principle. These features can facilitate the design of compact thermal (or heat) storage
options and could be effective where space constraints are significant, especially in
buildings. Additionally, TCES systems can be tuned to operate in a wide range of different
temperatures and pressures [38], thus making them suitable for storing all grades of
waste heat. This offers the possibility of being operated using various heat sources such
as the storage of solar energy between seasons (long-term storage) and the storage and
transfer of heat generated in industrial processes from one facility to another or a
residential area (short-term storage). Moreover, the effective integration of TCES into
district heating (DH) networks can lead to benefits such as increased energy efficiency
and reliability, and reduction in energy use, costs, and greenhouse gas (GHG) emissions.
Thus, TCES is potentially applicable in lowering fossil fuel consumption and related GHG

emissions [39].

These attributes have attracted increasing interest in TCES research, albeit at its
experimental stage, and still have some significant issues that require resolution. Some
of these issues include the complexity of infrastructure as well as low levels of thermal
attainment in practical systems [35]. Therefore, a robust approach to operational control
and understanding of the system must have a real-time model to predict its dynamics.
For this reason, numerical or modelling studies are required for deeper theoretical
insights and the prediction of the system’s behaviour. In addition, research still focuses
on finding suitable materials with sufficient energy density, hygrothermal stability, and
cyclability at conditions suitable for system operation [40]. One way is to enhance the
materials’ properties before integration into reactor systems [41]. Additionally, it also

requires suitable reactor optimization techniques and heat exchanger frameworks [38]

The most investigated TCES candidate materials are discussed in the following Sections,

starting from low-temperature through medium to high-temperature systems. The focus
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is only on solid-gas reactions because they are known to show better values of reaction

efficiencies in reactors [42].

2.4.1 Thermochemical reactions and materials for TCES

TES based on chemical reactions is justifiably advantageous for seasonal storage [36].
These reaction systems store energy in the form of chemical potential, and the energy
per mole required to break up chemical bonds is more than any other thermal storage
system. These reactions are characterized by changes in the molecular composition of
the reactants involved [37] and usually take place at different temperature ranges [43].
High energy storage density and reversibility, among others, are key requirements for
TCES materials. It is important to emphasize that the type of reaction has immense

implications for the reactor design and system integration [44].

TCES reactions are classified into three categories, namely solid-gas, liquid-gas, and
gas-gas reactions, regarding the nature of the reactants and products. But for
temperatures over 300 °C, only solid-gas and, in some cases, liquid-gas reactions remain
practicable [7]. Furthermore, solid-gas reactions have been widely studied as a very
promising heat storage method [45]. The interest in these reactions is due to their wide
range of equilibrium temperatures and self-separation of reactants. Chemical reactions
(including chemical sorption processes) premised on solid-gas systems are an
encouraging method for the storage and conversion of heat energy for heating or cooling
purposes [46]. While the sorption processes are used to store low (<100 °C) and medium
(100—400 °C) grade heat with enthalpies in the range of 20—-70 kJ/mol [46]. Chemical
reactions are utilized for the storage of medium (100—400 °C) and high (>400 °C) grade

heat, and the enthalpies are in the range of 80-180 kJ/mol [37,43].

Different kinds of solid-gas reactions are employed for TCES. These are categorized

based on the composition of the solid reactant as the most prominent [47] The reactions
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include those based on hydrates, hydrides, hydroxides, carbonates, and oxides. It has
been suggested that whenever TCES materials are considered, their operating
temperature range and enthalpy must be specified for the application. For this reason,

Bauer [7] characterized the solid-gas reactions according to reaction temperatures:

Dehydration/hydration of metal salt hydrates (40-260 °C).

e Dehydrogenation/hydrogenation of metal hydrides (80—400 °C).

e Dehydration/hydration of metal hydroxides (250-600 °C).

e Decarbonation/carbonation of metal carbonates (100-950 °C).

¢ Deoxygenation/oxygenation of metal oxides (600—-1000 °C).

2.4.1.1 Dehydration/hydration of metal salt hydrates

TCES materials for low-temperature applications have attracted remarkable attention.
Salt hydrates and composite sorbents based on salt hydrates belong to this category.
They have become preferred materials for TCES in building applications [48] due to their
high energy density and low turning temperatures [49]. The low turning temperatures are
suitable for integration with sources like solar energy or low-grade waste heat and make
them fit for residential space heating applications [49]. Much literature is available on
high-potential salts, and this includes chlorides — LiCl [50], CaCl2[44—46], and MgCl2[54];
bromides—SrBr2 [55,56] and LiBr [50,57]; sulfates — MgS0O4[53,54,58], Al2(SO4)3 [53,59]
and CuS04 [60]. Furthermore, other promising hydrates such as Naz2S and K2COs were

studied by de Jong et al. [61] and Gaeini et al. [62], respectively.

TCES materials must fulfil common conditions such as low cost, non-poisonous, and non-
corrosive, in addition to having sufficient energy density and suitable turning
temperatures. These requirements are fulfiled by many salt hydrates [53]. However,

numerous salts proposed for low-grade thermal energy storage have failed [49]. In a
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typical case, for instance, van Essen et al. [53] did a theoretical study of four salt hydrates
namely, MgSO04.7H20, Al2(SO4)3.18H20, CaCl2.2H20 and MgCl2.6H20 using a
thermogravimetry and differential scanning calorimetry (TG-DSC) apparatus. Based on
the measured temperature lift under practical conditions, MgCl2 was considered the most
promising with a high theoretical energy density of 2.8 GJ/m3. However, both hygroscopic
chlorides under investigation tended to form a gel-like material (due to melting or
formation of solution) during the hydration experiments, which prohibited further water
uptake. Similarly, Donkers et al.[60] studied the cyclability of CuCl2, CuSO4, MgCl2, and
MgSOzs in hydration/dehydration reactions. They observed the effect of fracturing to be
greater in hydrates with larger volumetric changes. In conclusion, CuCl2 was adjudged

the most promising heat storage material.

A systematic evaluation of 125 salt hydrates has been performed by N’'Tsoukpoe et al.
[59] using criteria such as safety, theoretical calculations, and thermogravimetry analysis
(TGA). Out of 45 preselected salt hydrates, SrBr2.6H20 and LaCls.7H20 appeared to be
the most promising. However, the expected efficiency and net energy storage density
(including water storage) remained low. Similarly, a review of 563 reactions has been
carried out [63] to evaluate the theoretical suitability of salt hydrates as seasonal heat
storage materials. Up to 25 salt hydrates were identified. By considering cost, chemical
stability, reaction kinetics, and safety, K2CO3 was determined to be the most promising

candidate, but low energy density was noticed.
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Table 2. 3 Thermodynamic properties of some salt hydrates [64].

Reaction Theoretical Experimental Temperature Water
energy energy (chargel/discha vapour
density density rge) (°C) pressure
(GJ/m?3) (GJ/m?3) (mbar)

MgCl;-6H.05MgCl-H20+ 2.5 0.71 150/30-50 13

5H,0

MgCl;-4H,0sMgCl>-2H,O0+  1.27 1.10 118/n.a. 13

2H,0

CaCl,'2H,0=CaCl;+2H,0 1.1 n.a. 95 n.a.

Al(SO4)3-6H,0=AI(SO4)s 1.9 n.a. 150 n.a.

+6H,0

MgS0O4.6H05MgS04.H 0+ 2.37 1..83 72/n.a. 13

5H,0

MgSO4:7H,05MgS04.H.O 2.3 n.a. 150/105 n.a.

+6H,0

CaS042H,0=CaS04+2H, 1.4 n.a. n.a./89 n.a.

@)

NazS-5H,0sNa2S.1/2H.0+ 2.7 n.a 80/65 13

9/2H,0

SrBr;:6H,0O=SrBro HoO+5H, 2.3 2.08 n.a./23.5 20

@)

Li>SO4-H,0O5LiSO4+H20 0.92 0.80 103/n.a. 13

CuS04-5H,0=CuS04.H,O0+  2.07 1.85 92/n.a. 13

4H,0

n.a.: not available

Table 2.2 gives the theoretical and experimental energy density, reaction temperature,
and water vapour pressure of some salt hydrates [64]. It is, however, worth noting that in
all these comparative investigations, the difference in behaviour is attributable to the
intrinsic properties (crystal structure and thermodynamics) of the materials. Therefore, a
general kinetic model of the reaction process in salt hydrates will require specific
information on the material properties. So, besides the high potential shown by some salt
hydrates, several associated issues are still obvious. These include poor hydrothermal
stability, slow thermodynamics, high corrosivity, and toxicity [48]. Such attributes make it
difficult for the monomer salt hydrates to be used for TCES without modification of their
properties. For this reason, researchers have experimented with composite materials.
Fopah Lele et al. [55] evaluated four salt hydrates (CaClz, MgClz, SrBrz2, and MgSO4) and
host matrices (activated carbon, expanded natural graphite, and silica gel). The results

on both systems for only salts gave thermal conductivity in the range of 0.3-1.3 W/mK
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with a measurement uncertainty of less than 14%. Zhao et al. [65] mixed SrBr2 and
expanded natural graphite treated with sulfuric acid. The composite with 10 wt% of SrBr2
proved satisfactory with good mass transfer performance and no degradation in water

uptake.

Salt mixtures appear promising, but the general technical issue reported is mass
transport within the matrix’s pores due to deliquescence, overhydration (with possible
leakage or pore blockage), and a low-temperature lift [48]. A proposal for pairing suitable
salt hydrates according to different matrix materials, reactor analyses, and structural
optimization methods for the enhancement of heat and mass (HAM) transfer has been
recently published [66]. Again, selecting a suitable binary salt mixture may increase the
performance of each material and avoid its unique individual shortcomings. A double salt
hydrate, Na2Zn(S0O4)2:4H20, has been reported as having exhibited suitable stability at
the first ten hydration/dehydration cycles, with an excellent energy storage density of 4.7
GJ/m?3 and theoretical efficiency up to 77.4% [67]. It might be necessary that the influence
of material characterization and reaction parameters are considered to determine the
optimum mixing pair and ratio, as well as optimize system controls under different
operating conditions [48]. Despite these, N'Tsoukpoe and Kuznik [9] assert that the
performance achieved with salt-hydrate systems is not competitive and that the

performance or advantages of the TCES materials have probably been overestimated.

2.4.1.2 Dehydrogenation/hydrogenation of metal hydrides

Metal hydrides (MHs) are compounds formed by the reversible reaction of hydrogen and
metal or metal alloy, and this reversible absorption of hydrogen gas is exothermic [45].
The utilization of MHs for TCES is encouraged by high energy efficiency, high volumetric
energy density, and cost [68]. It also offers flexibility in its wide range of operating
temperatures. On the other hand, one of the main disadvantages of MH systems is the

need for hydrogen storage [69]. This means that the MH system can be a closed system
39



with an intermediate hydrogen storage subsystem. It is suggested that by coupling a high
temperature with a low-temperature metal hydride system, a self-regulating reversible

metal hydride energy storage system can be established [70].

Lithium hydride (LiH), calcium hydride (CaHz), and magnesium hydride (MgH2) systems
have been studied for their TCES potentials. However, more attention has been paid to
MgHz2 [35]. It has a working temperature between 200-500 °C and decomposes into Mg
metal releasing hydrogen with a reaction enthalpy of 75 kJ/mol and a heat storage
capacity of around 0.8 kWh/kg [45,71]. The hydrogen gas can be stored in a reservoir
under the equilibrium pressure of MgH2. For instance, the MgH2/Mg equilibrium pressure
of 10 bar at 350 °C and 20 bar at 400 °C is shown in Figure 2.5. According to Felderhoff
et al. [45], if the pressure is lower than the equilibrium pressure at a given temperature
(shaded area in Figure 2.5), MgH2 decomposes until the pressure inside the system
reaches the equilibrium pressure. At pressures higher than the equilibrium pressure, Mg

metal can be hydrogenated (white area in Figure 2.5).
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Figure 2. 5 Equilibrium pressure of MgH2 as a function of temperature [45]
Chen et al. [35] note that the MgH2/Mg pair suffers from poor reversibility. Its cyclic

stability drops by 75% after 500 cycles [72] which is a limiting factor in the large-scale
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application. Additionally, its high thermodynamic stability and sluggish reaction kinetics
are the major obstacles to its extensive application [73]. Table 2.3 shows the

thermodynamic properties of MgH2 [74].

Table 2. 4 Thermodynamic parameters and energy storage properties of MgH2 [74]

Thermodynamic Parameters Values
Formation enthalpy, kJ/(mol.H2) -74.5
Formation entropy, J/(mol.H2.K) -135

Hydrogen Storage Capacity (Theoretical)

Gravimetric capacity, wt% 7.6

Volumetric capacity, g/(L.H2) 110

Thermal Energy Storage Capacity (Theoretical)

Gravimetric capacity, kJ/kg 2204

Volumetric capacity, kJ/dm3 1763

Strategies employed to overcome these issues include the addition of nanostructures,
alloying, and MgH2-based composites. The catalytic addition of different transition metals
or transition metal oxides can greatly accelerate the hydrogenation/dehydrogenation
kinetics [45]. Khan et al. [75] investigated two nanostructured MgH2 and cobalt (Co)
powders. The hydrogen storage properties of the 2MgH2-Co powder and 2MgH2-Co
compressed pellet were analyzed. Fast hydrogenation was observed in the de-hydride
2MgH2-Co compressed pellet with about 2.75 wt% absorbed in less than 1 min at 300 °C,
and a maximum hydrogen storage capacity of 4.43 wt%. The hydrogen absorption
activation energy of the 2MgH2-Co compressed pellet was also lower than in the 2MgH2-
Co powder. Banrejee et al. [76] prepared nanocrystalline magnesium and compared it
with micro-crystalline magnesium. The developed nanocrystalline Mg exhibited improved

properties with a higher hydrogen storage capacity of 6.24 wt% at 300 °C. Prolonged ball
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milling led to faster hydrogenation kinetics (up to 90% of the saturation value in 15.5
minutes at 250 °C) and a substantial decrease in the activation barrier. Nanostructuring
has also been studied [77,78] with remarkable improvements in Mg-based storage
properties. However, nanostructuring could result in poor thermal conductivity [35]. Also,
the drawback in powder materials is usually due to their tendency towards coalescing

and sintering during dehydrogenation/hydrogenation cycles.

Alloying is an effective and easy-to-handle method of improving the sorption property of
MgH2/Mg [35]. Intermetallic compounds of transition metals are among the catalytic
materials that can facilitate the thermal storage processes in MgH2 [78]. Usually,
intermetallic hydrides are composites of a hydride-forming element at high temperatures
and a non-hydride-forming element, such as Mg2NiH4 and Mg2FeHs. Research efforts
aimed at reducing the reaction temperatures of these composite hydrides have been
achieved by the addition or substitution of existing elements [79]. There seems to be a
consensus that increasing the number of 3d elements would improve the kinetics by
decreasing the activation energy of hydrogen desorption. For instance, the enthalpy
change associated with the formation of Mg2FeHs at 500 °C was measured to be 77.4
kd/mol Hz, lower than the reported values of 98 kd/mol Hz [80]. Zhang et al. [73] also
reported a decrease in the hydrogen desorption enthalpy and initial dehydrogenation
temperature of MgH2 by incorporation of either Ti or Ni. Sulaiman et al. [81] reported that
5 wt% K2oNiFe-doped MgH2 sample started desorbing around 260 °C, which was a
reduction of about 95 °C and 157 °C compared with the as-milled and as-received MgH2.
Additionally, the de/absorption kinetics were also improved significantly compared to the
un-doped MgH:2. In another approach, Majid et al. [82] selected TiFeo.sMno.2, graphite,
and Fe as additives. Compared to pure milled MgH2 powder, they found that the
dehydrogenation peak temperatures were decreased by 90, 160, and 165 °C for Mg-
TiFeo.sMno.2-graphite, Mg-Fe-graphite, and Mg-TiFeosMno.2-Fe-graphite composites
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respectively. The co-addition of TiFeo.sMno.2, graphite, and Fe exhibited synergistic effects

in improving the hydrogen desorption properties of MgHo.

The roles of Ti-based catalysis and its consequent hydrogen storage effects on MgH:
have been reviewed by Zhou et al. [74]. It concludes that the doping technique via Ti-
based catalysts is a viable approach to enhancing the reaction of Mg-based materials. A
comprehensive compilation of Ti-based catalysis of MgH2 systems, corresponding
synthesis approaches, and kinetic behaviours is presented in their review. On the other
hand, Kumar et al. [83] performed calculations based on the First Principles to investigate
the dehydrogenation kinetics considering doping at various layers of MgH2 (110) surface
with Ca, Al, Ga, Sc, Ni, Ti, and V. Doping at the first and second layers of MgH2 (110) had
a significant role in lowering the H2 desorption (from surface) barrier energy. The
screening approach found Al and Sc as the best possible dopants in lowering desorption
temperature while preserving similar gravimetric density and bulk modulus as of pure
MgH2 system. By extending frontiers, Jain et al. [84] did an investigation of the role of
alkaline metal fluoride (MgF2) as a catalyst in the hydrogen storage behaviour of MgHo..
For a 5 mol% MgF2 admixed into MgH2 powder, hydrogenation measurements at 335°C
showed 92% of the absorbed theoretical capacity in less than 20 minutes (compared to
70% by pure MgH2). Sorption studies further point to the possibility of complete
absorption at low temperatures down to 145 °C. Again, cyclic measurements made at 310
°C revealed an inconsequential loss in the total storage capacity. These results implied
that the sensitivity of the material to atmospheric conditions is low, and it is easy to handle.
Thus, it can be employed in applications where operation at relatively high temperatures

is insignificant.

In the foregoing, a variety of dopants for MgH2 have been reported, and the respective
Mg-based hydride materials were enhanced. However, despite improvements in the

material properties, thermodynamic tuning remains a major challenge [85]. Present
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approaches have been successful to some extent in addressing it, but much is still

desired for practical application.

2.4.1.3 Dehydration/hydration of metal hydroxides

Thermochemical heat storage with metal hydroxides results from a reversible reaction of
water (steam) and metal oxides at high temperatures (~500 °C) and near-atmospheric
pressures [72]. The alkaline earth metal hydroxides like Mg(OH)2, Ca(OH)2, Sr(OH)2, or
Ba(OH)2 have been considered storage materials [45]. The initial candidate hydroxide-
oxide pairs are Mg(OH)2/MgO, Ca(OH)2/Ca0, Sr(OH)2/SrO, and Ba(OH)2/BaO. The
theoretical turning temperatures and thermodynamic data of these hydroxides are
presented in Table 2.4. The reactions are in the range of 70-1005 °C, though most of the
reactions are too low for high-temperature applications [86] thus, they usually occur at
medium temperatures of 250<T<450 °C. The steam partial pressure and the temperature
drive the hydration/dehydration reactions [36]. Figure 2.6 shows some couples that could

be used for TCES application.
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Table 2. 5 Equilibrium temperature and heat storage capacity of metal hydroxides [86]

Material Temperature (°C) Reaction Gravimetric
Enthalpy energy density
(kJ/mol) (kJ/kg)
Ca(OH)2/Ca0 515 100.177 1352
Mg(OH)2/MgO 265 77.745 1333
Be(OH)2/BeO 70 51.276 1191
Mn(OH)2/MnO 190 67.072 754
Sr(OH)2/SrO 755 88.581 728.3
Ba(OH)2/BaO 1005 93.462 545.47
Ni(OH)2/NiO 70 47.846 516
Zn(OH)2/Zn0O 55 49.609 498.96
Cd(OH)2/CdO 125 59.952 409.4
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Figure 2. 6 Reaction equilibrium lines for metal oxide/water reaction systems [72]

Probably, regarding the high reaction enthalpies and energy storage densities (Table 2.4),

mainly the hydroxides Ca(OH)2 and Mg(OH)2 have been extensively studied [35,45].
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However, the Ca(OH)2/Ca0 system is the most explored hydroxide system for TCES,
prompting tests in lab-scale reactors and thermogravimetry analysis (TGA) [38]. One
reason is, the hydration of MgO is very slow in superheated steam and the rate of reaction
drops with the rise in temperature [45,72]. Furthermore, the decomposition of the
Mg(OH)2 system takes place at a relatively lower temperature of around 330 °C [35] and

its reaction enthalpy degenerates with temperatures up to 500 °C, unlike that of Ca(OH)-.

Given these attributes, much research has been done on the potential application of
Ca(OH)2/Ca0O as a long-term TCES system. For instance, Schaube et al. [87]
investigated a 10 mg sample of a Ca(OH)2/CaO system. Full conversion and cycling
stability were reported over 100 cycles at a water partial pressure of 1 bar (even at 0.956
bar), with an equilibrium temperature of 505 °C and enthalpy of 104.4 kJ/mol. However,
little success was achieved in the cycling stability of a 60g sample of the reaction system
as degradation was reported over 25 cycles, and agglomeration was also observed [88].
Also, Criado et al.[89] investigated Ca(OH)2/CaO hydration/dehydration reaction and
obtained higher rates than those reported in the literature at temperatures in the range of
400-560 °C and partial steam pressures between 0 and 100 kPa. However, particle
attrition was observed for large particle sizes of the material. In another work, Dai et al.
[90] investigated the cycling stability of the Ca(OH)2/CaO system for 20 successive
dehydration/hydration cycles. Existing problems relating to agglomeration, sintering, poor
thermal conductivity, and irregularity in the rate of heat release were raised. There is a
consensus that major problems encountered in Ca(OH)2 reactors relate to particle
agglomeration and sintering, and poor heat transfer characteristics. As a result, much of
the research direction has been around materials enhancement through additives

(doping) or composites, as well as reactor optimization.

Huang et al. [91] tried the doping of Ca(OH)2 by hexagonal boron nitride (HBN) and

analysis showed improvement in both thermal conductivity and dehydration enthalpy of

46



the material. It also revealed a 15 wt% as optimal mass content of HBN-doped composite
with improved activity after 10 dehydration/rehydration cycles. In addition, a 67%
rehydration conversion and energy density greater than 1000 kJ/kg were achieved.
Doping of Ca(OH)2 with potassium nitrate, KNOs, has also been reported by Shkatulov
et al. [92]. With 5 wt% KNO3 addition to Ca(OH)2, the dehydration temperature of the
material was reduced, and the reaction rates increased but the material lost its
dehydration heat by 7%. Wang et al. [93] obtained a similar result with 10 wt% KNO3
addition and the doped Ca(OH)2 further showed good cycling stability in the nitrogen
atmosphere but failed in air. Gollsch et al. [94] modified Ca(OH)2 powder with
nanostructured flow agents to improve the powder's flowability. The additives consisted
of nanostructured Si and/or Al203. Additives of weight fractions 6—12% improved the
flowability of the powder. However, after cycling, the flowability of the mixtures decreased
while that of the pure powder increased. Analysis showed a correlation between growth
in particle size and increased flowability. Additionally, the formation of phases in the
additives led to a decrease in absolute heat release of up to 50%, although some of the

side products seemingly added to the measured heat release by hydrating exothermally.

To tackle the problem of low thermal conductivity and the cohesive nature of bulk powder
material, Mejia et al. [95] investigated ceramic encapsulated CaO granules and Ca(OH)2
granules coated with Al203 nanostructured particles. Results showed that both
encapsulated materials did not change their shape after six-fold cycling. However, the
Al203-coated sample exhibited volume expansion during hydration. There was a
reduction in the reactivity of the ceramic sample, whereas the performance of the Al203
sample remained the same as the unmodified Ca(OH). Afflerbach et al. [96] investigated
encapsulated sample of Ca(OH)2 and good mechanical stability with over ten reaction
cycles was attained in a lab-scale reactor. Compared to the thermal conductivity of non-

compressed powdery Ca(OH)2 previously reported as 0.11 W/mK [97], the current form
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exhibited a lower thermal conductivity of 0.078 W/mK. Therefore, much is still required in
terms of material enhancement and reactor bed optimization to enable the applicability

of Ca(OH)2 for TCES.

On the other hand, the reversible reaction involving magnesium hydroxide and
magnesium oxide pair, Mg(OH)2/MgO, is identified as suitable for heat storage in the
temperature range of 300 °C to 400 °C [98]. Furthermore, it has recently been widely
explored for its potential for application in the medium-temperature range of heat storage.
The interest in this temperature range owes to the fact that more than a quarter of the
total projected waste heat potential of 300 TWh/year in Europe is within the medium-
temperature range (200-500 °C) [6]. However, earlier research by Kato et al. [99,100]
indicated that the dehydration temperature for this reaction occurs above 350 °C, which
is not thermodynamically favourable for the intended application. Consequently, there
arose a need to lower the dehydration temperature to cover a broader temperature range.
Therefore, an investigation by Ryu et al. [101] revealed that doping Mg(OH)2 with alkali
metal salts could significantly reduce the dehydration temperature to achieve that

purpose.

Shkatulov et al. [44] later demonstrated that nitrate salts could serve as effective dopants
in hydroxides for improving dehydration outcomes. They proposed that nitrate anions
could infiltrate the brucite hydroxide lattice in a way that facilitates the formation of MgO
nuclei, thereby causing the structure to decompose at a lower temperature. Furthermore,
they achieved a reduction of up to 50 °C in the dehydration temperature with sodium
nitrate (NaNO3) doping of Mg(OH)2. However, the heat storage decreased from 1325 J/g
to 1040 J/g [102]. In another study, Shkatulov and Aristov [103] used lithium nitrate
(LINO3) to dope Mg(OH)z2, resulting in a 76 °C decrease in dehydration temperature.
Similarly, Sun et al. [104] employed cerium nitrate (Ce(NOs3)3) as a dopant, achieving a

29 °C reduction in dehydration temperature, however, this also reduced the heat storage
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capacity. Li et al. [105] incorporated 10 wt% of LiNOs into Mg(OH)z2, which led to a 56 °C
decrease in dehydration temperature. All these studies however observed significant

impacts on the heat storage capacities of the storage materials.

Therefore, there is still a need to explore other types of dopants that could protect the
energy storage integrity of Mg(OH)2. That is, reducing its dehydration temperature without
trading off the energy stored thereby becoming applicable for storage in a wider

temperature range.

2.4.1.4 Decarbonation/carbonation of metal carbonates

Decarbonation/carbonation reaction of metal carbonates has also proven to be an
attractive high-temperature heat storage system. In this case, heat is used to perform the
endothermic breakdown of carbonate, and the products are CO2 and metal oxide. The
interest in carbonates is due to their relatively high operating temperatures (typically over
800 °C), high volumetric density, low operating pressure, non-toxicity, abundance, and
cheapness [37,72]. The decomposition of CaCOs, SrCOs, BaCOs, MgCOs, and PbCOs3
has been studied [38]. However, the controversy about the high refractoriness of
MgCOs/MgO and the toxicity of PbCO3s/PbO is a drawback for further research in these
materials [35]. Also, the carbonation reaction of BaO into BaCOs is hindered by the
melting of the material during the decomposition step [106]. So, among the carbonates,
CaCOs is considered the most promising heat storage material [35,45] and the focus will
be on the CaCO3/Ca0 system. It has been reported that after 40 high-temperature
carbonation/decarbonation cycles with CaO, the carbonation (adsorptive) reaction
significantly decreased because of the decrease in pore volume in the material [35]. This
loss in porosity is caused by a decrease in the surface area of CaO due to the sintering
of the particles [38,45], thereby inhibiting CO2 access to the active sites within the
material. Several techniques have been developed to minimize this loss in adsorption

capacity. To increase the active surface area and stability of the pore structure, the use
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of additives, reduction of the particle size, and the synthesis of novel materials with the

microporous structure were proposed [107].

To this end, Lu and Wu [108] doped nano CaO with Li2SO4 and showed that the Li2SOa-
nano CaO adsorbent maintained a 51% conversion after 11 cycles compared to pure
nano CaO at 27.3% under the same conditions. The superior performance of the Li2SOa4-
nano CaO adsorbent was attributed to pore enlargement due to increase in macro-pore
proportion by Li2SO4 addition. Moreover, there were increased reaction rates and a
lowering of the decomposition temperature by 15 °C in comparison with the pure material.
In another work [109], different MgO concentrations were added to the CaO material. The
additions with 5 and 10 wt% of MgO exhibited high CO2 adsorption and retention capacity
over multiple cycles. In particular, the CaO with 10 wt% MgO exhibited steady adsorption
capacity over 30 cycles. Similarly, Wang [110] recently synthesized a porous MgO-
stabilized nano CaO powder and realized highly effective long-term conversion because
of its resistance to pore-plugging and sintering. Benitez-Guerrero [111] reported the
synthesis of porous CaO/SiO2 composites by bio-template route using calcium nitrate,
Ca(NOs3)2, and rice husk as support. The morphology and composition of the biomorphic
material improved the CaO multicycle activity, as it served to enhance CaO and inhibited
pore-plugging effects. The influence of SiO2 on CaO/CaCOs has also been studied by
Chen et al. [112]. The optimal 5 wt% SiO2-doped CaCOs is demonstrated to enhance the
reactivity, heat capacity, and 28% enhancement of the reversibility owing to the rise in
grain boundary migration resistance. Table 2.5 shows the cycling stability achievements

due to some dopants [112].
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Table 2. 6 Comparison of cycling stability of CaO/CaCO3 after doping.

Doping Materials Number of Cycles Storage Conversion
SiO2 20 62.09%

Li2SOa4 11 51.0%

MgO 20 42.03%

CasAl206 20 51.69%

Binary metallic elements and oxides have been experimented with recently. For instance,
composites of CaO doped with Mn and Fe were reported to enhance the cycling stability
of the material [113]. A synergy between the small grain size and the reinforced skeletal
structures prevented agglomeration of the composites, thereby enhancing their cycling
stability. On the other hand, Sun et al. [114] reported that 5 wt% Al203 and 5 wt% CeO:
co-doped on CaO showed the highest and most stable energy storage capacity under
the carbonation pressure of 1.3 MPa during 30 cycles. In addition, the synthetic material
possessed strong basicity and provided a large surface area and pore volume during the
multicycle energy storage. Again, Raganati et al. [115] experimented with the application
of an acoustic perturbation method that remarkably enhanced the carbonation
performance of fine limestone particles. Indeed, it prevented agglomeration which affects
carbonation from both the gaseous (CO2) and solid (CaCO3) sides of the reaction, thus
enhancing the fluidization quality, reactants contact, and mass transfer coefficients. More
information on in-situ data of CaCOs doping samples, measurement parameters, and

results can be accessed in the work of Moller et al. [116].

Calcium carbonate has the most economic advantage of being widespread, cheap, and
with high gravimetric energy density (3029 kJ/kg). The high operating temperatures make
this TCES system suitable for various applications such as integration with a solar furnace

and calcium looping technology. However, this system is stable only up to 20 cycles
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without any degradation in the absorption capacity. The cycling stability and reversibility

must, however, be improved up to 1000 cycles to make this system practical [72].

2.4.1.5 Deoxygenation/oxygenation of metal oxides

Suitable transition metal oxides undergo a reduction reaction at high temperatures, and
by that, thermal energy is absorbed. The reversible re-oxidation takes place below
specific equilibrium temperatures, and hence, thermal energy will be delivered [117].
Thus, the reversible reduction/oxidation (redox) reactions of metal oxides show high
potential as TCES materials. In comparison to the other TCES options, redox systems
have the advantage of using air as both the heat transfer fluid (HTF) and the reactant.
This eliminates the necessity for a different heat exchanger or gas storage needs. For
this reason, TCES, based on metal oxide redox reactions, permits working with an open
system [38]. In that case, it is important to investigate these systems in consistency with
the control of oxygen partial pressure (pO2)[38]. With lowering partial pressures of the
reactive gas, the reduction temperature also decreases, as represented in the Van’t Hoff

diagram in Figure 2.7.
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In comparing metal oxide systems, it was revealed that only cobalt oxide (Co304), iron
oxide (Fez203), copper oxide (CuO), and manganese oxide (Mn3Os) showed befitting
reaction temperatures, enthalpies, cycling stabilities, and material costs [117]. In another
work, Silakhori et al. [118] assessed redox reactions of CuO/Cu20, Co0304/Co0O,
Mn203/Mn304, and Pb3O4/PbO using TGA. The results showed that CuO/Cu20 and
Co0304/CoO were highly reversible under isothermal pressure-swing cycles, while
Mn203/Mn30O4 exhibited slight signs of sintering, and Pb3z0O4 was unreactive up to 550°C.
The free Gibbs energy (AG°) was determined for several oxides and PbO2/PbO,
PbO2/Pb304, Pb304/PbO, CuO/Cu20, and Sb205/Sb203 were confirmed to show thermal
storage attributes based on negative AG°. Among these, CuO/Cu20 displayed a higher
total enthalpy of 404.67 kJ/mol. However, the occurrence of phase transition was
observed at temperatures near 1200°C, and the molten state is prone to corrosiveness.
Deutsch et al. [119] carried out kinetic investigations of the CuO/Cu20 reaction cycle
under isothermal and isokinetic conditions and used simultaneous thermal analysis (STA)
and a lab-scale fixed-bed reactor. The outcome of the reaction resulted in substantial
discrepancies between both analyses. In STA, outstanding stability of the reaction over
20 cycles was shown with a bit of sintering occurring. Heavy sintering occurred in the
reactor that hampered the reaction as well as increased the reaction time thrice higher
than previously reported values in literature. Alonso et al. [120] tested the suitability of
CuO/Cu20 in an argon atmosphere and the results indicated the reduction of CuO led to
nearly 80% conversion. The reduction in air atmosphere was not favourable because of
stronger coalescing particles that hindered the redox reactions. Synthesis of porous CuO-
based granules with yttria-stabilized zirconia (YSZ) was also reported [121]. The
synthesized granules exhibited high conversion over 100 consecutive cycles in air
between 950 and 1050 °C. Stable cycling performances were also obtained in the reactor

for 30 consecutive isobaric and isothermal operation modes.
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Cobalt and manganese oxides have also been considered promising redox systems for
TCES. The CoO/Co304 system has the potential to be the most suited pure metal oxide
system for TCES due to its fast reaction kinetics and complete reaction reversibility.
However, cobalt oxide is also considered potentially toxic and would not be cost-effective
for large-scale storage [122]. On the other hand, the Mn203/Mn304 redox couple is
favoured in terms of minimal cost and toxicity in comparison to its alternatives and has
been suggested as an appropriate material for TCES. However, several contentions have
been singled out concerning its ability for full energy storage sustainability with the
required number of cycles necessary for this application [123]. Given this, Bielsa et al.
[123] studied several variables such as temperature and heating/cooling rates. A suitable
choice of these variables was shown to enhance the heat storage capacity by 1.46 times
in a 10-cycle test. The weight change curves during the TGA are shown in Figure 2.8.
However, several levels of sintering were observed, proving the major drawback of this

material.
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Figure 2. 8 Weight change curves during 10 Mn203/Mn304 TGA cycles between 500—

1100 °C [123]
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Andre et al. [124] studied the impact of Fe addition, which decreased the redox activity
and energy storage capacity of CosO4. However, the cycling stability of Mn20Os was
significantly improved with added Fe amounts above 20 mol%, while the energy storage
capacity was unchanged. Similarly, a mixed oxide of Co-Cu-O with low amounts (<10
mol%) of Cu showed excellent cycling stability and higher reaction enthalpy among the
others, Mn-Cu-O and Co-Mn-O systems [122]. Neises et al. [125] performed 30 cycles
on a 5 wt% Al203-doped Co304 without any material degradation, yielding only a 50%
conversion. This was attributed to the insufficient stirring and mixing of the metal oxide
particle bed inside the reactor. Notwithstanding, about 400 kJ/Kg energy density was
achieved per cycle. The graphical presentation of oxygen absorbed per mol of the doped

C0304 during reduction is shown in Figure 2.9.

1.day 2. day 3.day 4.day 5. day 6. day
0.0016 e —— — — 80
i * nﬂw
0.0014 - 3 : - & N 470
00012 4} — ‘ : _!_ 60
g} o 4
g o000 | — &8 "4 | & s
= IR .h NIL N | |
: < 00003 | = _§ 1 - j_‘_ g 440 &
81 e * A Y T o
£ 0.0006 - 4 L& . ; 430 2
o
(3 1 F) ‘ 4
0.0004 - ' ‘ ‘- 20
0.0002 | & 4 - : ‘ n 10
0.0000 — f 0
0 5 10 15 20 25 30
cyda number

Figure 2. 9 Amount of oxygen per mol of Co304 and conversion during reduction [125]

On the contrary, Carrillo et al. [69] obtained results that indicated that operation with pure
oxides (Mn203 and Co304) was more effective for TCES application compared to their
mixed oxides. Although the values of heat released and absorbed for Mn203 were far
from those obtained with Co3Oa4, its excellent cycling stability, low toxicity, and low cost
make it an interesting candidate for heat storage applications. Relatively, the Cu20/CuO
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system has more prospects for TCES application than the CoO/Co0304 system if the
reaction is optimized in the reactor. In one experiment [126], isothermal runs at different
oxygen partial pressures were carried out in TGA, and defined fractions of CuO samples
were analyzed. Results revealed that the oxygen partial pressure affects the kinetics, and
the reparameterization of the pressure term influences the kinetic analysis of the
oxidation reaction. It concluded that the models described for various parameters can

provide useful information for the design of redox reactors [126].

2.5 Thermochemical energy storage reactors for solid-gas reactions

Reactors provide the platform for the operation of thermochemical storage systems. To
guarantee efficiency in the charging and discharging process of the TCES material, a
suitable reactor concept designed for a particular operation and storage material is
necessary [127]. That is, the nature of reactants or the type of reaction determines the
type and design of the reactor and the system integration. Additionally, the art of designing
efficient reactors is as important as materials enhancement itself. Different criteria have
been used to classify reactors, such as operation mode, number of phases, reaction
types, or a combination [128]. Based on the mode of operation, three major solid-gas
reactors are implemented: fixed (packed) bed, moving bed, and fluidized bed reactors

[72], as shown in Figure 2.10.

Solid = Gas Reactors
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Fixed! packed bed reactor Fluidized bed reactor Moving bed reactor

—»1 Direct contact type —»  Shell and tube type

—p Indirect contact type —»  Rotary kiln type
! Screw extruder type

Figure 2. 10 Classification of solid-gas reactors [72]
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2.5.1 Fixed-bed reactors

Fixed or packed beds are hollow tubes, pipes, or other vessels filled with packing
materials for chemical processing. The packing material may contain catalyst particles or
adsorbents, and the purpose of such a bed is to improve contact between two phases in
a chemical process. Thus, in packed-bed reactors, the solid reactants/products are
arranged in the vessel’s bed during heat storage and release, with the flux of reactants
passing through the stationary bed. The HTF and reactants are not in contact, resulting

in heat transfer through the walls of heat exchangers.

Fixed-bed reactors are the most common lab-scale test rigs and have been investigated
by Schmidt et al. [129]. In this work, several dehydration and hydration cycles were
performed to study the charge and discharge characteristics of a 20 kg Ca(OH)2 material.
The dehydration was performed at 45 °C and the rehydration at about 55 °C. A conversion
of 77% without degradation after 10 cycles was achieved. Investigation of different
charging and discharging temperatures was then recommended to optimize the overall
conversion of the material. Again, Ranjha et al. [130] modelled a two-dimensional
rectangular bed filled with CaO/Ca(OH)2 powder for different flow geometries and bed
properties. They showed that increasing the porosity of the bed provided higher energy
density but slowed the reaction, resulting in a lower average outlet temperature. A
possible remedy for this deficiency would be to increase the bed dimensions, but this
could result in a slower reaction owing to the poor thermal conductivity of the materials.
This suggests that a systematic optimization process could be applied as a compromise
between various parameters. However, this depends on the desired output temperature,
energy requirements, and the rate of thermal energy storage and retrieval. Figure 2.11
shows the results of comparing varying bed porosities with total conversion time and the

maximum outlet temperature in counter-current flow geometry.
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Figure 2. 11 Outlet temperature of the HTF and the conversion as a function of time
during hydration for bed porosities of 0.6, 0.7, and 0.8 in counter-current flow geometry

[130]

On the other hand, Funayama et al. [131] evaluated a 60 g Ca(OH)2 pellet in a packed-
bed reactor. The heat storage density of the bed was 1.0 MJ/L-bed, and an average heat
output rate of 0.71 kW/L-bed was observed for the first 10 min under a hydration pressure
of 84.6 kPa. Although the bed showed a net expansion and formation of agglomerated
lumps in the middle, the effects had a small influence on the reactivity. The stability of the
reaction conversion of the bed was demonstrated during 17 cycles of experiments. Figure

2.12 shows the experimental setup for the test rig.
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Figure 2. 12 Schematic diagram of the experimental set-up in Funayama et al. [131]

It is suggested that the heat transfer coefficients in indirectly heated fixed beds are
generally limited by the low thermal conductivity of the reactants [132]. So, a fixed bed
reactor in indirect operation at varying technical operating conditions was investigated by
Schmidt et al. [133]. Thermal charging and discharging were experimentally
demonstrated at vapour pressures between 1.4 kPa and 20 kPa. This indicated the
possibility of operating the system at low vapour pressures, thus raising the total
efficiency of the storage system. However, the range of operation of the Ca(OH)2 system
was constrained because of its efficient rate of reaction at low vapour pressure. Again,
Peng et al. [134] simulated fixed bed reactors under various operating conditions, and
the impact of key process parameters was evaluated. An optimized model for the design
was then used to compare the performance of three TCES reactors for Mn203, Ca(OH)z,
and CaCOas. Results showed CaCOs and Ca(OH)2 with more favourable conversion
efficiencies. Moreover, the HTF inlet and outlet temperature profiles also indicated that
the two aforementioned reactors rapidly reached the endothermic reaction temperature.

These results are shown in Figure 2.13.
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Figure 2. 13 (A) Bed conversion efficiency and (B) fluid temperature of fixed bed reactors.
In A, conversions at the start of charging (t=0) are shown as dashed lines and at the end
of charging (=6 h) as solid lines. In B, fluid temperatures at the inlet are shown as dash-
dotted lines and at the outlet as solid lines (blue: Mn203, red: Ca(OH)z, green: CaCOQOa3)

[134]

On the other hand, Schaube et al. [135] earlier investigated a reactor with direct heat
transfer for the CaO/Ca(OH)2 material. The simulated results of a 2D model developed
showed good agreement with experiments. However, deviations were observed in
temperature characteristics with an increasing flow rate of the HTF. This was due to the
overestimation of the reaction rate. To forestall this in further research, they suggested
the derivation of a kinetic equation adapted to real conditions, for instance, particle size,

to account for diffusion limitation.

Therefore, integrating these heat storage systems into industrial processes needs
additional theoretical and experimental investigations [136]. Improving the low thermal
conductivity, for instance, in an indirectly heated fixed bed requires a large heat
exchanger, which adds cost. To surmount this challenge, one way is to separate the heat
exchanger (power) of the costly reactor from the storage material (capacity). Given this,
a moving bed concept in which the material moves through the reactor could be used to

accomplish this [137]
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2.5.2 Moving bed reactors

In moving bed reactors (MBRs), the bed can be shuffled in continuous or regular intervals
in portions, and the flow of fluid is similar to what happens in a fixed bed. Moving bed
reactors were thought to have the advantage of improving thermal conductivity by
enhanced solid-gas particle interaction. These solid-gas reactors can be categorized into
two different regimes: (i) the axial-flow regime (concurrent and counter-current) and (ii)
the crossflow pattern [138]. For instance, in the axial-flow solid-gas moving bed
configuration, the advantages of the counter-current flow regime have been applied
through the direct interaction of reactants. In this case, the solid flows downward while

the gas goes upward as the chemical transformation occurs.

Notably, fine powders were observed to have very low flowability [139]. To improve on
this, a 1D simulation of a manganese-iron oxide (Mn-Fe oxide) TCES reactor was
investigated [140]. An extension of the particle flow model was simulated for a counter-
current MBR, and complete conversion was attainable only for low gas as well as low
rates of solid flow. So, the oxidation kinetics of the redox transition was the limiting factor.
Moreover, a contrarian trend was observed in which the energy density dropped although
the thermal power surged, independent of the attained conversion efficiency in the given
conditions of operation (See Figure 2.14). Also, sensitivity analyses revealed the
possibility of channels developing within the moving bulk material, which could slow down
the heat transfer between the solid and gas. Hence, a proposal for direct and indirect

heat transfer coupling was recommended as a promising operational mode.
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Figure 2. 14 Thermal power of the MBR for the steady state case and energy density of

the material with different particle and gas flow rates [140]

Furthermore, Preisner and Linder [141] investigated the reaction behaviour of

manganese-iron oxide (Mn-Fe oxide) at different temperatures and pressures. The TCES

material was oxidized to an extent of 80.2% after a previous reduction of 77.1% at 20 kPa

oxygen partial pressure. Moreover, a sufficiently stable oxidation/reduction reaction was

established for two successive cycling tests (of 30 cycles each) in TGA. However, the

flowability of the material particles was limited at high temperatures between 850 and

1050 °C due to mass loss, as shown in Figure 2.15.
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Figure 2. 15 Relative mass loss of the Mn-Fe oxide during the first 30 redox cycles [141]

Huang et al. [142] investigated the complex physical and chemical transport phenomena

in MBRs. The coupled heat/mass transfer and reactions were successfully modelled
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based on uniform flow and plug flow. Both models showed potency for simulating the
transient flow processes. Particularly, the plug flow model based on Ergun’s equation
successfully predicted the increased gas velocity inside the reaction zone. However, due
to a lack of exact information on the heat flux input during the transient phase, the reaction
zone temperature was overpredicted, and this led to an overestimated oxygen
concentration at the exit. In another concept, a rotary kiln was also tested for suitability in
a thermochemical storage process [106]. Rotation movement helped to improve the
reactivity of the sample by mixing the particles. However, the reaction was handicapped
because of strong coalescing particles. Also, the chemical conversion was significantly
lower for oxidation than for reduction. For this reason, an optimization of the operation
parameters such as rotational speed, particle size, gas flow, and initial mass of reactant
was recommended. This would increase the conversion of both reduction and oxidation
and avoid the progressive loss of the reactive fraction. So far, no successful operation of

a moving bed reactor over multiple cycles has been reported [139].

2.5.3 Fluidized bed reactors

For fluidized bed reactors, the fine solid particles are sustained in suspension by the
fluid’s upward flow [64]. Essentially, the base of a fluidized bed is similar to that of a fixed
bed. With the increase of the fluid velocity, the solid particles are suspended at the
minimum fluidization velocity, hence, better heat and mass transfer can be accomplished
with fluidized bed reactors (FBRs). These reactors require significantly lower gas
velocities [139]. Therefore, they have been extensively suggested for more efficient
TCES. However, getting the material fluidized, which, in turn, demands a huge increment
in gas flow volume, has the consequence of decreasing the efficacy of the stowage
mechanism. Notwithstanding, the advantages of fluidized beds over other reactors
include better reaction efficiency due to enhanced fluid-particle interaction. Again,

besides the limited pressure drop across the bed, fluidized beds gain from efficient HAM
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transfer from the continuous particulate interactions and higher transfer coefficients [143].
In addition, the uniform temperature gradient ensures the elimination of dead zones and

hot spots. A comparison of the three solid-gas reactors is summarized in Table 2.6.

Table 2. 7 Comparison of fixed, moving, and fluidized bed reactors [144]

Reactor Advantages Disadvantages
Fixed/Packed o Easier modelling e Low heat and mass
bed transfer
e High-pressure drops
Moving bed e Direct solid-gas heat e Complex hydrodynamics
transfer
Fluidized bed e Minimization of hotspots e Complex hydrodynamics
and thermal instability and modelling
e High heat transfer e |Internal components
coefficients erosion

Due to the complex hydrodynamics in FBRs, a requirement for modelling and simulation
has arisen to deepen understanding of the processes. Moreover, current research efforts
aim at gaining new insights into the reactants’ basic molecular level, besides reactor
scale-up improvements and optimization of fluidized beds [143]. Admittedly, the modelling
of FBR systems can be complicated, especially when storage materials are to be
included. Many researchers have done work on the modelling of physical phenomena in
TCES reactors. For instance, Flegkas et al. [145] proposed a method to model FBRs
based on solid-state kinetics and fluidization hydrodynamics, using the MgO/Mg(OH)2
reaction couple. The reaction enthalpy dropped significantly using water, hence, the
supply of steam constituted the main drawback. In another work, Angerer et al. [139]
proposed a reactor concept featuring a bubbling fluidized bed with continuous, guided
solid flow and immersed heat exchanger tubes. Fluidization of the CaO/Ca(OH)2 powder
proved herculean, but challenges were surmounted with the use of mild calcination
settings and a peculiarly designed gas distributor plate. Analyses revealed that heat
transfer between the reactor and the immersed heat exchangers had the largest influence
on the system performance. Results of the first steady-state experiments in a new power
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plant implemented to investigate the idea under practical reactor conditions were reported
by Rouge et al. [146]. The basic conceptual scheme of the integrated system is shown in
Figure 2.16. The experimental results during dynamic and steady-state periods were
fitted to a KL reactor (bubbling bed) model. The reactor performance modes were
sufficiently predicted by the model, as observed during the experiments under dynamic
and steady-state conditions. They suggested the model to be a relevant tool for the future

expansion of the energy storage technology.
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Figure 2. 16 Basic conceptual scheme of the CaO/Ca(OH)2 energy storage system [146]

In addition, Mu et al. [147] carried out a numerical simulation study of thermal behaviour
and hydrodynamics of FBR by using computational fluid dynamics-discrete element
method (CFD-DEM). The effects of superficial gas velocity, bed height, and heat source
distribution were analyzed. Results showed that both the gas superficial velocity and the
bed aspect ratio had a profound influence on fluidization behaviour and temperature
distributions. Figure 2.17 shows the voidage as a function of the superficial velocity and
aspect ratio. This work is similar to that of Hawwash et al. [148] in which the reactor
design and area ratio were shown to impact the thermal performance and energy storage

during the dehydration of a TCES material.
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Figure 2. 17 Temporally and spatially averaged bed voidage as a function of superficial

velocity and aspect ratio [147]

Despite these milestones in a bid to understand reactor dynamics, technical barriers still
exist in conventional TCES systems. Efforts to enhance reactants with various additives
or using different geometries of reaction beds have not abated the dynamic limitations of
HAM transfers. For this reason, Darkwa et al. [149] proposed and investigated an agitated
fluidized bed reactor system. The model revealed substantial improvements in adsorption
capacities and enhanced heat transfer rates. However, the thermophysical variables that
influence the minimal fluidization velocity in the adsorption column needed to be
optimized. This would be necessary for efficient exothermic reaction and thermal
exchange. Given this, the effect of agitation on the fluidization characteristics of fine
materials was validated with different materials. Kim and Han [150] used fine particles
(22um) of material in a fluidized bed. The agitator was of the pitched-blade turbine type.
Results showed that smoother fluidization was achieved with increasing agitation speed.
Also, agglomeration and channelling were reduced by the mechanical effect of the
agitation. Spectral analysis of the pressure drop fluctuation had the shape of a short-term

correlation with different agitation speeds (Figure 2.18). The void fraction also increased
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with the increasing speed of agitation at the constant fluidizing gas velocity, as shown in

Figure 2.19.
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Figure 2. 18 Power spectrum of the bottom zone of the bed for different agitation speeds
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Figure 2. 19 Graph showing an increase in the void fraction of powder material with

agitation speed [150]

Again, the effect of agitation on fluidization in a solid-gas fluidized bed reactor with a
frame impeller was studied using a 3D unsteady CFD method [151]. The numerical
method combined a two-fluid model and the kinetic theory of granular flow. Results
showed that a substantially high agitation speed yielded higher performance in
fluidization in addition to reduced bubble diameters and internal circulations of particles.

Lv et al. [152] also reported the effective performance of a fluidized bed under mechanical
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agitation, where the symmetrical motion pattern of the bed particles was identified. Like
others, the bubble diameter was also significantly reduced with increasing agitation
speed, as presented in Figure 2.20. Furthermore, encouraging results on the reduction
in entrainment rate and channel flow, and enhanced particulate interaction have been
reported with an arch agitator [153]. Again, using a 3D CFD model, Shi et al. [154]
established strong evidence of improved fluidization efficiency and reduction in the

operation stability of a solid-gas fluidized bed.
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Figure 2. 20 Graph of variation of bubble diameter with agitation speed [152]

Much research effort has been devoted to the development of thermochemical reactors,
but few laboratory prototypes have been tested in large-scale pilot projects. In a recent
review [155], the low technology readiness level of TCES has been attributed to the cost
or performance of materials and reactor design. Therefore, much effort is still required in
these areas, especially in materials and reactor optimization to further the adoption of

TCES technology.

2.6 Concluding remarks
This review has examined the research efforts in TCES across different temperature

ranges and reactor systems. Heat storage based on inorganic hydroxide/oxide chemical
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transitions, particularly those based on calcium and magnesium, has been favoured for

their high energy densities, good reversibility, availability, and non-toxicity.

Despite their promise, there are challenges of agglomeration, low cyclability, and low
thermal conductivity that hinder their performance in reactors. Improvements in these
materials' properties using additives have met with some success. Additionally, fluidized
bed reactors appear to have the potential to address the issues of poor heat and mass
(HAM) transfer due to their higher chances of increasing contact between solid and gas

phases.

However, redesigning the bed to incorporate an efficient heat exchanger and a suitable
agitator mechanism within the reactor can effectively improve particulate interactions and
HAM transfer coefficients. Furthermore, using advanced simulations to describe the
kinetics of TCES materials and HAM transfer components in the bed will be crucial to

understanding the dynamics of the integrated system.
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Chapter 3: Development of Novel TCES Materials

3.1 Materials screening

Developing a TCES system fundamentally requires sourcing a suitable storage medium
(material) before application in a reactor. Therefore, finding an appropriate material is
critical to creating an effective TCES system. Materials screening was the initial step in
identifying potential thermochemical materials (TCMs) for suitable application. This
process involved evaluating a wide range of candidate materials based on their inherent
properties to determine their suitability for application via a range of criteria. Various
screening techniques were employed to assess the suitability of these materials. This
phase aimed to narrow the vast array of available materials to a manageable number of

promising candidates for further investigation.

The general criteria for the selection of candidate materials were based on the following

[64]:

e High energy density or reaction enthalpy.

e High reaction reversibility (without side products).

e Stable kinetics over multiple cycling reactions.

e Availability and low cost.

Non-corrosivity or toxicity.

On the strength of the literature review in Chapter 2, the initial screening was done based
on the concluding remarks thereof. Therefore, calcium hydroxide, Ca(OH)2, and
magnesium hydroxide, Mg(OH)2, were selected as the core materials for further

experiments and characterization.
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3.2 Materials development

3.2.1 Materials selection

The core TCES materials used in this work were 99.9% purity calcium hydroxide,
Ca(OH)2, and 95.0% purity magnesium hydroxide, Mg(OH)z, both obtained from Sigma-
Aldrich, Gillingham, UK. The selection was based on the outcome of a thorough literature
review, which indicated the high potential of inorganic hydroxide/oxide reversible
chemical transitions for thermochemical heat storage. However, due to their reported
shortcomings [45,90], composites were developed to improve their thermophysical
performance. The doping materials (dopants) selected were 98.0% purity hexagonal
boron nitride (BN), 99.0% purity potassium nitrate (KNO3), and 98.0% purity lithium
hydroxide monohydrate (LiOH).

Figure 3. 1 A photograph showing the core TCES materials and dopants used: (a)

Mg(OH)z, (b) Ca(OH)z, (c) BN, (d) KNOs, and (e) LiOH.

3.2.2 Materials preparation

The experimental materials were prepared by doping two potential candidates, Ca(OH)2
and Mg(OH)2. The dopants used were BN, KNOs3, and LiOH. Composites were separately
made from Mg(OH)2 and Ca(OH)z2, with variable proportions of 5, 10, 15 and 20% of the
respective dopants. The dopant proportions were varied to observe the impact of dosage

and determine the optimal amount that gave the desired thermophysical outcomes.
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The BN-doped Ca(OH)2 or Mg(OH)2 were prepared following the method described by

Huang et al. [91]. The 5 wt% BN mass ratio was prepared by mixing 0.05 g of BN powder,

0.95 g of Ca(OH)2 or Mg(OH)2 powder, and 50 ml of ethyl ethanol. This mixture was

sonicated for 60 min at 48 °C, followed by magnetic stirring for 60 min. The composite

was then filtered and dried for 12 hours in the oven at 80 °C. The 10 wt%, 15 wt%, and

20 wt% ratios were prepared in a similar way using 0.1056 g, 0.1676 g, and 0.2375 g BN,

respectively, at the same amount of Ca(OH)2 or Mg(OH)2 powder.

Step 1 Step 2 Step 3
Sample composition »| Sample mixing |—»| Mixture + 50 m|
by mass fraction (wt%) in agate mortal ethyl ethanol
Step 4 Step 5
Sonication (48°C, 1 hr) »|Filtering of mixture | —| Doped sample
+ magnetic stirring (1 h) + drying (80 °C, 12 h) obtained

Figure 3. 2 Procedure for the development of BN-doped composites.

The KNOs-doped Ca(OH)2 or Mg(OH)2 were prepared in a total controlled sample mass

of 10 g. The weight of KNO3 in each composite (5%, 10%, 15%, and 20%) was 0.5 g, 1

g, 1.5 g, and 2 g, respectively. Initial mixing of the KNO3 and Ca(OH)2 or Mg(OH):

powders was done in an agate mortar for 10 minutes to ensure a uniform blend, then

transferred into a beaker for liquid mixing with 20 ml of distilled water. The mixture was

stirred at 90 °C for 1.5 hours and oven-dried at 120 °C for 12 hours.

Step 1 Step 2 Step 3
Sample composition »|Sample mixing pl5ample mixture + 20 mL
by mass fraction (wt%) in agate mortal |distilled water + stirring

+ heating (90 °C, 1.5 h)
L J

Step 4 Step 5
Sample mixture cool| _|Sample mixture dried] — LDI;E ?defimple1
to room temperature at120°C for 12 h o

Figure 3. 3 Procedure for the development of KNOs-doped composites.
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Preparation of the LiOH-doped materials involved accurately weighing the required
amounts of LiOH (monohydrate) and Ca(OH)2 or Mg(OH)z2. The Ca(OH)2/LiOH or
Mg(OH)2/LiOH composites were then developed by the impregnation method. First, the
required amounts of LiOH-H,O and Ca(OH)2 or Mg(OH), were weighed. An aqueous
solution of LiIOH was then prepared by dissolving LiOH-H,O in ultrapure water. The
Ca(OH)2 or Mg(OH), powder was impregnated with this LiOH solution by mixing and
stirring continuously for 30 minutes. Following this, most of the water was evaporated
using a rotary evaporator set at 40°C. Once a significant portion of the water had been
removed, the remaining mixture was dried in the oven at 120 °C until a white solid

composite powder was formed.

Step 1 Step 2 Step 3
Desired wit% of LiOH solution + Evapnfate same
LiOH.H,O + wi% Mg or Ca(OH), water in rofary
ultrapure water + stirring (30 min) evaporator at 40 °C

|
v
Step 4
Drying sample at | — Doped sample
120 °C until white  obtained
powder formed

Figure 3. 4 Procedure for the development of LiOH-doped composites.

Altogether, 24 composite TCES materials were developed. For ease of reference, the
labels CH, CH-BN, CH-PN, and CH-LH represent the pure Ca(OH)2, BN-doped, KNOs-
doped, and LiOH-doped composites, respectively. Similarly, the labels MH, MH-BN, MH-
PN, and MH-LH represent the pure Mg(OH)2, BN-doped, KNOs-doped, and LiOH-doped
composites, respectively. The additive ratios are shown in Table 3.1, and Figure 3.5

shows a photo of all the doped samples.
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Table 3. 1 Composites and additive ratios of the dopants.

Sample BN content Sample KNO3 Sample LiOH
(%) content (%) content (%)

CH-BN5S 5 CH-PN5 5 CH-LH5 5

CH-BN10 10 CH-PN10 10 CH-LH10 10
CH-BN15 15 CH-PN15 15 CH-LH15 15
CH-BN20 20 CH-PN20 20 CH-LH20 20

MH-BN5 5 MH-PN5 5 MH-LH5 5

MH-BN10 10 MH-PN10 10 MH-LH10 10
MH-BN15 15 MH-PN15 15 MH-LH15 15
MH-BN20 20 MH-PN20 20 MH-LH20 20

Figure 3. 5 A photograph of all 24 doped samples.

3.3 Materials characterization

Characterization is the final step in the materials selection process, where the developed
(synthesized) materials are analyzed to understand their thermophysical properties and
behaviour. These developed composite materials were characterized by methods such
as X-ray diffractometry (XRD), differential scanning calorimetry (DSC), thermogravimetry
analysis (TGA), scanning electron microscopy (SEM), and energy dispersive
spectroscopy (EDX). Others included X-ray photoelectron spectroscopy (XPS) and
Brunauer-Emmett-Teller (BET) surface area analysis, all of which have proved helpful for

material selection.
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3.3.1 Powder X-ray diffraction

Figure 3. 6 PaNalytical X'pert Pro diffractometer used for XRD.

Powder X-ray diffraction (XRD) was obtained at room temperature using a PANalytical
X'Pert PRO diffractometer (Malvern, Worcestershire, UK) with CuKq radiation (1 = 1.5406
A, 40 kV, 40 mA\) for values of 2Theta (0.02 step size and 50 s step time) in the range 2°
and 70°. XRD works by irradiating a material with X-rays and then measuring the
intensities and scattering angles of the X-rays emanating from it. The primary aim of this
analysis was to identify phases of the components in the doped materials based on their

diffraction patterns.

3.3.2 X-ray photoelectron spectroscopy

Figure 3. 7 The Kratos LiPPS instrument used for XPS.

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Liquid Phase

Photoelectron Spectrometer (LiPPS) (Kratos Analytical Ltd, UK) under ultra-high vacuum
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(UHV) with a monochromated Al Ka X-ray source (1486.6 eV) at 10 mA emission current
and 12 kV anode potential. Surface charging was prevented by employing a charge-
neutralizer filament. The CasaXPS™ software (version 2.3.22PR1.0) was used to
analyze XPS spectra; the Kratos sensitivity factors were applied to the peak areas to
determine atomic percentages. The binding energies were calibrated to 284.6 eV for the
high-resolution spectra using the C 1s peak as the standard. Under ultra-high vacuum,
the samples were exposed to incident X-rays, leading to the emission of inner shell
electrons. The emitted photoelectrons were hence detected and measured in the

spectrometer, and the binding energy intensities were related to the constituent elements.

XPS was done to detect the presence of lithium ions (Li*) since the LiOH phase was not
identified in XRD. XPS is a surface-sensitive (top ~10nm) analysis technique that has the
capability for the determination of the surface chemical composition of materials. The
scan was done for the lower and higher doping proportions (5 wt% and 20 wt%) of LiOH,

that is, CH-LH5 and CH-LH20 samples.

3.3.3 Brunauer-Emmett-Teller analysis

Figure 3. 8 The Micromeritics 3Flex analyzer used for BET analysis.

The porosity of the materials was determined using nitrogen sorption isotherms on a

Micromeritics 3Flex analyzer (Micromeritics Instrument Corporation, Georgia, USA) at -
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196 °C. The samples were degassed at 150 °C for 16 hours under a vacuum before
analysis. The specific surface areas were calculated using the Brunauer-Emmett-Teller
method from the nitrogen adsorption data within the relative pressure (P/Po) range of
0.02-0.20. The total pore volume was estimated using total nitrogen adsorbed at relative
pressure close to saturation (P/Po ~0.99), and the pore size distribution (PSD) was
determined using non-local density functional theory (NL-DFT) applied to nitrogen

isotherm data.

3.3.4 Scanning electron microscopy

Figure 3. 9 JEOL 6490LV instrument used for SEM and EDX.

The prepared samples were imaged using a JEOL 6490LV scanning electron microscope
(JEOL Ltd, Tokyo, Japan) operated in high vacuum mode at 15 kV, and with a secondary
electron detector. A beam of electrons is produced by an electron gun and follows a
vertical path through the microscope, which is held within a vacuum. This beam excites
electrons from the surface of the imaged material, and the excited electrons create

differing signals of the material’s topology.

3.3.5 Energy dispersive X-ray spectroscopy
In addition, energy-dispersive X-ray spectroscopy analyses were carried out, using the
extended function of the JEOL 6490LV instrument, to obtain chemical composition

spectral data of the samples. To do so, X-ray emission was stimulated from the material
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by irradiation with a high-energy beam. The emitted radiation had energy characteristic

of the atomic energy of the matched element.

3.3.6 Differential scanning calorimetry

Figure 3. 10 SDT simultaneous DSC/TGA instrument used for DSC and TGA.

Differential scanning calorimetry (DSC) measurements were performed using the SDT-
Q600 Simultaneous DSC/TGA instrument (TA Instruments, Delaware, USA). A baseline
measurement was taken in the range of 25 °C to 550 °C at 10 °C/min. A5 mg sample was
heated within the same temperature range and heating rate. Nitrogen was used as the
purge gas at a volumetric rate of 20 ml/min under 1 atm pressure. The DSC was carried
out to measure the heat flow into the material samples as a function of temperature, while

it was exposed to a controlled temperature programme.

3.3.7 Thermogravimetry analysis

Thermogravimetric analysis (TGA) was performed using the SDT-Q600 thermal
instrument. The vapour pressure was set at 1 atm and a 20 mg sample was placed into
the alumina crucible. This was then subjected to a temperature ramp from 25 °C to 600
°C at a heating rate of 10 °C/min, under a nitrogen atmosphere with a volumetric rate of
20 ml/min. The analysis was done to determine the thermal stability of the materials by

monitoring the weight change while the sample was heated at a constant rate.
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3.4 Results and discussion

3.4.1 XRD

The developed TCES materials were characterized for phase identification of the

constituents. Figure 3.11 shows the XRD diffraction patterns of pure magnesium

hydroxide (MH) and its composites with different percentages of boron nitride (BN),

potassium nitrate (PN), or lithium hydroxide (LH).
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Figure 3. 11 Powder XRD spectra for pure and doped Mg(OH)z.

It can be seen that pure MH shows (one phase) peaks at 001, 101, 102, 110, and 111
planes, which agree well with the brucite magnesium hydroxide crystallographic
information in the Inorganic Crystal Structure Database (ICSD 01-074-2220). On the
other hand, the XRD patterns of MH-composite materials show additional phases for
boron nitride (Figure 3.11 (a)), potassium nitrate (Figure 3.11 (b)), and lithium hydroxide
(Figure 3.11 (c)). The patterns of the composite materials show agreement with the
powder diffraction form; PDF 00-045-0895 (standard BN), PDF 00-001-0493 (standard
PN), and ICSD 01-085-1064 (standard LH). The intensity of the peaks increases with an
increase in the dopant percentage, as illustrated in the zoomed-in part of the figures.

These observations confirmed that the doping process was successful as intended.

Similarly, Figure 3.12 shows the XRD diffraction patterns of pure calcium hydroxide (CH)
and its composites with different percentages of boron nitride (BN), potassium nitrate

(PN), or lithium hydroxide (LH).
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Figure 3. 12 Powder XRD spectra for pure and doped Ca(OH)a.
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The pure CH showed the expected XRD peak patterns according to the standard
crystallographic data of the Inorganic Crystal Structure Database (ICSD 01-087-0674).
For the composite materials, the XRD patterns show additional phases when doped with
boron nitride (Figure 3.12 (a)) or potassium nitrate (Figure 3.12 (b)) that agree with the
powder diffraction form; PDF 00-001-0493 and PDF 00-045-1171, respectively. However,
for the LiOH (LH) doped composite (Figure 3.12 (c)), no peaks were observed, indicating
that LiOH was undetected. This suggests that the lithium ions (Li*) were taken into the
calcium hydroxide crystal structure, as also observed in the work of Maruyama et al.
[156]. For this reason, XPS was required to further confirm the success of the doping

procedure.

3.4.2 XPS
Figure 3.13 shows the XPS spectra (wide scan) of composites (CH-LHS and CH-LH20)

compared to the pure lithium hydroxide (LH).
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Figure 3. 13 XPS wide scan spectra for pure LiOH and LiOH-doped Ca(OH)a.

The binding energy of the Li 1s core level in lithium is around 55 eV [157]. However, the
exact binding energy can vary slightly depending on the chemical environment of the

lithium atoms (whether lithium is in the metallic state, in an oxide or hydroxide form, or
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some other compound) [158]. From the XPS analysis in Figure 3.13, it can be seen that

the peak detected at ~ 54.6 eV for the composites CH-LH5 and CH-LH20 aligns closely

with Li 1s, which strongly suggests the presence of Li*. In this process, lithium was

detected, confirming the successful doping of LiOH in the samples.

3.4.3 BET analysis

The variation in the amount of gas adsorbed by the TCES materials with pressure at

constant temperature is shown in Figure 3.14. This shows the nitrogen sorption isotherms

of pure MH and its composites containing varying percentages of boron nitride (BN),

potassium nitrate (PN), or lithium hydroxide (LH).
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Figure 3. 14 Adsorption isotherms of pure Mg(OH)2 and (a) BN, (b) KNOs, and (c)

LiOH-doped composites.

It can be seen that pure Mg(OH)2 (MH) exhibits a type IV isotherm associated with gas
adsorption onto mesoporous materials. Initially, there was monolayer adsorption (like
Type Il) on the surface of mesopores, but as pressure increased, additional multilayers
of adsorbate molecules formed. Capillary condensation became significant in this region,
leading to increased adsorption as the gas condensed in the mesopores, filling them with
the adsorbate. However, the isotherm type changed from type IV (for pure MH) to type lli
for all the MH composites in Figure 3.14 (a)-(c), irrespective of the dopant type. This
indicates weak adsorbate-adsorbent interactions, where adsorption increased gradually
without a clear saturation point. The isotherm is concave to the pressure axis, showing a
slow rise in adsorption with increasing pressure. These isotherms are often observed for

non-porous materials or adsorbates with low affinity for the adsorbent surface.

On the other hand, Figure 3.15 shows the nitrogen sorption isotherms of pure CH and its
composites containing varying percentages of boron nitride (BN), potassium nitrate (PN),

or lithium hydroxide (LH).
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Figure 3. 15 Adsorption isotherms of pure Ca(OH)2 and (a) BN, (b) KNOs, and (c)

LiOH-doped composites.
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In this case, both the pure Ca(OH)2 (CH) and its composites, as shown in Figure 3.15
(a)-(c), exhibit type Il isotherms. As earlier explained, this indicated that the materials
were essentially non-porous or possessed some macroporosity. The adsorption
increased slowly with increasing pressure, reflecting the low affinity of the adsorbate for
the adsorbent surface. All isotherms showed no uptake at low relative pressure; the
adsorption occurred only at higher relative pressures. The BET surface area for the

composite materials is given in Table 3.2.

Table 3. 2 BET surface areas for the pure and composite materials.

Sample BET surface area Sample BET surface area,
(m?g) (m?g)
Pure MH 25 Pure CH 32
MH-BN5 7 CH-BN5 19
MH-BN10 8 CH-BN10 19
MH-BN15 12 CH-BN15 15
MH-BN20 13 CH-BN20 20
MH-PN5 6 CH-PN5 21
MH-PN10 5 CH-PN10 15
MH-PN15 5 CH-PN15 13
MH-PN20 5 CH-PN20 10
MH-LH5 7 CH-LH5 12
MH-LH10 6 CH-LH10 10
MH-LH15 7 CH-LH15 8
MH-LH20 7 CH-LH20 6

The apparent BET surface area of pure MH is very high, measuring up to 25 m?#qg.
However, after doping with various materials, the BET surface area significantly
decreased for all composites, regardless of the doping proportion. For instance, the MH-
BN (boron nitride) composites have a surface area ranging between 7 and 13 m?/g, MH-
PN (potassium nitrate) composites show a surface area between 5 and 6 m?/g, and MH-
LH (lithium hydroxide) composites exhibit a surface area of 6 to 7 m?/g. This reduction in
BET surface area could be attributed to the doping process, which likely led to pore-
clogging in the pure MH structure, thereby resulting in a lower accessible surface area.

That is, the doping procedure, which involved heating at 90 °C and subsequent crushing,
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may have caused fusion of the Mg(OH), brucite particles, leading to meso/micropore

formation and a pronounced collapse in surface area.

In contrast to pure MH, which has a surface area of 25 m?/g, pure CH exhibits a surface
area of 32 m?/g. The surface areas of CH-based composites, irrespective of the doping
percentage, show a modest reduction. Specifically, CH-BN (boron nitride) composites
have surface areas ranging from 15 to 20 m?/g, CH-PN (potassium nitrate) composites
exhibit surface areas between 10 and 21 m?#/g, and CH-LH (lithium hydroxide) composites
display the lowest surface areas, ranging from 6 to 12 m?/g. These observations suggest
that doping with different materials results in a slight decrease in the surface area of CH-

based composites.

The wide disparity in the BET surface area values between the pure MH or CH and their
composites was further investigated by comparing their pore size distributions (PSD) with
and without doping. The pore size distribution (PSD) profiles for the pure MH and its
composites (at a minimal 5 wt% doping proportion) are shown in Figure 3.16, and those

of pure CH and its composites are shown in Figure 3.17.
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Figure 3. 16 Comparison of PSD in the pure MH and its composites.
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Figure 3. 17 Comparison of PSD in the pure CH and its composites.

In Figure 3.16, the curves show that pure MH has some microporosity in the pore
diameters less than 2 nm, and large mesoporosity between 2 and 40 nm. Thus, the
dramatic reduction in the surface area may be due to the dopant’s pore-clogging effect.
Again, doping may have caused particle sintering, resulting in larger aggregates with a
lower overall surface area, especially at the micropores. As can be seen in Figure 3.16,
pores smaller than 20 nm were present in the MH but significantly reduced after doping,

which suggests that the pore size decreased after doping.

On the other hand, the profiles in Figure 3.17 show that the gradual, continuous increase
in adsorption with pressure and the absence of a plateau suggest that the pores, if
present, are likely very large (macropores > 50 nm) or that the material has a non-porous
or low-porosity structure. Large pores do not confine the adsorbate sufficiently to cause
the steep increases or saturation characteristic observed in the case of micropores or

mesopores.

3.4.4 SEM imaging
Figure 3.18 is the SEM image of pure Mg(OH)2, which shows a fluffy morphology with

closely packed particles. The fluffy morphology indicates a potential for high surface area,
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as it provides more active sites for gas adsorption. This confirms the previously reported

high BET surface area value of pure MH.

16kV  X3,000 5um 10 50 SEI

Figure 3. 18 SEM image of pure Mg(OH)z2.

The addition of 5, 10, and 15 wt% BN (Figure 3.19) does not make a significant difference
in grain distribution or packing. At a 20 wt% BN addition, significant aggregative lumps

become visible, as shown in Figure 3.19 (d).

Figure 3. 19 SEM images of (a) 5%, (b) 10%, (c) 15%, and (d) 20% BN addition to

Mg(OH)2.
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Figure 3.20 presents the SEM images of Mg(OH), composites with KNO3 addition. In this
case, the additive proportion of 5 wt% improves particle distribution and inter-particle
spaces, demonstrating a reduction in the sintering effect (Figure 3.20a). However, for
proportions >5 wt%, there is a progressive increase in particle compaction resulting in

coalescence at the 20 wt% mass ratio (Figure 3.20c).

Figure 3. 20 SEM images of (a) 5%, (b) 10%, (c) 15%, and (d) 20% KNOs3 addition to

Mg(OH)2.

For LiOH-doped Mg(OH)2 composites, the SEM images are presented in Figure 3.21.
The LiOH addition leads to composites with distinct grains and needle-like morphology.
Generally, all the samples appear very similar, irrespective of the dopant ratio. There is
observable dense packing in morphology with closed-up intraparticle pore spaces, which

is a strong indication of the prevalence of the sintering effect.
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Figure 3. 21 SEM images of (a) 5%, (b) 10%, (c) 15%, and (d) 20% LiOH addition to

Mg(OH)z.

Figure 3.22 shows the SEM image of pure Ca(OH), material (CH), exhibiting bulky, oval-
shaped grains that tend to cluster together. The crystallites in an aggregate are more
densely packed and with less intra-crystallite porosity. With the addition of BN, there is a
redistribution of particles in non-homogeneous morphologies (Figure 3.23 a-d). The
presence of larger voids within clusters of particles, especially for the 10 wt% ratio (Figure
3.23 b), is observed. So, the addition of 10 wt% BN improves porosity and thus
demonstrates reduced particle agglomeration. Generally, the addition of BN weight ratios

to Ca(OH)2 produces various morphologies with non-uniform particle packing.
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Figure 3. 23 SEM images of (a) 5%, (b) 10%, (c) 15%, and (d) 20% BN addition to

Ca(OH)2.

The SEM images for Ca(OH)2 with KNO3 mass proportions are shown in Figure 3.24. The
5 wt% KNO3 additive ratio results in a reticulate morphology comprising moderate-size
grains with intraparticle spaces (Figure 3.24a). Further increment in additive ratio results
in the formation of lumps and close-ups on intraparticle spaces as shown in (b) and (c).

At 20 wt% of KNOs, the material’s microstructure begins to flake as shown in (d).
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Figure 3. 24 SEM images of (a) 5%, (b) 10%, (c) 15%, and (d) 20% KNOs3 addition to

Ca(OH)2.

SEM images for LiOH-doped Ca(OH)2 composites are presented in Figure 3.25. The
initial morphology with 5 wt% LiOH addition in Figure 3.25 (a) has small grain sizes
distributed around a few moderate-sized grains. These moderate-size grains increase in
number with improvement in intraparticle spacing (Figure 3.25 b). Then, the appearance
of massive grain sizes with dense packing is observed as the LiOH fraction increases to

20 wt%, as seen in Figure 3.25 (c)-(d).
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Figure 3. 25 SEM images of (a) 5% (b) 10% (c) 15% and (d) 20% LiOH addition to

Ca(OH)2.

Note: Further analysis with LiOH-doped materials was discontinued due to toxicity

concerns.

3.4.5 EDX spectra analysis

The data generated in this procedure consists of spectra with peaks corresponding to the
signal of the elements making up the sample. Figure 3.26 shows the EDX spectra and
atomic weight data tables (inset) for BN-doped Mg(OH)2 (MH-BN) composites, sampled

at two regions (Spot 1 and Spot 2) of the materials.

The quantitative weights of Mg, O, B, and N for the composites show moderate values
as seen in the standard deviation values in Figure 3.26 (a), (b), and (d). In (c), the weight
percentage of B has shown uneven distribution as indicated by a surge in the value of
standard deviation. This may be due to the uneven distribution of the BN dopant in the
MH-BN15 sample, as the SEM confirmed an insignificant difference in grain distribution

in this sample.
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Figure 3. 26 EDX spectra of (a) 5 wt%, (b) 10 wt%, (c) 15 wt%, and (d) 20 wt% BN-

doped Mg(OH)2 samples.

Figure 3.27 shows the EDX spectra and atomic weights for KNOs-doped Mg(OH)2 (MH-

PN) composites. For the MH-PN5 composite, the EDX spectra are seen in (a). The Mg,

O, and K weights show consistency (approximately the same values) in the sampled

areas, indicating uniformity in atomic distribution. This is evident in the minimal standard

deviation values of 0.16, 0.13, and 0.03 for Mg, O, and K, respectively. However, it was

observed that N atoms were not detected, and this is the case in Figure 3.27 (b) and (c)

for the 10 and 15 wt% additive ratios of KNOas. It is known that certain light atoms are

sometimes not detected, so this might be the case with N.
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Figure 3. 27 EDX spectra of (a) 5 wt%, (b) 10 wt% (c), 15 wt%, and (d) 20 wt% KNOs-

doped Mg(OH)2 samples.

For MH-PN10 in Figure 3.27 (b), the summary of the spectra values indicates standard

deviation values of 0.44, 0.65, and 0.21 for Mg, O, and K, respectively, in the sampled

areas. However, Mg and O showed increasing deviation in the atomic distribution in MH-

PN15 and MH-PN20 samples as seen in Figure 3.27 (c) and (d). It is noticed that with a

20 wt% KNOs increase, the presence of N was detected.

Figure 3.28 shows the EDX of the CH-BN composites. For the CH-BN5 composite (Figure

3.28a), the weight and atomic percentages for Ca, O, B, and N in the sampling show that

the weights of Ca and O varied from 22.86 to 46.51% and 37.71 to 69.16%, respectively.

Both have high standard deviations, showing that the Ca(OH)z is not uniformly distributed

amongst the B and N atoms.
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Figure 3. 28 EDX spectra of (a) 5 wt%, (b) 10 wt%, (c) 15 wt%, and (d) 20 wt% BN-

doped Ca(OH)2 samples.

Generally, the higher BN ratios exhibited increasing standard deviation values for the Ca,
O, B, and N, suggesting increasing non-uniformity in atomic distributions. For instance,
in the CH-BN15 composite (Figure 3.28c), the atomic weight of Ca, O, B, and N shows
that the Ca weight varies from 8.57 to 52.76%, and O from 28.23 to 31.02%. The weights
of B and N also increase from 9.19 to 39.23% and 9.82 to 39.23%, respectively. These
are evident in the high standard deviation values. A similar trend also occurred in the CH-
BN20 composite (Figure 3.28d), whose spectra values show that the Ca, O, B, and N
weights are not uniformly distributed, as evident in their respective high standard

deviation values of 14.49, 32.90, 21.00, and 26.39.

In the KNO3s-doped Ca(OH)2 samples, the EDX spectra are shown in Figure 3.29. For the
CH-PN5 composite in Figure 3.29 (a), the quantitative results show Ca and O weights
with high standard deviation values, an indication of non-uniformity in their distribution. K
weight shows a good distribution, but N was not detected. A similar trend is observed for

the CH-PN10 composite in Figure 3.29 (b).
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Figure 3. 29 EDX spectra of (a) 5 wt%, (b) 10 wt% (c), 15 wt%, and (d) 20 wt% KNOs-

doped Ca(OH)2 samples.

The CH-PN15 sample (Figure 3.29c) shows increasing standard deviations in the Ca and
O atomic weight distributions. This indicates a high disparity in the atomic weight
distributions of these elements. This is similar to the CH-PN20 composite (Figure 3.29d),
although it has a lower degree of disparity. Again, the N was detected due to the

increasing weight of the nitrate (KNO3).

3.4.6 DSC analysis

The DSC curves exhibited broad endothermic peaks during dehydration. The variability
of the peak positions is dependent on the dopant ratios. Integrating the area under the
peak yields the reaction enthalpy, AH. For dehydration reactions, this represents the
stored heat or heat content. Another important parameter directly related to the
characteristic curves of the materials is the onset temperature, To, which is the

temperature at which a reaction starts at a measurable rate, in this case, dehydration.

The DSC overlay thermograms for the pure Mg(OH)2 (MH) and its BN-doped composites

(MH-BN) are shown in Figure 3.30, while the quantitative data are presented in Table 3.3.
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Figure 3. 30 DSC curves of pure Mg(OH)2 and BN-doped composites.

Table 3. 3 Onset temperatures and heat storage in pure and BN-doped Mg(OH)z.

Material Onset temperature (°C) Heat content (J/g)
Pure MH 317.03 1246.40
MH-BN5 336.12 1233.20
MH-BN10 328.31 1168.20
MH-BN15 321.38 1122.70
MH-BN20 331.01 1062.50

As observed in Table 3.3, the variation of onset temperature with additive mass fractions
of BN in the MH-BN composites does not follow a regular pattern. For instance, at a 5
wt% BN ratio, the onset temperature increased to 336.12 °C compared with 317.03 °C of
pure MH. This decreased as the BN ratio increased from 10 wt% to 15 wt% and increased
again at 20 wt%. The heat contents also did not show a regular trend and remained lower
than that of the pure MH. This shows that the additive proportions of BN did not positively
influence the dehydration behaviour of pure Mg(OH)2. It is desirable to have a lower
dehydration temperature to broaden the storage temperature range, as well as a higher

heat content.

For pure Mg(OH)2 (MH) and its KNOs-doped composites (MH-PN), the overlay
thermograms are shown in Figure 3.31, while the quantitative data are presented in Table

3.4.
99



—MH

— MH-PNS
—MH-PN10
—MH-PN15
— MH-PN20

0 L g N et

Heat Flow (Normalized) Q (W/g)
N

6

T T T T T T T
0 100 200 300 400 500 600

Exo Up Temperature T (°C)

Figure 3. 31 DSC curves of pure Mg(OH)2 and KNOs-doped composites.

Table 3. 4 Onset temperatures and heat storage in pure and KNO3s-doped Mg(OH)a.

Material Onset temperature (°C) Heat content (J/g)
Pure MH 317.03 1246.40
MH-PN5 293.88 1317.10
MH-PN10 297.82 1171.60
MH-PN15 296.47 1103.40
MH-PN20 308.20 1044.00

In Table 3.4, the dehydration temperature showed a decrease from 317.03 °C for pure
MH to 293.88 °C with 5 wt% KNO3 addition but started to increase as the proportion of
KNOs3 rose above 5 wt%. The minimal onset temperature is therefore achieved with an
additive fraction of 5 wt%, that is, the MH-PNS5 composite. The sample’s dehydration
temperature was about 23 °C less than the dehydration temperature of the pure Mg(OH)2
material (MH). In addition, its dehydration heat of 1317.10 J/g was about 6% more than
the dehydration heat of pure MH. The appearance of minute peaks was observed around
132 °C with progressing troughs as the dopant ratio increased from 10 wt% and could be
attributed to the excess unreacted nitrate salt in the matrix of the samples [44]. A similar
observation was reported in the literature and was attributed to the fusion of crystalline
KNOs3 around 334 °C [92]
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On the other hand, Figure 3.32 represents the DSC overlay curves for the pure Ca(OH)2
(CH) and its BN-doped composites (CH-BN), whereas Table 3.5 shows the quantitative

data for the analysis.
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Figure 3. 32 DSC curves of pure Ca(OH)2 and BN-doped composites.

Table 3. 5 Onset temperatures and heat storage in pure and BN-doped Ca(OH)a.

Material Onset temperature (°C) Heat content (J/g)
Pure CH 451.26 1196.90

CH-BN5 441.01 1002.10

CH-BN10 433.89 1016.80

CH-BN15 434.65 853.69

CH-BN20 435.48 800.42

As seen in Table 3.5, the dehydration temperature (onset temperature) decreased as the
BN content increased until the mass fraction of BN exceeded 10 wt%, and then began to
increase. This demonstrates that modification of the Ca(OH)2 structure by the addition of
BN has a considerable effect on its dehydration. Here, the minimal dehydration
temperature was 433.89 °C at 10 wt% of BN proportion. This means the dehydration
temperature of the CH-BN10 composite could be achieved at about 17 °C below that of
the pure material (CH). However, the dehydration heat of CH-BN10 was 1016.80 J/g,

which is 15% less than the dehydration heat of pure CH.
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For the KNOs-doped composites (CH-PN), the overlay thermograms are shown in Figure

3.33, while the quantitative data are presented in Table 3.6.
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Figure 3. 33 DSC curves of pure Ca(OH)2 and KNOs-doped composites.

Table 3. 6 Onset temperatures and heat storage in pure and KNOs-doped Ca(OH)2.

Material Onset temperature (°C) Heat content (J/g)
Pure CH 451.26 1196.90

CH-PN5 438.87 1135.80

CH-PN10 426.96 1027.50

CH-PN15 431.18 956.30

CH-PN20 426.00 894.97

From Table 3.6, the dehydration temperature decreases as the KNO3 content increases
to the KNOs additive proportion of 10 wt%. The minimal dehydration temperature is
426.00 °C with a 20 wt% mass fraction of KNOs. So, the heat storage reaction of the CH-
PN20 material could be carried out at 31 °C lower than the pure CH material, but at 25%
less dehydration heat. As previously noted, the appearance of minute endothermic peaks
was observed at additive ratios >10 wt%. For the CH-PN15 composite, two peaks

appeared at 133 °C and 331 °C, and 132 °C and 333 °C for CH-PN20.
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3.4.7 TGA

TGA was used to assess the thermal stability of the materials by determining the

temperatures at which they began to lose weight, and by what percentage during the

temperature ramp. This indicates how soon the dehydration reactions started when the

materials began to decompose (dehydrate). Figure 3.34 presents the TGA overlay curves

of pure Mg(OH)2 (MH) and its BN-doped composites, and the summary is shown in Table
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Figure 3. 34 TGA overlay curves for pure Mg(OH)2 and BN-doped composites.
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Table 3. 7 TG onset temperatures and weight loss in Mg(OH)2 and its BN composites.

Material Onset temperature (°C) Weight loss (%)
Pure MH 295.25 28.79

MH-BN5 311.07 26.92

MH-BN10 312.46 25.49

MH-BN15 309.72 24.26

MH-BN20 305.52 22.94
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Adding BN to the base material, MH seemed to improve thermal stability. This is evident
from the increase in the onset temperature from 295.25 °C for MH to 312.46 °C for MH-
BN10. A higher onset temperature suggests that the material could withstand higher
temperatures before decomposition (dehydration) began. The thermal stability was
highest for MH-BN10 (312.46 °C) and decreased slightly for MH-BN15 (309.72 °C) and
MH-BN20 (305.52 °C). The weight loss, on the other hand, decreased with the increasing
BN content. MH, with no BN, had the highest weight loss of 28.79%. As the BN content
increased, the weight loss decreased, with MH-BN20 showing the lowest weight loss at
22.94%. This suggests that BN not only delayed the onset of decomposition but also
reduced the extent of decomposition. The results indicate that incorporating BN into MH
enhances its thermal stability, with the most significant improvement observed in the MH-
BN10 composition. Both onset temperature and weight loss data suggest that BN
contributes positively to the material's resistance to thermal degradation. Beyond the MH-

BN10 composition, the thermal stability begins to slightly decrease.

On the other hand, Figure 3.35 presents the TGA curves of pure MH and its KNO3s-doped

composites, while Table 3.8 presents the obtained results.
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Figure 3. 35 TGA overlay curves for pure Mg(OH)2 and KNOs-doped composites.
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Table 3. 8 TG onset temperatures and weight loss in Mg(OH)z and its KNO3
composites.

Material Onset temperature (°C) Weight loss (%)
Pure MH 295.25 28.79
MH-PN5 291.65 28.80
MH-PN10 293.56 27.73
MH-PN15 292.00 26.56
MH-PN20 293.69 24.82

The addition of KNO3 did not significantly enhance the thermal stability of MH. The onset
temperatures for the KNOs-modified materials (MH-PN5, MH-PN10, MH-PN15, and MH-
PN20) were all slightly lower than the unmodified MH, with MH-PN5 showing the lowest
onset temperature of 291.65 °C. The thermal stability did not improve noticeably with
increasing KNO3s content, and the onset temperatures fluctuated slightly around the value
for MH. For weight loss, MH had a weight loss of 28.79%. For the KNOs-modified
materials, the weight loss decreased as the nitrate content increased, similar to the trend
observed with BN-modified materials. MH-PN20 showed the most significant reduction in
weight loss at 24.82%, indicating that higher KNOs content reduced the extent of thermal

decomposition.

This suggests that while KNOs addition did not significantly increase the onset
temperature, it did contribute to reducing the overall material degradation at higher KNO3
concentrations. The thermal stability, in terms of the onset temperature, remained
relatively similar (or slightly lower) compared to the unmodified MH. This could indicate
that KNOs doping did not delay the onset of decomposition as in the case of BN. The
decrease in weight loss with increasing KNO3s content suggests that KNOs did contribute

to reducing the extent of decomposition, although not as effectively as BN. The reduction
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in weight loss might indicate that KNO3 helped to retain more of the material mass during

heating. Overall, while KNOs reduced the extent of material degradation (as seen by

lower weight loss), it did not improve the onset temperature. This might suggest that

KNO3 acted more as a stabilizer after decomposition began rather than preventing or

delaying the onset of decomposition.

Similarly, the TGA curves for pure Ca(OH)2 and its BN-doped composites are shown in

Figure 3.36 and the results are presented in Table 3.9.
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Figure 3. 36 TGA overlay curves for pure Ca(OH)2 and BN-doped composites.

Table 3. 9 TG onset temperatures and weight loss in Ca(OH)2 and its BN composites.

Material Onset temperature (°C) Weight loss (%)
Pure CH 397.30 18.40
CH-BN5 393.40 16.80
CH-BN10 393.70 14.65
CH-BN15 398.26 14.28
CH-BN20 435.48 14.28
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The addition of BN has varying effects on the onset temperature. CH-BN5 and CH-BN10
showed a slight decrease in onset temperature compared to CH, with values of 393.40
°C and 393.70 °C, respectively. This suggests a minor reduction in thermal stability at
these lower BN concentrations. CH-BN15 showed a slight improvement in thermal
stability with an onset temperature of 398.26 °C, slightly higher than the pure CH. The
most significant improvement was observed in CH-BN20, where the onset temperature
dramatically increased to 435.48 °C. This indicates a substantial improvement in thermal
stability at the highest BN concentration, suggesting that CH-BN20 could withstand much
higher temperatures before decomposing. The onset temperature data show that BN has
a positive effect on the thermal stability of the pure material (CH), particularly at higher
concentrations. While lower concentrations of BN (5% and 10%) slightly reduce the onset
temperature, a significant increase is observed at 20% BN, with the onset temperature
rising to 435.48 °C. This indicates that CH-BN20 was significantly more thermally stable

than the pure CH material.

Pure CH exhibits a weight loss of 18.40%. The addition of BN reduced the weight loss
across all compositions. The weight loss decreased progressively with increasing BN
content, with CH-BN5 showing 16.80%, CH-BN10 at 14.65%, and both CH-BN15 and
CH-BN20 at 14.28%. The plateau in weight loss between CH-BN15 and CH-BN20
suggests that the reduction in weight loss stabilized at higher BN concentrations, possibly
indicating that a maximum stabilization effect was reached. The lower weight loss at
higher BN concentrations implies that the material retained more of its mass during

heating, indicating improved thermal stability.

Overall, the results suggest that BN is an effective additive for enhancing the thermal
stability of CH, particularly at higher concentrations, where it both delays the onset of
decomposition and reduces the extent of degradation. The most significantimprovements

in thermal stability and weight retention were observed in the CH-BN20 material.
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For Ca(OH)2 and its KNOs-doped composites, the TGA curves are shown in Figure 3.37,

and the results are presented in Table 3.10.
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Figure 3. 37 TGA overlay curves for pure Ca(OH)2 and KNOs-doped composites.

Table 3. 10 TG onset temperatures and weight loss in Ca(OH)2 and its KNO3
composites.

Material Onset temperature (°C) Weight loss (%)
Pure CH 397.30 18.40
CH-PN5 391.20 19.44
CH-PN10 376.35 16.82
CH-PN15 367.52 17.09
CH-PN20 372.82 16.98

The addition of KNOs generally decreases the onset temperature across all
concentrations. CH-PN5 showed a slight decrease in onset temperature to 391.20 °C,
indicating a minor reduction in thermal stability. The onset temperature further decreased
with increasing KNOs content, reaching the lowest value of 367.52 °C for CH-PN15. This

suggests that KNOs reduced the material's thermal stability, making it decompose at
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lower temperatures. CH-PN20 showed a slight recovery in onset temperature to 372.82
°C, but this value is still lower than the pure CH material. In terms of weight loss, CH had
a weight loss of 18.40%. The effect of PN on weight loss is less straightforward compared
to the onset temperature. For instance, CH-PNS showed a slight increase in weight loss
to 19.44%, indicating more material degradation compared to pure CH. However, with
further increases in KNO3s content, the weight loss decreased, with CH-PN10 showing
16.82% and CH-PN20 showing 16.98%. This suggests that while the addition of KNO3
lowered the onset temperature, it did help in reducing the extent of material degradation,

at least at higher concentrations.

In a nutshell, the addition of KNOs generally lowered the onset temperature, meaning that
the CH-PN materials started decomposing at lower temperatures compared to pure CH.
This indicates a reduction in thermal stability across all KNO3s concentrations. The
greatest reduction in onset temperature was observed in CH-PN15 (367.52 °C),
suggesting that this composition is the least thermally stable among those tested. The
weight loss results are somewhat mixed. CH-PN5 showed a slight increase in weight
loss, indicating more degradation. However, with higher nitrate content (10% and above),
the weight loss decreased, with CH-PN10 having the lowest weight loss of 16.82%. This
indicates that while the KNOs; addition made the material decompose at lower

temperatures, it also reduced the extent of decomposition at higher temperatures.

Overall, the results suggest that the addition of KNO3 to Ca(OH)2 (CH) generally reduced
the material's thermal stability, as indicated by the lower onset temperatures. However,
at higher KNO3s concentrations, the extent of material degradation (weight loss) was
reduced, which could indicate that KNOs helped to stabilize the material once
decomposition started, but it did not prevent the onset of decomposition at higher

temperatures.
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3.5 Concluding remarks

In this chapter, Ca(OH)2 and Mg(OH)2 were used as the core materials for the
development of composites TCES materials. This development process using various
dopants was confirmed by XRD analysis to be successful, and their thermophysical
properties were evaluated. BET surface area measurements indicated reduced surface
areas and porosity in both Ca(OH)2 and Mg(OH)2 materials, irrespective of the dopant

type used, and this was supported by SEM microstructure analysis.

DSC and TGA results both indicated that KNO; doping was highly effective in reducing
the dehydration (onset) temperatures in Ca(OH)2 and Mg(OH),. For instance, 10 wt%
KNOs reduced the dehydration temperature in Ca(OH)2 by 24 °C, though with a 14%
decrease in heat storage capacity. Whereas 5 wt% KNOs reduced the dehydration
temperature by 23 °C and also enhanced the heat storage by 6% in Mg(OH)2. The fact
that the thermal indices of 5 wt% KNOs-doped Mg(OH)2 in TGA were very close to the
base material suggests that the addition of KNOs did not significantly alter the thermal
stability of the pure material. Again, the minimal change in thermal stability could imply
good compatibility between Mg(OH)2 and KNOs, since KNOs incorporation into the

Mg(OH)2 matrix did not compromise its thermal integrity.

Overall, KNOs is an effective dopant for modifying the thermophysical properties of both
Ca(OH)2 and Mg(OH)2, with 5 wt% KNOs-doped Mg(OH)2 composite (MH-PNS) showing
promise for medium temperature heat storage applications between 293-400 °C
temperature range. Further enhancement in the material’s thermal transfer capabilities is

therefore encouraged before testing in the rig.
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Chapter 4: Thermal Enhancement Modelling of the Developed Materials

4.1 Introduction

In the preceding chapter, numerous experimental procedures were carried out on the
developed TCES materials. The process ultimately narrowed the selection down to the
MH-PN5 composite material due to its encouraging performance in the thermophysical
tests. These tests were based on the behaviour of the materials at the macroscopic scale.
However, the basic building blocks of materials are atoms, and their interactions at the
microscopic level dictate the macroscopic scale behaviour of the materials. Therefore, for
a fundamental understanding of TCES behaviour at the molecular level, advanced
techniques are essential. Specifically, molecular dynamics (MD) simulations were used
to establish appropriate conditions for the thermal enhancement of the developed
material. This approach was essential for enabling the prediction of optimization
parameters, thereby reducing the time spent on experiments. For thermal conductivity
enhancement, aluminium oxide (alumina), Al2O3, nanomaterials were used as suggested
by Coetzee et al. [159]. These nanomaterials possess intrinsic properties such as high
thermal conductivity, compatibility with the host material, large surface area, and stability
across a wide range of temperatures [160]. However, the effectiveness of nanoparticles
for thermal conductivity enhancement depends on the dosage used [159]. For this
reason, MD simulations were used to evaluate the dose effectiveness and the structural

interactions of the particles.

MD simulation is a valuable computational tool for exploring dynamics at the atomic scale.
Utilizing appropriate potential models allows for the simulation of atomic movements, and
MD is particularly well-suited for studying detailed interactions between molecules or
atoms, as well as their behaviour over time [161]. This makes it more appropriate than
methods like Monte Carlo or coarse-grained simulations, which may not capture the

intricate, time-dependent interactions that MD can provide [162].
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4.2 Molecular dynamics

At the core of molecular dynamics is Newton's second law of motion, which governs the
behaviour of particles under the influence of forces. By applying suitable potential models,
or force fields, MD simulations can accurately predict the positions, velocities, and forces
acting on each atom or molecule at every time step [162]. During an MD simulation, the
trajectories of particles are determined by numerically solving Newton's equations of
motion. These calculations take into account the interatomic forces and potential
energies, which are derived from molecular mechanics force fields or interatomic
potentials. By allowing atoms or molecules to interact over a desired period, MD provides
insights into the dynamic properties of the system, revealing how it evolves over time.
This makes molecular dynamics a key method in the study of complex molecular
systems, offering a deep understanding of the underlying mechanisms that govern their

behaviour [162].

Some of the widely used molecular dynamics (MD) software packages include
GROMACS (Groningen Machine for Chemical Simulations) [163], NAMD (Nanoscale
Molecular Dynamics) [164], AMBER (Assisted Model Building with Energy Refinement)
[165], and CHARMM (Chemistry at Harvard Macromolecular Mechanics) [166], which are
especially used in computational chemistry for simulations of biomolecular systems such
as proteins, lipids, and nucleic acids with their specialized algorithms, making them ideal
for researchers focused on biological systems. Again, codes with a focus on materials
modelling are DL_POLY (Daresbury Laboratory Polymer)[167], HOOMD (Highly
Optimized Object-oriented Molecular Dynamics) [168], and LAMMPS (Large Scale

Atomic/Molecular Massively Parallel Simulator) [169].

Of all these software, LAMMPS is highly valued for its scalability and performance on
large parallel computing systems, making it ideal for simulating large and complex

systems. Its versatility allows it to support a wide range of force fields and models,
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including hybrid simulations, and its modular design enables easy customization for
specific research needs [161]. LAMMPS is open-source, backed by an active
development community, and offers extensive documentation and support, making it
accessible and adaptable for diverse scientific applications, particularly in materials
science and engineering. Besides, LAMMPS offers exceptional versatility with its ability
to handle a broader range of materials and simulations, including biological molecules.

For these reasons, all simulations done in this work were run using LAMMPS software.

4.3 Molecular dynamics with LAMMPS

LAMMPS, an open-source software developed at Sandia National Laboratories for
conducting MD simulations, is designed to run classical MD on both single processors
and parallel computers, making it highly scalable and capable of handling large, complex
systems. It is versatile enough to model a wide range of physical states and systems,
including liquids, solids, gases, atomic and molecular systems, polymers, metals,
biological macromolecules, granular materials, and coarse-grained systems. This
flexibility is supported by its extensive range of force fields, boundary conditions, and the

ability to run multiple simulations simultaneously from a single input script.

Initially written in FORTRAN, LAMMPS has been rewritten in C++ to enhance its
modularity and ease of use, allowing users to easily modify the code to incorporate new
force fields, particle properties, boundary conditions, or diagnostics [161]. The input
scripts used in LAMMPS are highly customizable, with syntax that supports variables,
formulas, looping constructs, and commands for defining system geometry, atom types,
force fields, and simulation parameters. The output generated by LAMMPS includes
thermodynamic information and customizable data files, which can be visualized using
appropriate tools or converted into formats compatible with other software for further

analysis.
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LAMMPS excels in simulating a wide variety of molecular systems due to its robust
handling of complex interactions and its ability to scale across many processors [170].
The software is extensively used in fields such as materials science, chemistry, physics,
and biology for applications ranging from phase transitions and mechanical properties to
chemical reactions, diffusion processes and the behaviour of biomolecules. Its open-
source nature, active development community, and comprehensive documentation make
it accessible and widely used in both academic and industrial research, providing a

powerful tool for understanding and predicting molecular-level phenomena.

A key advantage of LAMMPS is its scalability, as it is highly optimized for parallel
computing. This allows researchers to simulate large systems with millions of particles
on high-performance computing clusters [170]. It also supports hybrid simulations,
combining different modelling methods such as molecular dynamics with Monte Carlo or
finite element methods. Furthermore, LAMMPS is well-suited for non-equilibrium
simulations, such as those involving shear flow and heat transfer, through the use of

appropriate boundary conditions and thermostats.

In general, the main steps involved in LAMMPS molecular dynamics are shown in Figure

4.1, the details of which are given in the following sections.
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Initial configuration or structure

Y

Force calculation from potential
. F= V&
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Acceleration from Newton’s law
F=ma

k4

Numerical integration of new
positions and velocities

:

Statistical mechanics for
thermodynamic properties

!

Thermostat to control temperature
(T) = TRef

Figure 4. 1 Flow chart showing main steps in MD simulation.

4.3.1 Initial configuration

In LAMMPS, the initial configuration refers to a molecular model with positions and
velocities and involves the starting arrangement and properties of the atoms or particles
in the MD simulation. This setup is crucial as it defines the initial conditions from which

the simulation evolves. Key aspects of the initial configuration are:

1. Atomic positions and structure:

e The initial configuration includes the spatial coordinates of all atoms or particles in
the system. These positions can represent a crystalline solid, a disordered liquid,
a gas, or a desired structure.

e Users can input these positions manually, generate them through LAMMPS
commands, or import them from external files, such as data files or coordinate files

in various formats.
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2. Atom types and masses:

e Each atom in the system is assigned a specific type, which corresponds to its
chemical element (or particle type in coarse-grained models). The type determines
the atom's mass, charge, and the interaction potentials it will use during the

simulation.

3. Velocities:

e Initial velocities can be assigned to the atoms by specifying them directly or by
generating them randomly based on a desired temperature using a velocity
distribution, such as the Maxwell-Boltzmann distribution.

e The initial velocity distribution helps set the kinetic energy of the system, which

corresponds to its temperature.

4. Boundary conditions:

e LAMMPS allows users to define the boundary conditions of the simulation box,
which can be periodic, fixed, or reflective. These conditions impact how atoms
interact at the edges of the simulation box and are critical for mimicking bulk

materials or interfaces.

5. Simulation box and dimensions:

e The simulation box defines the overall dimensions and shape of the system. It
must be specified in the initial configuration to ensure that the atoms are correctly

positioned within the box and that the simulation space is properly defined.
6. Molecule or group definitions:
e In systems with complex molecules or specific groups of atoms, these can be

predefined in the initial configuration. This includes specifying bonds, angles,
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dihedrals, and other molecular topology details, which LAMMPS will use to apply

the correct interaction potentials.

A well-prepared initial configuration is essential, as it ensures that the simulation begins
from a realistic and physically meaningful state, which is critical for achieving accurate

and reliable outcomes in the simulation.

4.3.2 Force calculation from potential

In MD simulation, the atoms' movement is tracked by using the interatomic potential to
measure the interaction force of the atoms, employing Newton’s equation of motion. The
force on each atom is determined by taking the negative gradient of the interatomic

potential as
F=-Vd (4.1)
where F is the force on each particle, and @ is the interatomic potential.

This force is then used in Newton's law of motion to calculate the acceleration of each

particle as
F = ma (4.2)
where a is the acceleration on each particle, and m is the mass of the particle.

From this acceleration, a finite difference method is required to obtain the atom’s
trajectories (displacements and velocities) at every timestep of the simulation. A widely
used method for this purpose is the Verlet integration (often called the velocity-Verlet
algorithm), which is derived from a Taylor expansion of the atom's position and takes the

form shown below. Displacement is found by
1
r(t+ At) = r(t) + v(H)At + Ea(t)AtZ (4.3)

and velocity is found by
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v(t+ At) = v(t) + % [a(t + At) + a(t)]At (4.4)

Figure 4.2 shows the atoms' position (r) and velocity (v) at equal times, based on the

velocity-Verlet algorithm represented by Equations 4.3 and 4.4 [170].

(a) At Initial time (t) (b) At Final time (¢ + At)

Figure 4. 2 Positions and velocities of the atoms are changed over time (This change is

marked for a single atom only).

Hence, the Verlet algorithm is used to find the position and velocity of a single atom in
one direction with respect to time, where t is the initial time and At is the timestep. By
following these mathematical steps, the time evolution of the atoms can be computed,

and their motion visualized using suitable software.

4.3.3 Thermodynamic properties estimation

Thermodynamic properties provide insights into the state of a system, such as its
temperature, pressure, energy, and volume, which are essential for understanding phase
transitions, reaction kinetics, and material properties. Key thermodynamic properties
such as energy, temperature, and pressure and how LAMMPS estimates them are

discussed below:

1. Energy calculations:
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The potential energy in LAMMPS arises from the interactions between particles, such as

bonds, angles, van der Waals, and electrostatic forces. The potential energy (E)

depends on the positions (r) of the particles relative to each other, expressed as

N
E, = Zi ®(r) (4.5)

where ®(r)is the interatomic potential (potential function) acting on a particle i in a
system of N atoms. A stable configuration typically corresponds to a local minimum in

potential energy, indicating that particles are in energetically favourable positions.

Kinetic energy (Ey) is associated with the motion of particles and is calculated based on

their velocities (v;) and masses (m;) as

o= Smyv?
k= 7 i Vi (4.6)

i
It reflects the system's temperature, as higher temperatures lead to higher particle

velocities and, consequently, greater kinetic energy. It is directly related to the system's

thermal state.

Users can also calculate other specific energies, such as bond, angle, dihedral, and pair
interaction energies, depending on the type of force field and interactions defined in the

system.
2. Temperature:

Temperature in LAMMPS is computed based on the kinetic energy of the particles using
the equipartition theorem. The theorem predicts that the average total energy,(Et), of N

particles or atoms in three dimensions is given as

(Er) = NkgT (4.7)
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where kg is the Boltzmann constant and Tis the absolute temperature. This formula
reflects that each degree of freedom (in three dimensions: x, y, and z) contributes 1/2 kgT
to the average energy per particle. Since there are three translational degrees of freedom,
the total energy per particle is 3/2 kgT, and for N atoms, it becomes 3/2 NkgT. This total

energy is equal to the kinetic energy of the system thus
3 1 N 2
The temperature is then calculated as

YN mvf
3Nkg

T = (4.9)

The temperature is a critical parameter that influences other thermodynamic properties

and the behaviour of the system over time.
3. Pressure:

Pressure is calculated using the virial theorem, which accounts for both the kinetic energy
of the particles and the forces acting between them. LAMMPS can compute
instantaneous pressure, as well as the pressure tensor, which provides information about

the stress distribution within the system. The Virial pressure (P) is given as [171]

==NkBT-+?L<§S Firi) (4.10)
Vo vd Ly T '

where V is the volume, d is the dimension of the system, F;; is the force on the particle i

exerted by particle j, and ris the vector going fromi to j. The angular brackets denote a

time average in molecular dynamics. If ®;is the interatomic potential between i and j then

2% and Equation (4.10) becomes
ij

the force is Fj; = —Vd;; = —

p__NkBT__;L<§S Q?HFH) (4.11)
B \% vd i<j ari]- Y '
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4. Ensemble simulations:

LAMMPS supports various statistical ensembles, such as microcanonical or NVE
(constant number of particles, volume, and energy), canonical or NVT (constant number
of particles, volume, and temperature), isothermal-isobaric or NPT (constant number of
particles, pressure, and temperature), and grand canonical or uVT (constant chemical
potential, volume, and temperature). Each ensemble corresponds to different

thermodynamic conditions and is used to simulate specific physical scenarios.

The choice of ensemble affects the thermodynamic properties estimated during the
simulation. For instance, in an NPT ensemble, both temperature and pressure are

controlled, allowing for the estimation of properties like enthalpy.

Thermodynamic properties in LAMMPS are often averaged over time to obtain
meaningful values, especially for properties like temperature and pressure, which may
fluctuate during a simulation. These time-averaged values provide a more accurate
representation of the system's equilibrium state. LAMMPS also allows for the calculation
of fluctuations, such as the variance in energy or pressure, which can be related to other

thermodynamic quantities like heat capacity.

4.3.4 Thermostat and barostat

Thermostats and barostats are essential tools in LAMMPS for maintaining the desired
thermodynamic conditions during simulations. The choice of the specific thermostat or
barostat depends on the ensemble required and the characteristics of the system under

study.

Thermostats adjust particle velocities to control temperature. In the NVE ensembile,
energy is conserved, so a thermostat is optional and primarily used to stabilize
temperature. In the NVT ensemble, which maintains constant temperature, volume, and
particle number, thermostats like the Nose-Hoover, Langevin, and Berendsen are
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commonly used. The Nose-Hoover thermostat accurately couples the system to a
thermal reservoir, while the Langevin thermostat introduces random forces to mimic a
heat bath, useful for precise temperature control. Though less accurate, the Berendsen

thermostat is often employed for initial equilibration due to its simplicity [172].

Barostats control pressure by adjusting system volume or particle forces, critical in the
NPT ensemble. The Nose-Hoover barostat, often paired with a thermostat in NPT
simulations, modifies system volume to maintain target pressure. The Parrinello-Rahman
barostat is ideal for systems where the simulation box shape needs to change, such as
in anisotropic systems. The Berendsen barostat, like its thermostat counterpart, is used

for equilibration but doesn't accurately reproduce pressure fluctuations [172].

4.4 Computational resources and software

The molecular dynamics (MD) simulations discussed in this thesis involved thousands of
atoms making millions of timesteps. These simulations required significant computational
power and were carried out on the Augusta High-Performance Computing (HPC) system,
provided by Digital and Technology Services at the University of Nottingham. Augusta
comprises 115 compute nodes, each equipped with dual 20-core Intel Skylake 6138
processors (2.0 GHz), 192 GB of RAM, and 1 TB of local storage. The system runs on
Linux CentOS 7.7. For the simulations, the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS), the October 2020 version, developed by Sandia National

Laboratories, was utilized.

4.5 Simulation model

The simulated materials were the 5 wt% potassium nitrate-doped magnesium hydroxide
[Mg(OH)2/KNOQOs3], designated as MH-PN5, nano alumina-enhanced doped magnesium
hydroxide [Mg(OH)2/KNO3/Al203], designated as MH-PN5AQO, and pure Mg(OH)2 as MH.
An average of 11000 atoms were randomly distributed in a 50 x 50 x 50 A3 periodic cubic

cell using the PACKMOL package [173]. The periodic boundary condition (PBC) was used
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to minimize edge effects in the finite-sized simulation box and approximate an infinite
system in real-world situations. The PBC required atoms to be placed inside a cubic
simulation box that was periodically repeated in all directions. A two-dimensional
illustration of PBC is shown in Figure 4.3, where the particle trajectories in the central

simulation box are mirrored in every surrounding direction.

............

------------

Figure 4. 3 A two-dimensional illustration of PBC.

If, during the simulation, a particle moved out of the central simulation box, an identical
image of that particle entered the central box from the opposite side, creating the illusion
of a continuous, infinite system (mimicking bulk materials or interfaces). Thus, PBC

enabled the simulation of bulk properties in the system with relatively few atoms.

Figure 4.4 shows the schematic view of the interaction between the constitutive atoms of
Mg(OH)2, KNOs, and the doped Mg(OH)2 material. Similarly, Figure 4.5 represents the
schematic of the interaction between the constitutive atoms of Mg(OH)2, KNOs, Al20s3,
and the enhanced doped Mg(OH)2 material. The randomly distributed initial
configurations of the MH-PN5 and MH-PN5AO materials, in the simulation box with

periodic boundary conditions, are shown in Figure 4.6.
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(b)

Figure 4. 4 The molecular structures of (a) Mg(OH)z (b) KNOs, and (c) doped Mg(OH)-.

"
(a)
.\Q‘x. -
(d)
(b)
(c)

Figure 4. 5 The molecular structures of (a) Mg(OH)z2 (b) KNOs, (c) Al203, and (d) the

enhanced doped Mg(OH)a.

Figure 4. 6 Initial configuration of (a) MH-PNS and (b) MH-PNSAO in cubic simulation

box with PBC.
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The initial configuration of MH-PNS (Figure 4.6a) indicates the atomic distribution within
the 5 wt% KNO;-doped Mg(OH), matrix in which green, red, and purple spheres
represent Mg, O, and K atoms, respectively, while the light blue and dark blue spheres
indicate H and N atoms, respectively. In the configuration of MH-PNSAO (Figure 4.6b),
nano-aluminium oxide (Al,O;) is introduced, with Al atoms represented by grey spheres
dispersed throughout the matrix. This configuration highlights the distribution and
interaction sites of nano-aluminium oxide within the Mg(OH),/KNO3; composite, which
aimed to enhance its thermal conductivity. The MH-PN5 material was simulated along
with a varying proportion (5, 10, 15, and 20 wt%) of Al203, designated as MH-PN5AQOS5,
MH-PN5A010, MH-PN5A0O15, and MH-PN5AQO20, respectively, to find the optimal dose

of the nanomaterials in terms of thermal conductivity enhancement.

4.6 Force field

As previously seen in Section 4.3.2, interactions between atoms are approximated with
a simple empirical potential energy function, which allows for calculating forces.
Therefore, a force field can be defined as a combination of potential functions that
account for various forces acting between particles within molecules [174]. Force fields
define the rules that govern how atoms in a molecule or a collection of molecules interact
with each other, dictating their movement and behaviour over time. They are composed
of a set of equations and parameters that represent different types of interactions within
a system, including bonded (bonds, angles, and dihedrals) and non-bonded Van der
Waals and Coulombic) interactions. The force between two atoms is defined by a so-
called “two-body” potential (often referred to as a “pair” potential). This proposes that the
interaction is determined solely by the properties and relative positions of the two particles

involved, independent of any other particles in the system.

The force on a particle can be determined from the potential, viz: F = —V®;, where &; is

the sum of atom-atom pair potentials with all surrounding atoms: ®; = Y;..; @;;.
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4.6.1 Interatomic potential

All the simulations in this thesis are based on a combination of the Lennard-Jones (LJ)
potential and Coulombic interactions. The LJ potential is a pair potential model that is
well-accepted for explaining the behaviour of non-bonded interactions, especially the van
der Waals forces, which are weak attractive forces, and the repulsive forces that prevent
atoms or molecules from overlapping. The LJ potential is given as

by = 4e [(3)12 _ (3)6] (4.12)

r r

where @y is the potential energy as a function of distance r between two atoms, € is the
depth of the potential well, and ¢ is the finite distance at which the inter-particle potential
is zero. The first term of Equation (4.12) represents the short-range repulsive force, and
the second describes the attraction. The e and o parameters have values specific to each
atom species and are relevant to pairwise interactions between atoms of the same kind.

However, the Lorentz-Berthelot rules estimate the cross-term interactions between unlike

species viz
€ij = / €i€j (413)
1
Ojj = E(Gi + G]) (414)

The form of LJ potential in LAMMPS uses a cutoff radius r. such that r < r. to limit the
computational and simulation time so that ®;; = 0 if r > r.. It is therefore required to

provide these LJ parameters €, o, and r. as arguments for the potential function in

LAMMPS.
For the Coulombic interactions, the potential function is given as

L gy
4me, T

Dcoul = (4.15)
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with g;, q; being the charges on atoms of types i and j respectively, and ¢, is the dielectric

constant. Since r varies inversely, it means that the potential does not approach zero
quickly enough as the distance increases. This implies that particles far apart can have
much influence on the interaction, so r. would have to be very large to prevent large
errors. This would be computationally prohibitive in periodic boundary conditions.
However, a solution to this problem was to make use of the Particle-Particle Particle-
Mesh (PPPM) method to ensure that the long-range interactions are properly accounted

for.

4.6.2 Simulation input parameters
The force field parameters in this study were taken from existing literature [175-177]. The

complete set of input parameters for the particles is as follows:

Table 4. 1 Lenard-Jones parameters and partial charges for atom pairs.

Material Atomic pair € (eV) o (A) Charge
Mg(OH)2 Mg-Mg 2.2533199 1.501 +2
0-0 0.0050208 3.369 -2
H-H 0.0008673 1.780 +1
KNOs3 K-K 0.0043364 3.188 +1
N-N 0.0073719 3.107 +0.95
0-0 0.0069383 3.009 - 0.65
Al2O3 Al-Al 0.0017346 4.053 +1.5
0-0 0.0098870 2.860 -1.0

Additional input parameters used include a timestep of 0.001 ps, a cutoff radius (r.) of
11.0 A, a thermostat damping time of 0.1 ps, and a barostat damping time of 1 ps. For
the thermostat and barostat damping times, these values are generally good starting
points for maintaining temperature and pressure control during simulations, as

recommended in the LAMMPS documentation [172] for many models.

4.7 Annealing, minimization, and equilibration
To ensure the loss of memory of the initial configuration and achieve a more realistic and

stable one, the first step involves optimizing the configurations through a series of
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temperature changes. Initially, the system was slowly heated at 2.65 x 10" K/ps from
293 K to 823 K over 2 x 10° steps, then cooled back to 293 K under the same conditions.
The simulation was performed in the isothermal-isobaric (NPT) ensemble using a Nosé-

Hoover thermostat with a timestep of 1 fs.

Subsequently, an energy minimization process was conducted to redistribute the atoms,
aiming for a configuration with minimal energy. These iterative procedures were crucial
for resetting the system'’s initial configuration and resolving any potential atom overlaps.
This process was essential to stabilize the randomly placed atoms in the system, thus
resolving unrealistic atom interactions or high-energy configurations that would otherwise
distort the results of subsequent simulations. The ‘minimize’ command was set with the

following stopping criteria:

e stopping tolerance for energy = 1.0e-6.
e stopping tolerance for force = 1.0e-10.
e maximum iterations for minimizer = 10000.

e maximum number of force/energy evaluations = 100000.

LAMMPS therefore performed an energy minimization of the system by iteratively
adjusting atom coordinates until the iterations were terminated when one of the stopping
criteria was satisfied. At that point, the configuration was assumed to be in a local
potential energy minimum with the temperature near absolute zero Kelvin. Essentially,
the objective function minimized was the total potential energy (@) of the system as a

function of N atom coordinates [172]:
ey 15, 1) = D By ) + o ) Dpe(ry) (4.16)
1) 1

where the first term on the right is the pairwise interactions and the last term is energy

due to the ‘fixed’ constraint, such as boundary conditions or interactions of particles with
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the wall. So, the system was relaxed to a local minimum energy state, which represented

a more physically realistic configuration, before the equilibration run was started.

Following this, the system underwent an NPT equilibration run at 293 K and 1 atm during
1000 ps to allow the system to relax to the target temperature and pressure. This ensured
that the systems’ densities and internal energies stabilized around values consistent with
the desired ensemble conditions. At equilibrium, a system's thermodynamic potential
reaches a minimum, indicating a balanced state of energy and interactions within the
system. To check for equilibration in all the configurations, the energy was plotted against
time (or run steps), using the open-source software, Gnuplot, to observe when the energy
becomes largely stable after fluctuating around stable mean values, as shown in Figure
4.7. The energy stabilization around —250000 eV signifies that the system's atoms settled
into a low-energy configuration, where their interactions were balanced. This value
indicates the cumulative potential energy of all interactions within the system (including
van der Waals forces and electrostatic interactions). Furthermore, the temperature and
volume profiles (in Figure 4.7b,c) also show stability over 1000000 timesteps, confirming

that the system was adequately equilibrated before proceeding with further simulations.
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Figure 4. 7 Stable equilibrium profiles for (a) total energy, (b) temperature, and (c)

volume.

Following equilibration, the optimized configurations of the simulated materials are
obtained, as shown in Figure 4.8. In Figure 4.8(a), the configuration of MH-PN5 (5 wt%
KNO;-doped Mg(OH),) is shown. The atoms are distributed uniformly throughout the

cubic cell, reflecting a stable and homogeneous mixture. Similarly, Figure 4.8(b) displays
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the optimized configuration of MH-PN5SAO (Mg(OH),/KNO; with the addition of nano-
Al203), also showing atoms well-dispersed within the matrix, indicating good mixing and
interaction with the base material. The densities of MH-PNS and MH-PN5AO were

obtained as an average over the entire simulation time.

Figure 4. 8 The optimized configuration of (a) MH-PN5 and (b) MH-PNAO.

4.8 Calculation of desired quantities

4.8.1 Calculation of thermal conductivity

4.8.1.1 EMD method

Equilibrium Molecular Dynamics (EMD), employing the Green-Kubo (G-K) method, was
used to determine the optimal dose of nanomaterials added to the doped material. The
G-K method given in Equation (4.17) was used to calculate the thermal conductivity k
directly from the ensemble-averaged autocorrelation of the spontaneous heat flux Jx that

occurred during the simulation.

1

T KgT2v

j (Jx(D]x(0)) dt (4.17)
0

where V is the system volume, T is the temperature, Kg is the Boltzmann constant, and
(Jx(0)Jx(0)) indicates the ensemble average. Thermal conductivity in the G-K method is
related to the elapsed time, which dissipates the fluctuations [178]. The EMD simulation

was performed following the method described in Alexander et al. [179]. A small NVT
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equilibration run was performed for 100 ps with the help of a Nosé—Hoover thermostat to
relax the system before calculating the thermal conductivity. An NVE simulation was then
performed to thermalize the system by allowing the evolution of phonons. By removing
the thermostat and barostat, atomic motions were freed from artificial rescaling, enabling

a more realistic equilibration before thermal conductivity computation.

4.8.1.2 NEMD method

The Non-Equilibrium Molecular Dynamics (NEMD) method was then employed to
estimate the thermal conductivity of the material sample with the optimal nanomaterial
dose obtained from Section 4.8.1.1. The NEMD method is a steady-state approach based
on Fourier’s law. Thermal conductivity k was calculated from the steady-state heat flux Jx

through the material and the resulting temperature gradient 6T/6X, expressed as [180]:

_ Jx
(’)T/aX

(4.18)

The NEMD method was now employed because of its analogy with the transient hot wire
(THW) method used in this study for the experimental thermal conductivity
measurements. Specifically, the fundamental principle in both methods is Fourier's law,
used to relate the thermal conductivity to the observed heat transfer characteristics

[180,181].

At first, the system was simulated during the NVT ensemble for 10 ps to thermalize. Next,
the simulation cell was divided into three distinct regions to establish a thermal gradient:
a central region and two boundary regions. The boundary regions were maintained at
different temperatures using Langevin thermostats, creating a heat flux from the hot
region to the cold region, as summarized in the schematic of Figure 4.9. The NVE

ensemble was utilized for 50 ps in the central region, whilst heat was added to the hot
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region and removed from the cold region, facilitating a continuous heat flow through the

system.
>
5
293K 273K 313K
Step I: Step II: Step I
Relaxation Isothermal cantrol Heat conduction
Systemn in equilibrium Keeping the twa regions || Dividing the system into
condition at 283 K via at different temperatures || slabs and monitoring the
N¥T ensemble via Langevin thermostat || average temperature
across them in ¥-direction

Figure 4. 9 The three steps involved in the NEMD simulation of thermal conductivity at

293 K using the two-region method.

Once the system reached a non-equilibrium steady state, the steady-state heat flux and
the resulting temperature gradient were derived, and the thermal conductivity was
determined based on Fourier's law. The heat flux was calculated from the rate of heat
exchange between the hot and cold regions. This was done by extracting the data from
the output file for both regions and plotting on the same axes, as demonstrated in the
work of Winczewski and Muna [182]. The average of the two slope values (absolute) of
the curves gave the heat flux. A linear fit was performed on the temperature profile along
the direction of heat flow within the central region to obtain the temperature gradient. This
direct calculation method allowed for the estimation of the thermal conductivity of the

materials.

4.8.2 Calculation of radial distribution function
The radial distribution function (RDF), g(r), measures the likelihood of finding a particle

at a distance r from a reference particle in a system. RDF is determined by calculating
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the distance between all particle pairs (Figure 4.10) and binning them into a histogram

[183]. The histogram is then normalized with respect to the bulk density of the particles.

Figure 4. 10 Calculation of the radial distribution function in an atomic system.

In LAMMPS, RDF was calculated by invoking the ‘compute rdf command in combination
with others to compute the RDF, using an algorithm defined by

3 !(nij(r»

g(r) = N 41r2 Ar

(4.19)

where V is the volume of the simulation box, N is the total number of particles in the
system, (n;;(r)) is the average number of particles j in a spherical shell of radius r and

thickness Ar centred on particle i [184] This function is a scaled histogram of every
interatomic distance and is implemented by dividing the space around each particle into
spherical shells of thickness Ar. So, the algorithm was implemented to calculate the

number of particles located within a distance r from a reference particle at each bin.

In summary, the RDF was calculated using the compute rdf command, which internally
follows the above formula in Equation (4.19), and the steps are outlined in Figure 4.11.
The command divides the range of interest into specified bins. LAMMPS efficiently
counted the number of particles in each shell for each bin and averaged these counts of

overall reference particles and simulation timesteps. The output includes the distance r
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and the corresponding g(r) values for each bin, giving a detailed view of how particle

density varies radially.

1. Initialize parameters

) |
= Setbin size Ar

* Setmaximum distancer,
« Initialize bins for pair counts

2. Loop over particles
\

For each particle i:
For each particlei #j:
Calculate distance r:
Computer= | - |
Checkifr<r.:
If yes, proceed to next step
If no, skip to the next pair
Increment bin count:
Add count to the bin
corresponding to distancer

00D *0 *

0

3. Normalize RDF
L

* Foreach bin:

o Normalize by shell volume:
4nr?Ar

o Normalize by particle density:
p=N/V

o Normalize by the total number
of particles N

4. Time averaging

= If averaging over multiple
configurations:

o Accumulate counts and
divide by the number of
configurations

5. Output RDF

Figure 4. 11 The algorithm used in calculating RDF.

4.9 Results and discussion

4.9.1 Simulation results for thermal conductivity

4.9.1.1 Optimal proportion of nanomaterials addition

The EMD method (Equation 4.17) was used to obtain these results. Here, the
autocorrelation function of the heat flux, (J,(t)]x(0)), was shown to describe how the heat

flux at time t is related to the heat flux at time t = 0. Figure 4.12 shows the graphical
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profiles of the autocorrelation function over time for the simulated materials. Similar

curves were obtained by Schelling et al. [185].
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Figure 4. 12 Profiles of the autocorrelation function over time for (a) MH-PN5, (b) MH-

PN5AOS5, (c) MH-PN5AO10, (d) MH-PN5AO15, and (e) MH-PN5AO20.

As shown in Figure 4.12, the autocorrelation function typically reaches a maximum value
att =0 and then decays over time. Thus, the function approximates an exponential decay
model; (Jx(t)Jx(0)) ~ e V" where 1 is the correlation time [185]. The thermal conductivity
was calculated as the integral of the function over time. That is, the area under the curve
corresponds to the value of k. The initial value and the shape of the curve determined
how quickly the thermal conductivity integral converged. In Figure 4.12(a), the function
decayed from a value of 0.437 to 0.0709 J%/m“s with a calculated decay constant of 1.82
s'. Thus, the decay constant measured the rate of decrease of the autocorrelation
function over time. Similarly, the functions in Figure 4.12 b, ¢, d, and e decayed from 1.22
to 0.171, 1.26 to 0.221, 0.372 to 0.127, and 0.165 to 0.042 J?/m*s, respectively, with

decay constants 1.96 s, 1.74 s, 1.07 s', and 1.37 s™'. The higher the decay constant,
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the faster the decay rate of the autocorrelation function. Conversely, if the decay constant
is small, the decay rate of the autocorrelation function is slow. This has implications for

the interpretation of the results.

It was, however, noted that the autocorrelation functions in Figure 4.12 did not approach
zero at large t. This behaviour is commonly attributed to either inadequate equilibration
or the presence of background noise in simulations of finite duration. Given that the
system had already been demonstrated to be well equilibrated, the observed behaviour
was likely a result of background noise. To correct for this, the background noise was
estimated by averaging the autocorrelation function over a time range where no
significant decay was observed. This average value was subsequently subtracted from

the computed thermal conductivity.

The results of the thermal conductivities of the MH-PN5 and the various proportions of

Al203-added materials obtained by EMD simulations are presented in Figure 4.13.
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Figure 4. 13 Thermal conductivity of the doped and the enhanced doped samples.

As seen in Figure 4.13, increasing the Al203 ratio in MH-PN5 results in variation in the
thermal conductivities of the samples. This agrees with the proposition of Coetzee et al.

[159] that adding nanoparticles to a material could increase or decrease its thermal
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conductivity with respect to the dosage. The thermal conductivity of the doped material
with 15 wt% Al20s addition (that is, MH-PN5A0O15) showed the highest thermal
conductivity value of 1.4243 W/mK compared with 0.0891, 0.4689, 0.8932, and 0.2319
W/mK for MH-PN5SAQ5, MH-PN5A0O10, MH-PN5A020, and MH-PNS5, respectively. In the
context of the Green-Kubo theory, the autocorrelation function (J,(t)]x(0)) decayed more
slowly in the MH-PNSAO15 sample, as previously seen in the lowest decay constant
value of 1.07 s*', meaning that heat flux fluctuations persisted longer. This indicates that
the material has more efficient energy transfer mechanisms, allowing heat flux to remain

correlated over longer times, thus facilitating better heat conduction.

4.9.1.2 Results for enhanced doped material

The NEMD results for comparison of thermal conductivity of samples MH (pure
magnesium hydroxide), MH-PNS5, and MH-PN5AO15 were determined as follows. For
the pure MH, the plot to obtain the heat flux is shown in Figure 4.14a. The heat flux value
was calculated as the average of the absolute values of the slopes (of the fitted lines),
representing the heat extracted from the hot (pink) and the heat added to the cold (blue)
regions. This gives a value of 0.2454. On the other hand, Figure 4.14b represents the
temperature gradient as a plot of the temperature averaged over all the chunks of the
simulation box, across the direction of heat transmission. Here, the value is 3.8755, the
absolute value of the slope of the fitted line. Using Equation (4.18), the thermal
conductivity was calculated to be 0.0633 W/mK. To evaluate the variability around the
target temperature (293 K), a standard error of 1.8741 was obtained for Figure 4.14b
(See Appendix A.1b). The small standard error indicates that the data points were fairly
representative of the true mean temperature. It can be seen that more data points cluster

closer to the line than away.
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Figure 4. 14 A plot of (a) heat energy against timestep to derive heat flux, (b)

temperature against coordinate to derive temperature gradient for MH material.

Similarly, the plots for deriving the heat flux and temperature gradient for the doped
material (MH-PN5) are shown in Figure 4.15. For the heat flux value, the average of the
absolute values of the slopes of the fitted lines in Figure 4.15a gives 0.6051, whereas the
coefficient for the temperature gradient curve in Figure 4.15b gives 10.9950. Therefore,
using Equation (4.18) resulted in a thermal conductivity of 0.0550 W/mK. A standard error
value of 1.7286 was obtained for the scatter plot in Figure 4.15b (See Appendix A.2b),
indicating a small degree of variability in the data points. It can be observed that the
thermal conductivity of the doped material (MH-PN5) is slightly lower than that of the pure

magnesium hydroxide material (MH) by 0.0083 W/mK.
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Figure 4. 15 A plot of (a) heat energy against timestep to derive heat flux, (b)
temperature against coordinate to derive temperature gradient for MH-PN5 material.
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For the enhanced material (MH-PN5AQO15), the heat flux and temperature gradient are
deduced from Figure 4.16(a) and (b), respectively, wherein the thermal conductivity is
calculated as 0.7084 W/mK. In this case, a standard error value of 2.0479 was obtained
for Figure 4.16b (See Appendix A.3b), showing a small variability in the data distribution
around the line. Therefore, by comparison, the theoretical thermal conductivity of MH-
PN5AO15 was 0.6534 W/mK higher than MH-PN5 material. This showed that the addition
of Al203 nanomaterials had the potential to enhance the thermal conductivity of the doped

material.
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Figure 4. 16 A plot of (a) heat energy against timestep to derive heat flux, (b)

temperature against coordinate to derive temperature gradient for MH-PN5AO15

material.

4.9.2 Simulation results for RDF
The radial distribution functions (RDFs) of MH-PN5 and MH-PN5AQO15 were analyzed to
investigate the structural characteristics of each material. Figure 4.17 shows the RDF

curves of the materials.
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Figure 4. 17 RDF of (a) MH-PN5 and (b) MH-PN5AO15 materials.

The RDFs revealed the distribution of Mg atoms over a range of interatomic distances,
providing insights into the local and medium-range ordering in these systems. For MH-
PNS, the first peak in the Mg—Mg RDF appeared at r = 1.65 A with a peak height g(r) =
378. This peak corresponds to the nearest-neighbour Mg-Mg distance, indicating a
strong short-range correlation between magnesium atoms. A second, smaller peak was
observed at r = 2.75 A, with g(r) = 67, followed by a small shoulder at r = 3.35 A.
Additionally, a diminished peak was observed atr = 4.25 A, suggesting weaker structural
correlations at larger distances. A well-defined minimum appeared between the first and
second peaks atr = 2.35 Z\, separating the first and second coordination shells of Mg

atoms.

In the case of MH-PN5AO15, a similar trend was observed, with the first peak also
appearing at r = 1.65 A, but with a significantly higher intensity of g(r) = 458. This

increased peak height indicated a denser local Mg-Mg packing in MH-PN5AO15
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compared to MH-PN5. The second peak, located atr = 2.75 A, exhibited a slightly larger
g(r) = 83, again pointing to enhanced medium-range order in MH-PN5AO15. A small
shoulder was noted atr = 3.35 A, similar to that in MH-PN5, and the diminished peak was
shifted slightly to r = 4.15 A. The first minimum also appeared atr = 2.35 A, indicating a

comparable separation between coordination shells in both materials.

It is important to observe that the position of the first peak signified the average nearest-
neighbour distance, which could help in identifying interatomic or intermolecular bond
lengths. In both MH-PN5 and MH-PN5AO15, this distance was 1.65 A which is very
close to 1.7670 A, the Mg—Mg interatomic distance in Mg(OH)2 [186]. This implied that

the structure of the core material was not adversely altered by doping processes.

These results suggested that, while the overall Mg—Mg structural framework was similar
in both materials, MH-PN5AO15 exhibited a more pronounced short- and medium-range
order. The higher RDF values in MH-PN5AO15 at both the first and second peaks
indicated a more densely packed local structure compared to MH-PN5. This could be
attributed to the additional nanomaterials in MH-PN5AQO15, which likely influenced the
packing and overall atomic arrangement of the material, thereby promoting a more stable

and thermally conductive framework.

4.10 Concluding remarks

The thermophysical properties of doped and enhanced-doped Mg(OH), were
systematically investigated using molecular dynamics (MD) simulations. The simulation
results revealed that doping with 5 wt% KNOs led to a slight reduction in the thermal
conductivity of Mg(OH)2, indicating a potential disruption in heat transport pathways.
However, the enhanced-doped configuration (MH-PN5AO15) demonstrated a recovery
and improvement in thermal conductivity, suggesting that the additional 15 wt% Al203

nanomaterials counteract the negative thermal effects introduced by doping alone.
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Radial distribution function (RDF) analysis provided further insight into the structural
changes resulting from doping. Both the doped and enhanced-doped systems exhibited
prominent peaks at 1.65 A, closely matching the known Mg—Mg interatomic distance in
pristine Mg(OH),, which is approximately 1.7670 A. This minor shift indicates subtle
structural rearrangements due to doping, without significant disruption of the material’s

lattice integrity.

Overall, the MD simulations offer valuable predictive insight into the thermal and
structural behaviour of the modified Mg(OH), system. The findings highlight the potential
of doping procedures to tailor thermal properties, making them promising candidates for

target-temperature heat storage applications.
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Chapter 5: Experimental Thermal Enhancement of the Developed Material

5.1 Introduction

This chapter details the experimental approach undertaken to enhance the thermal
performance of the developed material. Guided by the predictions and insights gained
from earlier theoretical modelling, the experimental phase serves to implement the
predicted optimization parameters for thermal enhancement, while also serving to
validate the computational model. A series of controlled laboratory tests was conducted
with a focus on thermal conductivity measurement. The chapter outlines the experimental
setup and procedures, followed by a presentation and discussion of the observed results.
Emphasis is placed on the correlation between the theoretical and experimental

outcomes, highlighting both consistencies and deviations.

5.2 Development of enhanced doped material

The enhanced doped material was developed by incorporating the optimal proportion of
Al,O; nanomaterials estimated in the EMD simulation (Section 4.8.1.1) into the
Mg(OH),/KNOs material. The experimental procedure used was similar to that previously
described in Section 3.2.2 for the development of KNO3-doped composites. The materials
used included 95.0% pure magnesium hydroxide (Mg(OH)z2), 99.0% potassium nitrate
(KNO3), and nano-sized aluminium oxide (Al,O3), all sourced from Sigma-Aldrich
(Gillingham, UK). To prepare the enhanced doped Mg(OH), composite, 5 g of KNO; and
15 g of Al,O; were incorporated into 80 g of Mg(OH),. The powders were initially blended
thoroughly in an agate mortar to achieve a homogeneous mixture, then transferred to a
beaker for wet mixing with 100 mL of distilled water. The suspension was stirred
continuously at moderate speed and heated to 90 °C for 1.5 hours. After cooling to room
temperature, the mixture was dried in an oven at 120 °C for 12 hours to yield the
enhanced doped composite. Figure 5.1 illustrates the procedural steps used in the
material development.
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Figure 5. 1 Procedure for the development of enhanced doped material.

For ease of reference, the labels MH-PN5 and MH-PN5AQO15 represent the KNOs-doped
and Al20s-enhanced samples, respectively. A photograph of the samples prepared for

testing is shown in Figure 5.2.

Figure 5. 2 A photo showing the doped and enhanced doped materials.

5.2.1 Powder X-ray diffraction test on enhanced doped material
The Powder X-ray Diffraction (XRD) analysis was also conducted to identify the
composition of phases in the enhanced doped material. This investigation was carried

out using the same instrument and procedure previously reported in Section 3.3.1.
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5.2.2 Thermal conductivity measurement
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Figure 5. 3 Thermtest THW-L1 thermal conductivity meter used for the measurements.

The thermal conductivities of the samples were measured using the Thermtest transient
hot wire (THW-L1) thermal conductivity meter (shown in Figure 5.3). Initially, the samples
were dried in the oven at 110 °C for 6 hours to drive off any moisture that could affect
measurements and allowed to cool to room temperature. Each sample was then filled
into the instrument’s sample holder, and the sensor wire (a thin platinum heating wire)
was completely immersed in the sample. The sensor wire was heated (using a constant
current source) to 20 °C as specified in the materials' datasheets for characterization. The
instrument's software then calculated and displayed the thermal transfer through the

samples.

To ensure the reliability of results, each sample was tested 10 times, and a standard error
was determined at a 95% confidence level. The following relations were used to
determine the confidence level (CL) used to estimate the accuracy range (AR) of the

results, as shown in Appendix B.

Step one: The mean (x) of individual data points (x;) for the total number of points (n)

was found using the formula

= |4 (5.1)

n
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Step two: The standard deviation (s) was calculated from the formula

| 2(x — x)?
s = /T (5.2)

Step three: The standard error (SE) was then calculated from the formula

S
SE =7 (5.3)

Step four: The confidence level (CL), at 95%, was determined from the expression
CL = (SE). (tvarue) (5.4)
Step five: The confidence interval (Cl) and accuracy range (AR) were obtained from
Cl = +CL (5.5)
AR = %+ CL (5.6)

Measurements were taken at 20 °C (room temperature) and with 15 min between each of
the 10 experiments. Subsequently, the percentage error between the theoretical (MD

simulated) and the experimental values was determined using the formula

Theoretical — Experimental
Percentage Error = - X 100 (5.7)
Theoretical

5.3 Experimental results

5.3.1 XRD

The enhanced doped material was analyzed for phase identification of the composite
elements using X-ray diffraction (XRD). The XRD spectra for pure Mg(OH)2 (MH), doped
Mg(OH)2 (MH-PN5), and enhanced Mg(OH)2 (MH-PN5AQ15) are displayed in Figure 5.4.
MH exhibited a single phase (peak), whereas the composites MH-PN5 showed two
distinct peaks corresponding to Mg(OH)2 and KNOs, with MH-PN5SAO15 additionally
displaying a third peak for Al2O0s. The observed planes match the standard Powder
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Diffraction File (PDF) from the Inorganic Crystal Structure Database (ICSD), with
references 01-074-2220 for pure Mg(OH)2 brucite, 00-001-0493 for standard KNOs, and

JCPDS card No. 35-0121 for Al20Os.

These results demonstrated the successful incorporation of KNO3s and Al203 into the
Mg(OH)2 matrix, resulting in composite materials with distinct phases. Multiple peaks in
the XRD spectra indicated that the doping process did not alter the fundamental structure
of Mg(OH)2 but revealed additional phases corresponding to the dopants. By carefully
analyzing the XRD spectra and matching the observed peaks to standard references, the
study confirmed the successful synthesis of the composite materials via phase
identification. This step was crucial for validating the doping the effectiveness of the

doping processes and ensuring the desired material properties for further analysis.
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Figure 5. 4 XRD spectra of MH, MH-PN5, and MH-PN5AO15.

5.3.2 Thermal conductivity
The results of thermal conductivity measurements for the three materials are

summarized in Table 5.1.
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Table 5. 1 Results of experimental measurement of thermal conductivity for the
materials.

Material MH MH-PN5 MH-PN5AO15
Mean 0.06562 0.04936 0.64841

Standard deviation 0.0008661 0.0000549 0.0099096
Standard error 0.0002739 0.0000174 0.0031337
Confidence + 0.000537 + 0.000034 + 0.006142
interval

Accuracy 0.06562+0.000537 0.04936+0.000034 0.64841+0.006142

As shown in Table 5.1, the small values of the standard error signified that the sample
mean was a reliable estimate of the measurements, and the narrower confidence interval
indicated a higher confidence in the measured parameters. Therefore, it is reasonable to
conclude that the thermal conductivity values lie within a good accuracy range. The
thermal conductivities of the materials are presented in Figure 5.5. As seen in this Figure,
the thermal conductivity of the pure magnesium hydroxide material (MH) was 0.06562
W/mK. Doping MH with KNO3 (as in MH-PN5 material) appeared to have a small impact
on the thermal conductivity of the MH, as the thermal conductivity of the doped material
was 0.0494 W/mK. However, incorporating nano Al203 (MH-PN5SAQO15) enhanced the
thermal conductivity of the doped material by 0.5990 W/mK. This was likely due to the
well-dispersed Al203 nanoparticles forming an efficient network within the composite
matrix. This configuration could have created sufficient thermal conduction pathways,

similar to what has been seen in other polymer composite studies [187].
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Figure 5. 5 Chart showing the experimental thermal conductivity values of the

materials.

Table 5.2 shows a comparison of the theoretical and experimental results of the thermal

conductivity of the materials.

Table 5. 2 Comparison of theoretical and experimental thermal conductivity results.

Material Theoretical Experimental Percentage Error
(W/mK) (W/mK) (%)

MH 0.0633 0.0656 4

MH-PN5 0.0550 0.0494 10

MH-PN50OA15 0.7084 0.6484 9

As seen in Table 5.2, the theoretical value for MH was lower than the experimental value
with an error margin of 4%. The marginal discrepancy suggested that the theoretical
model for this material was fairly accurate. However, for the MH-PN5 and MH-PN5A0O15
materials, the theoretical values exceeded the experimental results with errors of 10%
and 9%, respectively. This suggested that while the theoretical models for these materials
were reasonably accurate, they still have room for refinement. The observed
discrepancies could stem from various factors, including simplifications or assumptions
of the theoretical model that failed to fully capture the materials’ microstructural

complexities and the intricate interactions among its multiple components. For example,
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theoretical models often rely on parameters such as force field potentials or lattice
constants, which may be estimated or sourced from existing literature, potentially
introducing inaccuracies. Experimental errors may have also contributed to the observed
differences. Nonetheless, the theoretical results aligned well with the experimental data,
indicating that the theoretical approach was generally valid but could benefit from further

refinement to better account for more complex interactions.

5.4 Concluding remarks

This chapter presented an experimental investigation into the thermal enhancement of
the doped Mg(OH), material, guided by prior theoretical modelling. Doping with KNO;
and further enhancement with Al,O; nanoparticles were employed to improve thermal
performance, and the resulting materials were analyzed using X-ray diffraction (XRD) and

thermal conductivity measurements.

XRD analysis confirmed successful incorporation of the dopants, with additional
diffraction peaks indicating the presence of KNO; and Al,O; phases, while the core
structure of Mg(OH), was preserved. Thermal conductivity testing revealed that doping
with KNO; slightly reduced thermal performance, whereas the addition of Al,O;
significantly improved it. This enhancement was attributed to the formation of efficient

thermal pathways through the well-dispersed nanoparticles.

Comparison with the results of molecular dynamics (MD) simulations showed a strong
alignment. While pure Mg(OH), exhibited only a 4% error between predicted and
measured thermal conductivity, the doped and enhanced materials showed
discrepancies of 10% and 9%, respectively. These differences likely stem from
simplifications in the simulation model and/or experimental limitations, yet the overall

agreement confirms the value of MD as a strong predictive tool.
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The combination of theoretical modelling and experimentation provides a solid basis for

the development of thermally efficient composite for heat storage applications.
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Chapter 6: Numerical Evaluation of the Developed Material in a Model Agitated

Fluidized Bed Reactor

6.1 Introduction

In this chapter, a numerical modelling approach is used to evaluate the performance of
the developed Mg(OH)2 material, that is, the enhanced-doped material, in a model
agitated fluidized bed reactor. The primary focus is on using numerical evaluation to
derive key operating parameters, the MFV and the heat and mass transfer conditions.
Aspen Plus, a robust process simulation software, is employed to develop and simulate
the model. By using Aspen Plus, complex physical and chemical processes within the
reactor can be represented, enabling a detailed investigation of the reactor's behaviour

under various operating conditions.

6.2 Overview of the model agitated fluidized bed reactor

The model fluidized bed reactor is a cylindrical vessel measuring 100 mm in diameter

and 500 mm in height, as shown in Figure 6.1.

Exhaust
Solid —— |
— | gas
feed W

a

Solid —
bed [—
Agitator
-
Inlet gas

Figure 6. 1 Schematic of the model agitated fluidized bed reactor.

A fluidized bed reactor rig is constructed for experimental purposes, with a designed
thermal output of up to 5 kW. To achieve this power output, the reactor is expected to

operate for approximately 606 seconds, using 1.5kg of MgO to discharge heat at the
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specified rate. Accordingly, the geometry and material mass used in this numerical model
were based on those of the experimental rig, ensuring consistency between the

simulation and the physical setup.

Gas enters the reactor after being preheated by a heater. The reactor contains 1.5 kg of
thermochemical material, occupying one-third of the vessel's height. A stirrer is mounted
within the bed to agitate both the particles and the gas, enhancing heat and mass transfer
via enhanced particulate interactions. This agitation improves dehydration efficiency
during charging by exposing more particles to the hot drying gas, and promotes better
reactant interaction during discharging. Heat generated by exothermic reactions within
the bed is removed via a coupled heat exchanger. The reactor's exhaust, comprising
fluidizing gas, water vapour, and entrained bed particles, exits through an exhaust (outlet)

stream connected to a cyclone filter, where larger particles are separated and removed.

6.3 Mathematical modelling of fluidized bed reactor

6.3.1 Governing equations

In the context of a fluidized bed, the governing equations describe the complex
interactions between the fluid (gas) phase and the particle (solid) phase. These equations
are derived separately for each phase (gas and solid) and often involve interphase
interactions. Below are the fundamental governing equations in the order of mass

balance, momentum balance, and energy balance [188].

6.3.1.1 Mass balance equations

For gas phase:

d(€gPg)

P V-(egpg04) =0 (6.1)

where ¢, is the gas volume fraction, G, is the gas velocity vector, and t is the time.

For solid phase:
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6(1 - es)ps)
dt

where 1y is the particle velocity vector.

+V-((1—¢€5)pstug =0 (6.2)

6.3.1.2 Momentum balance equations

For gas phase:

a(egpgﬁg)

TR V-(e4p4040y) = —€,VP + €,0,9 — F + V- (€,47,) (6.3)

where P is the pressure, F is the interphase drag force acting on the gas due to the
particles, and 1 is the gas stress tensor.

For solid phase:

a((l - Es)psﬁs)
Jt

+V-((1 — €5)psiiyiy)

=—((1—-€)VP+(1—€)psg +F+V-(15) (6.4)

where 1, is the solid phase stress tensor representing particle-particle and particle-wall

interactions.

6.3.1.3 Energy balance equations

For gas phase:

a(egpgchg)

ot V-(egpgceTyiy) = V- (€55,VTy) +Q (6.5)

where ¢, is the specific heat capacity of the gas, T, is the gas temperature, k, is the gas
thermal conductivity, and Q is the heat exchange term between the fluid and particles.

For solid phase:

a((l - es)pscsTS)
dat

+ V-((1 — &5)pscsusTs) = V- (1 VTs) — Q (6.6)
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where c is the specific heat capacity of the solid particles, Ts is the particle temperature,

and k is the thermal conductivity of the solid phase.

The key interaction terms, for instance, the interphase drag force (F), captures the
momentum exchange between gas and solid particles, and is typically modelled using
empirical relations such as the Ergun equation or drag laws. The interphase heat transfer
(Q) describes the energy exchange between the gas and solid particles, proportional to
the temperature difference and heat transfer coefficient. Again, the stress tensors (z4, 75)
account for the viscous or granular flow stresses within each phase. The foregoing
equations form the basis for analyzing fluidized beds, though further simplifications (such
as steady-state, 1D flow) or numerical methods are typically required for practical

solutions.

The mass balance, momentum balance, and energy balance equations represent the
theoretical foundation for modelling fluidized beds. While Aspen Plus software does not
explicitly require the user to input these equations, its underlying models and solvers
implement simplified or adapted versions of these principles, depending on the chosen
configuration and unit operations [189]. The various pre-defined models provided by
Aspen Plus for modelling fluidized beds include the ‘Fluidbed’ in the Aspen Plus model
palette. This model is a parameterized version of the fundamental governing equations,
tailored to engineering and process design contexts. The following is a concise
representation of how Aspen Plus implemented fluidized bed modelling, in terms of mass,

momentum, and energy balances.

For mass balance, Aspen Plus solves the mass balance equation, ensuring the
conservation of mass for both gas and solid phases. In fluidized beds, the software

accounts for:

o Multiphase interactions (gas and solid mass fractions),
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o Reaction stoichiometry,

o Solids holdup and fluid (gas) holdup.

For momentum balance, Aspen Plus uses simplified momentum balance equations for

practical fluidized bed modelling:

o The Ergun equation or similar correlations were used to model pressure drops
across the bed.

o Drag force correlations (Wen-Yu model) approximated the interaction between gas
and solid phases.

o The detailed Navier-Stokes equations or complex solid-phase momentum
balances were not explicitly solved in standard configurations, but their effects
were incorporated into drag force or empirical terms.

o Parameters like particle sizes were specified to match experimental conditions.

For energy balance,

o The software solved heat transfer equations, accounting for conduction,
convection, and radiation between the solid and fluid phases.
o ltincluded interphase heat transfer using empirical or semi-empirical correlations.

o Reaction heat was included in the energy balance.

6.4 Development of multicomponent mathematical models
The Aspen Plus fluidized bed model represents a bubbling or circulating fluidized bed

and accounts for five key aspects [190]

e Particle entrainment: The model incorporates the vessel geometry and gas
supply, allowing for the calculation of parameters such as minimum fluidization
velocity, transport disengagement height, and distributor pressure drop for either

porous plates or bubble caps.
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e Chemical reactions: Reaction stoichiometry and kinetics are defined, and the
calculation method treats the gas as plug flow, solids as ideally mixed, and each
balance cell is treated as a continuously stirred tank reactor (CSTR) with uniform

properties.

e Fluid mechanics: The model assumes one-dimensional fluid mechanics and

considers the impact of volume and heat exchange on fluid mechanics.

e Particle size distribution (PSD): Various methods are available to determine the

PSD based on the inlet PSD data.

e Thermodynamics: The system assumes thermodynamic equilibrium between
solids and vapours while accounting for heat effects and heat exchange on the

bed temperature.

6.4.1 Multiphase reactions

Reversible chemical reaction

The enhanced doped magnesium hydroxide (Mg(OH)z2) and magnesium oxide (MgO)
pair served as the working material in the TCES system. The reversible reaction

governing this system is expressed as

Mg(OH),(s) = MgO + H,0(g) (6.7)

1. Dehydration (heat storage process):

Mg (OH),(s) = MgO + H,0(g),AH > 0 (6.8)

This process is an endothermic reaction in which Mg(OH)2 was decomposed into
MgO and water vapour, H20 (g), and typically occurred at elevated temperatures
under a stream of hot, dry air. The enthalpy change of the reaction is represented

by AH.
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2. Hydration (heat recovery process):

MgO(s) + H,0(g) = Mg(OH),(s),AH< 0 (6.9)

The hydration of MgO is an exothermic reaction in which Mg(OH)2 was reformed. The

reaction was carried out at lower temperatures with a humidified air stream.

Species involved and chemical reaction at the gas-solid interface

The thermochemical processes in the fluidized bed reactor (FBR) involved interactions
between multiple species across both the solid and gas phases. In the solid phase, key
reactants and products included Mg(OH)2 and MgO. Mg(OH): is a hydrated solid form of
Mg that underwent a dehydration process to produce MgO, which is the anhydrous solid

product.

In the gas phase, water vapour, H20 (g), played a dual role as a product of the
dehydration reaction and a reactant in reverse hydration. Additionally, air acted as a
carrier gas within the reactor, facilitating the transfer of heat and supporting the removal

or addition of water vapour as needed to drive the reactions.

The chemical reactions occurred at the interface between the solid particles and the

surrounding gas:

e H20 (g) adsorbed onto the MgO surface for hydration to occur.

e H20 (g) desorbed from Mg(OH)2 during dehydration and released into the gas

phase.

6.4.2 General framework for species conservation
The conservation of species i in a multiphase system (solid and gas phases) can be

expressed as
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aC;
a_tl +V]; =R; (6.10)

where C; is the concentration of species i, J; is the flux of species i, and R; is the reaction

rate.

For the gas phase, species conservation for H20 (g) is crucial because it acts as the
reactant/product for the hydration/dehydration processes. In FBR, the conservation

equation for gas species i is

g

aC!
el V-(u,c?)—v-(Dfcf)=—RY (6.11)

where C/ is the concentration of the gas species i, D/ is the diffusion coefficient of

species i, and Rf’ is the rate of mass transfer or reaction involving species i.

For the solid phase, the species conservation equation describes the evolution of the
concentration of Mg(OH)2 or MgO, accounting for reaction rates. The solid phase

conservation for species j is

%G R} 6.12
N o

where C; is the concentration of solid species j, R; is the rate of reaction of solid species

j. The reaction rate R} can be expressed using a reaction kinetic model, such as

R = k;f(C;,T) (6.13)
So that,
; i e DS Eq s
During dehydration: Rygom), = —kden €Xp (_E) “Cymgom), (6.14)
During hydration: Ry40 = —knyq €xp (—E—;{) -C,ﬁ,go-C,fzo (6.15)

where E, is the activation energy.
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The coupling between the gas and solid phases is governed by the rate of reaction (R;)

and mass transfer (J;) at the interface. For the vapour,
g _ s s
RHZO = E_RMg(OH)z (6.16)
g

where a; is the specific surface area of the solid particles, and ¢, is the void fraction of

the gas phase. The reaction rate can also include mass transfer effects, such as
RZZO = kmass(CHZO,bulk - CHZO,surface) (6.17)
where k. is the gas-side mass transfer coefficient.

Therefore, the resulting mathematical model for the gas phase would be

aCIg 0 a
o+ V(ugCil,0) = V- (Dif,0VCi0) = —— Rugrom), (6.18)
g

For the solid phase,

aci/[g(OH)Z — S 6 19
—Qt Fugon), (6.19)
9Cygo

=5 = ~Riigo (6.20)

These equations could be solved simultaneously with appropriate boundary and initial
conditions for the reactor geometry and process dynamics. To derive the boundary
conditions for the mathematical model, the system's behaviour at the inlet, outlet, and

walls was considered. These conditions were critical for solving the governing equations.

6.4.2.1 Gas phase conservation: Boundary conditions
The boundary conditions for Equation (6.18) depend on the geometry and flow

characteristics of the FBR system.
Inlet boundary condition (z=0, reactor bottom)
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e Species concentration: For water vapour,

Co(z =0,1,) = Cf o (6.21)

where C{ ., is the inlet concentration of H20 (g), which could depend on the process

(dry air for dehydration or humidified air for hydration).

e Velocity profile: For the gas velocity,

u,(z=0,1,1) = ugi, (6.22)

A uniform or parabolic velocity profile is often assumed for fluidized beds, depending on

whether the flow is turbulent or laminar.
Outlet boundary condition (z=L, reactor top)

e Convective outflow: A convective outflow was assumed to dominate at the reactor
outlet. A common assumption is that the concentration gradient normal to the
boundary is zero.

ac;
ot
7=

=0 (6.23)
L

Alternatively, the outlet concentration could be set to reflect the reactor performance,

based on experimental or design criteria.
Wall boundary condition (r=R, reactor wall)

e Impermeable walls: At the reactor walls, no gas flux occurred normal to the

surface.

CJAa=0 = VvC/A=0 (6.24)
where i is the unit vector normal to the reactor wall.

e Velocity boundary condition: The gas velocity at the walls would often satisfy the

no-slip condition,
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ug(r=R) =0 (6.25)

6.4.2.2 Solid phase conservation: Boundary conditions
Equations (6.19) and (6.20) describe the boundary conditions for the solid phase, which

represent its confinement and interaction with the gas phase.
Surface interaction boundary condition

e The reaction at the gas-solid interface coupled the solid phase and gas phase, so
that the rate of reaction typically depended on the temperature and species

concentrations.
e For vapour adsorption or desorption,

R} = k-C, o (6.26)
Initial conditions
e At t=0, the concentrations of solid species would typically be known, viz
Chrg(omy, (Z 1t = 0) = Cygom), o (6.27)
Cugo(z T, t=0) = Czs\/lgo,init (6.28)

The initial concentrations reflected the bed's starting composition, which would either be

fully/partially hydrated (Mg(OH)z2) or dehydrated (MgO).

6.4.2.3 Thermal boundary conditions
Since reaction rates depended on temperature, thermal boundary conditions were also

required.
Inlet temperature (z=0)
e The gas inlet temperature was specified as
T,z=0,1,t) = Ty, (6.29)
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Wall heat transfer

e For insulated reactor walls, no heat flux condition would apply, so

oT

ol _ =0 (6.30)

e For heat exchange between the reactor and the surroundings (such as through
cooling/heating coils or jacket), a heat transfer coefficient h,, would be required.

oT
—k, Fr hy (T, — T,) (6.31)

where T, is the wall temperature, and k, is the thermal conductivity of the gas phase.

6.4.3 Steady-state reactions

The general framework for species conservation, gas, and solid phase conservations, as
well as phase coupling, were adapted to describe the steady-state situation in Aspen
Plus. However, certain assumptions and simplifications were applied to tailor these
equations to steady-state conditions since Aspen Plus inherently solves steady-state
models unless explicitly configured for dynamic simulations (Aspen Plus Dynamics or

custom ODE models).

6.4.4 General framework for species conservation in steady-state
In steady-state conditions, the time-derivative term is eliminated (a/at =0) from the

conservation equations.

Gas phase conservation (steady-state)

a
V-(u,Cf) = v-(Dfvch) = - éR;‘ (6.32)

The convective term (ugCl.g ) remains, as the gas flows through the reactor, whereas the
diffusive term (DVC/) is often negligible in bulk flow compared to convection, unless

significant gradients exist. The reaction term (R;) represents the coupling between the
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gas and solid phases. Aspen Plus directly handles such relationships using built-in
reactor models, where R; is specified through reaction kinetics or equilibrium

expressions.
Solid phase conservation (steady-state)
0=—R; (6.33)

This equation states that the rate of production or consumption of solid-phase species is
balanced by the reaction rate. For steady-state systems, the solid-phase species
concentrations are constant in time (but can vary spatially if axial gradients are

considered).
Coupling between phases in Aspen Plus

Aspen Plus uses the film resistance model or the overall mass transfer coefficient

approach to model gas-solid interactions. Coupling terms are expressed as
R} = kias(C] — €79 (6.34)

where the mass transfer coefficient k; can be user-defined or calculated by Aspen Plus,
a, is the specific surface area for reaction or mass transfer, and Cig'eq is the equilibrium
concentration of the gas species at the solid surface. Aspen Plus allows input for both
reaction rates (R}) and equilibrium conditions via reaction kinetics and thermodynamics

models.
Simplification of the mathematical model for steady-state

The resulting mathematical model for steady-state in Aspen Plus typically involves the

following

e Mass balance: Conservation of mass for all species.

e Energy balance: Conservation of enthalpy or heat transfer rates.
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e Momentum balance: For detailed hydrodynamics, but typically replaced with
empirical or semi-empirical flow models.

e Reaction kinetics: User-defined or from the Aspen Plus library.

For a FBR in steady-state, the final governing equations simplify as

a
V-(u,CY) = —e—gst (6.35)

These equations are embedded in the Aspen Plus fluidized bed reactor model.

6.4.5 Thermodynamic model

The selection of a thermodynamic model in Aspen Plus for the Mg(OH)2/MgO system
needed to account for the behaviour of solid and gas phases. This system involved a
gas-solid reaction and, possibly, non-ideal behaviour of water vapour at higher
temperatures. For instance, the dehydration and hydration processes involved the

following key phenomena:

e Phase equilibrium: The interconversion between solid phases (Mg(OH), and MgO)

and the gas phase (water vapour).

e Reaction chemistry: The endothermic dehydration reaction and the exothermic

hydration reaction.

e Gas-phase interaction: The behaviour of water vapour in the presence of solids

(or other gases).

For such solid-gas systems, the "SOLIDS" Base Method in Aspen Plus was used. This
allowed the software to appropriately account for solid behaviour by incorporating the
properties of solid species into equilibrium calculations. To complement this, the Peng-
Robinson (PR) Equation of State (EOS) was used as a suitable model to effectively

capture phase equilibrium and describe the non-ideal effects (such as deviations from
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ideal gas behaviour) that may occur at conditions of high temperature and pressure. The

justification for the choice was based on the multicomponent nature of the system.

The reaction stoichiometry for the dehydration reaction, for instance, indicates that one
mole of Mg(OH)2 produces one mole of MgO and one mole of H20 (g). The reaction rate
(r) is described by the first derivative equation, which characterizes the rate of conversion.
Aspen Plus provides a built-in power law method for calculating the rate of reaction,

expressed as
N .
r = K(T/T,)"e~E/R/T-1/To] 1_[ 1ci“1 (6.36)
i=

where Kk is the pre-exponential factor, T and T, the absolute and reference temperatures,
n the temperature exponent, E, the activation energy, R the universal gas constant, TI,
the product operator, N, the number of components, C; the concentration of the it
component, and a; the exponent of the i" component. If no reference temperature is

considered, the reduced form of the power law becomes
N .
r = kTPe E/RT 1_[ (g (6.37)
i=1

6.5 Simulation inputs and boundary conditions

The modelling and simulation followed two main steps: the thermodynamics properties
method (components and methods specifications) and the process flowsheet simulation
(unit operations selection). The summary of the modelling and simulation procedure in

this thesis is presented in Figure 6.2.
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Components specifications
Define component |Ds, names, and types
Include solids, gases, and vapours (if available}

V

( Method selection )
*  Select solid components and specify properties
+  Match method to the reaction phases and type

5, v j

g Process flowsheet )
* Build flowsheet with reactor, heaters, separators

(if needed), and streams

\ V J

( Modelling parameters )
*  Input key reactor parameters (bed inventory),

temperature, and pressure drop
*  Reaction chemistry and thermedynamics
. V J/
(r Simulation execution h
Run simulation
Analyze results
Run sensitivity analysis
. vy

Figure 6. 2 Aspen Plus modelling and simulation flowsheet.

Components and methods specifications

Figure 6.3 shows the components and method specifications for the enhanced doped

Mg(OH)2/MgO system.

Components I

I(’ISelection Petroleum | Nonconventional | Enterprise Database | Comments

Select components

(=]

Component ID

Type Component name

MG(OH)2 Solid MAGNESIUM-HYDROXIDE
MGO Solid MAGNESIUM-OXIDE

AIR Conventional AIR

WATER Conventional WATER

Find | | ElecWizard | | SFE Assistant User Defined | | Reorder || Review

Alias
MG(OH)2
MGO
AIR
H20

CAS number
1309-48-4

132259-10-0
7732-18-5
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Methods - | + E|

[ & Global | Flowsheet Sections | Referenced | Comments

Property methods & options Method name
Method fiter 2 soLIDs « | Methods Assistant... |
Base method SOLIDS -
Henry components ~ | &) Modify
Petroleum calculation options japackcs 2l
Z A
Free-water method STEAM-TA -|[] | Dataset Ui
Water solubility 3 - Liquid gamma GMIDL
Data set e

Electrolyte calculation options
Chemistry ID

Liquid molar volume  VLMX25

| Liquid molar enthalpy HLMX108
[¥] Use true components

Heat of mixing
Poynting correction

‘ Use liquid reference state enthalpy
Figure 6. 3 (a) Components and (b) Method entries for the enhanced doped

Mg(OH)2/MgO system.

Afterwards, a physical methods analysis was run before the unit operations selection.
Unit operations selection

The simulation flowsheets were created using the graphical user interface (GUI). The
flowsheets for the (de)hydration consisted of different unit operations and streams that
are available in the Aspen Plus model palette. For the dehydration process, the system
comprised two inlet streams: the doped Mg(OH)2 feed (SOLIDIN) into the FBR
(FLUIDBED), and the dry air (AIRIN) via a compressor (COMPR) functioning as a
pressure controller. Other blocks included a heater (HEATER) to generate the needed
inlet gas temperature (GASIN) and a solid splitter (SSPLIT) for separating output solids

from any gas residue. Figure 6.4 shows the Aspen Plus dehydration model.
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COMPR

Figure 6. 4 The Aspen Plus dehydration model used in this work.

For the hydration process, a mixer (MIXER) was added to the system to enable the mixing
of input air with the generated water vapour (WAT-V) before feeding it into the FBR. The
heater, designated HEATER1, was used to heat the fed-in liquid water (WAT-L) to
vaporize it before mixing it with the carrier air, and HEATER2 was used to feed the gas
mixture into the bed at the required hydration temperature. Figure 6.5 shows the Aspen

Plus hydration model.

lealom |
| SOLIDIN

l'

SSPLIT

o>

COMPR

(2 |

[ar]
;D

HEATER1

MIXER

Figure 6. 5 The Aspen Plus hydration model used in this work.

Simulation setup

The enhanced doped Mg(OH)2/MgO system was specified as “MIXNCPSD” sub-stream
in the simulation setup pane (Figure 6.6). In Aspen Plus, MIXNCPSD stands for Mixed

Nonconventional Particle Size Distribution, which is used to model nonconventional solid
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materials with a specified particle size distribution. This property method defines particle

size distribution (PSD) and other physical properties of solids that do not conform to

standard thermodynamic models.

Main Flowsheet

: géi:up [ -+

Title

Global unit set

Figure 6. 6 Aspen Plus specification for nonconventional solids.

METCBAR

& Global | Description I Accounting

-Global settings

Diagnostics

Comments

Input mode
Stream class

Flow basis

Ambient pressure

Ambient temp.
Valid phases
Free water

Operational year

STEADY-STATE
MIXCIPSD
Mole
1.01325 bar
10| C

The boundary conditions for the dehydration process given two inlet streams, SOLIDIN

and AIRIN, are shown in Table 6.1.

Table 6. 1 Boundary conditions for the dehydration process.

Stream name: SOLIDIN
State variables Composition
Temperature 25 °C Mole-Flow | kmol/hr
Pressure 1 bar Component | Value
Total flow basis | Mole MG(OH)2 1
Total flow rate kmol/hr | MGO
Stream name: AIRIN
State variables Composition
Temperature 25 °C Mole-Flow | kmol/hr
Pressure 1 bar Component | Value
Total flow basis | Mole MG(OH)2
Total flow rate kmol/hr | MGO

Total AIR 1

WATER

In Figure 6.4, the HEATER in the compressor outlet raised the temperature of the bed

inlet gas (GASIN) to 300 °C at a pressure of 2 bar. The PSD of the bed material is another

important boundary condition for the FBR [191]. Here, the material's PSD was specified
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as 150 um. The normal distribution option was used. The median value and the standard

deviation completely characterize this distribution function.

Similarly, Table 6.2 shows the boundary conditions for the two inlet streams, SOLIDIN
and AIRIN, for the hydration process shown in Figure 6.5. In this case, the GASIN was a
mixture of dry air and water vapour fed into the bed at 200 °C and 2 bar, with the aid of

HEATEZ2. The PSD of the material was also specified as 150 ym.

Table 6. 2 Boundary conditions for the hydration process.

Stream name: SOLIDIN
State variables Composition
Temperature 25 °C Mole-Flow | kmol/hr
Pressure 1 bar Component | Value
Total flow basis | Mole MG(OH)2
Total flow rate kmol/hr | MGO 1
Stream name: AIRIN
State variables Composition
Temperature 25 °C Mole-Flow | kmol/hr
Pressure 1 bar Component | Value
Total flow basis | Mole MG(OH)2
Total flow rate kmol/hr | MGO

Total AIR 1

WATER

The main operating conditions required for the fluidized bed include the bed inventory,
column geometry, gas distributor plate, reactions, and convergence. lIdeally, the
simulation should converge when all boundary and operation conditions are satisfied.
The “Newton” mass balance convergence solver was used. Table 6.3 presents a

summary of the fluidized bed reactor specifications.

It is important to note that the geometry and input parameters selected for this fluidized

bed reactor model are based on a lab-scale rig proposed for the experimental studies.
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Table 6. 3 Specifications for fluidized bed reactor.

Bed inventory Geometry

Bed mass 1.5 | kg Dimensions

Voidage 0.5 Height 500 mm
Geldart classification Geldart B Solids discharge location | 0

Minimum fluidization velocity Cross section Circular
Calculate from correlation | Ergun Constant diameter 100 [ mm

Transport disengagement height

Gas Distributor

TDH model

George & Grace

Type

Perforated plate

Maximum dCv/dh

1e-05

Number of orifices

1000

Elutriation

Orifice diameter

le-05 | mm

Model

| Tasirin & Geldart

In addition, the respective dehydration and hydration reactions were set up as seen in

Figure 6.7.
Rzen Mo. Reaction type Stoichiometry Delete a
1 Kinetic MGIOH2(CIPSD) --> MGO(CIPSD) + WATER(MIXED) x
2] Edit Reaction X
Reaction Ne. @1 ¥ Reaction type | Kinetic -
-Reactants ~Products
Component Coefficient Exponent Component Coefficient Exponent
» | MG(OH)2 (Cit -1 1 MGO (CIPSD) 1
> | WATER 1
I H* | [ Close ]
R Mo, Reaction type Stoichiometry Delate IE
1 Kinetic MGOCIPSD) + WATER --> MGIOH)2(CIPSD) E4

[#) Edit Reaction >
Reaction Mo, &1 - Reaction type  Kinetic -
~ Reactants ~Praducts
Component Coefficient Exponent Component Coefficient Expanent
MGO (CIPE - -1 1 b MG{OH)21 ~ 1
» | WATER o -1 1
I | I [ Close ‘

Figure 6. 7 Reaction stoichiometry specification for the (a) dehydration and (b)

hydration processes.
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6.6 Simulation results and discussion

After completing the modelling and simulation, the results are analyzed and discussed.
Aspen Plus outputs results in two categories: stream results and unit operation results.
This section provides an analysis of these results, focusing on the stream results and a
summary of the fluidized bed unit operation. Aspen Plus presents these results in a

tabular format.

6.6.1 Dehydration of enhanced doped magnesium hydroxide

The stream results of the Mg(OH)2 dehydration are presented in Table 6.4.

Table 6. 4 Stream results for dehydration of enhanced doped Mg(OH)a.

Process variables Units GASIN | SOLIDIN | GASOUT SOLIDOUT
Temperature °C 293 25
Pressure bar 2 1 1.9469 1.9469
Molar Vapour Fraction 1 0 0.9987 0
Molar Solid Fraction 0 1 0.0013 1
Mass Vapour Fraction 1 0 0.9979 0
Mass Solid Fraction 0 1 0.0022 1
Mole flows kmol/hr | 1 1 2.0025 0.9974
Mass flows (Total) kg/hr 28.9509 | 58.3197 | 47.0692 40.2014
e MG(OH)2 kg/hr 0 58.3197 | 6.647e-06 | 0.0029
e MGO kg/hr 0 0 0.1038 40.1988
e AIR kg/hr 28.9509 | O 28.9509 0
e WATER kg/hr 0 0 18.0145 0
Mass Fractions
e MG(OH)2 0 1 1.412e-07 | 6.404e-05
e MGO 0 0 0.0022 0.9999
e AIR 1 0 0.6151 0
e WATER 0 0 0.3827 0

A feed stream containing 58.32 kg/hr of magnesium hydroxide (Mg(OH),) was introduced
into the fluidized bed reactor (FBR) for thermal dehydration. To promote effective heat
transfer and ensure efficient removal of water vapour produced during the decomposition
process, hot compressed air was supplied at a mass flow rate of 28.95 kg/hr and
maintained at an operating pressure of 2 bar. As shown in Table 6.4, the thermal
decomposition reaction yielded 40.19 kg/hr of magnesium oxide (MgO) and 18.00 kg/hr

of water vapour. This corresponds to a conversion efficiency of 99.99%, indicating that
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nearly all of the Mg(OH), fed into the reactor was successfully converted into MgO. The

reaction conversion efficiency (x) was calculated from the formula

X = ~L00 100% (638)

fi

where My is the mass flow rate of the input feed (the hydroxide) and My, is the mass flow

rate of the feed (the hydroxide) at the outlet.

The dehydration reaction proceeds according to the stoichiometry given in Equation (6.8),
which is endothermic and typically requires temperatures in the range of 350—400 °C for
the typical material. The mass flow rates of the species align closely with stoichiometric
predictions based on molecular weights (58.32 g/mol for Mg(OH),, 40.30 g/mol for MgO,
and 18.02 g/mol for H,O), confirming both the consistency of the mass balance and the
accuracy of the simulation. The slight deviation between the theoretical and actual MgO
yield, that is, 0.11 kg/hr, may be attributed to rounding off, model assumptions, or minor
unreacted residue, though this remains within acceptable engineering tolerance. A similar
approach was used by Debtera et al. [192] to model a fluidized bed reactor in Aspen Plus
for aluminum hydroxide, AI(OH)s;, dehydration. Using Geldart B particles, the GGC
(Gates-Gaudin-Schuhmann) method for particle size distribution, and the Ergun equation
for fluidization parameters, the simulation showed 94.4% conversion of 275 kg/hr AI(OH)3
into 169.6 kg/hr Al,O; and 89.9 kg/hr H,O, which aligned well with their reported

experimental results.

The use of compressed air in the reactor served a dual purpose. Thermally, it delivered
the energy required to drive the endothermic decomposition. Hydrodynamically, it
ensured that the bed remained fluidized, thus facilitating excellent solid-gas contact,
uniform temperature distribution, and continuous removal of generated water vapour.
This continuous removal was critical, as it shifted the equilibrium towards the products,

enhancing conversion. Furthermore, the selected air-to-solids mass flow ratio
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(approximately 0.5) appears sufficient to maintain stable bubbling fluidization under the

given pressure, assuming appropriate particle characteristics and superficial gas velocity.

The near-complete conversion reported suggests that the simulation captured the key

aspects of fluidized bed operation with high fidelity, including appropriate residence time,

thermal equilibrium, and efficient phase separation. These results strongly support the

suitability of the FBR configuration for solid-state dehydration processes and demonstrate

that, with proper thermal integration and particle sizing, the process can be efficiently

scaled up.

The fluidized bed model results from the process variables and parameters are given in

Table 6.5.

Table 6. 5 Results of fluidized bed parameters for enhanced doped Mg(OH)2

dehydration.
Parameter Value Units
Height of bottom zone 0.00189 meter
Height of freeboard 4.9981 meter
TDH from correlation 0.3097 meter
TDH based on solids volume profile 3.9485 meter
Solids holdup 0.5000 kg
Distributor pressure drop 6.741e-06 bar
Bottom zone pressure drop 0.0003 bar
Freeboard pressure drop 0.0528 bar
Fluidized bed pressure drop 0.0531 bar
Heat duty 1195.03 cal/sec
Minimum fluidization velocity 0.1850 m/sec

Aplot of the bed height versus gas flow velocity during the dehydration process simulation

is shown in Figure 6.8.
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Figure 6. 8 Bed height versus superficial velocity for the enhanced doped Mg(OH)2

dehydration.

In the fixed bed regime, the bed height remained constant, and the gas simply flowed
through the voids between stationary particles. Once the minimum fluidization velocity
was reached at around 0.1850 m/s, the bed began to expand as particles were
suspended by the gas flow. At this point, further increases in gas flow resulted in the bed

expanding more rapidly around 0.3225 m/s.

The pressure drop across the bed, on the other hand, reflects the balance between the
upward drag force exerted by the gas and the weight of the particle bed. As the gas
velocity increased from the fixed bed regime, the pressure drop across the bed rose until
fluidization began. At the point of minimum fluidization, the pressure drop reached a
maximum and then began to decrease exponentially despite further increases in gas
velocity (Figure 6.9). This may be because additional gas flow primarily expanded the

bed and increased porosity rather than adding to the drag force.
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Figure 6. 9 Bed pressure drop against bed height for the enhanced doped Mg(OH)2

dehydration.

The sensitivity analysis result in Figure 6.10 shows how the airflow rate influences the
heat supply for the dehydration process, hence the product yield (by mass fraction of

MgO).
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Figure 6. 10 Sensitivity analysis of the influence of airflow rate on the enhanced doped

Mg(OH)2 dehydration reaction.
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At very low airflow rates close to 3 kg/hr, the gas velocity was insufficient to properly
fluidize the bed, and the solid particles remained in a packed bed. So, a significant portion
of Mg(OH), remained unreacted in bed. Consequently, the mass fraction of the MgO
product was low. When the airflow rate reached the minimum fluidization velocity, the
particles became fully fluidized, leading to improved mixing. This created optimal
conditions for the dehydration reaction, ensuring that Mg(OH), was effectively converted
to MgO at a mass fraction near 1.00. With better contact between the hot air and the solid
particles, the reaction proceeded more efficiently, and the MgO mass fraction in the final
product increased. This was the ideal operating range where the process achieved high

conversion rates with minimal unreacted Mg(OH)2 material.

Furthermore, Table 6.6 represents a summary of the temporal variation in temperature
and heat during the endothermic thermal decomposition of the developed material, whilst
Figure 6.10 illustrates the temporal evolution of temperature and heat during the process,
suggesting the continuous heat input requirement for the decomposition. The
temperature profile showed a steady increase from around 300 °C, gradually reaching
approximately 320 °C over 600 seconds. This temperature rise is attributable to the
sustained supply of thermal energy required to break the hydroxide bonds and drive off
water vapour. Simultaneously, the heat duty increased proportionately, peaking at
approximately +1195 cal/s (+5 kW) by the end of the reaction time. Heat duty refers to
the amount of heat energy added to (or removed from) a unit operation, such as a heat
exchanger or reactor, in given process conditions. This positive heat duty reflects the
energy absorbed by the process, according to the efficiency of the air preheater in

delivering the required thermal input.
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Table 6. 6 Representative temperatures and heat over time for the enhanced doped
material dehydration.

Time (s) Temperature (°C) Heat duty (kW)
0 300 0
60 304 0.8
120 308 1.6
180 312 2.4
240 316 3.6
300 318 4.3
360 320 5
420 320 5
480 320 5
540 320 5
600 320 5
——Temperature (°C) ——Heat (kW)
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Figure 6. 11 Graphical illustration of temperature and heat profiles during the dehydration

process.

In conclusion, the Aspen Plus simulation of Mg(OH), dehydration in a fluidized bed
reactor demonstrates good alignment with stoichiometric, thermodynamic, and
hydrodynamic expectations. The temporal temperature and heat profiles confirm the
energy-intensive nature of dehydration. The high conversion rate and accurate mass
balance underscore the effectiveness of the reactor model, providing a solid foundation

for further optimization and potential scale-up.

6.6.2 Hydration of doped magnesium oxide

The stream results for the reversible hydration of MgO are presented in Table 6.7.
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Table 6. 7 Stream results for hydration of enhanced doped MgO.

Process variables Units GASIN SOLIDIN | GASOUT SOLIDOUT

Temperature °C 293 25

Pressure bar 2 1 1.9651 1.9651

Molar Vapour Fraction 1 0 0.9998 0

Molar Solid Fraction 0 1 0.0001 1

Mass Vapour Fraction 1 0 0.9997 0

Mass Solid Fraction 0 1 0.0003 1

Mole flows kmol/hr | 2 1 1.0079 0.9999

Mass flows (Total) kg/hr 46.9662 | 40.3044 | 29.0999 58.1707
e MG(OH)2 kg/hr 0 0 0.0086 57.8568
e MGO kg/hr 0 40.3044 | 4.689e-05 | 0.3139
e AIR kg/hr 28.9509 |0 28.9509 0
e WATER kg/hr 499.9999 | 0 0.1403 0

Mass Fractions
e MG(OH)2 0 0 0.0003 0.9946
e MGO 0 1 1.611e-06 | 0.0054
e AIR 0.6164 0 0.9949 0
e WATER 0.3836 0 0.0048 0

In a reverse operation to thermal dehydration, the material (MgO) was rehydrated in a
fluidized bed reactor (FBR) under controlled conditions. A solid feed stream of 40.30 kg/hr
MgO was introduced into the reactor, and the reaction was initiated by mixing water
vapour with dry compressed air flowing at 28.95 kg/h. This configuration provided the
necessary reactant and thermal medium to facilitate the solid-gas phase hydration of
MgO. As reported in Table 6.7, the hydration reaction produced 57.86 kg/hr of magnesium

hydroxide (Mg(OH),).

The hydration reaction proceeds according to Equation (6.9). This reaction is
characteristically exothermic, releasing heat as the magnesium oxide absorbs water
molecules and forms the more thermodynamically stable hydroxide compound. The
molar masses, 40.30 g/mol for MgO and 58.32 g/mol for Mg(OH),, suggest that the
observed product flow rate is nearly stoichiometrically consistent with the mass input of
MgO. The theoretical yield for complete conversion of 40.30 kg/hr of MgO would
approximately be 58.32 kg/hr of Mg(OH)2. Therefore, the reported yield of 57.86 kg/hr is
a reasonably close value, affirming the reaction’s completeness and the accuracy of

simulation results. This represents a conversion efficiency of approximately 99.21%.
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The fluidized bed model results from the process variables and parameters are given in

Table 6.8.

Table 6. 8 Results of fluidized bed parameters for enhanced doped MgO hydration.

Parameter Value Units
Height of bottom zone 1e-10 meter
Height of freeboard 5.0000 meter
TDH from correlation 0.4211 meter
TDH based on solids volume profile 3.9500 meter
Solids holdup 0.5000 kg
Distributor pressure drop 0.0029 bar
Bottom zone pressure drop 9.414e-12 bar
Freeboard pressure drop 0.0349 bar
Fluidized bed pressure drop 0.0349 bar
Heat duty -1147.3 cal/sec
Minimum fluidization velocity 0.01598 m/sec

In the fixed bed regime, the bed height stayed relatively unchanged as the gas flowed

through the spaces between the stationary particles. When the gas flow reached a

velocity close to 0.01598 m/s, the particles became suspended, causing the bed to

expand. As the gas flow rate increased, the bed continued to expand rapidly afterwards.

A plot of the bed height versus gas flow velocity during the hydration process simulation

is shown in Figure 6.12.
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Figure 6. 12 Bed height versus superficial velocity for the enhanced doped MgO

hydration.

The pressure drop decreased as the bed expanded further after reaching the minimum
fluidization, as shown in Figure 6.13. The pressure drop reached a maximum of 1.977

bar and then decreased exponentially despite further gas velocity increases.
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Figure 6. 13 Bed pressure drop against bed height for the enhanced doped MgO

hydration.
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Sensitivity analysis showed that the reaction conversion efficiency varied with the moles
of water vapour in the inlet gas (Figure 6.14). The process produced about 99.78%
Mg(OH)2 with four times the moles of water vapour available to react with MgO, as against
99.44% with one mole. Further increases in the amount of water did not show any

appreciable change.
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Figure 6. 14 Sensitivity analysis of the influence of water mole-flow rate on the

enhanced doped MgO hydration reaction.

This observation highlights the significance of water vapour availability as a driver of the
reaction equilibrium and kinetics within the fluidized bed system. According to Le
Chatelier’s Principle, increasing the concentration (or partial pressure) of water vapour
shifted the equilibrium towards the product side, thereby favouring the formation of
Mg(OH),. At low water vapour availability, the forward reaction was impacted both
kinetically and thermodynamically. As water availability increased, the equilibrium was
increasingly driven forward, and surface reaction rates improved due to greater reactant
solid-gas contact. However, the observed plateau in conversion beyond a 4:1 water-to-
MgO molar ratio suggests that saturation of reactive sites or equilibrium limitations began

to dominate. At this point, the system likely approached its thermodynamic conversion
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limit under the prevailing temperature and pressure conditions. Additional water vapour
no longer contributed meaningfully to conversion, as the reaction either neared
completion or was constrained by other rate-limiting factors (such as diffusion or solid-

gas mass transfer).

On the other hand, Figure 6.15 shows the inlet air-vapour flow rates for the hydration
process. The MgO was rapidly converted to Mg(OH)2 as the flow rate increased from 15

kg/hr to 175 kg/hr, leading to improved mixing and enhanced heat transfer.
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Figure 6. 15 Sensitivity analysis of the influence of airflow rate on the enhanced doped

MgO hydration reaction.

This trend reinforces the critical role of solid-gas hydrodynamics in the overall
performance of the fluidized bed reactor. As the inlet vapour/air flow rate increases, the
fluidizing medium becomes more rigorous, promoting more solid particle suspension and
increased interfacial contact between gas and solids. These factors contribute to faster
reaction rates and higher conversion efficiency. This observation complements the earlier
sensitivity analysis on water vapour concentration, further demonstrating that both
composition and velocity of the fluidizing gas must be jointly optimized. Together, they

define the reactive environment within the FBR, controlling not only chemical
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transformation but also the physical behaviour of particles and solid-gas contact

dynamics.

In contrast to dehydration, hydration is an exothermic reaction involving heat release.
Table 6.9 represents a summary of the temporal variation in temperature and heat during
the exothermic rehydration of the developed material. The temperature profile (Figure
6.16) began at 200 °C and showed a steep decline to around 170 °C, indicating that heat
was being released and removed from the system. The associated heat duty was
negative throughout the process, reaching —4.8 kW at its peak, clearly reflecting the
exothermic character of the reaction. The magnitude of the heat duty during rehydration
indicates a substantial energy release, which must be carefully managed to avoid
temperature excursions that could affect fluidization stability. Notably, the heat released
during hydration (-4.8 kW) is nearly equal in magnitude to the heat absorbed during
dehydration (+5 kW). This near equivalence underscores the energy-conserving nature
of the thermochemical storage system, affirming its potential for efficient thermal energy

storage.

Table 6. 9 Representative temperatures and heat over time for the enhanced doped
material hydration.

Time (s) Temperature (°C) Heat duty (kW)
0 25 0

60 84 0.96

120 143 1.92

180 202 2.88

240 261 3.84

300 320 4.8

360 220.7385599 2.634295853
420 166.2627266 1.445732217
480 136.3657554 0.793434663
540 119.9579497 0.435446176
600 110.953155 0.238977928
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Figure 6. 16 Graphical presentation of temperature and heat profiles during the

hydration process.

In summary, the simulation of MgO hydration in the FBR demonstrates excellent
conversion efficiency and highlights the importance of thermal control in exothermic solid-
gas reactions. The alignment between stoichiometric predictions and simulated outputs
validates the robustness of the Aspen Plus model used. At the same time, the reported
heat duty offers critical insight for effective heat removal mechanisms or reactor thermal
management strategies. This could involve the design of internal heat exchangers or
external cooling loops. These findings affirm the FBR’s viability for reactive solid-gas
processing and provide a strong basis for further experimental validations towards

industrial scale-up.

6.7 Potential impact of model simplifications and assumptions

Although Aspen Plus provides a robust platform for steady-state process simulation, its
application to the modelling of complex fluidized bed reactors (FBRs) involves several
simplifications and assumptions that may limit the accuracy and detail of its predictions.
These limitations are especially relevant when simulating multiphase systems where fluid

dynamics, heat and mass transfer, and particle-scale interactions are critical.
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6.7.1 Mass balance simplifications

Aspen Plus implements mass conservation by averaging phase interactions across the
reactor bed, accounting for gas and solid mass fractions, reaction stoichiometry, and
phase holdups. However, it does not resolve spatial or temporal variations in flow fields.
In real fluidized beds, phenomena such as bubble formation, slug flow, and channelling
lead to significant non-uniformities in phase distribution and reactant contact. This
homogenization in the model may lead to overprediction of conversion efficiency and an

inability to detect zones of poor mixing or dead space within the reactor.

6.7.2 Momentum balance approximations

Momentum balance within the fluidized bed is approximated using empirical correlations
such as the Ergun equation for pressure drop and the Wen-Yu drag model for solid-gas
interactions. These correlations assume steady-state, ideal fluidization with spherical
particles and uniform flow regimes. However, in industrial reactors, the presence of broad
particle size distributions, non-spherical particles, and varying bed dynamics (such as
bubbling or turbulent flow) can significantly alter pressure profiles and solid-gas contact
behaviour, which Aspen Plus does not capture. This may result in limited reliability in
predicting bed expansion, fluidization quality, and pressure drop under realistic

conditions.

6.7.3 Energy balance simplifications

The energy balance is similarly treated with bulk-phase heat transfer models, using
lumped parameters and semi-empirical interphase heat transfer coefficients. While
suitable for steady-state analysis, this approach fails to resolve intra-particle temperature
gradients or transient heat transfer effects, particularly in highly endothermic or
exothermic reactions. Consequently, local thermal effects such as hot spots, temperature
stratification, or heat transfer bottlenecks may be overlooked, potentially impacting safety

or scale-up reliability.
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6.7.4 Lack of detailed hydrodynamics and particle behaviour

Aspen Plus does not simulate detailed hydrodynamic structures such as bubble
coalescence, wake regions, or particle-particle interactions. Additionally, phenomena
such as entrainment, segregation, or agglomeration are not explicitly modelled. These
features are critical in industrial-scale FBRs and directly influence reactor performance,

residence time distribution, and separation requirements.

6.7.5 Static operation and limited dynamic response

The standard Aspen Plus environment is based on steady-state assumptions and does
not simulate dynamic reactor behaviour. This limitation hinders the analysis of start-up
and shutdown processes, transient disturbances, or process control strategies that are

essential for industrial operations.

6.8 Justification for use of Aspen Plus simulation software

While next-level simulation tools such as Computational Fluid Dynamics (CFD) and
Discrete Element Method (DEM) may offer significantly higher spatial and temporal
resolution for modelling the complex hydrodynamics and particle behaviour in fluidized
bed systems, these tools were not employed in the present study for the following

reasons.

The primary aim in this chapter was to develop a process-level understanding of the
dehydration and hydration of the developed magnesium hydroxide material in a fluidized
bed reactor, with particular focus on reaction thermodynamics, mass transfer, and overall
conversion efficiency. The level of resolution provided by Aspen Plus was deemed
sufficient to meet these objectives, especially for preliminary design, sensitivity analysis,
and performance evaluation. Incorporating CFD or DEM would have required a shift

toward fluid mechanics-centric goals, which was beyond the intended scope of this thesis.
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Additionally, Aspen Plus provides a unified environment for integrating reaction modelling
with thermodynamics, heat integration, and downstream separation—essential for early-
stage design and techno-economic assessment. While CFD and DEM are powerful for
analyzing local bed dynamics, they are less suited for simulating integrated process flows

or performing mass and energy balances across multiple units.

6.9 Concluding remarks

The numerical simulation study using Aspen Plus software provided key insights into the
behaviour of the fluidized bed reactor for Mg(OH), dehydration and hydration. The results
demonstrate that fluidization began at 0.1850 m/s for dehydration and 0.01598 m/s for
hydration, with the bed expanding as gas velocity increased. The pressure drop peaked
before decreasing exponentially once fluidization was established. Sensitivity analysis
indicated that low airflow rates resulted in low reaction conversion. Similarly, MgO
hydration efficiency was found to depend on adequate availability of water vapour, with
four times the stoichiometric moles achieving 99.78% Mg(OH),, while increasing the inlet
air/vapour flow rate from 15 kg/hr to 175 kg/hr improved mixing and reaction
enhancement. These findings emphasize the importance of optimal gas/vapour inlet flow
rate and nearly 4:1 water vapour-Mg(OH)2 mole flow rates in maximizing reaction and

conversion efficiency in the fluidized bed reactor at ~300 °C and 2 bar.

The use of Aspen Plus facilitated the evaluation of key performance factors, offering
valuable insights for optimizing the reactor operation. However, despite its advantages,
the model relies on simplified fluid mechanics, idealized reaction conditions, and
thermodynamic equilibrium assumptions, which may not fully capture real-world

complexities.
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Chapter 7: Conclusion and Recommendations for Future Work

7.1 Conclusion

The thesis was aimed at developing and evaluating a novel thermochemical energy
storage (TCES) material suitable for medium-grade waste heat storage application in the
buildings sector. Through a comprehensive and multidisciplinary approach, combining
material synthesis, characterization, molecular-level simulation, and system-scale
modelling, the research has addressed some of the key limitations of current TCES

materials.

A significant contribution of this work is the development of an enhanced Mg(OH),-based
composite with improved thermophysical properties, which are critical for practical TCES
deployment. Evaluation of the developed material demonstrated lower dehydration
temperatures and an increase in energy storage capacity, positioning it as a viable

candidate for medium-grade waste heat storage applications.

The molecular dynamics simulations provided further validation of material performance,
offering a predictive understanding of thermophysical properties and informing precise
experimental direction. Meanwhile, the numerical evaluation of the material in a model
agitated fluidized bed reactor using Aspen Plus allowed for detailed analysis of system
behaviour, identifying key operating conditions necessary for achieving high conversion

efficiency and stable reactor performance.

The key findings of this research may therefore be summarized as follows:

e Material performance
o 5 wt% KNOjz-doped Mg(OH), material showed a reduction in the
dehydration temperature from ~317 °C to 293 °C, enabling more waste heat

capture within the temperature range of 293—400 °C.
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o The heat storage capacity increased from 1246 J/g (pure Mg(OH),) to 1317
J/g in the doped composite.
e Thermal conductivity enhancement
o Molecular simulation predicted a thermal conductivity of 0.708 W/mK with
15 wt% Al,O; nanomaterials—an enhancement of 12.9%—compared to
the experimental value of 0.6484 W/mK.
e Numerical modelling of a 1.5 kg material in a model agitated fluidized bed reactor
showed
o The dehydration reaction progressed from 300 °C at an airflow rate of 28.95
kg/hr, achieving a minimum fluidization velocity of 0.1850 m/s.
o A 99.99% dehydration reaction efficiency was achieved with a desorption
heat of +5 kW.
o Hydration began at 200 °C with airflow mixed with water vapour, attaining a
minimum fluidization velocity of 0.01598 m/s.
o A99.21% hydration reaction efficiency was achieved, releasing —4.8 kW of
heat.
o Water vapour was a limiting factor for MgO hydration beyond a 4:1 molar

ratio, indicating equilibrium saturation.

In summary, the combined findings from material synthesis, molecular modelling, and
reactor simulation demonstrate that the newly developed Mg(OH),-KNO3-Al,O;

composite exhibits:

e Suitable thermal characteristics for medium-temperature TCE storage.
e Enhanced thermal conductivity for improved heat transfer.
e High reaction conversion when deployed in an agitated fluidized bed rig under

suitable conditions.
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7.2 Recommendations for future work

Building on the insights gained from this research, several opportunities exist for further
development and refinement of thermochemical energy storage systems and materials.
The following recommendations are aimed at ensuring that the advances made in this
study can be translated into robust, scalable, and commercially viable energy storage
solutions, addressing both technical and practical challenges in the transition to low-

carbon energy systems.

1. Long-term cyclability and material stability.

While the developed Mg(OH),—KNO;—Al,O; composite showed promising performance
in terms of dehydration temperature and energy storage capacity, future work should

focus on:

e Long-term cyclic testing (charging/discharging over many cycles) to assess
thermal and chemical stability under repeated operation.
e Investigating potential degradation mechanisms, including surface topology or

phase changes in constituent materials over time.

2. Material composition and optimization.

The current study optimized material performance with a specific ratio of KNO3; and Al,Os.

Further work could explore:

¢ Alternative dopants or composite structures, such as other nitrates, and evaluate
their characteristics and performance.
e The use of binders, coatings, or encapsulation methods to improve cyclic durability

and prevent particle agglomeration or sintering.

3. Experimental validation of reactor performance.
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The Aspen Plus model provided valuable thermodynamic insights that relied on simplified

fluid flow assumptions. To close the gap between modelling and reality:

e Alab-scale fluidized bed reactor should be designed and implemented to validate
the model's assumptions and results.
e Parameters such as pressure drop, fluidization behaviour, heat transfer, and

reaction conversion should be measured under realistic conditions.

4. Advanced reactor modelling.

For a more accurate and detailed understanding of heat and mass transfer phenomena:

e Computational fluid dynamics (CFD) simulations could be employed to capture
non-ideal flow patterns and spatial temperature gradients.
e Coupling CFD with reaction kinetics would support the optimization of reactor

geometry and operating conditions.

5. System integration and techno-economic analysis.

For the technology to transition from laboratory research to practical deployment:

e Integration studies should be conducted to assess how the developed material
and reactor can be incorporated into real waste heat recovery systems (e.g.,
industrial furnaces, power plants, or HVAC systems).

e Techno-economic assessments are needed to evaluate cost, scalability, return on
investment, and lifecycle performance in comparison to competing storage

technologies (e.g., sensible or latent heat storage).
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Appendix A

Appendix A.1a NEMD simulation data for pure MH material.

Bin Coord Temp

1 0005 315154 35 0345  304.531 69 0685  274.056
2 0.015  303.151 36 0355 295426 70 0695 311728
3 0.025 301.625 37 0365  286.185 71 0.705 324 976
4 0.035 339.865 38 0.375 300.646 72 0.715 298.237
5 0.045 310.279 39 0.385 309.027 73 0.725 280.616
6 0.055 289.814 40 0.395 315.446 74 0.735 302.473
7 0.065 300618 4 0.405 291843 75 0.745 316.044
8 0.075 294.92 42 0415 284431 76 0.755 339.982
9 0.085 288.139 43 0425 2819 7 0.765 312.911
10 0.095  283.601 44 0435  292.008 78 0.775  303.559
11 0105  321.469 45 0445 273556 79 0.785  307.065
12 0115  306.343 46 0455  289.227 80 0795  279.911
13 0.125 310.863 47 0465  266.048 81 0.805 284751
14 0.135 308.206 48 0.475 311.447 82 0.815 312.753
15 0.145 325.33 49 0.485 318.713 83 0.825  297.906
16 0.155 312.24 50 0.495  280.147 84 0.835 341.803
17 0.165 33113 51 0505 270.792 85 0.845 318.543
18 0.175 280.214 52 0515 291977 86 0.855 303.368
19 0.185 272.959 53 0525  269.158 87 0.865 298.847
20 0.195 294.322 54 0.535 308.396 88 0.875 304.965
21 0.205 335695 55 0545  290.01 89 0.885  277.15
22 0215 335782 56 0555  301.044 90 0.895  317.393
23 0225 319.239 57 0565  302.866 91 0905 317.128
24 0.235 314.945 58 0575 299431 92 0915 336.648
25 0.245 284239 59 0.585 311.679 93 0.925 340.718
26 0.255 292.705 60 0.595 352.569 94 0.935 311.737
27 0.265 308.429 61 0.605 353.179 95 0.945 297.859
28 0275  289.682 62 0615 306.603 96 0.955 306.846
29 0.285 319.147 63 0625  296.327 97 0.965 323175
30 0.295 335.921 64 0635  296.295 98 0.975 310.81
AN 0.305  321.998 65 0645  305.077 99 0985  297.808
32 0315  309.775 66 0655  302.508 100 0995 295409
33 0325  302.466 67 0665  284.866
34 0.335 277.237 68 0675 282392
Appendix A.1b Calculation of standard error.
Step One: Find sample size
n =100
Step Two: Find mean of the data points
— Xi
= [2%=304.104
n
Step Three: Find the standard deviation
Y(x; —%)2  [35121.435628
s = = = 18.7407

n 100

Step Three: Find the standard error

s 18.7407
SE = —=——+=1.87407

Vn /100



Appendix A.2a NEMD simulation data for doped material (MH-PNS5).

Bin Coord Temp 35 0.345  310.856 69 0.685  313.577
1 0.005  301.592 36 0355  289.32 70 0695 298.818
2 0.015  271.433 37 0.365  315.647 7 0.705  263.708
3 0.025  297.852 38 0.375  283.685 72 0.715  318.204
4 0.035  316.55 39 0.385  314.975 73 0.725  269.507
5 0.045  286.769 40 0.395  315.043 74 0.735  279.36
6 0.055  305.65 4 0.405  281.175 75 0.745  301.841
7 0.065  312.165 42 0.415 318474 76 0.755  285.63
8 0.075  290.549 43 0.425  287.022 77 0.765  309.133
9 0.085  303.199 44 0.435  280.353 78 0.775  322.511
10 0.095  298.728 45 0.445  294.189 79 0.785  269.377
1 0.105  297.414 46 0.455  260.917 80 0.795  309.348
12 0.115  260.615 47 0.465 2875 81 0.805  306.061
13 0.125  287.275 48 0.475 248172 82 0.815  296.238
14 0135  272.996 49 0.485  280.932 83 0825  311.695
15 0.145  276.877 50 0.495  292.501 84 0.835  303.822
16 0.155  307.583 51 0.505  292.214 85 0.845  295.052
17 0.165  287.513 52 0.515  295.908 86 0.855  278.239
18 0.175  280.258 53 0525  294.421 87 0.865  297.726
19 0.185  321.412 54 0535  272.301 88 0.875  291.094
20 0.195  286.328 55 0.545  304.465 89 0.885  289.861
21 0205  291.274 56 0.555  315.005 90 0.895  302.014
22 0215  312.505 57 0.565  295.468 91 0.905  304.257
23 0225  304.779 58 0.575  309.947 92 0915  309.877
24 0.235 285225 59 0.585  288.101 93 0.925  289.542
25 0.245  301.334 60 0.595  285.571 94 0.935  305.971
26 0.255  290.196 61 0.605  265.776 95 0.945  299.569
27 0.265  266.25 62 0615  288.193 96 0.955  338.311
28 0275  259.716 63 0.625  293.109 97 0.965  329.883
29 0.285  292.507 64 0.635  264.155 98 0975  321.604
30 0295  296.966 65 0.645  311.868 99 0.985  303.271
3 0.305  291.101 66 0.655  313.197 100 0.995  281.252
32 0315 311.191 67 0.665  311.723

33 0325  289.396 68 0675  291.735

34 0335  256.442
Appendix A.2b Calculation of standard error.
Step One: Find sample size

n =100

Step Two: Find mean of the data points

7= /sz = 204.619

Step Three: Find the standard deviation

Y(x —©)?  |29881.382264

= = 17.2862
s n 100
Step Three: Find the standard error
17.2862
SE = =———7F—=1.72862

S
Vi 100



Appendix A.3a NEMD simulation data for enhanced material (MH-PN5A015).

Bin Coord Temp

1 0.005  293.148 35 0.345  302.871 69 0685  270.914
2 0.015  307.508 36 0.355  297.822 70 0695  325.236
3 0.025  302.051 37 0.365  319.366 I 0.705  305.09
4 0.035  341.619 38 0375  284.912 72 0.715  283.283
5 0.045  341.003 39 0.385  319.809 73 0.725  301.944
6 0.055  279.871 40 0.395  285.279 74 0.735  288.773
7 0.065  293.598 41 0.405  294.298 75 0.745  303.563
8 0.075  302.291 42 0.415  288.544 76 0.755  349.189
9 0.085  306.847 43 0.425  285.371 77 0.765  304.779
10 0.095  280.658 44 0.435  276.198 78 0.775  293.71
1 0.105  320.207 45 0.445  250.723 79 0.785  307.558
12 0.115  287.681 46 0.455  283.178 80 0795  316.326
13 0125 289.449 47 0465  271.723 81 0.805  291.316
14 0135  317.106 48 0.475  312.846 82 0.815  294.875
15 0.145  318.375 49 0.485  309.942 83 0.8256  291.465
16 0.155  305.306 50 0.495  276.63 84 0.835  326.909
17 0.165  308.206 51 0.505  287.838 85 0.845  326.846
18 0.175  275.561 52 0515  303.757 86 0.855  287.169
19 0.185  319.702 53 0525 2761 87 0.865  292.351
20 0.195  309.462 54 0535  303.422 88 0.875  304.13
21 0.205 342513 55 0545  310.668 89 0.885  304.552
22 0215  324.428 56 0.556  299.294 90 0.895  327.375
23 0225  308.897 57 0.565 31563 91 0.905  325.607
24 0235  301.616 58 0575  265.853 92 0915  361.442
25 0.245  297.97 59 0.585  303.471 93 0925  332.138
26 0255  284.74 60 0.595  357.125 94 0935  305.244
27 0.265  324.126 61 0.605  360.931 95 0.945  285.758
28 0275 3075 62 0615  295.351 96 0.955  312.971
29 0.285 34262 63 0625  292.972 97 0965  331.197
30 0295  317.847 64 0.635  315.652 98 0975  318.666
31 0.305  298.591 65 0.645  318.046 99 0985  285.501
32 0315 293.97 66 0.655  306.319 100 0.995  293.579
33 0325  296.53 67 0.665  308.088

34 0.335  285.152 68 0.675  294.071

Appendix A.3b Calculation of standard error.
Step One: Find sample size
n =100

Step Two: Find mean of the data points

7= |2¥=304.497

n

Step Three: Find the standard deviation

Y(x;— %2 [41940.961963

= - 100 = 20.4795
Step Three: Find the standard error
SF = s 204795 5 04795
~Vn Y100



Appendix B
Appendix B.1a Experimental data for pure material
0.06487
0.06510
0.06534
0.06499
0.06502
0.06511
0.06693
0.06696
0.06691
0.06499
Appendix B.1b Calculation of accuracy range (AR).
Step One: Find sample size
n =10

Step Two: Find mean of the data points

¢= (2% =0.065622

n

Step Three: Find the standard deviation

Y(x; —%)? [7.50096E — 6
s = = = 0.00086608082763677

n 10

Step Three: Find the standard error

s 0.00086608082763677
SE=—= = 0.00027387880531359

Vn V10

Step Four: Find the confidence level

CL = (SE). (tyaiue) = (0.00027387880531359)(1.960) = 0.000537
Step Five: Find the confidence interval and accuracy range
Cl = +(CL) = +£0.000537
AR = x + (CL) = 0.065622 + 0.000537 = 0.065083 to 0.066157



Appendix B.2a Experimental data for doped material
0.04926
0.04942
0.04939
0.04938
0.04934
0.04943
0.04937
0.04936
0.04926
0.04935
Appendix B.2b Calculation of accuracy range (AR).
Step One: Find sample size
n =10

Step Two: Find mean of the data points

7= |2 =0.049356

n

Step Three: Find the standard deviation

= 5.4990908339471E — 5

[T —®? _ [3.0240000000001F — 8
5= n 10

Step Three: Find the standard error

s 5.4990908339471E — 5
SE=—= = 1.7389652095428F — 5

Vn V10

Step Four: Find the confidence level

CL = (SE). (tyame) = (1.7389652095428E — 5)(1.960) = 0.00003408
Step Five: Find the confidence interval and accuracy range
CI = +(CL) = £ 0.00003408
AR = x + (CL) = 0.049356 + 0.00003408 = 0.049322 to 0.049390



Appendix B.3a Experimental data for enhanced material
0.66517
0.66144
0.65678
0.65238
0.64925
0.64527
0.64285
0.63953
0.63702
0.63443
Appendix B.3b Calculation of accuracy range (AR).
Step One: Find sample size
n =10

Step Two: Find mean of the data points

7= |2%=0.648412

n

Step Three: Find the standard deviation

= 0.0099096012028739

Y(x; — x)? 0.00098200196
S = =
n 10

Step Three: Find the standard error
s 0.0099096012028739
vn V10

Step Four: Find the confidence level

SE = = 0.0031336910505026

CL = (SE). (tyame) = (0.0031336910505026)(1.960) = 0.006142
Step Five: Find the confidence interval and accuracy range
Cl = +(CL) = + 0.006142
AR = x + (CL) = 0.648412 + 0.006142 = 0.64227 to 0.654554



