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Abstract

Climate change is an undeniable reality. A pivotal focus in the battle against climate change is sustainability.
One way to achieve this is through safeguarding the environment, optimizing natural resource usage, and
minimizing waste. Solar energy has played a vital role in advancing sustainability efforts. This energy can
be harnessed as electricity or heat. Emerging technologies, including flat plate collectors and evacuated

tube collectors, provide promising pathways for harvesting solar thermal energy.

Thermal energy storage for short-distance mobile applications is an attractive research domain. The first
objective of this research work evaluate the zeolite 13X for short-distance mobile thermal energy storage
applications. The study investigates the feasibility of storing thermal energy in zeolite 13X charged
externally to dedicated heat recovery units. Impressively, the research demonstrates that zeolite 13X
charged at 200°C and stored external to the discharging unit can achieve remarkable energy storage
densities (ESD) exceeding 110 kWh/m3 under specific conditions. This achievement aligns with previously

reported ESD values in the literature.

A particularly crucial aspect addressed in the research is the integration of adsorbents with solar thermal
energy storage systems, a relatively underexplored avenue. The study explores diverse configurations,
analyzing their impact on enhancing thermal energy storage performance. Through meticulous
experimental analysis utilizing Zeolite 13X and water as the adsorbent-adsorbate pair, the research

compares direct irradiation with a solar thermal collector.

Moreover, the research dives into a critical aspect of adsorbent-based thermal energy storage (ATES)
systems. While these systems boast high energy storage densities over long durations, these often face
limitations in terms of the heat provided by prevalent sources such as industrial waste heat and solar energy.
To bridge this gap, the study explores experiments that leverage both simulated solar radiation and waste

heat concurrently to charge Zeolite 13X for ATES applications.
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Definitions

Adsorption

Adsorbate

Adsorbent

Desorption

Charging of adsorbent

Discharging of adsorbent

Adsorption bed

It is the process by which adsorbate molecules or particles adhere to the

surface of a solid or liquid adsorbent.

It refers to a substance or molecule that gets adsorbed on the surface of a

solid or liquid adsorbent.

It refers to a solid or liquid medium on the surface of which adsorbate
molecules gets adsorbed. Adsorbents are characterized by their high
porosity and large specific surface areas, enabling the selective adsorption

of adsorbate molecules on their surfaces.

It is the opposite process of adsorption. It refers to the release or removal
of adsorbate molecules or particles from the surface of solid or liquid

adsorbent often through an external factor e.g., heat or pressure.

It refers to the process of desorbing adsorbate molecules from the surface

of a solid or liquid adsorbent to prepare it for the adsorption process.

It refers to the process of adsorbing adsorbate molecules on the surface of

a solid or liquid adsorbent.

It refers to a structured arrangement of adsorbents to facilitate the
adsorption or desorption of adsorbate molecules or particles on or from the

surface of adsorbents.
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1 Introduction

1.1 Importance of Reducing Emissions

Global greenhouse gas (GHG) emissions from fossil fuels and land use have steadily increased since the
19th century, reaching record levels in 2022. GHG emissions, primarily from burning fossil fuels, have led
to a temperature increase of approximately 1.4 °C since pre-industrial times [1], [2]. This rise has resulted
in a staggering 6.7 million premature deaths annually due to air pollution [3], [4]. Fossil fuels are
responsible for nearly 90% of sulfur dioxide emissions [5]. Moreover, fossil fuels still account for around
80% of global energy consumption [6], leaving nations vulnerable to supply disruptions and price
fluctuations. Global CO, emissions increased by 1.5% in 2022 compared to 2021, reaching 36.1 £+ 0.3
GtCOs [7]. This rise was significant, with emissions consuming about 13% to 36% of the remaining carbon
budget to limit global warming to 1.5 °C, suggesting that permissible emissions could be depleted within 2
to 7 years with a 67% likelihood [8]. The COVID-19 pandemic caused a record reduction in global carbon

emissions in 2020, but emissions rebounded to near pre-pandemic levels in 2021 [9].

1.2 Policies

The Paris Agreement's goals to limit temperature increases are at risk due to current trends, planned
infrastructure, and policy commitments. Emissions originate from five sectors: energy systems, industry,
buildings, transport, and agriculture, each facing unique challenges in climate change mitigation. Despite
efforts to analyze sector-specific emissions trends, overall progress in reducing GHG emissions remains

limited, with most sectors experiencing continued growth, especially in emerging regions. The consumption



patterns in developed regions contribute to rising demand for emission-intensive products and services.
Efficient practices and low-carbon technologies are offset by increasing demand. Addressing these drivers
and adopting integrated policies are crucial to achieving the Paris Agreement's objectives [10]. The policy
implications include improving energy efficiency, technology innovation, and implementing measures like
carbon taxes and emissions trading schemes are some of the fastest ways to achieve the set objectives in
the set time frame. Further, there has also been a shift in emissions dominance from Europe and the US to
Asia, particularly China, with the US and Europe now contributing to one-third of global emissions. Qatar
exhibits the highest per capita CO; emissions due to its oil production, while wealthier countries like the
US, Australia, and Canada also have high per capita emissions. In contrast, many Sub-Saharan African
countries have low emissions. This data emphasizes the need for collective efforts from major emitters to

combat climate change and achieve global climate targets [11].

1.3 Need for Transitioning to Clean Energy

Transitioning to clean energy therefore is an urgent necessity to address these pressing challenges. The
switch to clean energy not only mitigates climate change but also brings substantial economic benefits, as
the renewable energy sector employed over 12.7 million people worldwide in 2022 [12]. Additionally,
embracing clean energy sources ensures energy security, reduces healthcare costs, and promotes long-term
sustainability, as renewable resources are virtually inexhaustible. By making this crucial transition a

resilient and sustainable future can be built while safeguarding the planet for generations to come.

Renewable energy adoption is crucial in curbing emissions, and the International Renewable Energy

Agency (IRENA) estimates that by increasing the share of renewables in the global energy mix to 66% by



2050, cumulative GHG emissions could be reduced by 40-70%. Furthermore, the International Energy
Agency (IEA) highlights that a transition to cleaner energy sources can create millions of jobs, with

potential employment in the renewable energy sector reaching 42 million by 2050 [13].

1.4 Opportunity

The transition from fossil fuels to clean energy presents a myriad of opportunities, backed by a wealth of
data and statistics demonstrating the potential benefits. The options available to switch to clean energy are
diverse and promising. Renewable energy reached a share of 29% by the end of year 2020 from 27% in the
year 2021. Solar power, for instance, has witnessed remarkable growth, with global installed capacity
reaching over 714 gigawatts (GW) by the end of 2020, accounting for 25.5% of the world's total renewable
energy capacity. Wind power has also seen significant expansion, surpassing 733 GW of global installed
capacity during the same period, contributing 26.2% to the total renewable energy capacity. Hydropower
remains a dominant renewable energy source making up 41.3% of the global renewable energy capacity.
Biomass and geothermal energy have been making strides as well, with global installed capacities of around

127 GW and 14 GW, respectively [14].

These figures showcase the immense potential of these renewable sources in driving the shift towards
cleaner energy alternatives. Additionally, the renewable energy sector has been experiencing substantial
investments, with global investments in renewable power capacity amounting to $303.5 billion in 2020 up
2% from 2019 [15]. This increased financial support has further propelled the growth of clean energy

technologies worldwide. The investment in renewable energy is expected to be $1.7 trillion in 2023 [16].



1.5 Initiatives Taken for Decarbonization

Decarbonization is a critical process aimed at reducing and ultimately eliminating greenhouse gas
emissions, with a primary focus on carbon dioxide (CO,), across different sectors of the economy. The
main goal of decarbonization is to combat the adverse effects of climate change and global warming by
shifting away from fossil fuel-based energy sources and embracing low-carbon or carbon-free alternatives.
By curbing the release of CO, and other greenhouse gases, decarbonization seeks to mitigate the harmful
impact of human activities on the environment and create a sustainable, resilient future for generations to
come. Through innovative technologies, policy initiatives, and international cooperation, the global
community is working towards a cleaner and greener future, fostering the transition to a more sustainable
and climate-friendly world. Here are some key things and initiatives taken to achieve decarbonization,

supported by data:

e Renewable Energy Expansion: Governments and organizations worldwide are investing heavily
in renewable energy sources. Renewable energy sources, including hydropower, solar, wind, and
bioenergy, accounted for approximately 25.5% of global electricity generation [14]. China, Europe,
United States and India led in renewable energy capacity additions, with China alone accounting
for 80% of the global growth in renewable capacity. These four markets account for 43% of the
global renewable capacity growth [17].

e Energy Efficiency Improvements: Energy-efficient buildings have the potential to reduce energy
consumption by 50-85% [18]. In recent years the global energy intensity (energy used per unit of
GDP) improved by 1.8% annually, however, it must increase to 2.7% per year [19]. Energy-

efficient appliances and technologies can significantly reduce energy demand. For instance, LED



lighting consumes up to 75% less energy than traditional incandescent bulbs, resulting in
substantial emission reductions [20].

Carbon Pricing and Trading: Implementing carbon pricing mechanisms, such as carbon taxes
and emissions trading systems, incentivizes industries and businesses to reduce emissions. By the
end of 2021, 64 carbon pricing initiatives have been implemented globally, covering about 22% of
global greenhouse gas emissions [21]. The total value of global carbon pricing initiatives reached
$53 billion in 2020-2021[22]. The European Union Emissions Trading System (EU ETS) is the
largest carbon market globally, covering approximately 40% of the EU's greenhouse gas emissions.
Revenues from Carbon taxes and Emissions Trading Systems globally have reached $95 billion
[23].

Electric Vehicles (EVs): Encouraging the adoption of electric vehicles and supporting the
development of EV infrastructure helps reduce emissions in the transportation sector. 10% of the
global car sales were electric in 2021 which is 4 times the cars sold in 2019. Today there are more
than 16.5 million electric vehicles on the roads, with countries like China, Norway, the United
States, and Europe leading in EV adoption [24].

Reforestation and Afforestation: Asia, Europe and Oceania are on track to reach a key global
forest goal of increasing the forest area by 3% by 2030 [25]. The annual rate of deforestation was
estimated at 10 million per hectare between 2015-2022 compared to 12 million hectares during
2010-2015. The protected forest area has also reached 726 million hectares by the end of 2020 [25].
The Bonn Challenge, a global initiative to restore 150 million hectares of degraded and deforested
land by 2020, has been surpassed, with pledges to restore over 350 million hectares as of 2030 [26].
Decentralized Energy Systems: Promoting decentralized energy systems, such as microgrids and

community solar projects, can increase energy resilience and reduce the reliance on centralized
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fossil fuel power plants. In 2022, over 268 GW of distributed solar photovoltaic (PV) capacity was
installed globally [27]. The rise of community solar projects contributed to the democratization of
renewable energy access.

Green Building Standards: Green building practices are estimated to reduce carbon emissions by
84 gigatons by 2050 [28]. The Leadership in Energy and Environmental Design (LEED)
certification system, used in over 167 countries, has certified over 100,000 green building projects
[29]. Canada certified 248 projects, representing more than 5.3 million gross square meters (GSM)
of LEED space [30].

Research and Development: Investing in research and development of clean energy technologies
and carbon capture and storage (CCS) techniques is critical in advancing the decarbonization
agenda. Globally, public spending on energy research and development grew by 10% to $44 billion
in 2022 with 80% devoted to clean energy. Early-stage venture capitalist investment into clean
energy startups reached a record high of $6.7 billion in 2022 [31].

Transitioning from Coal: Phasing out coal-fired power plants and replacing them with cleaner
energy sources is a significant step in reducing carbon emissions from the energy sector. As of
2021, over 40 countries have announced plans to phase out coal power [32]. The United Kingdom
was the first major economy to commit to ending unabated coal-fired electricity generation by 2024
[33].

International Agreements: Participation in international agreements and commitments, such as
the Paris Agreement, reinforces global cooperation in tackling climate change and sets targets for
emission reductions. The Paris Agreement's goal is to limit global warming to well below 2 degrees
Celsius and strive for 1.5 degrees Celsius above pre-industrial levels [34]. The United States, China,

and the European Union are among the top emitters that have pledged to achieve net-zero emissions
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by or before 2050, covering 76% of global emissions [35]. A total of 194 countries have ratified
the Paris Agreement [36].

Corporate Sustainability Initiatives: Over 2,253 companies are committed to setting Science-
Based Targets (SBT), out of which 1,171 are committed to set targets while 1,082 have approved
targets to align their emissions reduction goals with the Paris Agreement's objectives. Science-
Based Targets Initiative (SBTi) with a global reach in over 70 countries and 15 industries today
covers a combined market capitalization of $38 trillion [37].

Public Awareness and Education: Raising public awareness about climate change and the
importance of decarbonization is vital in garnering support for clean energy initiatives and lifestyle
changes. According to a global survey, 87% of Europeans recognize a need to tackle climate
change and environmental issues on a priority basis, and 75% think that governments are not doing

enough to address it [38].

1.6 Challenges in Achieving Decarbonization

The transition to clean energy and decarbonization entails significant investments. According to the

International Renewable Energy Agency (IRENA), to limit global warming to 1.5 degrees Celsius, an

estimated annual investment of around $4.4 trillion is needed in the global energy system until 2050 [39].

This includes investments in renewable energy installations, energy storage, grid upgrades, energy

efficiency measures, and sustainable transportation systems. While the costs of renewable energy

technologies have been steadily declining, financing such a massive transition remains a challenge,

particularly for developing countries with limited financial resources. Additionally, the continued presence

of fossil fuel subsidies in some regions hinders the competitiveness of renewable energy sources.

7



Policymakers and governments need to mobilize financial resources and create conducive policy
environments to accelerate the shift towards decarbonization and renewable energy adoption. Furthermore,
behavioural change and public acceptance are crucial to drive the transition. Surveys show that while most
people recognize the urgency of climate change, there remains a gap between awareness and taking concrete
actions to reduce carbon footprints. Raising awareness and implementing effective communication
strategies are essential to encouraging individuals and communities to embrace sustainable practices and

actively participate in the decarbonization journey.

1.7 Decarbonization in Canada

Canada has committed to the Paris Climate Change agreement, aiming to achieve net-zero emissions by
2050. However, significant challenges stand in the way of this goal. Currently, 70% of Canada's energy
needs are met by fossil fuels, making it one of the world's top per-capita emitters of green house gases
(GHGs). Canada accounts for 2% of global GHGs despite having just 0.5% of the world's population [40].
Wind and solar power, which have falling costs, are underutilized, supplying only 6.5% of Canada's energy
demand [41]. To successfully reach its net-zero target, Canada must urgently prioritise the transition to

renewable energy sources and significantly increase the adoption of electric vehicles.

To address these challenges and stay on track to reach its 2050 net-zero emissions goal, Canada needs to
focus on its shift towards renewable energy and embracing electric vehicles (EVs). While being a signatory
of the Paris Agreement is a positive step, the heavy reliance on fossil fuels and high per-capita emissions
necessitates urgent action. By investing in and promoting wind and solar power, the country can diversify

its energy sources and reduce emissions. Simultaneously, increasing the global market share of electric



passenger vehicles and freight trucks from the current 2% to 30% by 2030 will play a crucial role in curbing
emissions from the transportation sector. Meeting these objectives will not only aid in combatting climate

change but also position Canada as a leader in sustainable practices and environmental stewardship [40].

By 2021, Canada's major solar energy capacity reached 2,399 MW, showing a growth of 13.6% compared
to the previous year's capacity of 2,111 MW. The new major solar power generation installed in 2021
amounted to 288 MW, with most of this growth occurring in Alberta, which added 250 MW. Smaller
amounts were added in Saskatchewan (21 MW), Quebec (9.5 MW), Nova Scotia (4.8 MW), Ontario (0.3
MW), Yukon Territory (1.5 MW), and Prince Edward Island (0.1 MW). Notably, the largest solar farm
added in 2021 was the Claresholm Solar project in Alberta, with a capacity of 132 MW. These
developments indicate a positive trajectory for Canada's solar energy sector, contributing to the country's

efforts to transition to cleaner and more sustainable energy sources [41], [42].

1.8 Thermal Energy Storage

Thermal energy storage (TES) is one crucial component in facilitating a seamless transition from fossil
fuels to clean energy. TES plays a pivotal role in managing energy supply and demand efficiently, utilizing
surplus thermal energy during off-peak periods and releasing it during peak demand hours. The adoption
of TES systems is growing rapidly, with a projected installed capacity of 800 GWh by the year 2030 from
234 GWhin 2019 [43]. The global market for TES is expected to reach $8 billion by 2030 from $4.4 billion
in 2022 [44], driven by the rising demand for energy storage technologies in conjunction with renewable
energy integration. Europe dominates the global thermal energy storage market with 37.2% of the market

share with an expected growth of Compound Annual Growth Rate (CAGR) of 8.4% [45]. Sensible heat



storage, latent heat storage, and thermochemical heat storage (TCS) methods are gaining traction in the

TES domain, each offering unique advantages in balancing the grid and ensuring a stable power supply.

TCS utilizes thermochemical reactions to store and release thermal energy, making it an attractive solution
for large-scale and long-term energy storage applications. One of the main advantages of TCS is its high
energy density, allowing for the storage of substantial thermal energy in a compact volume. For example,
TCS systems can achieve energy densities up to 420 kWh/m® [46], [47], [48] significantly surpassing
conventional sensible heat storage methods in which energy densities range from 10-60 kWh/m® [49],
[46][47], and latent heat storage systems the energy densities of which range from 27-120 kWh/m® [48].
This characteristic makes TCS particularly well-suited for storing excess energy from renewable sources,

such as solar and wind power, for later use during peak demand or low energy production periods.

Absorbent-based Thermal Energy Storage (ATES) is a form of TCS that has gained a significant momentum
as one of the promising solutions for efficiently storing thermal energy for both short and long durations.
ATES systems use highly porous adsorbents to desorb and adsorb adsorbate molecules to store and release
thermal energy, respectively. Amongst all popular adsorbent-adsorbate pairs the Zeolite 13X-water pair
exhibits excellent properties and performance due to its highly porous surface, energy storage density,
abundant availability, and non-toxicity. Zeolite 13X can adsorb a significant amount of water vapor after
being dried at relatively low temperatures due its naturally strong affinity towards water molecules. It can
also be used to store thermal energy that is available over a wide range of temperatures. The research in
this thesis aims to contribute to the reduction of greenhouse gas emissions by advancing the performance
of adsorbent-based TES systems. The goal is to enhance the performance of TCS systems by developing
improved methods of storing low-grade solar and waste heat using Zeolite 13X-water-based ATES systems

as an example.
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1.9 Goals and Objectives

1.9.1 Goal

The goal of this thesis is to improve the design of adsorption-based thermal energy storage systems powered

by solar energy and waste heat.

1.9.2 Objectives

Objective 1: To evaluate the feasibility of zeolite 13X as a storage medium for short-distance mobile
thermal energy storage, focusing on its ability to retain thermal energy from a heat source and subsequently

release thermal energy after being transported.

Objective 2: To characterize the thermal energy storage density of zeolite 13X in an adsorption bed
integrated with a solar thermal collector and compare the effects of using direct irradiation with indirect

irradiation to charge the adsorbents.

Objective 3: To understand the influence of combined solar radiation and industrial waste heat charging

on the energy storage performance of zeolite 13X adsorption-based thermal energy storage systems.

1.10 Thesis Overview

This thesis is divided into six chapters. Chapter 2 provides a comprehensive analysis of existing studies,
research papers, and relevant literature related to the research conducted in this thesis. Specifically,
adsorption processes, adsorption systems, adsorbents and adsorbates, adsorption beds, heat sources, solar
energy and solar collectors are covered in Chapter 2. At the end of Chapter 2 the status of the research on

adsorption-based TES is discussed, the research gaps addressed in this thesis are outlined, and the objectives
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of the thesis are stated at the end of Chapter 1. Chapter 3 details the selection of adsorbent-adsorbate pairs.
Chapter 4 addresses Objective 1, which is to evaluate the feasibility of using zeolite 13X as a storage
medium for short-distance mobile TES. The current state of mobile thermal energy storage (m-TES) with
emphasis on the charging of mobile adsorption beds is reviewed. The materials and methods used to conduct
experiments wherein adsorbents were charged outside the adsorbent bed are stated prior to presenting an
analysis of the results. Chapter 5 presents the outcome of the research conducted to address Objective 2.
The main focus of Objective 2 is to conduct experiments to determine whether charging the zeolites directly
with solar irradiation, or using a blackened absorber that transfers heat to the zeolite bed yields a higher
energy storage density. The methods used are presented and the results show that a blackened absorber can
produce a higher energy storage density if it is thermally isolated from the outer walls of the adsorbent bed.
The results from the research directed towards achieving Objective 3 are provided in Chapter 6. The third
objective of this thesis is to investigate the benefits of charging adsorption-based thermal energy storage
systems by charging them using incident solar radiation and industrial waste heat simultaneously. The
results show the energy storage density attained when using solar energy and waste-heat simultaneously is
greater than the sum of the energy storage densities measured when using solar energy and waste-heat
individually to charge the adsorption bed. The conclusions from this research and recommendations for

future work are discussed in Chapter 6.
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2 Background and Literature Review

2.1 Adsorption Process

Michael Faraday first observed the adsorption phenomenon in 1848. Until the early nineteenth-century
adsorption technology advanced slowly in the refrigeration sector. The first significant use of adsorption
refrigerators was done on a train which commuted between London and Liverpool from 1940 to 1945 in
which a CaCl,-NH; based adsorption refrigerator system was installed. However, the advancements in
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) in the refrigeration sector reduced the
interest of researchers in this technology. It was only later, in the early 1970s, when the rising levels of
greenhouse gas (GHG) emissions and depletion of the ozone layer drew the attention of the scientific
community to explore alternative refrigeration technologies. Since 1992 the solid sorption refrigeration
conference, now known as the International Sorption Heat Pump Conference (ISHPC), is catalysing the

technological advancements in adsorptive refrigeration technologies [50].

Adsorption is an exothermic thermochemical surface process in which adsorbate particles adhere to the
adsorbent surface. The heat released during the process is called the heat of adsorption and is shown in
Figure 2.1. The heat of adsorption depends upon the success of adsorption, which on the other hand depends
upon the affinity of adsorbate particles towards the adsorbent surface, molecular sizes of the adsorbent and
adsorbate; porosity and pore size of adsorbent particles, and experimental conditions including temperature,
pressure, and flow rate of the adsorbate particles within the adsorber. The adhesion of adsorbate particles
to the adsorbent surface can be purely physical or chemical. If the adsorption is due to the weak van der
Wall forces between the adsorbate and adsorbent particles, it is called physisorption, and if the adsorption

is due to chemical bonding or ion exchange on the adsorbent surface, it is called chemisorption. Further,
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the adsorption can be single layer or multilayer depending upon the selection of adsorbate-adsorbent pairs.
Adsorption is a reversible process; during the desorption process the adsorbate particles desorb from the
adsorbent, taking the latent heat of vaporization from a heat source as shown in Figure 2.1. The adsorption-
desorption cycle is plotted on a pressure-temperature diagram in Figure 2.2; the state of the system moves

from point 2 to 3 during the desorption process, and from point 4 to point 1 during the adsorption process.

Adsorption o Desorption
oAdsorbate Molecule Adsorbate Molecule

Ir

Film Moist a

Adsorbent
pore surface o

Heat of

Adsorbent adsorption
ore surface

Latent heat of
porization

Adsorbent

Figure 2.1 Adsorption and desorption phenomenon

The adsorption of adsorbate molecules on the surface of adsorbent involves several steps. The stepwise

description of the adsorption process at the molecular level is given below:

1. Charging of adsorbents: Adsorbents are charged before the adsorption process begins. Charging

involves the desorption of adsorbate molecules present on the adsorbent surfaces. This is typically

done by altering the temperature or pressure to favour desorption.
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Exposure to adsorbate molecules: The charged adsorbent is placed inside the adsorption bed and

adsorbate molecules, typically entrained in an air stream, enter the adsorption bed.

Diffusion of adsorbate molecules into adsorbent pores: Depending upon the pore sizes of
adsorbents, adsorbate molecules diffuse into the pores of the adsorbent. The structure of the
adsorbent provides channels and cages that allow the selective entry of adsorbate molecules based

on their size.

Discharging process: During the discharging process adsorbate molecules are adsorbed onto the
active sites within the adsorbent structure. The active sites are locations on the internal surfaces of
the adsorbent where interactions, such as weak van der Waals bonding, occur between the adsorbate

molecules and the adsorbent.

Molecular Sieving Effect: The large pores of adsorbents act as a molecular sieve, allowing the
adsorption of specific adsorbate molecules while excluding other larger molecules. This molecular
sieving effect is a key property of adsorbents and contributes to their selectivity during the

adsorption processes.

Formation of a Monolayer: As more adsorbate molecules are adsorbed the available active sites
become occupied and a monolayer of adsorbate molecules forms on the internal surfaces of the

adsorbent.

Equilibrium State: The adsorption process reaches equilibrium when the rate of adsorption equals
the rate of desorption. The equilibrium concentration of adsorbents is temperature and pressure

dependent. As the adsorbent partial pressure increases and the temperature decreases the adsorbent
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becomes saturated, and further exposure to adsorbate molecules does not lead to additional

adsorption.

Adsorption based thermochemical energy storage systems often consist of an adsorption bed, an evaporator
and a condenser as shown in Figure 2.2b. The adsorption bed is filled with adsorbents and usually acts as
both an adsorber and a desorber. Adsorbates cycle through the adsorption bed, condenser and evaporator
depending upon the adsorption cycle phase. The thermochemical heat storage process involves an
adsorption cycle (illustrated in Figure 2.2a), which comprises two processes, namely the adsorption process
and the desorption process. The adsorption cycle can be explained in detail with reference to the Clapeyron
diagram shown in Figure 2.2a. During the desorption process a heat source provides thermal energy to bring
the adsorption bed up to its regeneration temperature (point 1-2), and the adsorbate molecules desorb from
the adsorbent (point 2-3). This process is referred to as charging because the surface of the adsorbent is
charged with energy, in the form of high energy surface states, as the adsorbate molecules are desorbed.
Once desorption is completed the adsorbate molecules are allowed to undergo isosteric sensible cooling
(point 3-4). During the adsorption process, this energy at the surface of the adsorbent is released in the
form of heat (point 4-1), as the adsorbate molecules adhere to the adsorbent surface, through a physisorption
or chemisorption process. The entire adsorption cycle, comprising the four phases indicated by the bold red

arrows in Figure 2.2a, are described in further detail subsequently.

16



Water Flow Diagram

o b/l
: ®
gl/ A [
S; : Condenser
RN, ®
o @ Isobaric Heatin, RS , R
con ki Desorption | !Adsorption Bed ! | Reservoir |
EnergyStorage , S T T T e !
—_—— @
&g . Evaporator |
[ . /'S"\ IS C - ! B
2 // ° £ (b) ®
o ! 4 E
g | £/
-
P Adsorption Bed

Isobaric Cooling 1
Adsorption /
A A

I
| Adsorption Bed

Temperature

Clapeyron diagram adsorption cycle

(a)

Figure 2.2 a. Clapeyron diagram adsorption cycle, b. components of an adsorption system, c. adsorption bed

Phase 1 (State 1 to 2): At the beginning of this phase, as shown in Figure 2.3, adsorbents are discharged,
and have a large quantity of adsorbate molecules on their surface (state 1). The discharged adsorbents are
heated sensibly at a constant specific volume (state 1-2) and the temperature increases from Tyyiy t0 Tges
and the pressure increases from P, to P.,,. At point 2, valve A opens when the pressure is equal to the

pressure in the condenser and the temperature is equal to the desorption temperature.
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Phase 2 (state 2 to 3): During this phase, as shown in Figure 2.4, the adsorbents are heated at constant
pressure, which is equal to the pressure within the condenser. The state in the adsorption bed moves from
a high vapor concentration (state 2) to a low vapor concentration (state 3) on the P-T diagram, as shown in
Figure 2.4a, as the temperature of the adsorption bed increases from Tges to Tyax. Desorption occurs, and
the adsorbate molecules evaporate from the adsorbents taking the latent heat and condensing within the
condenser. The state of the adsorbate molecules moves from point 2 to point 5 on the P-T diagram, as shown
in Figure 2.4a, as the heat of condensation is released. The pressure remains constant during this phase, and
the temperature of the adsorbates decreases from Tgeg to Teon. The concentration of adsorbate molecules in
the adsorption bed decreases, and by the end of this phase all the adsorbate molecules are desorbed, and the

adsorbents are completely charged.
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Figure 2.5 a. Phase 3: Isosteric sensible cooling, b. flow of adsorbate in an adsorption system, c. adsorption bed
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Phase 3 (State 3 to 4): At the beginning of this phase, as shown in Figure 2.5, adsorbents are completely
charged at a temperature Ty, and pressure P.,,. During this phase, adsorbents are sensibly cooled as
shown in Figure 2.5a (state 3 to 4). The temperature decreases from Ty, 55 to Ty4s and the pressure decreases
from P.,, to Pey. At the same time, the adsorbates move from the condenser to the reservoir and cool at

constant enthalpy, and subsequently move to the evaporator through valve B as shown in Figure 2.5b (state

510 6).
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Figure 2.6 a. Phase 4: Isobaric cooling (adsorption), b. flow of adsorbate in an adsorption system, c. adsorption bed

Phase 4 (State 4 to 1): At the beginning of this phase, as shown in Figure 2.6, the adsorbents are completely
charged at point 4 with a temperature equal to T,4s and pressure equals to P.,. Valve C opens, and the
adsorbates evaporate from the evaporator, taking the heat of vaporization from a secondary heat source

(state 6 to 1), and adsorbing at the adsorbent surface, releasing the heat of adsorption at a constant specific
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volume (state 4 to 1). The pressure remains constant during this phase, and the temperature at the adsorber
surface decreases from T4 to Ty, While the concentration of adsorbates adhered to the surface increases.
By the end of this phase, the adsorbents are completely discharged, and the adsorption cycle starts again at

phase 1.

During phase 1 (state 1 to 2) and phase 2 (state 2 to 3) of the adsorption cycle, adsorbents take heat from a
heat source and becomecharged. The charged adsorbents release the heat of adsorption when brought into
contact with moist air. The heat of adsorption released can be utilized in various applications including

space heating, while the heat removed from the evaporator can be used for space cooling.

2.2 Physisorption and Chemisorption

The adsorption process involves the interaction and adsorption of adsorbate molecules on the adsorbent
surface. This interaction can be purely physical, or chemical. The adsorption is called physisorption if this
interaction is purely physical, and chemisorption if this interaction is chemical. Physisorption results in the
formation of weak bonds due to weak Van der Waals forces, and chemisorption results in the formation of
stronger chemical bonds due to either the electron transfer or sharing between the adsorbate molecules and
adsorbent. The classification of an adsorption process as either physisorption or chemisorption is
determined by the magnitude of the heat released. Heat released within the range of <40 kJ/mol signifies
physisorption, while a range of 40-500 kJ/mol indicates primary chemisorption as the prevailing adsorption

mechanism.
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Table 2.1 Chemisorption and physisorption

Chemisorption Physisorption
Process nature Irreversible reversible
Adsorbate Only if adsorbate forms a chemical bond | Any adsorbate can be adsorbed on the surface

with the adsorbent surface

Bonding Chemical bonds van der Waals forces

Factors Adsorption rate is slow at low Adsorption rate is slow at low temperatures and
temperatures increases with an increase in temperature

Activation Minimum activation energy is needed to Does not require energy for activation

start the adsorption process

Adsorbate layers Unimolecular layer Multimolecular layers
Heat of Adsorption > 500 kJ/mol <50 kJ/mol
Coverage Monolayer or less, site restriction- Multilayer- Measurement of surface area

Titration of active sites

Kinetics Activation is required No activation needed

Pores - Pores may be filled

2.2.1 Monolayer and Multilayer Adsorption
2.2.1.1 Monolayer Adsorption

In monolayer adsorption, adsorbate molecules arrange themselves in a single layer on the adsorbent surface.
This is often considered the initial stage of adsorption. The formation of a monolayer is influenced by
factors such as the concentration of adsorbate molecules in the bulk, intermolecular attractions between

adsorbate molecules, the affinity of the adsorbent towards the adsorbate, and operating conditions.
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2.2.1.2 Multilayer Adsorption

If the adsorbate molecules continue to accumulate beyond a single layer, forming multiple layers on the
adsorbent surface, it is referred to as multilayer adsorption. The ability of an adsorbent to accommodate
multiple layers depends on factors like the strength of intermolecular forces, the specific surface area of the

adsorbent, and the nature of the adsorbate-adsorbent interaction.

2.3 Adsorption System

The adsorber, evaporator and condenser together form an adsorption system. Adsorption systems are
designed for a specific purpose which can be to generate a refrigeration effect, to store thermal energy or
to provide for space cooling. These systems operate using an adsorption cycle (discussed in the previous
section) and use adsorbent-adsorbate working pairs to generate the desired effect. The adsorbent and
adsorbate working pairs are selected based on the operating conditions and performance required from the
system. The coefficient of performance, specific cooling power, and specific heating power are the
predominant high-level parameters used to measure the performance of adsorption-based refrigeration
systems while energy storage density and efficiency are the parameters used to measure the performance

of adsorption based thermal energy storage systems.

2.4 Heat of Adsorption

Heat is released when adsorbate molecules are adsorbed on the adsorbent surface. This heat is called heat

of adsorption. The heat of adsorption is often studied as the integral heat of adsorption, differential heat of
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adsorption and isosteric heat of adsorption. The integral heat of adsorption is the total heat released from
the beginning of adsorption until its end at a constant temperature, the differential heat of adsorption is the
change in integral heat of adsorption with a change in the concentration of adsorbed adsorbate molecules,
and the isosteric heat of adsorption is the heat of adsorption defined by the adsorption isosteres and
Clausius-Clapeyron relationship. The decrease in entropy of adsorbate molecules upon adsorption is a
crucial factor contributing to the exothermic nature of the adsorption process. Entropy is a measure of
disorder, and as molecules are adsorbed onto a surface, their freedom of movement is restricted, leading to
a decrease in entropy. Similarly, the enthalpy during the adsorption process also is negative and outweighs
the negative entropy term especially at higher temperatures such that the overall Gibbs free energy during

the adsorption process is negative.

AG = AH — TAS 2.1)

Conversely, heat is provided to adsorbate molecules when the are desorbed from the adsorbent surface back
into the bulk fluid. This heat is known as the heat of desorption and because heat is added during the

desorption process, it is an endothermic process.

The heat of adsorption is not constant but depends on environmental conditions which include relative
humidity, temperature and pressure. At normal environmental temperatures and pressures, the heat of
adsorption can be treated as a function of humidity alone. This implies that the amount of water vapor

present in the carrier fluid significantly influences the heat of adsorption.
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2.5 Adsorption Equilibrium and Adsorption Kinetics

Adsorption equilibrium, governed by thermodynamics, examines the uptake of adsorbates at equilibrium,
elucidating the distribution of molecules between the adsorbent surface and the bulk fluid under specific
temperature and pressure conditions. This stage is well-established, employing various adsorption
equilibrium isotherms like Langmuir and Freundlich to describe the relationship between adsorbate amount
and concentration at equilibrium. On the other hand, adsorption kinetics focuses on the rate of adsorption,
dependent on the adsorption mechanism and the steps involved in the process. Kinetic isotherms, derived
experimentally by plotting adsorption uptake against time, aid in developing models that describe the
adsorption rate. A successful kinetic model not only identifies the rate-limiting mechanism but also allows
extrapolation to diverse operating conditions, providing valuable insights for practical applications.
Together, equilibrium and kinetics studies contribute to the optimization and design of adsorption processes

across various fields, from water treatment to gas separation.

2.5.1 Adsorption Isotherm Types

The International Union of Pure and Applied Chemistry (IUPAC) has classified adsorption isotherms into
six distinct types: Type I, Type I, Type 111, Type IV, Type V, and Type VI. Each type is characterized by

specific features reflecting the nature of the adsorption process.

1. Type I: This type of adsorption isotherm is exhibited by microporous adsorbents, this isotherm is
indicative of adsorbate uptake largely limited by the size of the adsorbate. It is observed in
reversible, physisorption, and the plateau in the isotherm signifies the completion of monolayer

adsorption.
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Type II: This type of isotherms is also associated with reversible, physisorption. The completion
of monolayer adsorption is marked by the first plateau.

Type III: Characterized by concave isotherms, Type III is less common and requires reversible
adsorption. The presence of adsorbate-adsorbate interactions plays a crucial role in shaping these
isotherms.

Type IV: Featuring a hysteresis loop, Type IV isotherms are linked to mesopores where capillary
condensation occurs. The upward curve in the isotherm, deviating from the Type Il curve shape,
signifies the end of multilayer adsorption and the onset of condensation.

Type V: Uncommon and observed when adsorbate-adsorbate interactions dominate over
adsorbent-adsorbate interactions.

Type VI: Distinguished by multiple plateaus and upside curves, the number and sharpness of these
curves depend on the system and temperature. This type of isotherm is versatile and can exhibit

various complexities in the adsorption process [51].
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2.6 Adsorption Beds

The adsorption bed is the main component of an adsorption cycle or system. In its simplest form, it is a
vessel or container filled with or coated with adsorbents. The adsorbents in an adsorption bed release the
heat of adsorption during the adsorption phase and receive the heat of desorption during the desorption
phase. To extract energy from the adsorption bed or to provide the charging heat to the adsorption bed, the
effective heat transfer coefficient of the adsorption bed should be high. However, the heat transfer
coefficient is intrinsically low due to the low thermal conductivity for most adsorbents. Moreover, the
adsorbate molecules are adsorbed and desorbed on the adsorbent particles in the adsorption bed; therefore,
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an adsorption bed essentially should have a high mass transfer coefficient. Also, in adsorption processes
the adsorption rate increases with increasing mass transfer rate. It follows that to achieve a highly efficient
adsorption process a high mass transfer rate and high mass transfer coefficient are needed. Moreover, the
complex thermochemical behavior of adsorption phenomenon, in which adsorbate molecules goes through
mass diffusion, film diffusion and pore diffusion before ultimately getting adsorbed to the adsorbent
surface, and a continuously varying concentration of adsorbate molecules around adsorbent surface, makes
it hard to achieve a high mass transfer coefficient in an adsorption bed. To overcome the challenges
associated with a low mass transfer coefficient different adsorbent-adsorbate pairs are used, and to
overcome the challenge of low heat transfer, unconsolidated, coated, and consolidated adsorption beds are

used.

Unconsolidated adsorption beds are either finned tube, plate type or shell and tube type heat exchangers
having a high surface area in contact with the adsorbent particles to facilitate higher heat transfer rates [50].
Various methods have been used in previous studies to increase the heat transfer surface area in adsorption
beds which includes mixing of varied sizes of different adsorbents, metal inserts and composite adsorbents
with adsorbents. However, the increase in heat transfer in such inserts is often limited by the thermal contact
resistance that exists between the surface of these inserts and adsorbent surfaces. Also, an increase in surface
area increases the thermal capacity of the adsorption bed which decreases its performance. On the other
hand, in coated adsorbers, the adsorbent is coated on the surface of the adsorption bed to increase its overall
thermal conductivity. It overcomes the thermal resistance existing between the surfaces in unsolicited
adsorption beds. However, to get the same thermal energy storage the total mass of the adsorption bed is

significantly higher due to the low amount of adsorbent available for adsorption in adsorption bed. Another
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alternative is consolidated adsorption beds, in which binders are used to consolidate the adsorbents to

increase the thermal conductivity of adsorption beds.
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Figure 2.8 Type of adsorption beds a. spiral plate, b. shell and tube, c. hairpin, d. annulus tube, e. plate fin, f. finned tube, g. plate-

tube, h. simple tube, and i. plate type adsorbers[52]

Adsorber beds can be divided into nine different categories: spiral plate, shell and tube, hairpin, annulus
tube, plate fin, finned tube, plate-tube, simple tube, and plate type adsorbers [52]. Moreover, as the poor

thermal conductivity of adsorbers is a big challenge in the performance of adsorbers, adsorbers with fins,
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i.e., plate fin and finned tube type adsorbers are widely studied. The plate fin type adsorber beds either hold
adsorbents between the fins or are coated with adsorbents coatings to ensure better heat transport [53], [54].
Similarly, finned tube type adsorbers also hold adsorbents either between the fins or are coated with
adsorbents coatings, but these adsorbers differ in how the heat transfer fluid carries the heat away from the
adsorber for further use. The heat transfer fluid flows either through the finned tubes [55] or flows on the

outer side [56].

On the other hand, for plate-tube type adsorbers, tubes can be fixed into big fins to achieve a larger surface
area [54], [56], [57], [58], [59]. Another adsorber type is the shell and tube type in which many finned
adsorber tubes are placed inside a shell with adsorbents placed between the tubes [60], [61], [62]. Annulus
type adsorbers are tubes with internal fins with adsorbents filled inside [63], [64]. Consolidated type
adsorbers consolidate the adsorbent into a single shape [65], [66], [67]. Apart from the above adsorbers,
there are attempts to use the 3D printing to obtain an optimized adsorbent mesh structure which has better
performance than traditional adsorbers [68]. The details on the above discussed adsorption beds can be

found in Table 2.2.

Table 2.2 summary on existing adsorption cooling systems having various adsorption beds[52]

i Specific cooling power
Typ ¢ of Working pair Cooling capacity Coeffﬁcwnt of
adsorption bed performance (W/kg)
Spiral plate Activated carbon/methanol 31.5 kg ice/day 0.2 2.63kg lgzik(i;dsorbent
Shell and tube Activated carbon/methanol 1.7kW 0.08 7.6
.. Zeolite/water, activated

Hairpin carbon/methanol 1.44 kW 0.65 23
Consolidated

Annulus tube eraphite+zeolite 13X/water 0.213 kW 0.28 38

Plate fin Silica gel/water 2.8 kW 0.21 26.5

Finned tube Consolidated activated 0.0528 kW 0.061 33
carbon/ammonia
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Plate-tube Activated carbon/ammonia 15.8 kW 0.37 152

Simple tube Consolidated activated 0.042 kW 0.19 550
carbon/ammonia

Plate Silica gel/water 2336 kJ 0.33 118

2.7 Heat Source

Various heat sources can be used to drive an adsorption cycle. These sources include industrial waste heat,
engine waste heat, solar energy, or other sources of thermal energy. Several studies have concentrated on
utilizing engine waste heat and very often the engines used in vehicles [69], [70], [71], [72], [73], [74], [75],
[76], [77] many of which aimed at powering vehicle air-conditioning systems. Some studies focused on
utilizing industrial waste heat [78], [79], [80], [81], [82], [83], [84] for refrigeration systems or heat storage
systems. Other studies investigated utilizing solar energy [83], [85], [86], [87], [88], [89], [90], [91], [92],
[93], [94], [95] for solar thermal heat storage or to utilize solar energy to generate refrigeration or air-

conditioning effects.

2.7.1 Solar Energy

The Sun’s surface is incredibly hot and is at a temperature around 5,800 K. It radiates energy in the visible
and near-infrared light spectrum. The earth, at a distance of about 150 million kilometers from the Sun,
receives a huge amount of solar energy, with an average solar irradiance of about 1361 (W/m?) at its outer
atmosphere. This solar energy arrives at the Earth’s surface as a combination of direct and diffuse radiation.
Direct solar radiation, arriving in a straight line, can cast distinct shadows, while diffuse radiation scatters

through the atmosphere, providing softer illumination even on cloudy days. However, solar energy is
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intermittent as it is influenced by the day-night cycle, seasonal variations due to Earth’s axial tilt, cloud
cover, atmospheric conditions, and the solar zenith angle. To harvest solar energy effectively, technologies
like photovoltaic (PV) panels and solar thermal systems have been developed. Solar thermal systems,
notably, have gained significant attention in the pursuit of sustainable buildings and renewable energy
solutions. This is due to their ability to efficiently capture and store solar energy as heat, which can be used
for space heating, water heating, and even electricity generation. One area of research is the design
considerations for flat plate and thermal collectors, which are essential components of solar thermal systems
[96]. However, the field of adsorption-based thermal energy storage has emerged as a promising technology
that could provide an alternative to conventional thermal energy storage methods, [97], [98]. This
technology is still in the development stage but shows great potential for sustainable air-conditioning

applications.

Further, the adsorbents having a charging temperature below 80°C are needed for using solar energy as a
heat source to avoid using costly solar concentrators [63]. The development of new suitable adsorbents
having high energy densities and low charging temperatures is in progress [99], [100], [101], but an
adsorbent capable of providing high enough energy density to meet the commercial requirements has yet

to be found [102].

2.7.2 Industrial Waste Heat

An important and well-known source of thermal energy is industrial waste heat. Industrial waste heat refers
to the energy produced as a by-product of various industrial processes, which is typically released into the
environment without being harnessed for any useful purpose. Globally, industrial processes contribute
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approximately 33% of the total greenhouse gas emissions. Simultaneously, around 70% of the total heat
demand stems from the industrial sector. Consequently, industrial processes release industrial waste heat in
varying quantities, sometimes reaching up to 50% [103]. This waste heat is generated across a wide range
of industries, including manufacturing, power generation, chemical processing, metal refining, cement

production, and others, resulting from combustion, manufacturing processes, and chemical reactions.

Depending on its temperature, industrial waste heat can be classified into three categories: low-grade waste
heat, medium-grade waste heat, and high-grade waste heat. Waste heat below 230 °C is considered low-
grade and is utilized for space heating, water heating, and drying processes. Approximately 15-23% of the
total waste heat generated falls into the low-grade category [104]. Waste heat ranging from 230 °C to 650
°C is categorized as medium-grade and finds applications in steam generation, organic Rankine cycle
systems, and absorption cooling. Waste heat above 650 °C is referred to as high-grade waste heat, which

can be used directly in industrial processes or in combined heat and power cycles [105].

Industrial waste heat is recovered using heat recovery technologies [106]. These technologies can be
classified as either active waste heat recovery or passive waste heat recovery. Active waste heat recovery
involves the direct utilization of recovered waste heat or its conversion into another form of energy, such
as in heat recovery power cycles. On the other hand, passive waste heat recovery involves the collection

and storage of waste heat for later use when needed, for example, through thermal energy storage [107].

Numerous passive waste heat recovery technologies exist, including molten salt thermal energy storage,
phase change material thermal energy storage, hot water or steam thermal energy storage, underground
thermal energy storage, and thermochemical energy storage. Most of these thermal energy storage
technologies primarily work with medium- to high-grade waste heat. To utilize low-grade waste heat with

these technologies, it is necessary to either upgrade it to medium- or high-grade waste heat or convert it

33



into another form before utilization [107]. However, thermochemical energy storage has the capability to

work with all grades of thermal energy.

Adsorption-based m-TES systems can operate at low- to high-grade heat which makes these suitable for a
wide range of residential, commercial, and industrial applications including space heating. These systems
are extremely flexible and can be developed and customised to suit the needs of end users. The adsorption-
based systems can be developed in various shapes and sizes making these suitable to integrate in modern
buildings, facades, and other such infrastructures. These systems considering their reliability, modularity
and sustainability can easily complement conventional energy sources to fulfil the needs of end users while

reducing carbon footprints and contributing to a greener future.

2.8 Solar Collectors

A common way of harvesting solar energy is using solar collectors, collectors can be used in photovoltaic
and solar thermal systems. Solar thermal collectors are used for harvesting solar thermal energy. A properly
designed solar collector can play a significant role in harvesting, storing, and delivering heat at the desired
temperature. Solar thermal energy in adsorption systems is used either directly or indirectly. The adsorption
systems using solar thermal energy indirectly use solar collectors [108] to harvest and supply the charging
heat to adsorbers. However, the adsorption systems using solar thermal energy directly, [109], [110], [106]
and the solar energy is focused directly on the collector. These collectors can be integrated within the
adsorption bed or used as standalone units. Integrating solar collectors within the adsorbent bed enhances
heat transfer but also presents challenges in terms of manufacturing and reliability [ 111]. The systems using

parabolic collectors are comparatively very compact and are found to have a better performance and heat
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flux densities [109], [112]. There are many types of solar collectors which are widely used in solar thermal

harvesting, and some are discussed below:

2.8.1 Flat Plate Collectors

Flat plate collectors are a commonly used type of solar thermal collector in adsorption systems. These
collectors are designed to deliver heat at low temperatures and are cost-effective over a long duration. They
function as heat exchangers, converting solar radiation into sensible, latent, or thermochemical heat.
Depending on the installation location, flat plate collectors can be fixed, tilted, or oriented to maximize
their efficiency. Two main categories of flat plate collectors are liquid heaters and air heaters, based on the

transfer of thermal energy to either a liquid or air medium [113].

Liquid heater flat plate collectors transfer thermal energy from the collector to a liquid, typically water,
while air heater flat plate collectors transfer thermal energy directly to the air. In terms of design, liquid flat
plate collectors can be classified into three main types: pipe and fin type, liquid sandwich type, and semi-
sandwich type collectors. On the other hand, air flat plate collectors can be categorized as finned plate type,

metal matrix type, or corrugated plate with selection surface type collectors [114].

Flat plate collectors play a crucial role in adsorption systems, and their integration can be classified into
two types: direct flat plate collector integrated systems and indirect flat plate collector integrated systems.
In direct integration, the flat plate collectors form the adsorber, while in indirect integration, the flat plate
collectors are separate units fitted to the adsorber. Several studies have been conducted to test and evaluate

the performance of solar-driven adsorption systems with flat plate collectors in various climatic conditions.
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For example, in Egyptian climatic conditions, a solar-driven adsorption refrigeration system was tested
using a 2 m? flat plate solar collector integrated with an adsorption bed as a standalone unit. The system
achieved a daily ice production of 27.82 kg using activated carbon-methanol as the adsorbent and adsorbate
pairs [115]. In another study, an integrated flat plate collector and adsorption bed were designed for an ice
maker, with fins installed to enhance heat transfer. The adsorption bed consisted of two 0.75 m? flat plate
collectors, and activated carbon was used as the adsorbent. The system demonstrated effective ice

production with proper insulation and solar flux radiation enhancement techniques [116],[117].

Different variations of flat plate collector integration have been explored in various studies. For instance, a
double-glazed flat plate collector was integrated with an adsorber for an ice maker, utilizing a matt black
painted aluminum alloy absorbing plate and a metallic casing made of stainless-steel wires. Coarse-blue
silica gel grains were used as the adsorbent with water as the adsorbate. The collector was tilted at different
angles based on seasonal variations, and external flat reflectors were used to enhance performance [118].
Another study employed six black chromium single-glazed flat plate solar thermal collectors connected in
series and parallel for a solar-driven adsorption cooling system. The system utilized zeolite 13X/CaCl.-

water as the working pair and achieved successful cooling performance in Guangzhou, China [119].

Furthermore, a solar adsorption refrigerator equipped with a flat plate collector was designed to operate
with activated carbon adsorbent and methanol adsorbate in Rabat, Morocco, under Mediterranean climatic
conditions. The collector was made of copper plates with fins and a stainless-steel wire mesh to ensure
proper airflow. The system demonstrated reliable operation even under cloudy and rainy weather conditions

[120] [121].
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It is worth noting that the performance of flat plate collector-integrated adsorption systems is influenced by
factors such as solar intensity and cloud cover. A theoretical and experimental study on a solid flat plate
adsorption icemaker revealed that ice formation varied significantly with cloud cover, and prolonged cloud

cover lasting more than three hours prevented ice formation [122].

2.8.2 Tube-Type Flat Plate Collectors

A tube-type flat plate collector is designed and developed for water heating and ice-making. 28 stainless
still tubes of 50x1x750 mm® size are filled with activated carbon adsorbent. Water is used as the adsorbate.
A 3m? vacuum heat pipe solar collector is simulated using a 1500 W electric heater in the hybrid system
[123] An evacuated tube solar collector is simulated in TRNSYS 16 simulation software for hybrid
adsorption desalination and cooling system for Egyptian climatic conditions [124]. A flat plate solar
collector is developed for a solar adsorption ice maker system. The acrylic collector is fitted with ten black-
painted absorber copper tubes, each containing a stainless-steel tube to facilitate the methanol flow. The
annular spaces between stainless-steel and copper tubes are filled with AquaSorb 2000. The collector is
covered on top with a glass cover. The acrylic collector is placed in a wooden box to minimise heat loss.
The collector is inclined at an angle of 27°C for maximising sun exposure in Egyptian geographic
conditions [125]. An evacuated heat pipe collector is designed for a solar adsorption chiller. Heat pipes in
the collector transfer heat from incident solar radiation to the adsorption bed. Water is used as a heat transfer
fluid. A thermal switch controls the heat transfer to the adsorption bed and its storage on requirement [ 126].
Another evacuated tube-type solid collector is developed for solid adsorption solar refrigeration. The
collector box is made with a 22G galvanised steel sheet plate painted with black oil paint. Six steel pipes

are having a coaxial perforated inner tube. The annular space between the steel pipes and perforated inner
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tubes is filled with 1.4 kg of activated carbon AC-35 supplied by CECA, France. The top part of the
collector is fitted with clear plane glass. The collector box is insulated with a 95 mm thick Styrofoam chip
and a 5 mm thick top covering the asbestos ceiling board [127],[128]. Flat-plate vacuum tube solar
collectors having an efficiency of 28.4% are integrated into a two-bed solar adsorption chiller. Silica gel
and water are used as adsorbents and adsorbates. All the collectors are installed at 20°C [129]. A theoretical
and experimental study is conducted on a solar-driven adsorption desalination-cooling system (ADC)
designed for Egyptian climatic conditions. The system works with silica gel adsorbent and water adsorbate.
The collector uses an evacuated tube with a total surface area of 4.5 m”. The system is fitted with two fin
tube-type adsorption beds heat exchangers [130] A tubular flat plate collector is designed for a solar
adsorption refrigerator. The collector is integrated with 20 stainless steel 5 cm outer diameter tubes
containing activated carbon adsorbent in granular form. The tubes are coated on the outer side with selective
paint. A coaxial perforated inner pipe enables the flow of methanol to the adsorbent to facilitate adsorption.
The collector is covered with a plane glass cover [131]. An evacuated tube collector is used with an
adsorption-based chiller having a cooling capacity of 10 kW. The system works on zeolite-water as the
adsorbent-adsorbate pair. To enhance the performance of the solar collectors and a risk-free operation, a
propylene glycol solution is used as the working medium [39]. A flat plate collector is designed for a solar
absorption refrigerator. The collector is fitted with cylindrical tubes having external horizontal fins. The
tubes are filled with activated carbon adsorbent and are designed to allow the adsorbate flow. Plain glass

covers the collector on top, with all other sides insulated properly [132].
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2.8.3 Concentrating Collectors

Concentrating collectors are high-temperature range collectors designed to intercept the directly incident
solar radiation over a large area and focus on a small absorber area. These collectors are fitted with lenses
and mirrors to direct solar radiation onto the absorber. These collectors have a complex structure often fitted
with a mechanism to track sun movements to ensure the maximum exposure to the sun for the maximum
performance of the collector. Concentrating collectors can be classified into two types: line-focused and

the other point focused.

Line-focused concentrating collectors have a parabolic cross-section and are fitted with a tube at the
concentration point. A heat transfer fluid flows through the pipe. The temperature of heat transfer fluid
increases gradually as it passes from one end of the pipe to the other, absorbing concentrated solar radiation
from concentrators. These concentrators have high efficiency and can reach up to 1000 °C. Parabolic

collectors are an example of line-focused collectors.

The point-focused concentrating collectors focus the incident solar radiations onto an absorber placed at
the concentration point. Parabolic dishes, power towers and lens concentrators are examples of point-
focused concentrator collectors. Parabolic trough collectors are dish collectors fitted with mirror reflectors
and an absorber at the focal point. These collectors often use a dual-axis sun movement tracker to achieve

maximum exposure to the sun [113] [114].

2.8.4 Compound Parabolic Concentrators

A numerical model is developed using a parabolic trough collector and an annular heat pipe in a solar

adsorption cooling machine. Parabolic trough collectors, when coupled with a heat pipe, are found to be
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more efficient than flat plate collectors [133]. Two compound parabolic type collectors were developed for
an adsorption chiller. Two 70 cm copper pipes are used as an adsorbent bed. The adsorption beds are placed
at the focal point of the collectors. Activated carbon is used as an adsorbent and methanol as an adsorbate
[134]. Another refrigerator is designed using a compound parabolic concentrator (CPC) having a tubular
design for Burgo, Spain. The collector uses activated carbon, CNR115 from NORIT adsorbents with a
methanol adsorbate. The copper tubes of the collectors are covered with MIRO THERM selective sheet
manufactured by ALANOD and have a solar absorptance of 0.94 ad thermal emittance of 0.05. About 9

kg of water per m” area was chilled from 23 C° to 2 °C in a single cycle [135].

A compound parabolic concentrating solar collector is designed for an adsorption refrigerator. 2.5 kg of
activated charcoal, 207E3 adsorbent is packed in copper tubes in the collector, having a concentration ratio
of 3.9 and an aperture area of 2.0 m”. The refrigerator is designed to produce 1 kg of ice with a coefficient
of performance of 0.02 [136] A double-glazed flat plate solar collector having cylindrical tubes working as
both adsorber and solar collector are used [137]. A theoretical study focuses on designing a double-pass
flat photovoltaic thermal compound parabolic concentrating (CPC) solar collector. The CPC concentrates
the light on the photovoltaic cells and the fins on the back and transfers the heat to the air [138]. A compound
parabolic concentrator fitted with four finned tubes is designed for solar adsorption refrigeration. A CFD
analysis compares the collectors with and without fins [139]. A parabolic trough collector having a surface
area of 36 m”is designed for solar-driven adsorption ice-making system. The system works with CaCl, +
activated carbon-ammonia adsorbent-adsorbate pair. 30 kg of adsorbent is used in experiments to produce
50 kg of ice per day [140]. A simulation study is conducted with a compound parabolic concentrator (CPC)
having wings angled towards the surface azimuth angle for a solar adsorption refrigeration system for

Tokyo, Japan. The CPC is divided into three parts, and the tilt and bending angles are optimised by
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optimising the energy absorbed at the CPC adsorber for a sunny day each month. Activated carbon fibre
and ethanol are used as adsorbent and adsorbate pairs. The collector provides an effective temperature for
a longer period than the conventional liner CPC [141]. A parabolic dish-type collector is tested for charging
various adsorbents, silica gel, activated alumina, and charcoal. The circular dish collector has 40 segments
of anodised aluminium with an outer ring frame of mild steel. The tracking is done manually. A wire mesh
container is used to hold the adsorbents at the focal point of the dish. The dish collector is found to have

effectively charged the adsorbents during the experiments [142].

2.8.5 Hybrid Systems

There are some hybrid systems developed by integrating several renewable energy technologies into a
single system. PVT solar collectors are integrated into a hybrid biomass + solar + wind-powered cascade
adsorption-compression refrigeration system working with silica gel and water pair [133]. A dynamic
simulation study is conducted on a solar-driven hybrid adsorption-compression cooling system. Two cases
are studied, first with only a solar thermal collector and the other with a hybrid setup with solar thermal and
on-grid monocrystalline-photovoltaic collectors [144]. The hybrid solar heating and cooling systems
working on absorption and adsorption chillers are designed and modelled for Europe. Four different
buildings including office and residential spaces, located in different European weather zones are
considered for the study. The modelled solar poly generation systems simultaneously produce electricity,
space heating and cooling, and domestic hot water; electricity is self-consumed or delivered to the electrical
grid. The systems considered to use the flat plate and dish concentrating photovoltaic/thermal solar
collectors with a combination of a single effect absorption chiller and two different kinds of adsorption

chillers (with high and low activation temperatures). The concentrating Photovoltaic/Thermal (CPVT) solar
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collectors are found to perform better under high beam solar radiations however the glazed or low-E glass

flat-plate Photovoltaic/Thermal (PVT) technologies are found to perform best under poor beam solar

radiations [145].

Table 2.3 Examples of adsorption-based solar thermal systems

s Adsorbent- Amount of .
Application Adsorbate pair Collector type adsorbent Collector Size | Reference
Cooling Activated carbon- | Flat plate collector with 50 kg 2 m? (2m x 1m) [115]
methanol two grass covers
Ice maker Activated carbon- | Flat plate collector with 2kgx2 0.75 m2 [116], [117]
water fins
Water heater and Ice maker Actlva‘iiecrarbon- Tube type flat collector 22 kg 2 m? [123]
- 2
lce maker Silica gel-water Double-glazed flat plate 3.7kg 0.64 m* (0.8 mx [118]
collector 0.8 m)
Activated carbon- .
Ice maker methanol Flat plate collector with 103-114 kg 1.5 m? [146]
. fins A.C.
Zeolite-water
Adsorpthn desalination- Silica gel-water Evacuated tube solar 13.5 kg 6 m2 [124]
cooling system collector
. . Double-glazed flat plate 0.36 m? (0.604 m [147]
Solar refrigerator Silica gel- water collector 3.7kg x 0.604 m)
Cascaded adsorption- [143]
compression refrigeration Silica gel-water PVT collectors (6) - 1.64 m?
systems
2
Evacuated tube solar >6.8 m” (20
. . collector m x 2.84 m)
Hybr_ld adsorptlon- Silica gel-water 47 kg (ECT) [144]
compression cooling system .
Monocrystalline- 5
hotovoltaic collectors 6m” (6m x 1 m)
p (mono-PV)
. . . . [133]
Solar adsorption cooling Activated carbon- | Parabolic trough collector _ )
machine ammonia coupled with heat pipe
Solar adsorption ice maker AquaSorb- Evacuated tube solar 10ke (1 x 10) 0.8 m? [125]
system methanol collector
Solar adsorption chiller Activated ce_trbon- Heat pipe type solar 1 kg 1 m? [126]
ammonia collector

42




solid adsorption solar

Activated carbon-

Evacuated tube solar

[127], [128]

2
refrigerator methanol collector 84kg 12m
Solar adsorption chiller Nano-activated Compound parabolic 04g 0.08 m? [134]
carbon-methanol collector
2.05 kg per
Solar adsorption Activated carbon- Compound parabolic finned tube [139
refrigeration methanol concentrator (CPC) 2.23 kg per ) ]
smooth tube
Solar adsorption chiller | Silica gel-water | [ aUPlatevacuumtube | o) oy 108.5 m? [129]
solar collectors
Solar adsorption cooling Zeolite 13X/CaCl, Single-glazed flat plate 12m? (6 x 2m?) [119]
composite 5.6 kg
system solar collectors
adsorbent-water
Solar adsorption refrigerator | Silica gel-water Double-glazed flat plate 78.8 kg 2 m? [137]
solar collector
Compound parabolic
Adsorption refrigerator Charcoal 207E3- concentrating solar 2.5kg - [136]
methanol
collector (CPC)
. Compound parabolic
Solar adsorption refrigerator Activated carbon- concentrating solar 7.6 kg - [135]
methanol
collector (CPC)
Solar SOl.ld adgorptlon - Flat plate collector - - [122]
refrigeration
. . Activated carbon | Flate plate collector with 5 [120], [121]
Solar adsorption refrigerator AC35-methanol fins 14.5 kg 0.051 m
Solar-driven adsorption . Evacuated tube solar )
desalination-cooling system Silica gel-water collector (ETSC) 13.5kg 4.5 m [130]
. . Activated carbon—
Solar adsorption refrigerator methanol Flat plate tubular collector - - [131]
. Flat plate collector with
Solar adsorption refrigerator Activated ca_rbon— cylindrical tubes with - - [132]
ammonia
external fin
Solar adsorption Activated carbon- Flat plgte compound [139]
refrigeration methanol parabolic concentrator - -
(CPC) collector
Solar adsorption chiller Zeolite- water Evacuated tube solar - 40 m? [148]
collector
Solar Adsorption Activated carbon Compound parabolic [141]
Refrigeration System fibre (ACF, trator (CPC ” ;
efrigeration Syste adsorber)-cthanol concentrator ( )
silica gel, activated
- alumina, and Dish type collector 2kg - [142]

activated charcoal-
water
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o . + ot
Solar ﬁ:ﬁigiﬁg&on e (cjzgal(in-aﬁljgg Parabolic trough collector 30 kg 36 m? [140]
Solar heating and cooling Flitol;l:;i t?:gndISh [145]
systems by absorption and - s g - -
adsorption chillers photovoltaic/thermal solar
P collectors

Amongst all collectors, flat plate collectors are widely used in adsorption systems for solar thermal energy
harvesting. These collectors can be categorized as liquid heaters or air heaters, based on the medium through
which thermal energy is transferred. Integration of flat plate collectors in adsorption systems can be direct
or indirect, depending on their configuration with the adsorber. Numerous studies have investigated the
performance of flat plate collector-integrated adsorption systems in different climatic conditions,
showcasing their potential for sustainable cooling and ice-making applications. Further research and
development in this area can contribute to the advancement and optimization of solar adsorption
technologies. Flat plate collectors do not require costly optical components or trackers for concentrating
solar energy. Considering these advantages, combined with the fact that these collectors are inexpensive,
require low maintenance, and are comparatively easy to design and fabricate, the research presented in this

thesis focuses on integrating adsorbent beds into solar collectors with a flat-plate configuration.

2.9 Mobile Thermal Energy Storage

Mobile Thermal Energy Storage (m-TES) refers to the storage of thermal energy in a portable and mobile
system. It involves capturing and storing excess or waste heat generated from various sources, such as
industrial processes, power generation, or renewable energy systems. The stored heat can then be

transported and utilized at a different location or time when heat demand is high, providing flexibility and
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efficiency in thermal energy management. m-TES technologies offer advantages such as flexibility,
efficient energy utilization, and the ability to transport heat to locations where it is needed. These
technologies contribute to the overall efficiency and sustainability of energy systems by capturing and
utilizing waste heat, reducing energy waste, and providing an on-demand heat supply. Ongoing research
and development in mobile heat storage aim to improve these systems’ efficiency, capacity, and reliability

to meet the growing demand for portable thermal energy solutions.

One such m-TES technology is adsorption-based mobile thermal energy storage. Adsorption-based m-TES
systems have the potential to revolutionize the way thermal energy is harvested and utilized, just like how
solar photovoltaics has revolutionized electricity generation. These systems leverage the adsorption
technology to store and release heat. These systems utilize adsorbent materials that can adsorb the adsorbate
molecules, retain these molecules, and can desorb these on exposure to thermal energy. During desorption,
these materials get charged with thermal energy and store it indefinitely without loss and release this stored

thermal energy on the exposure to adsorbate molecules during adsorption.

2.10 Summary of Literature

This literature review delves into the well-established and extensively researched adsorption process for
thermochemical energy storage, investigating its fundamental principles, recent advancements, adsorption
systems, heat of adsorption, adsorbents, and its applicability in thermal energy storage contexts. Despite
considerable progress, a noticeable gap persists in the development of compact adsorption-based solutions
suitable for domestic and mobile thermal energy storage applications. While multiple heat sources have

been explored for adsorbent charging, the direct utilization of solar radiation remains a relatively
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unexplored avenue. Although stationary adsorption systems predominate, the emergence of mobile thermal
energy storage setups introduces an innovative dimension. In summary, this field offers ongoing prospects
for innovative advancements, spanning compact applications, solar-driven charging, and synergistic
integration of energy sources, with both stationary and mobile systems contributing to the evolving

landscape.
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3 Adsorbent-Adsorbate Pair Selection for Thermal Energy Storage

3.1 Chapter Overview

This chapter focuses on the selection of suitable adsorbate-adsorbent pairs for thermal heat storage
applications. It begins with a comprehensive introduction to adsorbents, covering factors influencing their
performance, key characteristics, and methods for physical and thermal characterization, followed by an
exploration of selection criteria. Subsequently, attention is directed towards understanding adsorbent-
adsorbate pairs, setting the stage for a case study involving a four-person house located in Toronto, Canada.
This case study aims to ascertain the feasibility of utilizing adsorbent-based thermal energy storage (TES)
to meet energy requirements at minimal cost. Various adsorbents, namely silica gel, activated carbon,
activated aluminum, zeolite 4A, zeolite SA, and zeolite 13X, are shortlisted for the study, with methanol
and water as adsorbates. The latter part of this chapter conducts a review of Life Cycle Assessment (LCA)
studies from literature to evaluate the environmental impacts associated with the selected adsorbents.
Special emphasis is placed on assessing the Global Warming Potential (GWP) of TES systems employing
different adsorbate-adsorbent pairs. Based on the selection criteria, and outcomes from the case study and
review of LCA studies, zeolite 13 X and water are selected as the adsorbent-adsorbate pair. The material

properties and characteristics specific to zeolite 13 X are also provided in this chapter.

3.2 Adsorbents

Adsorbents are highly porous materials with a high surface area and, depending upon the pore diameter and

polarization, adsorb a variety of adsorbates. Adsorbents should have excellent thermal stability, excellent
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thermal conductivity, low costs, and high reversibility to desorb the adsorbed adsorbates. Adsorbents can
be categorized into physical adsorbents (e.g. zeolites, silica gel, activated carbon) [89], [149], chemical
adsorbents (metal chlorides, metal hydrides and metal oxides) [150], and composite adsorbents which are
often prepared by mixing, impregnation or consolidation of multiple adsorbents (metallic inserts or binders)

[101], [151], [152], [153], [154], [155], [156], [157], [158], [159], [160], [161].

Adsorbents interact with adsorbate molecules in several ways depending on the surrounding conditions,
such as heat, pressure and competing molecules. Forces or interaction factors that influence the adsorption

of adsorbate molecules on the adsorbent surface are summarized in Table 3.1.

Table 3.1 Weak intermolecular interactions

Strength Distance between adsorbent and
Forces Comment
(kJ/mol) adsorbate molecules (nm)
Van der Waals 0.4-4.0 0.3-0.6 Weakest interaction, controls molecular orientation
Hydrogen bonds| 12-30 0.3 Strong interaction with polar and protic molecules
Ionic 20 0.25 Interaction with ionizable groups of molecules,
interactions driven by pH
Hydrophobic <40 varies Strong interaction with molecules having aromatic
interactions group of alkyl chains

3.2.1 Physical Characterization of Adsorbents

The structure, morphology and surface features of the adsorbents can be characterized at different length
scales; microscopic (< 2 nm), mesoscopic (2-50 nm) and macroscopic (>50 nm). On the microscopic length
scales the textural characteristics of adsorbents (micropore sizes, pore size distribution [157], total pore

volume [101], [152], [156], [157], [162] and incremental pore volume [157]) and surface characteristics
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such as the surface structure and surface area [101], [152], [156], [157], [162]) are studied. On the
mesoscopic length scales, the effect of adsorbent porosity [162], shape and sizes are studied. Moreover, on

the macroscopic length scales the adsorbent bed configuration (shape and size) is studied.

Adsorption capacity, adsorption rate, and heat of adsorption, which are determined by plotting adsorption
isotherms in an adsorption experiment, are also utilized for the characterization of adsorbents. Isotherms
plot the amount of adsorbate adsorbed on the adsorbent surface as a function of pressure at a constant
temperature. Freundlich, Langmuir and BET isotherms are now well-accepted to study the adsorption
phenomenon. There are two methods which can be used to measure the adsorption isotherms: volumetric
and gravimetric methods. The volumetric approach is used when the adsorbent volume in the adsorber is
small, and the volume of which is possible to measure. The adsorption experiment in volumetric approach
is conducted at constant pressure conditions. The gravimetric approach is used when the adsorber has a
large amount of adsorbent, and the weight of which is possible to obtain in real time to obtain the adsorbate
uptake. The gravimetric approach-based adsorption system is designed to measure the adsorption rate under
controlled temperature and pressure conditions. The system can measure the performance of adsorbers with

different sizes and configurations.

The apparatuses used to study adsorption and desorption processes generally have a cylindrical adsorber
bed filled with a known volume of adsorbent, and the adsorbate is supplied under high temperature or
pressure from an evaporator depending on whether the adsorption process is temperature swing or pressure
swing [163], [164]. There are some apparatuses which use two different vessels maintained at constant
temperature; one functioning as an evaporator and condenser while the other is used as a measuring chamber
in which a known volume of adsorbent is placed on a load cell or electronic balance to measure the weight

change during the adsorption experiment [165], [166]. Other apparatuses that operate using a temperature
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swing consist of a constant volume adsorption system with two vessels; one acting as the water vessel and
the other as a measuring unit to characterize the adsorbents [167], [168]. The experiment can be used to
plot adsorption isotherms, to study transient temperature and pressure during the experiment, and to
measure the adsorption capacity. There are many different apparatus designs discussed in the literature to
characterize the adsorbents, and a standardized testing procedure has not yet been developed. Consequently,
when comparing values reported in the literature for different adsorbents, the differing experimental
conditions must be taken into consideration [155], [169], [170], [171], [172], [173], [174], [175], [176].
Also, with the exception of one adsorption system designed and fabricated by Mohammed et al. to measure
adsorption kinetics[177], adsorption systems reported in the literature cannot be used to study adsorbers
with and without coatings. Thus, a standard experimental setup for characterizing both adsorbents and

adsorbers is lacking.

The energy density of an adsorption system can be measured by carrying out a thermal energy storage
experiment using adsorbent materials. Various adsorbents have been tested for energy density in several
experiments using a stainless-steel tube adsorption bed in a thermal energy storage adsorption system [88],
[89], [178]. The adsorption capacity and adsorption rates of adsorbents are measured in a thermogravimetric
study in which a known amount of adsorbent is made to undergo adsorption under controlled temperature

and pressure conditions to obtain the adsorption kinetic data and weight change [101].

One common drawback of most adsorbents and adsorbent beds is poor thermal conductivity. The low
thermal conductivity of adsorbent beds is due to the low thermal conductivity of adsorbent particles (0.1-
0.8 W/mK) [179], high thermal contact resistances between adjacent adsorbent particles [180] and,
adsorbent and adsorption bed heat exchanger surfaces [181], and the porosity of adsorbent beds [182]. High

thermal contact resistances are usually responsible for the low thermal conductivity of adsorbents. It follows
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that thermal conductivity is an important parameter to characterize the adsorbents. A guarded-hot plate
apparatus [158], [183], transient plane source (TPS) [154], or gravimetric large pressure jump (GLAP)

apparatus are used to measure the thermal conductivity of adsorbents [99].

3.2.2 Adsorbent-Adsorbate Pairs

Adsorbent-adsorbate pairs form a crucial component in an adsorption based thermal energy storage system,
and it is important to select the right adsorbent-adsorbate pair. Tailored to specific applications, adsorbent-
adsorbate pairs presents a wide range of possibilities. Silica gel and zeolites, proficient at adsorbing water
vapor, provide reliable options, while activated carbon and metal-organic frameworks (MOFs) excel in
capturing organic compounds and gases like methane, hydrogen, and carbon dioxide. Specific substances
find affinity with calcium chloride and ammonia-based adsorbents, whereas metal hydrides efficiently store
hydrogen gas. The choice of an optimal pair hinges on crucial factors like operating conditions and the
desired energy storage capacity. While many different adsorbates are available for various applications, the

most commonly used are water, ammonia, methanol, and ethanol [184].

Silica gel, zeolites, activated carbons and composite adsorbents are the commonly utilized adsorbents.
Silica gel, known for its low cost and very low charging temperature (below 100 °C) [185] is widely
employed. Zeolites belong to a family of porous adsorbents that exhibit a very high surface area and a very
high affinity for water. However, the temperature required to completely charge these materials can be very
high (up to 350 °C). Their excellent hydrothermal stabilities make these a good choice for long-term energy
storage [186]. Activated carbons are carbon-based adsorbents having a very high surface area [89], [186].
These are widely used with methanol, ethanol and ammonia but can be used with water adsorbates but their
affinity to water is comparatively limited [187]. Composite adsorbents are hybrid adsorbents developed to

enhance the performance of natural adsorbents. These have an excellent energy density and heat of
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adsorption at comparatively lower charging temperatures. The key thermophysical properties of these
adsorbents are summarized in Table 3.2 [186]. Thermodynamic properties such as molecular weight,

critical temperature, critical pressure, density and specific heat of some selective adsorbates are given in

Table 3.3.
Table 3.2 Properties of adsorbents [186]
Silica Gel Zeolites Activated Carbons Composites
Adsorption heat (kJ/kg) 160-180 50-300 45-900 50-250
Charging temperature (°C) 50-80 70-350 80-200 60-90
Energy density (kg/m?®) 650-700 650-900 700-750 300-600
Specific heat (kJ/kgK) 0.8-0.9 0.85-0.95 0.8-1.5 0.95-1.05
Thermal conductivity (W/mK) 0.15-0.20 0.15-0.25 0.15-0.75 0.15-0.30
Adsorbate Water Water Methanol, ethanol and ammonia Water, methanol,
ethanol
Adsorbate uptake (g/g) 0.03-0.10 Upto 0.2 0.15-0.60 Upto 0.8
Table 3.3 Thermodynamic properties of adsorbates for adsorption cooling and heating
Mol wt. Critical temp. | Critical pressure Density Specific heat
g/ mol K kPa Mol/m kJ/mol.K
Methanol 32.042 512.64 8140 8547 0.061
Ethanol 46.069 513.92 6120 5952 0.098
Ammonia 17.031 405.65 11300 13889 0.038
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Water 18.015 647.3 22048 17857 0.037

3.3 Adsorbent Selection Criteria

The performance of adsorbents is based on parameters such as the heat of adsorption, charging temperature,

energy density, specific heat, thermal conductivity, and adsorption capacity. These parameters are defined

in Table 3.4.
Table 3.4 Various quantities used to select adsorbent-adsorbate pair for an adsorption system
Quantity Unit Definition
Heat of Adsorption Ki/ke It is defined as the amount of heat released on the adsorption of adsorbate onto the surface
of adsorbent.
Charging Temperature °C It is the temperature at which adsorbents are fully charged with energy.
Energy Density kJ/m? It is the amount of energy stored in a system per unit volume of adsorbent.

Specific Energy Density kJ/kg It is the amount of energy stored in a given system or region of space per unit mass.

It is the amount of heat required to raise the temperature of one gram of a substance by

Specific Heat kl/kg K one degree Celsius.
Thermal Conductivity W/m-K | It is the ability of a material to conduct heat

. . It is the ratio of weight of adsorbate molecules adsorbed to the total weight of the
Adsorption Capacity g/g

adsorbent.

The selection of the right adsorbent for any specific application is cruicial for optimizing thermal energy
storage systems. The ideal adsorbent boasts a strong adsorption affinity towards the selected adsorbate
molecules for maximizing the storage effectiveness. A high surface area provides more binding sites,
enhancing the performance of adsorbents. Additionally, a heat of adsorption translates to effcient thermal

energy storage and release during the adsorption/desorption process. Furtehrmore, high thermal
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conductivity ensures effective heat flow within the adsorbent material. For system longevity, a long
operational life is essential. To improve overall system efficiency, a low charging temperature is desirable.
Chemical and thermal stabilities are crucial to maintaining sstem reliability by preventing degradation.
From a cost perspective, affordability is key for widespread adoption of this technology. The adsorbent
material shouold also be non-toxic to safeguard human health and the environment. Finally, easy
availability and minimal processiing requirements before implementation furtehr promote the practicality
of this technology. Adsorbents with attributes such as inflammability, non-explosiveness, non-
corrosiveness, possessing substantial gravimetric and volumetric storage capacities, and high thermal

diffusivities are generally preferred.

3.4 Viability Study of Adsorbents Based Beds for Domestic Energy Needs- A

Toronto Case Study

This case study focuses on evaluating the feasibility of employing adsorbent-based beds to meet the heating
requirements of a typical residential home located in Toronto, Canada. By investigating different adsorbate-
adsorbent pairs, this study aims to assess the effectiveness of adsorption technology in capturing and storing
solar energy during the day for subsequent heating purposes. The average size of a residence with four
occupants is around 200 m* [188] with the overall energy requirements of 130 GJ yearly, or 0.36 GJ daily,
by Statistics Canada [42], and it is assumed that 63% of this energy is used for spatial heating [189]. Thus,
it is assumed that 0.23 GJ is required for spatial heating, which is much less than the average solar irradiance
(1.6 GJ) estimated to be incident on a residential home in Toronto over the months from November to

March [190]. Various adsorbate-adsorbent pairs comprising seven adsorbents (charcoal, silica gel, activated
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alumina, zeolie-4A, -5A, and -13X) with water and methanol as the adsorbates are considered. The

thermochemical properties of adsorbate-adsorbent pairs are listed in Table 3.5. Selected thermochemical

properties from Table 3.5 are plotted in Figures 3.1 and 3.2.

Table 3.5 Thermochemical properties of adsorbent—adsorbate pairs [191]

Material Adsorbate | Maximum Heat of Adsorbent Net heat of | Net heat of Volume of Net Amount of | Total mass
adsorbate | adsorption | specific heat | adsorption | adsorption adsorbent adsorbent adsorbate | of system
capacity (Average) per mass of | per volume required* required* required* | required*
adsorbent | of adsorbent
kgadsorbate/ ki ki kgt Kt ki/ ki/m? m3 kg kg kg
Kgadsorbent Kgadsorbent
Charcoal Water 0.4 2320 1.09 928 445,440 0.81 387.93 155.17 543.10
Silica gel Water 0.37 2560 0.88 947.2 634,624 0.57 380.07 140.63 520.69
Activated Water 0.19 2480 1 471.2 461776 0.78 764.01 145.16 909.17
alumina
Zeolite 4A Water 0.22 4410 1.05 970.2 756,756 0.48 371.06 81.63 452.69
Zeolite 5A Water 0.22 4180 1.05 919.6 625,328 0.58 391.47 86.12 477.60
Zeolite 13 X Water 0.3 4410 0.92 1323 793,800 0.45 272.11 81.63 353.74
Active carbon | Methanol 0.32 1400 0.9 448 - - - - -
Zeolite 4A Methanol 0.16 2300 1.05 368 287,040 1.25 978.26 156.52 1134.78
Zeolite 5A Methanol 0.17 2300 1.05 391 265,880 1.35 920.72 156.52 1077.24
Zeolite 13 X Methanol 0.2 2400 0.92 480 288,000 1.25 750.00 150.00 900.00
. These are the values required to store thermal energy to provide for a home with four occupants for one day [190].

The maximum adsorbate capacity (Figure 3.1a) for the adsorbate-adsorbent pairs varies from 0.16-0.4

kgadsorbate/KZadsorbent, With the charcoal-water and silica gel-water pairs having the maximum at 0.4 and 0.37

kgadsorbate/Kadsorbent, followed by activated carbon-methanol at 0.32 kgagsorvate/KZadsorbent. The maximum
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adsorbate capacity of Zeolite 13X is 0.3 kgadsorbate/KZadsorbent. The heat of adsorption of zeolite 13X on a mass
and volume basis is 1323 kJ/kgadsorbent and 793,800 kJ/m’, respectively, which are the highest values of all
pairs considered. The heat of adsorption is essentially an indicator of how much thermal energy can be
stored using the pair, and here zeolite 4A-water and zeolite 13X-water emerge as promising pairs with an
energy capacity per mass of adsorbate of 4410 kJ/Kgadsorbent, Which is maximum amongst all pairs

considered.
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Figure 3.1 a) Maximum adsorption capacity of various adsorbents, b) Heat of adsorption generated with one kilogram of various
adsorbents, ¢) Amount of adsorbents needed to meet the energy requirements of house of four in Canada , and d) Amount of

adsorbate needed to meet the energy requirements of house of four in Canada.
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Table 3.5 also presents the details on the net heat of adsorption (plotted in Figure 3.1b) which can be
obtained from one kilogram of adsorbent. Here the zeolite 4A-water and zeolite 13X-water pairs have a
heat of adsorption of 970.2 and 1323 kJ/kgadsorbent, respectively, which are the maximum amongst all pairs
under consideration. Also, zeolite 4A-water and zeolite 13X-water pairs have the minimum mass of

adsorbent (Figure 3.1¢) and adsorbate (Figure 3.1d) needed to satisfy the energy demands.

The total mass of the of the adsorption system (Figure 3.2a), including both adsorbent and adsorbate, needed
to meet the energy requirements when zeolite 4A-water and zeolite 13X-water are used is 452.6 and 353.7
kg, respectively. The total volume of adsorbents (Figure 3.2¢) needed to meet the set energy requirements
when using the zeolite 4A-water pair is 0.48 m® and that for when the zeolite 13X-water pair is used is 0.45
m’, which are significantly lower than when the zeolite 5A-methanol pair is used, which is 1.35 m®. The
total cost of the adsorbents in the discussion is shown in Figure 3.2d which is reasonable considering the

possible thermal energy storage.
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59



3.5 Life Cycle Assessment of Adsorbents

The criteria guiding the selection of TES materials predominantly revolves around their thermophysical
properties. Materials with attributes such as non-toxicity, inflammability, non-explosiveness, non-
corrosiveness, possessing substantial gravimetric and volumetric storage capacities, and high thermal
diffusivities are generally preferred. Furthermore, cost-effectiveness, availability, stability, extended
service life, and cyclic durability are highly desirable attributes of TES materials. Regardless of the
operational efficiency of a TES material, its environmental compatibility is of paramount importance. The
realization of the core objectives of harnessing solar energy and efficiently recovering waste heat hinges on
the eco-friendliness of the materials employed. Consequently, a comprehensive life cycle assessment is
imperative to thoroughly evaluate these materials for their environmental impact over the entire lifespan of
the system. Therefore, this part of study undertakes a comparative study of environmental impact associated
with thermal energy storage materials from literature with a primary focus on comparing these materials
based on their total greenhouse gas emissions per kilowatt-hour (kWh) of stored energy. The analysis
encompasses Silica gel, SAPO-34, Zeolite 13X, CAU-10-H, Al-Fumarate and activated carbon employed
in the thermochemical based thermal energy storage aiming to pinpoint the most environmentally friendly
options. Here below, a general introduction to Life Cycle Assessment (LCA) is provided followed by a

discussion on LCA studies focused specifically on adsorption based thermochemical energy storage.

3.5.1 Life Cycle Assessment

The life cycle of a product represents a comprehensive journey that encompasses the progression of raw

materials from their initial extraction phase through various transformative processes occurring under
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diverse conditions within multiple systems. This journey culminates in the creation of the finished product,
which is subsequently transported, distributed, utilized, maintained, recycled, and ultimately disposed of at
the end of its service life. Each of these phases, spanning from the initial raw material extraction to final
disposal, exerts a discernible impact on both the environment and human health. In response to this, LCA
emerges as a systematic and holistic methodology employed for the assessment and quantification of the
environmental implications associated with materials, processes, systems, and products throughout their
entire life cycle. The methodological framework for conducting a LCA study is well-established and
follows the guidelines outlined in ISO 14040 and ISO 14044. This structured methodology comprises four
essential phases: goal and scope definition, inventory analysis, impact assessment, and interpretation

(Figure 3.3) [192].

The environmental impacts from various activities during the life cycle of a product on air, water and soil
are studied in various environmental impact categories e.g., Global Warming Potential (GWP),
Acidification Potential (AP), Eutrophication Potential (EP) and Photochemical Ozone Creation Potential
(POCP) etc. GWP describes the emission of greenhouse gases in air which increases the solar heat

absorption in earth atmosphere which on the other hand causes an increase in average global temperature.

61



Life Cycle Assessment Framework

Goal & Scope P
L SN

Inventory Analysis ﬂ
19

Impact Assessment R

ISO 14040 and ISO 14044

Interpretation

Figure 3.3 Life Cycle Assessment (LCA) framework

3.5.2 LCA studies focused on Thermochemical Energy Storage

A LCA study by Nienborg et. al. compared the GWPs of materials used in absorption and adsorption based
thermal energy storage technologies. The GWPs of Silica gel, zeolite 13X, SAPO-34, CAU-10-H and Al-
Fumarate are compared. The setup simulates a closed sorption thermal energy storage system using a coated
copper tube-fin heat exchanger having three vertical tube rows to assess the performance of adsorbents at
near-vacuum conditions. Water acts as the adsorbate, and a combined condenser and evaporator simplifies
the design. The total volume of the heat exchanger considers the volume of the finned tubes is around 1.59
x 10 m? and an additional 20% for headers and bends. The entire system is sealed in a stainless-steel
containment. The sorption cycle is kept less than 30 minutes. The results for four scenarios are presented.
In the first two scenarios, adsorption occurs at 35 °C and 55 °C, which corresponds to underfloor and
radiator heating systems, respectively. Desorption occurs at 90 °C and 120 °C for these scenarios. In all

scenarios, the condensation and evaporation temperatures were fixed at 20 °C and 10 °C, respectively.
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SAPO-34 while having the best heating capacity amongst all, was found to have the highest GWP [193].
In another study by Nienborg et. al., Al-Fumarate is found to have the highest GWP when compared with
the GWPs ofsilica gel, zeolite 13X and SAPO-34 using GaBi software [194]. Furthermore, a Solar Thermal
Adsorption Refrigerator prototype demonstrated the ability to achieve temperatures between 20°C and 80°C
on the external wall of a vacuum tube using ethanol and activated carbon, both readily available and
environmentally friendly materials. The results indicated significant life cycle environmental benefits
associated with STAR compared to a conventional refrigerator. This assessment employed the "TRACI"
tool developed by the U.S. Environmental Protection Agency [195]. A separate study by Denzinger et. al.
offered a comprehensive method for performing a LCA while emphasizing the studied materials' global
warming potential (GWP) and their thermochemical properties. This method involved a three-part analysis:
material level, component level, and concept level. The material level analysis followed the EN15804
standard, focusing on the amount of thermal energy stored per kilogram of material. The component level
analysis used the functional unit of 1 kWh of delivered thermal energy which includes loses during
charging, storage, and discharge losses. The building level analysis adhered to the EN15643-1 standard for
the functional unit. The chosen system boundary followed a cradle-to-gate approach, as defined by the
EN15978 standard. The Speicher-LCA tool was utilized for the LCA analysis [196]. Figure 3.4 and Table
3.6 presents this comparative data in detail, wherein all values have been converted to units of Kg CO»-
eq/kwh in order to make a comparison. The standard error of the mean for the GWP values reported in the

literature were determined and the error bars in Figure 3.4 represent 95% confidence intervals.
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Figure 3.4 Global Warming Potential (GWP) from the studied adsorbents
Table 3.6 GWP data for various adsorbents
Adsorbent Life cycle Operating Functional Unit | Global warming Reference
boundary temperature potential per energy
range (°C) stored (KgCO2./kWh)
Silica gel Cradle to 55-120 1 m3 Storage 54.0 [193]
Silica gel Grave 35-120 1 m3 Storage 7.2
Silica gel 55-90 1 m3 Storage 72.0
Silica gel 35-90 1 m3 Storage 7.2
Sapo-34 55-120 1 m? Storage 378.0
Sapo-34 35-120 1 m? Storage 216.0
Sapo-34 55-90 1 m? Storage 540.0
Sapo-34 35-90 1 m? Storage 252.0
Zeolite 13X 55-120 1 m? Storage 50.4

64




Zeolite 13X 35-120 1 m? Storage 36.0

Zeolite 13X 55 -90 1 m? Storage 108.0

Zeolite 13X 35-90 1 m? Storage 46.8

CAU-10-H 55-120 1 m? Storage 162.0

CAU-10-H 35-120 1 m? Storage 9.0

CAU-10-H 55 -90 1 m? Storage 270.0

CAU-10-H 35-90 1 m? Storage 9.0

Al-Fumerate 55-120 1 m? Storage 180.0

Al-Fumerate 35-120 1 m? Storage 36.0

Al-Fumerate 55 -90 1 m? Storage 288.0

Al-Fumerate 35-90 1 m? Storage 36.0

Silica gel Material kg COze/kg 8.7 [194]
- Production

Zeolite 13X kg CO,e/kg 14.9

Sapo-34 kg COz/kg 253.8

Al-Fumerate kg CO,e/kg 10.3

System: The Cradle to 4°C-22 KJ per cycle 4.8 [195]

Solar Thermal Grave

Adsorption

Refrigerator

(STAR)

prototype using

granular

activated

charcoal

Silica gel Cradle to 1 kWh of TES 8.7 [196]

Grave

Zeolite 13X 1 kWh of TES 13.8

SAPO-34 1 kWh of TES 181.2

Al-Fumerate 1 kWh of TES 10.3
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3.6 Selected Adsorbent-Adsorbate Pair

It is evident from both the case study and comparative LCA study that zeolite 13X-water pair is an
outperformer. It has the highest heat of adsorption of 4410 kJ/kgadsorbent, and specific heat of 4410 kJ/kg. K
between all the adsorbents considered. Also, it requires only 81.63 kg of water with 272.11 kg of zeolite
13X to meet the space heating requirements of the house under consideration in Section 3.4 which are the
lowest amongst all adsorbent-adsorbate pairs under consideration. The GWP of zeolite 13X and silica gel
are 45 kg CO»-eq/kWh and 26.31 kg CO»-eq/kWh, respectively. The GWP of 45 CO»-eq/kWh for zeolite
13X makes it a good choice to be used in TES applications in comparison to Sapo-34, CAU-10-H and Al-
Fumerate for which GWP are 303.56 kg CO,-eq/kWh, 112.49 kg CO,-eq/kWh and 93.45 kg CO»-eq/kWh

respectively.

Based on the findings presented in this chapter zeolites have emerged as suitable adsorbents for thermal
energy storage applications. However, to fully appreciate the unique properties of zeolites, a foundational
understanding of zeolites themselves is necessary. The following section presents a brief introduction to

zeolites.

3.7 Zeolites

The exploration of natural zeolites can be traced back to the work of the Swedish mineralogist, Freiherr
Axel Fredrick Cronstedt (1722-1765). Cronstedt made his discovery in 1756 while researching in a Swedish
copper mine. He noticed that the minerals he studied puffed up when heated with a blow-pipe flame, leading
him to name them "ze”lites," derived from the Greek“wor”s "zeo" (to boi*) and ”lithos" (stone) [197],

[198]. Throughout history, around 50 natural zeolites have been discovered, with some being used by
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ancient civilizations for various purposes, including construction. Zeolite crystals, often found in basaltic
and volcanic rock cavities, have long fascinated rock collectors and geologists. Initially, their limited use
and rarity hindered their widespread commercial use. However, the late 1940s marked a pivotal era with
major geological findings, revealing significant sedimentary deposits of natural zeolites worldwide. This

breakthrough heightened interest in their scientific study and practical uses [199].

Natural zeolites are aluminosilicate materials enriched with hydration. Their primary building units consist
of Si and Al oxide tetrahedra, intricately connected by oxygen ions to form both two-dimensional and three-
dimensional secondary units. These zeolites contain channels and cavities within their network,
accommodating hydrated alkali and alkaline earth metal ions, which maintain electrical balance. Zeolites
are known for their exceptional hydrating and dehydrating properties, which have been key in
understanding their physical and chemical properties. While natural zeolites form in low-temperature
geological environments, synthetic zeolites are produced in labs through hydrothermal synthesis [200]. The
synthetic mordenite displays larger pores compared to its natural counterpart. The continuous synthesis and

exploration of zeolites underscore their significance in both scientific research and industrial applications.

During hydrothermal synthesis, specific chemicals “alled "te”’plates" or structure-directing agents guide the
organization of SBUs into tertiary or composite building units. The resulting crystal zeolite takes a
polyhedral shape with Si-O-Al bonds. Controlling kinetic processes is crucial, as many zeolites formed this

way are metastable [200], [201].

"The Atlas of Ze”lites," published in 2001, details 176 unique zeolite framework types. Only six natural
zeolites are found abundantly worldwide: analcime, chabazite, clinoptilolite, erionite, mordenite, and

phillipsite [202].
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These crystalline aluminosilicates, found in minerals like clinoptilolite and garronite, are highly resistant
and thermally stable. In contrast, synthetic zeolites (e.g., types A, P, X, Y) are used as sorbents, catalysts,
and ion exchange materials, with properties tailored by controlling the silica-alumina ratio. Zeolite crystals
are complex in structure and effective in molecular sieving, playing key roles in selective separation and as
acid catalysts in petroleum refining. The evolution of zeolite synthesis, with over 200 types, and their use

in heterogeneous catalysis underline their versatility and significance.

Zeolites have a general formula of (MA1O2)(SiO,)«(H.0)y with M" usually being H" or Na", and x and y
are the number of molecules. Their cage-like tetrahedral structures make them ideal for adsorption
applications. With a high surface area due to their porosity, zeolites are effective in air purification, carbon

capture, catalysis, and thermal energy storage.

The International Zeolite Association (IZA) has established a nomenclature system for both natural and
synthetic zeolites, using a three-letter code for each framework type. Notable types include Zeolite A
(LTA), Zeolite X (FAU), and Mordenite (MOR). Zeolite A was one of the first synthetic zeolites, Zeolite
X and Y are known for large pores and catalytic use, and Mordenite is noted for its fibrous crystals. Other
important types are Clinoptilolite, Chabazite, Erionite, Phillipsite, and Analcime, see Table 3.7. Faujasite

is a general term for faujasite-type zeolites, including X and Y.

Table 3.7 Type of zeolites [203], [204].

Type Framework | Discription

Zeolite A LTA Linde Type A, one of the earliest synthetic zeolites.

Zeolite X FAU Faujasite, known for its large pores and used in various industrial
applications.
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Zeolite Y FAU Another faujasite type with a high silicon-to-aluminum ratio, widely
used as a catalyst.

Mordenite MOR Known for its fibrous crystals and used as a catalyst.

Clinoptilolite HEU Heulandite, commonly found in natural deposits and used for ion
exchange.

Chabazite CHA Has a unique cage-like structure and is used in catalysis.

Erionite ERI Known for its fibrous crystals,’but it's a health concern due to its
association with respiratory diseases.

Phillipsite PHI Contains large cavities and is used in catalysis.

Analcime ANA Known for its cubic crystals and is found in volcanic rocks.

Faujasite FAU General term for faujasite-type zeolites, including types X and Y

3.7.1 Zeolite 13X

Considering the adsorption of water on zeolite 13X is purely physisorption in nature, zeolite 13X and water

are used as the adsorbent and adsorbate, respectively, for all experiments performed in this work because

of their high ESD, high porosity and surface area, non-toxicity, and availability. Furthermore, during the

recharging phase water can be delivered to the zeolite 13X beads by passing air through the adsorbent bed;

the water vapor in the air is adsorbed as air flows through the adsorbent bed. Notably, when the adsorbate

is water, Zeolite 13 X has a higher net heat of adsorption than other adsorbents such as silica gel, activated

alumina, zeolite 4A, and zeolite SA, which reduces the volume of adsorbent required for TES applications.

Furthermore, there have been numerous studies reported in the literature which show zeolite 13 X yields

good results in adsorbent-based thermal energy storage systems. Some of the Zeolite 13X characteristics

that makes it one of the most popular adsorbents in thermal energy storage applications are:

e Surface area: Zeolite 13X is a high surface area adsorbent. Its surface area varies from 600-800

m%/g.
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o Poressize: The cage like tetrahedral structure of Zeolite 13X offers a uniform pore size with a pore

diameter of approximately 1 nm which is suitable for adsorbing larger molecules.

e Adsorption Capacity: Zeolite 13X has a high adsorption capacity for larger molecules like water

(26 g per 100 g of water [205]), and carbon dioxide (3.2-5.1 mmol/g [206]).

o Selectivity: Due to its larger cage size structure Zeolite 13X adsorbs large molecules while
allowing the smaller molecules to pass through it which is why it is a very popular adsorbent for

filtration applications.

e Thermal Stability: Zeolite 13X has a charging temperature of up to 350 °C which makes it

thermally stable at elevated temperatures in comparison to other popular adsorbents.

e Chemical Stability: It does not chemically react with water, methanol and ethenol due to which it

is widely used as a catalyst in various industrial applications.

e  Water Adsorption: Zeolite 13X has a high adsorption affinity for water molecules due to which
it is popular in water filtration, atmospheric water capture, and thermal energy storage applications.
An experiment study demonstrated that the water adsorption capacity of zeolite 13X is 23%, 21%
and 19% (kg/kg) when the discharging temperature was 35, 45 and 60 °C and the adsorbents were
charged at 90°C. Adsorption capacity increased to 24% on increasing the adsorption temperature

to 150°C [207].

The specifications of the zeolite 13X used in the experiments within this dissertation are given below in

Table 3.8.
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Table 3.8 Zeolite 13X specifications [208]

Product Name Molecular sieves, 13X, 3-5mm (0.12-0.20in) beads, Thermo Scientific Chemicals
Catalog Number L06085.30

CAS 63231-69-6

IUPAC Name Molecular sieves 13X

MDL Number MFCDO00131613

Appearance (Color) White to cream to pale brown
Comment Tapped bulk densi—y 600 - 725 g/L
Particle Size Oversize: <5.0% @ >4.75mm (4 mesh)
Comment CO, adsorption: >11.5% (45mbar, 25°C)
Particle Size Undersize: <5.0% @ <2.36mm (8 mesh)
Form Beads

Residual water <1.5% (550°C, 2h)

Chemical Stability Hygroscopic

Zeolite 13X is a Faujasite (FAU) type of zeolite adsorbent. It is known for its high adsorption affinity
towards larger adsorbate molecules e.g., nitrogen, carbon dioxide, oxygen and water, and it is widely used
in many industrial applications. Some of the applications of Zeolite 13X are drying and purification, carbon
dioxide capture and separation, air separation, atmospheric water capture and thermal energy storage [209],

[210].
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Figure 3.5 Structure diagram of zeolite 13X [209].

A synthetic zeolite can be synthesized using the alkali fusion method [211].

Step 1 Prepare the mixture: Prepare a homogeneous mixture of waste porcelain powder and NaOH

powder in a ratio of 10:12 (weight ratio).

Step 2 Heating in a nickel crucible: Heat the mixture in a nickel crucible in the air at 600 °C for 6 hours.
This process is referred to as alkali fusion and involves the reaction between the porcelain and sodium

hydroxide.

Step 3 Cooling down: Allow the fused material to cool down to room temperature. The material obtained

after cooling is referred to as the fused material.

Step 4 Preparation of suspension: Add 0.5 g of the fused material to 2 mL of distilled water.

Step 5 Aging process: Allow the mixture to age with vigorous agitation using a reciprocal shaker at room

temperature for 24 hours. This aging step promotes the formation and growth of zeolite crystals

Step 6 Heating in water bath: Heat the aged material in a water bath at 80 °C for 12 hours. This step

further promotes crystallization and the formation of zeolite structures.
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Step 7 Product formation: The material obtained after the heating process is considered the final product.

This product likely contains Zeolite 13X crystals.

Step 8 Filtration: Filter the aged material and the final product to separate the solid zeolite material from

the liquid.

Step 9 Washing: Wash the filtered material with distilled water to remove any impurities or residual

reactants.

Step 10 Drying: Dry the washed material in a drying oven at 60 °C overnight. The drying process ensures

that the zeolite crystals are in a stable form and ready for use or further characterization.
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4 The Evaluation of Zeolite 13X Adsorbent as a Storage Medium for

Short-Distance Mobile Thermal Energy Storage

4.1 Chapter Overview

The utilization of the water-zeolite pair as an adsorbate-adsorbent system has garnered significant attention
in the realm of thermochemical energy storage, offering great potential for various applications. Despite
promising results in laboratory settings, widespread implementation of this technology has yet to be
realized. Recent advancements in mobile thermal energy storage (m-TES) employing thermochemical
materials have opened new avenues for enhancing the practicality and cost-effectiveness of solar thermal
energy harnessing and waste heat recovery. The experimental work conducted in this chapter delves into
the feasibility of storing thermal energy in zeolites, charged externally to the heat recovery reactor, and
discusses the potential applications of externally charged zeolites for m-TES over short distances, shedding
light on their practicality and significance in advancing the field of mobile thermal energy storage. The
findings reveal that zeolites charged at 200°C and subsequently stored outside the discharging unit exhibit
an impressive energy storage density (ESD) exceeding 110 kWh/m? under conditions of 0.45 m/s air flow
velocity (flow rate 0.00059 m?/s) and 60% relative humidity during zeolite discharging. These ESD values
are comparable to previously reported values in the literature. Moreover, ESD values of 24.0 kWh/m? were
achieved by charging zeolite beads contained within packed transportable tubes constructed from stainless

steel mesh.

74



4.2 Introduction

Up to 50% of the energy consumed in industry is ultimately lost as industrial waste heat IWH), [212],
[213] causing unnecessary greenhouse gas emissions and increased costs. Recently, there has been a
significant amount of research focused on industrial waste heat recovery (IWHR), including advancements
in heat exchangers, thermoelectric generators, and the organic Rankine cycle [214], [215]. However,
presently IWHR is not implemented commercially on a large scale and the vast majority of IWH remains
underutilized [216], [217]. Barriers to recuperating IWH include owners' reluctance to risk economic losses
and disturbances in daily operation, capital costs, and challenges with matching IWH supply with heat
demands [218]. Regarding the latter point, the importance of integrating thermal energy storage (TES) in
IWHR processes to facilitate load matching and to prevent disruptions due to intermittently supplied IWH

has been recognized [219].

Thermal energy can be stored using sensible heat storage (SHS), latent heat storage (LHS), or
thermochemical heat storage (THS). Among these options, THS materials offer advantages due to their
high energy storage density (ESD), which is roughly an order of magnitude greater than that of SHS
materials, and often double that of LHS materials [220]. In particular, using the heat of adsorption of water
on zeolites to store thermal energy has shown promising results [221], [222]. Zeolites can be “charged” by
heating and drying and thermal energy can be recovered at a later time by exposing the dried zeolites to

moist air during a “discharging” phase.

TES using zeolites has been investigated extensively. Hongois et. al. measured an energy density of 166
kWh/m? for a zeolite-MgSO4 composite comprising 10 to 25 wt% of MgSO4 [223] Johannes et. al. designed
an open thermal energy storage system to supply 2 kW of heat power over 2h to reduce peak electric loads

in a single-family house. This TES system contained two packed bed reactors, each with 40 kg of zeolite
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NaX. Measurements showed the system could provide a constant power of 2.25 kW for over two hours,
and was thus able to satisfy the design requirements [224]. Tatsidjodoung et. al. built a prototype TES
system that was designed to provide space heating for a modern family house. The reactor consisted of two
cylindrical vessels, each with a volume of 140 L, a diameter of 72 cm, and a height of 20 cm. In their
experiments, a zeolite 13X/H,O reactive pair was charged using a stream of hot air with temperatures and
flow rates of 120-180 °C, and 120-180 m*/h, respectively. Their results demonstrated that average air
temperature rises of 38 °C could be achieved over a duration of about 8 hours, significantly increasing the
fraction of energy consumption supplied by solar energy in a house [225]. Mette et. al. proposed a new
strategy to regenerate zeolite 4A for applications in TES systems. They used a two-stage process in which
air was first dried using zeolites. This dried air was then heated to 130 °C and used to regenerate zeolites
to store thermal energy. Their experiment results showed that air with a water vapor pressure of 1.5 mbar
and a temperature of 130 °C was more effective for recharging zeolites than air at a temperature of 180 °C
and a pressure of 10 mbar [226]. Lim et. al. constructed a TES system in which the adsorbents were housed
in a 400 mm long stainless-steel pipe with a 159.6 mm diameter. In their experiments, zeolite 13X and
zeolite 4A were dried at 350 °C and 450 °C, respectively. The system was under vacuum during the
experiments, and the measured ESD for zeolite 13X was 233. 8 MJ/m?, while that of zeolite 4A was 218.6

MJ/m? [227].

In the vast majority of research reported to date, the charging process involves supplying heated air to
stationary zeolites housed in an adsorption bed. This approach can be disadvantageous for Industrial Waste
Heat Recovery (IWHR) due to the extensive hardware required, such as heat exchangers, piping, and fans,
to transport air from the heat source to the adsorption bed. These requirements increase capital costs,

consume space, and maintenance needs throughout the life of the IWHR system. Alternatively, mobile TES
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(m-TES) systems are being developed to enhance flexibility in connecting heat supply with demand. While
most m-TES systems for waste heat recovery have primarily focused on using phase change materials for
Latent Heat Storage (LHS) [228], it is crucial for m-TES systems to possess a high Energy Storage Density
(ESD). For instance, in a techno-economic analysis, Shehadeh et al. determined that the minimum system-
level ESD required to make m-TES competitive with other low-carbon energy sources ranged from 0.3 to
0.4 MJ/kg, depending on whether a diesel-powered or electric truck was used to transport the zeolite [229].
Further, Fujii et. al. conducted a prospective life cycle assessment for the design of m-TES systems and
their results emphasized that, for truck transport, the ESD must increase as the transport distance increases

to achieve a reduction in greenhouse gas emissions [230].

To achieve a high ESD, THS materials, such as the zeolite-water pair, are better suited for m-TES. Kronauer
et. al. constructed and tested a storage container that housed 14 tons of zeolite for mobile heat storage. The
zeolite was charged using hot air at a temperature of 130 °C from a waste incineration plant and transported
7 km by truck to provide heat for an industrial drying process. The storage capacity was 2.3 MWh, and it
was estimated that each trip avoided 616 kg of CO, emissions [231]. However, apart from this work by

Kronauer et. al., limited research has been conducted on utilizing zeolites for m-TES.

In this chapter, the potential of charging and storing zeolites outside of an adsorption bed and subsequently
loading them into a reactor to be discharged to recover heat is evaluated. The subtle difference between
charging zeolites in a location external to the adsorption bed, rather than by flowing hot air through an
adsorption bed packed with zeolites, can have significant implications for IWHR and for storing solar
energy. For example, concentrated solar radiation and industrial equipment and processes that generate
suitable heat, such as drying and baking ovens, steam boilers, glass melting, and various chemical processes

can be used to charge zeolites housed in lightweight containers. These containers could then be transported,
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via a fuel cell or battery-powered forklift [232], from different locations in an industrial facility or complex
and stored near a single discharging unit to be used when heat is in demand. m-TES systems designed for
heat recovery over short distances can reduce the hardware needed to pipe heat from multiple sources
thereby improving the economic feasibility of IWHR throughout an industrial complex while also reducing
thermal losses. The objective of this work is to compare the ESD of zeolites charged and stored externally
to the adsorption bed with the ESD of zeolites reported in the literature. Our results show that the ESD of
zeolites charged in an oven at 200 °C and stored external to the discharging unit can exceed 110 kWh/m®
when the flow rate and relative humidity of the air used to discharge the zeolites are 0.45 m/s (flow rate
0.00059 m*/s) and 60%, respectively, which is comparable with ESD values reported for zeolites in the

literature.

4.3 Materials and Methods

4.3.1 Materials

The adsorbent used in this study was Zeolite 13X (CAS No: 63231-69-6), which came in the form of
spherical beads supplied by Alfa Aesar. These beads have a size of 3 mm, a density of 688 kg/m’, and a
surface area of 585 m%/g. Distilled water was employed as the adsorbate. The adsorbate was kept at room

temperature before filling it in a humidifier reservoir.
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4.3.2 Experimental Setup

The experimental setup is depicted in Figure 4.1, with its central component being the test section housing
the adsorption bed. The zeolite beads are contained within this adsorption bed, which has dimensions of
120 mm in length, 80 mm in width, and 40 mm in height and a volume of 0.384 L. This is comparable to
the volume of reactors reported in Table 4.1 which range from 9 mL to 70 L. The walls of the adsorption
bed are constructed from rigid foam insulation boards, specifically 25.4 mm (1-inch) thick Owens Corning
FOAMULAR C-300 XPS boards. The zeolites are held in place by metal meshes located near the inlet and
outlet of the adsorption bed to secure the zeolites in place. Within the adsorption bed, seven T-type
thermocouples (Omega TMQSS-020G-6) are strategically placed. Five of these thermocouples, denoted as
T, through Ts, are positioned at the center of the adsorption bed at distances of 27 mm, 53 mm, 80 mm, 107
mm, and 133 mm, measured from the inlet. Another thermocouple, labeled as Tj is situated upstream from
the zeolite beads near the inlet, while an additional thermocouple, referred to as T,, is located downstream
from the zeolite beads near the outlet of the adsorption bed. For the measurement of relative humidity at
the inlet and outlet of the adsorption bed, two hygrometers (HTM2500LF from TE Connectivity) are
employed. These hygrometers are positioned as indicated in Figure 4.1, with RH; denoting the one at the
inlet and RH,, denoting the one at the outlet. Temperature and humidity measurements are acquired using
an Agilent 34970a data acquisition system. During the storage period, the zeolite beads in the adsorption
bed are isolated by closing valves V3 and V,. Two flanges, located just upstream from V; and just
downstream from V,, facilitating the removal of the adsorption bed from the system to simplify the loading

and unloading of the zeolite beads.
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Figure 4.1 (a) Front view of experiment setup; (b) top view of experiment setup; (c) a schematic of the test section; (d) a

schematic of the adsorption bed illustrating the locations of the thermocouples, valves, and hygrometers
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A container filled with distilled water and equipped with two ultrasonic mist makers (AGPTEK Aluminum
Mini Mist Maker) is positioned near the inlet of the reactor to provide humidified air. To regulate humidity,
a programmable humidity controller (Auber Instruments, HD220) is placed 500 mm away from the
humidifier. During the humidity stabilization phase, two three-way valves (V; and V,) are employed to
direct air through the bypass. At the commencement of the discharging phase, Valves V; and V, are
switched to redirect air through the adsorption bed. The airflow within the system is controlled using a DC-
axial fan (EBM-PAPST, 24V), located at the system's outlet. Throughout the system, air flows through
ABS piping with an inner diameter of 4.1 cm and an outer diameter of 4.8 cm. To measure air velocity, a

hot-wire anemometer (Testo 4051) is utilized upstream from the adsorption bed.

4.4 Experimental Procedure

4.4.1 Charging Phase

Experiments were conducted using loose zeolite 13X beads contained within steel mesh tubes to facilitate

their transport.

Loose zeolite beads: The zeolite beads were placed in glass beakers to charge for 2 h in a Thermo Scientific
Heratherm Oven (OGS60) at different temperatures (50, 100, 150, and 200 °C). When the adsorbents were
removed from the oven, the beakers were immediately sealed using aluminum foil and then left overnight

to cool to room temperature overnight.

Zeolite beads contained within steel mesh tubes: Zeolite beads were packed into tubes that were fabricated
using stainless steel wire mesh and secured with metal clamps. In practice, these tubes could be positioned

near various sources of industrial waste heat to charge the Zeolite 13X. And then readily transported to an
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adsorption bed at a centralized location to be discharged when heat recovery is needed. The wire mesh had
an aperture of 1.6 mm, and the mesh tubes comfortably accommodated the zeolite beads, which have a
diameter of 3 mm. The mesh tubes themselves had a diameter of 40 mm and a length of 115 mm. Wire
mesh was attached inside both ends of the tube, and the section of the tube occupied by the zeolite beads
was 100 mm in length. The mesh tube diameter was chosen to precisely fit the 40 mm depth of adsorbent
bed in the test section (Figure 4.1a). The mesh tubes containing the Zeolite 13X were charged at 200 °C for
2 h and then transferred to a container, which was subsequently sealed. Charging times for lab-scale
adsorption-based TES experiments reported in the literature vary between 1.5 h [233] and 8 h [234] For the
experiments in Chapter 4 the charging time was set to 2 h. This comparatively shorter charging time is
advantageous for transferring more heat in mobile TES systems. The flow rate used in this study ranges
from 0.00046 - 0.00059 m*/s which ate comparable to the flowrates reported in the literature (see Table
4.1). These sealed containers with the zeolite-filled mesh tubes were stored overnight before being moved
to the adsorption bed within the experimental setup the following day. Figure 4.2a displays the adsorption
bed filled with Zeolite 13X, while Figure 4.2b shows an image of the adsorption bed filled with zeolite

beads packed into the mesh tubes.

Figure 4.2 (a) The adsorption bed packed with zeolite beads (b) Stainless steel wire mesh tubes packed with Zeolite 13X.
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4.4.2 Discharging Phase

After cooling to room temperature, the charged zeolite beads were carefully placed into the adsorption bed
while valves V, and V3 were closed. The thermocouples and hygrometers were then installed in their
appropriate positions in the test section. Subsequently, the lid of the adsorption bed was closed using clamps
and the adsorbent bed was connected to the rest of the experimental set-up using the flanges located at the
outer edges of the test section, as illustrated in Figure 4.1b. Before commencing the discharging phase, V;
and V, were adjusted to direct air through the bypass. The humidifier reservoir is filled with distilled water
at room temperature, and the humidity controller is set to the desired humidity level. The fan at the system's

outlet is turned on to initiate airflow through the system.

Once the velocity and humidity of the air flowing through the bypass stabilized, valves V; and V, are
adjusted to allow the air pass through the test section. The inlet temperature and relative humidity level of
the moist air flowing into the adsorption bed are recorded using thermocouple T; and hygrometer RH;.
Airflow measurements taken using the Extech SDL300 metal vane thermos-anemometer were found to be
much higher than that flowing through the test section. To measure the airflow through the adsorption bed
a hot-wire anemometer (Testo 4051) was used just upstream from the inlet of the test section as shown in
Figure 4.1a. The water vapor suspended in the moist air is adsorbed by the zeolite beads, and the heat of
adsorption is generated. The heat of adsorption increases the temperatures of the zeolite beads and of the
air within the adsorption bed, which are measured using thermocouples T;-Ts. The relative humidity of the
air flowing through the adsorbent bed decreases as water vapor in the air is adsorbed by the zeolite beads.
The relative humidity of the air exiting the adsorption bed is measured using hygrometer RH,. As the
discharging phase continues, the capacity for the zeolite beads to adsorb water diminishes, and the heat

generated in the adsorption bed gradually decreases to zero. When the temperature of the adsorption bed
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returns to that of the inlet, the discharging phase is completed, and valves V; and V, are set to direct airflow

through the bypass. The humidifiers and fan are turned off and the test section is removed.

4.4.3 Calculating the Energy Storage Density

The ESD, which is the thermal energy retrieved by the air flowing through the adsorption bed during the

discharging phase, is calculated using Equation (4.1)

ESD = —

[1h - Cpma - AT - dt 4.1)

Vads

where V45 is the volume of the adsorption bed, m is the mass flow rate of the air through the adsorption
bed, Cppa is the heat capacity of the moist air exiting the adsorption bed, and AT is the difference between
the air temperatures at the outlet and inlet of the adsorption bed. The integral is carried out over the first 2.5

h of the discharging phase.

The heat capacity of the air exiting the adsorption bed is taken as the sum of the heat capacity of the dry air

and the water vapor within the air and is calculated using

4.2)

Pma = Cpair tx Pwv
where x is the humidity ratio. The specific heat capacities of the air and water vapour are taken to be Cpair=

1.006 kJ/kg-K and prv = 1.84 kJ/kg-K. The humidity ratio is calculated using:[235]

= . (—RHo (Pwy)sat
X= 0622 (1—(RH0'(Pwv)sat)) (43)
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where RH,, is the relative humidity at the outlet of the adsorption bed and the partial pressure of water

vapour in moist air is calculated using as: [236]

17.27*T0)

(Pwv)sat =0.611- e(T0+237.3 . (4.4)

4.5 Results and Discussion

The impact of charging temperature on the measured temperature-time profiles is depicted in Figure 4.3. In
this experiment, the zeolites were charged for 2 h and subsequently discharged with an air flow velocity of
0.35 m/s (flow rate 0.00046 m?/s). For the case when the zeolite beads were packed in the steel mesh tube
the flow rate was measured to be 0.4 m/s (flow rate 0.00053 m?/s). As anticipated, the charging temperature
exerts a significant influence on the heat generated during the discharging phase. Specifically, at the
location of the first thermocouple, T, within the adsorption bed, the temperature rise is 2.4, 5.0, 17.1, and

33.7 °C when the charging temperature is set to 50, 100, 150, and 200 °C, respectively.

In all experiments depicted in Figure 4.3, the temperature raise occurs successively from positions near the
inlet to those near the outlet of the reactor. In other words, the temperature at T; increases first, followed
by the temperature at T, and so on. When humid air enters the adsorption bed water vapor is initially
adsorbed by the charged zeolite near the inlet of the reactor. As the discharging phase progresses, the region
where adsorption primarily occurs gradually shifts toward the outlet of the reactor, and the temperature at
T; begins to decrease while adsorption continues downstream. For instance, the temperature raise at Ts

persists for a longer period and exhibits a broader profile compared to that at T; in all experiments.
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Figure 4.3 The temperature at thermocouple positions T; — Ts as a function of time during the discharging phase when the Zeolite
13X were charged at (a) 50 ° C, (b) 100 ° C, (c¢) 150 °C, and (d) 200 °C. The inlet and outlet temperatures and relative humidities
plotted as a function of time during the discharging phase when the Zeolite 13X were charged at (e) 50 ° C, (f) 100 ° C, (g) 150 °C,

and (h) 200 °C. The air flow velocity during the discharging phase was 0.35 m/s.

The inlet and outlet temperatures, measured during the discharging phase for the different charging
temperatures, are represented by the dashed and solid black lines, respectively, in Figures 4.3e -3h. The
inlet temperature remains constant across all experiments, while the outlet temperature begins to increase
at the start of the discharging phase, reaches its peaks when the temperature lift is at a maximum, and then
gradually decreases at a slower rate. The temperature lift at the outlet, when the charging temperature is set
to 50, 100, 150, and 200 °C is 1.2, 2.8, 6.0, and 12.9 °C, respectively. Temperature distribution at different

positions at different times in the adsorbent bed during the discharging phase is shown in Figure 8.5a-d.
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The relative humidity at the inlet and outlet of the adsorption bed during the discharging phase is shown as
the dashed and solid red lines, respectively, in Figures 4.3e-3h. At the commencement of the experiments
there is a substantial disparity between the relative humidities at the inlet and outlet of the adsorption bed.
For example, for the case when the zeolite was charged at 50 °C, at the start of the discharging phase the
RH at the inlet and outlet of the adsorption bed differs by approximately 20% (e.g. the RH is about 60% at
the inlet and about 80% at the outlet). However, by the end of the discharging phase the RH at the inlet and
outlet are within 5% of each other. The difference in RH between the inlet and outlet of the adsorption bed
measured near the beginning of the discharging phase increases as the charging temperature increases. This
is as expected because zeolites adsorb a greater amount of water from the air passing through the adsorption
bed when they have been charged at a higher temperature. It can also be noted that the difference between
the humidity at the inlet and outlet appears to be less when the results are plotted in terms of absolute instead
of relative humidities. Figure 4.3 is plotted in terms of the absolute humidity, instead of the relative
humidity, in Figures 8.1 in the appendix. A visible difference when plotting the results in terms of absolute
humidity instead of relative humidity is that there appears to be a larger difference between the humidities
at the inlet and outlet of the adsorption bed during the discharging phase when the relative humidity scale
is used. This occurs when the outlet is at a higher temperature than the inlet because for a given amount of
water vapor the relative humidity decreases with increasing temperature (the results shown in Figures 4.4
and 4.5 are also plotted as Figures 8.2 and 8.3 in the appendix in terms of absolute humidity instead of

relative humidity).

The results for the experiments in which the zeolites were charged for 2 h at 200 °C and then discharged
using different flow velocities of 0.35, 0.4 and 0.45 m/s (flow rates 0.00046, 0.00053, and 0.00059 m/s

respectively) are presented in Figure 4.4. As depicted in Figures 4.4a — 4c, similar to the case for Figure
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4.3, the temperature increase within the adsorption bed occurs progressively from the adsorbents near the
inlet of the reactor, at T;, to the adsorbents close to the outlet of the reactor, at Ts. The inlet and outlet
temperatures and relative humidities when the flow velocities are 0.35, 0.4 and 0.45 m/s (flow rates 0.00046,
0.00053, and 0.00059 m?/s respectively) are shown in Figures 4.4d — f, respectively. Consistent with the
results shown in Figure 4.3, the inlet temperature remains relatively constant while the outlet temperature
increases to a maximum value during the discharging phase, and then gradually decreases to the temperature
at the inlet as the discharging phase progresses. Based on the results in Figure 4.4d-f there is no apparent
correlation between the outlet temperature and the airflow velocity. This is in contrast to results reported
by Lefebvre et al. who reported that the maximum outlet temperature decreases with increasing flow rate
[237]. They also reported the outlet temperature peak broadens as the flow rate decreases because
adsorption occurs at a reduced rate over a longer duration. The reason these effects were not observed in
Figure 4.4d-f may be due to the narrow range of airflow velocities investigated and experimental variations.
In Figure 4.4d-f the highest airflow rate was about 30% more than the lowest airflow rate (0.45 m/s as
compared to 0.35 m/s) whereas in the study by Lefebvre et al the highest airflow rate was four times larger
than that of the lowest airflow velocity. The temperature distribution at different positions at different times

in the adsorbent bed during the discharging phase is shown in Figure 8.4a-c.
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Figure 4.4 The temperature at thermocouple positions T_ - Ts as a function of time during the discharging phase when the Zeolite
13X were charged at 200 °C and the air flow velocity is (a) 0.35 m/s, (b) 0.4 m/s, and (c) 0.45 m/s. The inlet and outlet temperatures
and relative humidities plotted as a function of time during the discharging phase when the Zeolite 13X were charged at 200 °C

and the air flow velocity during the discharging phase is (d) 0.35 m/I€ 0.4 m/s, and (f) 0.45 m/s.

For the results shown in Figures 4.4d-4f the difference between the RH at the inlet and outlet is
approximately 40% at the beginning of the discharging phase. As expected, the RH at the outlet increases
and approaches that near the inlet as the discharging phase continues and the zeolite becomes saturated with
adsorbed water. There is a sharp increase in the inlet RH at the 2 h mark of the discharging phase for the

case when the flow velocity is 0.4 m/s (flow rate 0.00053 m?/s). This is attributed to an increase in relative
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humidity of the air entering the reactor, which may have occurred if the water reservoir near the inlet of the
reactor was disturbed. Moreover, the two ultrasonic mist makers (AGPTEK Aluminum Mini Mist Maker),
which add humidity to the air intermittently, could have contributed to variations to the relative humidity
during the experiments despite using a humidity controller. The temperature of the air flowing through the
adsorption bed also rose abruptly just before the 2 h mark in Figure 4.4e due to the sudden increase in
relative humidity. However, it's worth noting that the small changes in temperature measured during the
experiment did not have a significant impact on the ESD value determined. The absolute humidity at inlet
and outlet of the adsorbent bed during the discharging phase is shown as the dashed and solid red lines,

respectively, in Figures 8.2e-3h.

The ESD of the Zeolite 13X is shown with respect to their charging temperatures in Figure 4.5a. The ESD
at the charging temperature of 50 °C is 6.37 £+ 2.1 kWh/m® (9.27 + 2 Wh/kg) and at 100 °C is 8.28 + 2.3
kWh/m? (13.43 + 2 Wh/kg). The charging temperature has a significant effect on the ESD, and the benefits
of charging at temperatures above 150 °C is apparent. Specifically, the ESD increases from 20.5 + 3
kWh/m* (29.9 = 3 Wh/kg) to 83.05 + 4.2 kWh/m® (120.72 + 4.2 Wh/kg) when the charging temperature
increases from 150 to 200 °C. The error on these values was determined using the error propagation method.
The error in the temperature measurements using the T-type thermocouples is £0.1°C. The specific heat of
air was assumed to be 1.000 = 0.015 kJ/kg-K. The specific heat of water vapour was assumed to be 1.996

+ 0.030 kJ/kg K. The error in the airflow velocity measurements is + 0.05 m/s.
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Figure 4.5 The volumetric and specific energy density of the thermal energy recovered from the Zeolite when the it was charged at
(a) different temperatures and when the air flow velocity was 0.35 m/s during the discharging phase, and (b) when the charging

temperature was 200 °C and the air flow velocity was varied during the discharging phase.

The ESD for Zeolite 13X charged at 200 °C for 2 h is shown in Figure 4.5b for different airflow rates during
the discharging phase. The ESDs at a flow velocity of 0.35 m/s (flow rate 0.00046 m?/s) and 0.4 m/s (flow
rate 0.00053m>/s) are 83.05 = 4 kWh/m® (120.7 + 4.1 Wh/kg) and 94.7 + 10 kWh/m® (137.7 + 10 Wh/kg)
respectively. As shown in Figure 4.4e, the relative humidity at the inlet increased while the inlet temperature
decreased over the time period of 1.7 to 2.1 h during the experiment. To check the effects of this change in
RH on the ESD the variation in the inlet temperature was removed (by extrapolating the inlet temperature
such that it was at a constant value of almost 20 °C for the entire duration of the experiment) and the ESD
was recalculated. With this adjustment the ESD decreased slightly from 94.7 kWh/m® to 92.8 kWh/m’,
showing the increase in RH caused the ESD to increase by just ~ 2%. The ESD increases with increasing
flow velocity, reaching a maximum of 111.04 + 10 kWh/m® (161.4 = 10 Wh/kg) at an airflow velocity of

0.45 m/s (flow rate 0.00059 m?/s). The ESD increases with increasing flow velocity is attributed to a greater
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amount of heat lost to the surroundings that occurs as the duration of the discharging phase increases [236].
In other work D. Dicaire et al. have reported that the ESD is independent of airflow rate in a highly insulated

adsorption bed [238]. [239]

In Figure 4.6a, the temperature at thermocouple positions T; — Ts are plotted as a function of time during
the discharging phase, considering the scenario where the zeolite beads were enclosed within stainless steel
mesh tubes. Correspondingly, temperatures and RH at the inlet and outlet of the adsorption bed are
presented in Figure 4.6b. The temperature within the adsorption bed at T1-T5 increased to a maximum of

about 32 to 34 °C after around 30 minutes into the discharging phase.

In contrast to Figures 4.3 and 4.4, where the temperatures at T1-T5 peak at different times when the zeolite
beads are placed directly within the adsorption bed without the stainless steel mesh tubing, there was not
much variation between the temperatures at T1-T5 when the zeolites are housed within the stainless steel
mesh tubes. This phenomenon can be attributed to improved airflow through the adsorption bed when the
zeolite beads are contained within the mesh tubes. With the zeolite beads in the mesh tubes, there is room
for the humid air flowing through the adsorption bed to interact with the zeolite beads at various points
along the length of the mesh tube. On the other hand, when the zeolite beads are packed directly into the
adsorption bed, the humid air flowing through the reactor initially contacts the zeolite 13X near the inlet

and progressively interacts with points closer to the outlet.
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Figure 4.6 (a) Temperature profiles at thermocouple positions T; — Ts as a function of time during the discharging phase when the
Zeolite 13X were housed within tubes made from stainless steel mesh; (b) Corresponding inlet and outlet temperatures along with

relative humidities plotted as a function of time during the discharging phase.

As indicated in Figure 4.6b, the outlet temperature increased from 20 °C to about 26 °C. This temperature
increase is modest compared to the outlet temperature rise observed in some experiments where the zeolites
were packed into the adsorption bed without the stainless steel mesh (for instance, the outlet temperature
increases to over 35°C in Figure 4.4e). While the outlet temperature increase is relatively small for the case
when the zeolites are stored in mesh tubing, it is also noted that it takes longer for the outlet temperature to
return to the temperature at the inlet. As illustrated in Figure 4.6b, the outlet temperature is still elevated in
comparison to the inlet temperature after 4.5 h. This is attributed to the fact that there is less air contact with
the zeolite beads when they are stored within the mesh tubes. In other words, a portion of the humid air
flowing through the adsorption bed can bypass the zeolite beads by flowing through the open spaces
surrounding the tubes. On the contrary, when the adsorption bed is packed with zeolite beads (without the
tubes) the humid air flowing through the adsorption bed is forced to pass through the smaller space between

the beads, thereby increasing adsorption and accelerating the amount of heat generated during the
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discharging phase. The average ESD when the zeolites were housed within the mesh tube for two
experiments with a 4.5 h discharging phase is 24.0 kWh/m?>. Temperature distribution at different positions
at different times in the adsorbent bed during the discharging phase is shown in Figure 8.6, and the absolute
humidity at inlet and outlet of the adsorbent bed during the discharging phase is shown as the dashed and

solid red lines, respectively, in Figures 8.3b.

4.5.1 Comparison to Literature

Using zeolites for thermochemical energy storage has been investigated under different charging and
discharging conditions in a variety of reactor configurations in the literature. Examples of ESD values
reported in the literature from different experiments are provided in Table 4.1. In viewing the results in
Table 4.1 it should be noted that the ESD depends on many factors including the charging and discharging
conditions, the size of the reactor, the insulation and heat losses from the reactor, and the flow rate used
during the discharging process. The ESD also depends on the composition of the zeolite used. For example,
Casey et. al. measured the ESD of different Na zeolite samples, wherein Na had been exchanged with
different ions and the mesoporous structure was impregnated with hygroscopic salts. Their results showed
the ESD depends on the composition of the zeolite and that the inclusion of hygroscopic salts increases the

ESD [239].

Excluding the results from this work, the ESD attained using zeolites ranges from 25.8 to 200 kWh/m®. The
ESD of 25.8 kWh/m® was measured for a zeolite 13x sample in a packed bed adsorption column with a

length and volume of 6.9 cm and 62.8 cm’, respectively [240]. The ESD of 200 kWh/m® was achieved
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using a hybrid activated alumina and zeolite 13x in a packed cylindrical column with a volume of 9.04 mL

and regeneration temperature of 250 °C [22].

As can be noted in Table 4.1, the ESD measured in this work is generally lower than that reported in the
literature. For example, the largest ESD reported in the literature for pure zeolite 13x, which is the adsorbent
used in this study, was 198 kWh/m® for the case of a packed bed reactor with a volume of 250 L comprising
four 62.5 L segments and a charging temperature of 190 °C [241]. In comparison, in this work when the
charging temperature is 200 °C the ESD ranged between 82.9 and 110.9 kWh/m® depending on the
discharging flow rate. Furthermore, the ESD measured in this work for the cases when the charging
temperature was 150 °C or less was much lower than that reported in the literature. For example, the ESD
measured in this work was 20.5 kWh/m® when the charging temperature was 150 °C, whereas an ESD of
25.79 kWh/m® was measured when the charging temperature was 120 °C and the relative humidity was

50%.
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Figure 4.7 Energy storage density of zeolite 13X from this work compared with the reported values in literature.

Despite that the ESD measured in this work is typically lower than that reported in the literature, the ESD
values achieved when the charging temperature is 200 °C are still significant. For example, an ESD over
110 kWh/m® was achieved when the discharge airflow velocity was 0.45 m/s (flow rate 0.00059 m?/s). In
comparison, the ESD when using water as a storage medium is about 70 kWh/m® for a temperature
difference of 60 °C [242]. Furthermore, energy can be stored using zeolites for as long as required whereas
as water gradually transfers heat to its surroundings. These results show the potential of charging zeolites

in lightweight containers at distributed point sources at a temperature of 200 °C, and then transporting and

96

300



storing the charged zeolites to a reactor with an adsorbent bed at a central location where the heat can be

recovered and utilized.

Table 4.1 Energy storage densities of Zeolite 13X reported in the literature

.. Adsorbent Charging Discharging Energy
System Description Storage Ref
Density
(KWh/m®)
- Comprises an adsorber/desorber . - Flow rate is 2 . 68.53
unit and a condenser/evaporator Zeolite L/min . FIO_W rate s 0.5 [243]
. 13X .. L/min
unit - Inlet air is at 150 Fl 1 79.71
- The adsorber/desorber contains °C L /n?irlv rate 1s )
13.2 kg of zeolit:
§ of zeotie - Flow rate is 2 §3.53
L/min
- Lab-scale flow reactor with 200 g . - Flow rate is 8
of sample in the adsorption bed f/{eoélct;i- L/min 166 [244]
BS54 -RH is 50%
composite
- Cylindrical packed column with a - Charged at 250 °C | - Flow rate is 24
volume of 62.76 mL holding ~55 ‘iAé 3.3( L/min 197 [245]
g of adsorbent (hybrid) -100 % RH
- Packed cylindrical column with a . -Hot air at 250 °C is = - Flow rate is 8
length of 10 cm and volume of %;;l te blown through the L/min 1539 [236]
9.04 mL column -100 % RH
Nal.SX - 8 h charging time 146.6
AA/13X 160.6
hybrid
AA/13X - Flow rate is 24 200
hybrid L/min
-100 % RH
- Rectangular shaped reactor (500 . - Charged at 90 °C 85.7
mm x 250 mm x 200 mm) with a f;’(hte [246]
sloping roof
- Packed bed with 41 kg of zeolite Zeolite 5SA | - Charged at 103 °C | - Adsorber inlet 47.2 247
temperature is 20 [247]
°C
- A revolving cylindrical drum . - Charged at 180 °C | - Humidified inlet
(diameter 700 mm, depth 300 mm) Zeohte 4A = airat 25 °C and a 148 [248]
filled with 70 L of granular Zeolite -Charged at 230 °C g5y rate of 140 154
storage material Na-MSX m3/h
- Closed sorption storage system . - Charged at 180 °C = - Constant
with two insulated tanks filled %36%1;; evaporation 178 [249]
with 1 m? of zeolite temperature of 20
°C.
- A 250 L packed bed reactor . -Flowrateis 33 g/s | - Flow rate is 50 g/s
comprising four 62.5 L segments %;;l te - Charged at 190 °C 198 (241]
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- Packed bed adsorption column

with a length of 6.9 cm, diameter f;)(l ite
of 3.4 cm, and volume of 62.8 cm?
- Adsorbents are charged in an oven .
. Zeolite
and stored outside the reactor over 13X

night before being loaded into and
adsorption bed with a length,
width, and height of 120 mm, 80
mm, and 40 mm, respectively

- Charged at 120 °C
-RHis 2%

- Charged at 50 °C
- Charged at 100 °C

- Charged at 150 °C

- Charged at 200 °C

- Charged at 200 °C

- Charged at 200 °C

4.5.2 Short-Distance Thermal Energy Transport

- Flow rate is 24
SLM

- RH is 50%

- Flow rate is 24
SLM

-RH is 90%

- Flow velocity is
0.35 m/s (flow
rate 0.00046 m’/s)

- Flow velocity is
0.4 m/s (flow rate
0.00053 m?/s)

- Flow velocity is
0.45 m/s (flow rate

0.00059 m’/s)

25.79

50.66

6.37
9.27

20.5

82.9

94.6

110.9

[240]

This work

In practice, Zeolite beads could be charged using waste heat from multiple heat sources at an industrial

complex such as exhaust streams from reciprocating engines and steam boilers, which have temperatures

in excess of 230 °C [215], [250], [251].The charged zeolites could then be transported to an adsorption bed

at a centralized location to be discharged to recover the heat. Considering the results in this work, ESDs of

24.0 kWh/m* and 110.9 kWh/m® were attained when the zeolites were charged at 200 °C for 2 h with and

without using the mesh tubes, respectively. Assuming the zeolites used to collect waste heat have a volume

of 0.1 m®, the amount of heat that could be stored over one day per waste heat source (by charging zeolites

for 2 hours 12 times) would be 133.1 kWh/m® or 28.8 kWh/m®, using ESD values of 110.9 kWh/m® and

24.0 kWh/m?, respectively. The charged zeolites could be collected from multiple waste heat sources and
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transported to an adsorption bed. As shown in Figure 4.8, three waste heat sources (charging zeolites with
a volume of 0.1 m® each for two hours) could supply two adsorption beds with a total volume of 3.6 m’.
Two adsorption beds could be used such that one could be used to run the discharging process while the
other is used to collect and store charged zeolites. Based on the results from this work, 200 kWh of heat
could be generated every 12 h. In comparison, and as discussed earlier in chapter 3, heating the average
residential house in Canada requires about 40 kWh/day. Furthermore, the ESD values reported in this work
can be increased through further optimisation of the size and geometry of the mesh tubes and adsorption
bed. Further, the breakeven distance up to which adsorption based thermal energy storage would be

reasonable is presented in section 8.1.3.

0.1m?3
m every 2 h ~ ~
1200 kWh every 12 h
0.1m3 Adsorbent bed 1 ,‘ assuming ESD =

110.9 kWh/m3

Adsorbent bed 2
0.1m3 (volume = 1.8 m?3)

m every 2 h > (volume = 1.8 m3) >_ e <. ety

43.2 kWh every 12 h
;. A assuming ESD =24.0
s sl kwh/me

every 2 h

_/ /

Figure 4.8 A hypothetical scenario based on the results from this work wherein zeolite beads are charged at three different industrial
waste heat sources (IWHS) and then transported to an adsorbent bed with two compartments that each have a volume of 1.8 m’.
Thermal energy can be discharged from the adsorbent bed at a rate of 200 kWh and 43.2 kWh every 12 hours if the energy storage

density (ESD) is 24.0 kWh/m? and 24.0 kWh/m?, respectively.

In the literature only a limited amount of research wherein thermochemical heat storage materials are

transported over short distances has been reported to date, and further development in this area is warranted.
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For example, in one related study Mette et. al. proposed an external reactor design wherein the adsorbent
reservoir was separated from the reactor. The proposed reactor had a 20 L compartment with funnels at its
top and bottom. Charged zeolite entered the top funnel and was discharged in the compartment to generate
heat prior to exiting the compartment through the bottom funnel. The results from numerical analysis
conducted using Comsol showed that for an airflow rate of 200 kg/h the heat generated from discharging
the zeolites increases the air temperature by 26 K [252]. Further research is warranted to determine if
externally charged zeolites should be discharged in a centralized adsorption bed using a batch or flow-

through process.

Further research is also needed to determine an optimal configuration for the reactor, comprising the
adsorbent bed, that would be used to discharge the transported zeolites. In one study Weber et. al. built a
seasonal TES system for a living space with a floor area of 43 m* The store comprised 4.3 m® of zeolite
material which segmented into four quadrants with each quadrant partitioned into six segments. The thermal
performance of the sorption store was improved by partitioning it into segments because discharging
smaller amounts of zeolite at a time reduced the pressure drop across the adsorption bed. Furthermore, for
a given amount of charged zeolite, more heat can be delivered and quicker because the reduced mass of the
adsorption bed lowers its heat capacity [253]. Considering the results from this work, an optimal
configuration may be to segment the zeolites into partitioned containers at the centralized reactor used for
the discharging process. This work demonstrated that zeolites can be packed into stainless steel mesh tubes
that can be transferred between industrial waste heat sources and an adsorption bed where they can be
discharged. In practice, the zeolites beads could be contained in mesh containers of different shapes and
sizes. Modular segmented containers could be used to transport zeolites between the heat source and the

reactor where discharging will occur. The performance of the discharging process would also depend on
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the size of the segmented containers. For example, Lass-Seyoum et. al. investigated storing thermal energy
using zeolites in adsorbent beds of different sizes (1.5 L, 15 L and 750 L) and their results showed a larger
heat storage capacity was achieved for the adsorbent bed with a volume of 15 L. Furthermore, the maximum
specific heat power delivered from the TES systems was measured to be 240, 66, and 50 W/kg when the

adsorbent bed was 1.5, 15, and 750 L, respectively [254].

4.6 Conclusion

In this chapter the potential of storing thermal energy using water and zeolites as an adsorbent-adsorbate
pair for mobile TES applications was investigated. The approach involved charging zeolites through heating
in an oven and storing them externally from the reactor used for the thermal energy recovery process. This
method of charging and storing zeolites outside the discharging unit holds practical implications for mobile
heat storage applications. The results derived from the experiments conducted in this research reveal that
the Energy Storage Density (ESD) of zeolites, charged in an oven at 200°C and stored externally, can
exceed 110 kWh/m3 when the air flow velocity and relative humidity during the discharging phase are set
at 0.45 m/s (flow rate 0.00059 m?/s) and 60%, respectively. These ESD values, as observed in this work,
are on par with values reported in the literature for experiments where zeolites remained permanently within
the adsorption/desorption bed throughout both the charging and discharging phases of the Thermal Energy
Storage (TES) cycle. The findings reported herein indicate the necessity for further research into TES
systems that facilitate short-distance mobile heat storage. Future investigations will concentrate on
optimizing the configuration of the discharging reactor, as well as exploring the use of modular and portable
segmented containers for the transportation of zeolites between heat sources of varying temperatures and

the discharging reactor. In summary, the results obtained thus far underscore the potential for the
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development of TES systems that support the collection of waste and solar heat from multiple sources
located within a shared facility or complex. These advancements hold promise for more efficient and
versatile heat storage solutions, with far-reaching applications in renewable energy utilization and waste

heat recovery.
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S An Experimental Comparison of Thermal Energy Storage in
Directly and Indirectly Radiated Adsorbent Beds integrated with

Solar Thermal Collectors.

5.1 Chapter Overview

Adsorbents heated using solar energy can be used to achieve thermal energy storage and sorption
refrigeration with low environmental impacts. This research compares two different methods of heating
adsorbents with solar energy to store thermal energy: (1) by exposing the adsorbents to incident light
transmitted through a solar collector window, and (2) by heating a highly absorbing solar collector cover,
and then transferring the heat from this solar absorber to adsorbents located beneath it. To carry out this
comparison experiments are conducted for three cases of adsorbent beds using zeolite 13X and water as the
adsorbent-adsorbate pair. In the first case, the top of the adsorbent bed is a polycarbonate sheet, and the
zeolites are heated directly by solar-simulated light transmitted through this sheet. In the context of this
study, radiation emitted by the solar lamps that is directly incident onto the zeolite 13X after traversing
through the window of the adsorbent bed is referred to as direct radiation. Direct radiation adsorbed by the
Zeolite 13X beads at the top of the adsorption bed is converted to heat, which elevates the temperature of
the adsorption bed. In the second case a blackened aluminum sheet is placed beneath the polycarbonate
window, to generate heat by absorbing incident light. In this configuration the adsorption bed is indirectly
radiated, as its temperature increases when heat is transferred to it from the radiated aluminum sheet.
Similarly to the second case, the adsorption bed is also indirectly radiated for the third case. However, for

the third case the blackened aluminum absorber is placed directly on top of the zeolite 13X beads and the
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absorber is isolated from the walls of the reactor to avoid heat losses. The outcomes reveal an energy storage
density (ESD) of 43.6 kWh/m3 (63.4 Wh/kg) when light is directly incident onto the Zeolite 13X and an
ESD of 33.3 kWh/m3 (48.4 Wh/kg) when light is incident onto a blackened absorber plate that transfers
heat to Zeolite beads residing beneath it. However, ESD values were improved to 48.9 kWh/m3 (71.0
Wh/kg) for the third case when the blackened absorber plate was thermally insulated from the walls of the
adsorbent bed. These results demonstrate the importance of an optimal absorber arrangement in enhancing

the adsorption process for the purpose of elevating energy storage densities.

5.2 Introduction

Solar radiation provides the Earth with 173 PW of power, which is more than 10,000 times the global
anthropogenic rate of energy consumption [255], [256]. Solar radiation can be converted to electric power,
thermal energy, and cooling power using refrigeration cycles. Recently, there has been much interest in
researching adsorbents for solar thermal energy storage (TES) systems. In these systems, solar thermal
energy is used to “charge” an adsorbent by heating it to desorb an adsorbate from its surface. In TES
systems, the charged adsorbate can be stored indefinitely until heat is required. The heat of adsorption is
retrieved during a “discharging” phase when the adsorbate is allowed to come into contact with the
adsorbent [257]. Solar-powered TES systems can be used to provide space heating when sunlight is
unavailable. For example, using water as the absorbate, Z. Zeng et. al. investigated a Trombe-wall (T-wall)
comprising a moisture-based adsorption thermal battery. In this configuration, adsorbents within the T-wall
are charged with sunlight during the day and heat is released at night by flowing moist air through the T-

wall [258].

104



A key component in adsorbent-based solar-powered TES systems is the solar collector [259], [260]. In most
systems the solar collector is separate from the adsorbent bed; a fluid is heated in the collector and
transferred to a heat exchanger within the adsorbent bed [224], [261]. However, in some cases the adsorbent
bed is integrated with the solar collector. This integrated approach, wherein the adsorbent bed functions as
the solar collector, is advantageous because it enables a high heat transfer rate to the adsorbent and
minimizes thermal losses [262], [263]. Moreover, the adsorbents within an integrated collector may be
heated with solar energy directly or indirectly. When the adsorbents are heated directly the adsorbent bed
has one or more transparent windows that transmit sunlight which is then directly incident onto the
adsorbents. When the adsorbents are heated indirectly, they are housed within a container that has a surface
on its top side that is highly absorptive towards solar energy. Most integrated solar collectors for adsorption-
based systems are heated indirectly. However, for some research on solar-powered adsorption refrigeration
cycles the adsorbent beds were directly radiated. For example, Ambarita et. al. investigated the performance
of an adsorption refrigeration cycle with activated carbon and alumina as the adsorbents. In their
experiments, a 0.5 m x 0.5 m flat plate collector with two glass covers contained 6 kg of adsorbent. A
coefficient of performance (COP) of 0.074 was achieved when activated carbon and methanol were used
as the adsorbent and adsorbate, respectively [264]. Zeng et.al integrated CaCly-based fibre brick with ink
(ICFB) adsorbent with a honeycomb design to a Trombe wall which was illuminated by direct sunlight
during the day to charge the adsorbents and discharged during the night by exposing the adsorbents to

moisture. The prototype system achieved an energy storage density of 92 kWh/m?*[265]. Li et. al. used a

solar collector with a glass cover and an area of 1.5 m? to make an adsorption refrigeration ice maker. The
ice maker, which employed an activated carbon-methanol pair, generated 7 — 10 kg of ice after receiving
28 — 30 MJ of incident solar radiation [266]. Sitorus et. al. analyzed the performance of a solar adsorption

refrigeration system that used activated carbon from coconut shells and methanol as the working pair. The
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system had a flat plate solar collector with an area of 0.25 m? comprising 6.5 kg of adsorbents. The collector
had two plain glass covers with a thickness of 3 mm separated by a 2 cm air gap. A maximum COP of

0.1276 was obtained when the daily global irradiance was 3.918 kWh/m*[267].

While directly and indirectly heated adsorbent beds integrated with solar collectors have been studied in
the literature, little work has been done to investigate which provides better performance for charging
adsorbents and for achieving high TES densities. In the case of indirect absorption, the surface of the solar
collector containing the adsorbents can be blackened with a coating to achieve high solar absorptivity and
high heat gains. On the other hand, for the direct approach, sunlight is absorbed by the adsorbent, providing
an opportunity to minimize heat losses. The objective of this work is to compare the energy storage density
achieved in TES systems with different integrated solar collector configurations that are heated directly or
indirectly using solar-simulated light. Such a comparison has not yet been reported in the literature. Herein
we determine which configuration achieves the greatest energy storage density by elevating the temperature

of adsorbents within the solar collector to the greatest extent.

Zeolite 13X and water are used as the adsorbent-adsorbate pair and three different cases of integrated solar
collector configurations are considered. In the first case, the top of the adsorbent bed is a polycarbonate
sheet and the zeolite 13X is heated directly by solar-simulated light transmitted through this sheet. In the
second case, a blackened aluminum sheet is placed beneath the polycarbonate sheet. This aluminum sheet
generates heat when it absorbs incident light. The Zeolite 13X beads are heated indirectly as heat is
transferred from the aluminum sheet. For the third case, the blackened aluminum absorber is placed directly
on top of the zeolite beads and the absorber is isolated from the walls of the reactor to avoid heat losses.

The results reveal the energy storage density (ESD) attained using the directly irradiated configuration is
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larger than that for the case wherein the blackened aluminum plate is used to indirectly heat the adsorbent

bed. However, the largest ESD is achieved in the case of the isolated absorber.

5.3 Methods

5.3.1 Methods used to Measure the Reflectance and Transmittance

The reflectance of the aluminum absorber and packed zeolites were measured using a UV-2600i UV-Vis
Spectrometer by Shimadzu LabSolutions. The reflectance and transmittance of the polycarbonate sheet
employed as the window of the adsorbent bed were also measured using this instrument. Samples sized at

2 x 2 cm? were employed for the analysis.

5.3.2 Methods used to Measure the Thermal Conductivity

The thermal conductivity of packed Zeolite 13X beads is measured using a modified variant of the steady
state guarded hot plate technique (Figure 5.2), as outlined in references [268], [269]. This apparatus
comprises two distinct sides: one functions as the source of heat, while the other acts as the heat sink. The
Zeolite 13X beads are positioned between these two plates, and their thermal conductivity is gauged via
electrical means. In this process, controlled heat input is applied to the sample, which subsequently conducts
through the sample. The heat then travels to a heat sink that is maintained at a consistent temperature. By
measuring the temperature difference between the heat source and the heat sink, the heat resistance of the

Zeolite 13X sample is determined which is then used to calculate the material's thermal conductivity.
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Zeolite 13X beads of size 3 mm are placed in two different 3-D printed frames of size 40 mm x 40 mm x 7

mm and 40 mm x 40 mm x 10 mm (Figure 5.1) are used for thermal conductivity measurements.

Load Cell

Secondary Cooling
Block

Primary Cooling
Block

Sample

Primary Heating
Block

.‘ Secondary Heating
Block

Figure 5.2 Schematic diagram of hot plate apparatus for thermal conductivity measurements.
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5.3.3 [Experimental Methods

A lab-scale adsorption bed, with dimensions of 90 x 90 x 50 mm?® as shown in Figure 5.3a and b, was used
to conduct experiments. The top side of the adsorption bed is covered with a 6 mm thick Lexan
polycarbonate sheet. To facilitate the airflow, a SharkBite 12.7 mm PEX-A pipe (model UA60W100) is
installed in the adsorption bed, with an internal diameter of 11.85 mm and an outer diameter of 15.85 mm
at the inlet and outlet positions. The airflow through the bed is controlled by two Dahl 12.7 mm valves
(model 521-13-13-BAG-HD) located at the inlet and outlet. A Winsinn 40mm 24V fan, positioned at the
outlet of the adsorption bed, generates an airflow rate of 1.6 x 10 m?/s measured by a Testo 405i flow
meter throughout the charging and discharging phases. For temperature measurements, the adsorption bed
is equipped with six K-Type thermocouples. Four of these thermocouples are positioned at the center of the
adsorption bed, at depths of 5, 15, 25, and 35 mm from the polycarbonate sheet. These thermocouples are
aligned vertically to analyze the heat penetration within the adsorption bed resulting from the solar-
simulated light coming from the top of the bed. Additionally, one thermocouple is located at the inlet and
another at the outlet of the adsorption bed. The adsorption bed is filled with Zeolite 13X beads (chemical
compound 63231-69-6) supplied by Alfa Aesar, which consists of beads with a size of 3 mm. Zeolite 13X
and water were used as the adsorbent and adsorbate, respectively, because of their high ESD, high porosity
and surface area, non-toxicity, and availability. Furthermore, during the recharging phase water can be
delivered to the zeolite 13X beads by passing air through the adsorbent bed; the water vapor in the air is
adsorbed as air flows through the adsorbent bed. Notably, when the adsorbate is water, Zeolite 13 X has a
higher net heat of adsorption than other adsorbents such as silica gel, activated alumina, zeolite 4A, and

zeolite SA, which reduces the volume of adsorbent required for TES applications [190]. Furthermore, there
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have been numerous studies reported in the literature which show zeolite 13 X yields good results in

adsorbent-based thermal energy storage systems [270], [271].

Each experiment consists of three distinct phases: a charging phase, a storage phase, and a discharging
phase. Initially, two cases were compared wherein the adsorbent beds were directly and indirectly radiated
with solar-simulated radiation. In Case 1 the light is directly incident onto the top surface of the zeolite 13X
beads after it is transmitted through the polycarbonate sheet. For Case 2 an aluminum absorber is placed on
top of the zeolite beads. This aluminum absorber, which has an upper surface area of 95 x 95 mm?, is
referred to as a full absorber because it extends across the entire upper surface of the adsorbent bed,
including the upper edges of the walls of the adsorbent bed. The top side of this absorber is coated with

matte black paint.

Experiments were conducted under a light intensity of 128.8 mW/cm?. The light was generated using two
1000 W metal halide bulbs (Sunmaster FULL NOV A) and was measured using a ThorLabs S401C Thermal
Power Sensor. During the charging phase, which is 8 hours, the air flow through the adsorbent bed remains
on. Upon completion of the charging phase the light source is switched off, and the inlet and outlet valves
are closed. The storage phase follows the charging phase and has a fixed duration of 16 hours for all
experiments. During this phase, the inlet and outlet valves remain closed. At the end of the storage phase,
the charging phase is initiated by opening the inlet and outlet valves and turning on the fan to enable airflow
through the reactor. Charging times are selected to represent roughly the availability of sun on a normal
day which is about a maximum of approximately 8 h. Storage times of 16 h are selected to ensure that
adsorbents get sufficient time to reach room temperature and the time is long enough to see the temperature
variation (if any) during the storage period. Furthermore, a duration of 16 h is long enough for the thermal

energy to be stored overnight. The water vapour in the humid air entering the reactor acts as the adsorbate.
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Heat is generated when water is adsorbed by the Zeolite 13X during the discharging phase, which continues

for 8 hours or longer until the Zeolite 13X beads in the adsorption bed are discharged.

As will be discussed in more detail in the results section, the experimental results show that the directly
radiated zeolite 13X (Case 1) has a higher energy storage density than the indirectly irradiated adsorber
(Case 2). This was unexpected because the reflectance from the zeolite 13X beads is much higher than that
of the aluminum absorber (as shown in Figure 5.4 the reflectance from the aluminum absorber is about 5%
from 200 nm to 1400 nm, whereas the reflectance from the zeolite 13X beads surpasses 60% over a large
range portion of this spectral range). Due to the significantly larger reflectance from the zeolite 13X beads,
a large portion of the incident light energy is lost, and one might expect the zeolite 13X beads will not be
heated to the same extent as for the case when the aluminum absorber is present. In other words, since the
aluminum absorber has minimal reflection losses (and is highly absorbing over a broad spectral range) one
might expect that the energy storage density for Case 2 would be greater than that for Case 1, although the
opposite was observed from our experimental results. Based on these unexpected results for Cases 1 and 2,
it was decided to investigate a third case wherein the size of the aluminum absorber was reduced to 85 x 85
mm?. Similarly to the full absorber, this absorber is also made of a 0.5 mm thick aluminum sheet resting on
top of the zeolite 13X. The top side of this absorber is also coated with matte black paint. However, the
important difference for Case 3 is that the aluminum absorber does not contact the aluminum sidewalls of
the adsorption bed. It follows that there is a large thermal resistance between the aluminum absorber and
its surroundings, and for this reason, it is referred to herein as the “isolated absorber”. The testing conditions
for testing Case 3 are identical to those for Cases 1 and 2. Additionally, for Case 3 a series of tests were
carried out wherein the charging time was set to 2, 4, 6, and 8 h. A flow chart detailing the experimental

cases is shown as Figure 5.3c.
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Figure 5.3 a) Diagram of the adsorbent bed and reactor used to conduct the TES experiments. The zeolite adsorbents reside within
the aluminum adsorption bed. b) Cross-section of the test section with the region occupied by the adsorbents shaded Blue. ¢) Flow

chart showing the experimental cases.[266]

5.3.4 Methods used to Estimate the Energy Storage Density
The energy storage density (ESD), which can be calculated using Equation (5.1), quantifies the thermal
energy retrieved by the air flowing through the adsorption bed during the discharging phase:

ESD = —

[1h - Cpma - AT - dt (5.1)

Vads

In Equation (1), V,4s represents the volume of the adsorption bed, m is the mass flow rate of the air through
the adsorption bed, Cpy,, is the heat capacity of the moist air exiting the adsorption bed, and AT is the
temperature difference between the air at the outlet and inlet of the adsorption bed, and the integral is carried

out over the first 24 hours of the discharging phase.
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The heat capacity of the air exiting the adsorption bed, Cpy,, is determined by the sum of the heat capacity

of the dry air and the water vapor within the air. It can be calculated using Equation (5.2):

C = C +x-C

Pma Pair

(5.2)

pWV

In Equation (5.2), Cpair represents the specific heat capacity of dry air (taken as 1.006 kJ/kg-K.), prv is

the specific heat capacity of water vapor (taken as 1.84 kJ/kg-K), and x is the humidity ratio.

The humidity ratio, x, can be calculated using Equation (5.3):

= . (—RHo (Pwy)sat
X= 0622 (1—(RH0'(Pwv)sat)) (53)

In Equation (5.3), RH,, represents the relative humidity at the outlet of the adsorption bed, and (P )sat 1S

the partial pressure of water vapor in moist air, which is calculated using:

17.27*T0)

(Poy)sar = 0.611 - e(Torzsrs) (5.4)

In Equation (5.4), T, represents the temperature in degrees Celsius at the outlet of the adsorption bed.

The energy storage efficiency (1)) is calculated using:

ESD

= Energy Input (5-5)

n
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5.4 Results and Discussion

5.4.1 Reflectance and Transmittance

The reflectance spectra of the aluminum absorber, packed zeolite 13X beads, and polycarbonate cover are
shown in Figure 5.4a. The transmittance of the polycarbonate cover is shown in Figure 5.4b. The reflectance
of the blackened aluminum absorber is about ~ 5%, demonstrating that it can effectively absorb incident
light. On the other hand, the reflectivity of the Zeolite 13X beads reaches as high as 60% over a broad

wavelength range, revealing that there are significant optical losses when the zeolite is directly irradiated.
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Figure 5.4 a) Reflectance of Aluminum, Zeolite 13X and Polycarbonate, b) Transmittance of Polycarbonate

5.4.2 Thermal Conductivity Measurements

As shown in Table 5.1, the thermal conductivity of Zeolite 13X beads with 3-D printed frames of size 40

mm X 40 mm x 7 mm and 40 mm x 40 mm x 10 mm was measured to be 0.12 W/mK and 0.13 W/mK,

respectively.
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Table 5.1 Thermal conductivity measurements of Zeolite 13X

Adsorbent Sample size (mm?) Average temperature (°C) Effective thermal

conductivity (W/m-K)

Zeolite 13X 40x40x7 22.39 0.12

Zeolite 13X 40x40x 10 23.87 0.13

5.4.3 Experimental Results

The pressure drop across the adsorption bed during the experiments as measured with a EHDIS CR410
digital monometer is found is 110 Pa when the airflow speed 0.08 m/s, which is small and is in accordance
with the values reported in the literature [272]. The temperature profiles for the adsorbent beds as a function
of time for the three cases when the incident light intensity is 128.8 mW/cm? are plotted in Figure 5.5. The
temperature profile of the adsorbent bed for Case 1, wherein the absorber is absent, is depicted in Figure
5.5a. At the end of the 8-hour charging phase, the thermocouple near the top of the bed (T;) reaches a
temperature of 117.6 °C, while the thermocouple near the bottom (T,) reaches 82.2 °C. The large drop in
temperature between the top of the adsorbent bed at T; and the bottom of the adsorbent bed at T, are
attributed to the low thermal conductivity of the Zeolite 13 X, which is provided in Table 5.1. Figure 5.5d
presents the inlet and outlet temperatures for Case 1. At the end of the charging phase the inlet temperature
increases to 49.1 °C, while the outlet temperature reaches 86.5 °C. The temperature in the adsorbent bed,
and at the inlet and outlet, decrease to room temperature and then remain at this temperature during the 16-
hour storage period. At the 24-hour mark of the experiment, the discharging phase begins as the inlet and
outlet valves are opened, and air is flown through the adsorbent bed. As shown in Figure 5.5d, the

temperature of the air flowing through the adsorption bed for Case 1 increases from 22.3 °C at the inlet to
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31.4 °C at the outlet. Thus, the temperature of the air flowing through the adsorption bed increases by 9.1

°C.

For Case 2 (Figure 5.5b), the temperature in the adsorbent bed rapidly increases when the lights are turned
on at the beginning of the experiment. The uppermost thermocouple (T;) reaches 83.9 °C at the end of the
8-hour charging phase. The thermocouple closest to the bottom of the adsorption bed (T,) reaches a

maximum temperature of 76.3 °C during the charging phase.

Figure 5.5¢ shows the inlet and outlet temperatures for Case 2. During the charging phase, the inlet
temperature increases to around 48.7 °C, while the outlet temperature reaches 82 °C. As shown in Figure
5.5b, the temperature inside the adsorption bed rises to approximately 39.2 °C during the discharging phase,
with consistent temperatures observed at different heights within the bed. Additionally, Figure 5.5¢
demonstrates that the air entering the reactor through the inlet remains at room temperature during the
discharging phase, while the air temperature at the outlet increases by 11.3 °C compared to the inlet
temperature (from 21.6 at the inlet to 32.9 °C at the outlet). As the discharging phase progresses, the

temperature at the outlet gradually decreases until it reaches the inlet temperature.

The temperature profile of the adsorption bed for Case 3, where an isolated absorber is used, is presented
in Figure 5.5¢. Upon completion of the 8-hour charging phase, the thermocouple placed near the top of the
bed (T ) reaches 121.4 °C, while the thermocouple near the bottom (T, ) reaches 84.1 °C. Figure 5.5f shows
the outlet temperature during the charging phase, which reaches 91.6 °C. The inlet temperature during the
charging phase for Case 3 reaches 50.7 °C. Throughout the storage phase, which extends from the 8-hour
mark to the 24-hour mark, the adsorption bed, inlet, and outlet cool to and remain at room temperature.
During the discharging phase, the temperature of the air flowing through the reactor increases from 21.6 °C

at the inlet to 34.4 °C at the outlet. Thus, the maximum temperature increases of the air flowing through
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the adsorption bed for Case 3 is 12.8 °C. By the time the discharging phase is completed, the outlet
temperature decreases to that of the inlet temperature. The temperatures at T and T4 and the maximum
increase in the temperature of the air flowing through the adsorption bed during the discharging phase
(denoted as ATmax) for the results shown in Figure 5.5 are summarized in Table 5.2. Reproducibility of
results is shown in Figure 8.8, and Table 8.2. Also, the temperature distribution in the adsorbent bed at
different position during the experiment is shown in figures 8.11-8.13. The estimated temperatures of top

surfaces in Case 1, Case 2 and Case 3 are 137.2 °C, 90.8 °C and 144.8 °C respectively.
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Figure 5.5 Temperature profiles during the charging, storage and discharging phases for (a) Case 1 with no absorber, (b) Case 2
with a full absorber, and (c) Case 3 when there is an isolated absorber. The inlet and outlet temperatures during the charging, storage

and discharging phases for (d) Case 1, (e) Case 2, and (f) Case 3.

118



Table 5.2 Summary of results from Figure 3

Case | Lightintensity | Charging time | T1 upon completion of T4 upon completion of AT max during the
(mW/em?) (h) the charging phase (°C) the charging phase (°C) discharging phase (°C)
1 128.8 8 117.6 82.2 9.1
2 128.8 8 83.9 76.3 11.3
3 128.8 8 121.4 84.1 12.8

The effects of altering the charging time on the temperature profiles in the adsorption bed and at the inlet
and outlet for Case 3 is shown in Figure 5.6. Specifically, the temperature profile of the adsorbent bed when
the duration of the charging time is 2, 4, 6, and 8 hours and the light intensity is 128.8 mW/cm? are shown
in Figures 5.6a-d. As expected, the temperature in the adsorption bed and the maximum increase in the
temperature of the air flowing through the adsorption bed during the discharging phase increase as the
charging time increases. The temperatures at T; and T, and the maximum increase in temperature of the air

flowing through the adsorption bed during the discharging phase (denoted as ATmax) for the results shown
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in Figure 5.6e-f are summarized in Table 5.3. The temperature distribution in the adsorbent bed at different

position during the experiment is shown in Figure 8.14.
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Figure 5.6 Temperature change during the charging, storage and discharging periods for case 3 with an isolated absorber when

charging times are 2 h (a), 4 h (b), 6 h (c) and 8 h (d). The inlet and outlet temperatures during the charging, storage and discharging

phases for case 3 when charging times are 2 hours (e), 4 hours (f), 6 hours (g) and 8 hours (h).

Table 5.3 Thermal conductivity measurements of Zeolite 13X

Case | Lightintensity | Chargingtime | T1 upon completion of T4 upon completion of ATax during the
(mW/em?) (h) the charging phase (°C) the charging phase (°C) discharging phase (°C)
3 128.8 2 98.7 59.8 7.9
3 128.8 4 114.5 75.0 9.8
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3 128.8 6 118.9 80.5 9.1

3 128.8 8 121.4 84.1 12.8

5.4.4 Energy Density

The energy storage densities (ESD) for Cases 1, 2, and 3 are presented in Figure 5.7. For Case 1, wherein
the adsorption bed does not have a blackened aluminum absorber, the ESD is 44.6 + 7.7 kWh/m?® (64.8 +
7.7 Wh/kg). For Case 2, where the adsorption bed is fitted with a full absorber, the ESD is 35.0 = 7.7
kWh/m® (50.9 + 7.7 Wh/kg). On the other hand, for Case 3, which features the isolated absorber, the ESD
is 49.3 + 7.7 kWh/m® (71.7 + 7.7 Wh/kg). The error on these values was determined using the error
propagation method. The error in the temperature measurements using the K-type thermocouples is £0.8
°C. The specific heat of air was assumed to be 1.000 + 0.015 kJ/kg-K. The specific heat of water vapour

was assumed to be 1.996 + 0.030 kJ/kg K. The error in the airflow velocity measurements is + 0.05 m/s.
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Figure 5.7 The volumetric and specific energy density of the thermal energy recovered from the zeolite when it was charged with

no absorber (Case 1), with a full absorber (Case 2), and with an isolated absorber (Case 3).

It is interesting to note the ESD is larger for the directly radiated zeolites (Case 1) than the ESD attained
when the full aluminum absorber was used. As shown in Figure 5.2a the reflection losses are much higher
at the bare zeolite surface as compared to the reflection losses for the aluminum absorber. Particularly, the
ESD for Case 3 is significantly higher than the ESD values achieved for Case 2 and slightly higher than the
ESD values observed in Case 1. We also calculated the energy storage efficiency (defined herein as the
ESD divided by the amount of light energy incident onto the adsorption bed during the charging phase) for
the results reported in Figure 5.7. The energy storage efficiency is 21.2% for Case 1, 16.2% for Case 2, and
23.7% for Case 3. The lower ESD value for Case 2 is attributed to heat loss through the aluminum absorber
to the sidewalls of the adsorbent bed. The aluminum sidewalls conduct heat, a portion of which moves in

the direction of the adsorption bed outlet, which contributes to heat losses and ultimately lower charging
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temperatures within the adsorption bed. Notably, for Case 2 (no absorber) the only mode of heat transfer
to sidewalls is through the air or through the zeolite 13X, which both have a high resistance to heat transfer
as compared to the aluminum sheet. That is, the difference between Cases 2 and 3 is that there is a 2.5 mm
gap between the absorber plate and the sidewalls of the adsorption bed for Case 3, whereas the aluminum
plate is in contact with the sidewalls for Case 3. The thermal resistance across this gap for the Zeolite 13X
is 4.9 K/W (given the width is 0.09 m and the height is 0.05 m). The thermal resistance across this gap for
Case 3, when the aluminum absorber is present, is 0.25 K/W (given the width of the absorber is 0.085 m
and its height is 0.0005 m). The thermal resistance through the air is 220 W/K (given its height is 0.005 m
and its width is 0.009 m). Thus, the thermal resistance through the aluminum absorber is much less (more
than an order of magnitude less) than that of the air or zeolite 13 X. The estimate for the thermal resistance
through the air did not account for the movement of the air flow or heat transfer to the air (h ~ 12 W/m?-K).
Nevertheless, resistance to heat conduction through the aluminum plate is much lower than that through the
air (220 W/K vs 0.25 W/K) such that these factors would not alter the consideration that heat conduction

through the aluminum absorber is dominant.

Figure 5.8 shows the ESD in the adsorbent bed for Case 3, in which the adsorbent bed is equipped with an
isolated absorber, when the charging time is 2, 4, 6 and 8 h. When the charging period is set at 2 h, the ESD
is determined to be 9.1 + 7.7 kWh/m? (13.2 + 7.7 Wh/kg). For a 4-hour charging time, the ESD substantially
increases to 21.3 = 7.7 kWh/m® (30.9 + 7.7 Wh/kg). A higher ESD value of 38.4 + 7.7 kWh/m® (55.8 £ 7.7
Wh/kg) is obtained with a 6-hour charging duration. Lastly, for an 8-hour charging time, the ESD reaches
49.3 + 7.7 kWh/m® (71.7 + 7.7 Wh/kg). The energy storage efficiencies for the results reported in Figure
5.8 were calculated to be 17.7% when the charging time was 2 h, 20.6% when the charging time was 4 h,

24.8 % when the charging time was 6 h, and 23.7% when the charging time was 8 h. Thus, the highest
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energy storage efficiency was measured for Case 3 when the charging time was 6 h. When the charging
time is lower (2 h or 4 h) the adsorbents are heated to a lower temperature, and the ESD is lower, resulting
in a lower energy storage efficiency. On the other hand, when the charging time is higher (8 h) the
adsorbents are heated to a higher temperature for a longer duration, and the ESD is higher than when the
charging period is 6 h. However, the incident light energy received over the 8 h charging phase is
significantly higher than that received over the 6 h charging phase, and as a result the energy storage

efficiency is lower when the charging time is 8 h as compared to when it is 6 h.
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Figure 5.8 The volumetric and specific energy density for Case 3, wherein an isolated absorber is used, when the charging time is
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Figure 5.9 The energy storage density for the experiments reported in this work (red diamonds) compared to energy storage

densities reported in the literature for zeolite 13X (black diamonds) for different charging temperatures.

The energy storage densities measured in this work are compared to those reported in the literature for
zeolite 13X in Figure 5.9 for different charging temperatures. The ESD depends on several factors,
including charging and discharging conditions, the size and geometry of the adsorbent bed, insulation
effectiveness, heat losses, and the flow rate employed during the discharging process. It should be noted
these factors were not similar to the results compared in Figure 5.9. The ESD of 85.7 kWh/m® was measured
when zeolite 13X was charged at 90 °C in a rectangular-shaped reactor (500 mm x 250 mm x 200 mm)
with a sloping roof [273]. The ESD values of 68.5, 79.7 and 83.5 reported by Dawoud et. al. are for a
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system comprising an adsorber/desorber unit with 13.2 kg of zeolite 13X adsorbent with 0.5, 1 and 2 L/min
flow rates, respectively [274]. The ESD values of 25.8 and 50.7 kWh/m® reported by Hua et. al. were
measured when the flow rate during the discharging phase was 24 L/min and the relative humidity was 50%
and 90%, respectively. For these experiments, the zeolite 13X resided in a packed bed adsorbent column

with a volume of 62.8 cm® and the regeneration temperature was 120 °C [240].

As can be noted in Figure 5.9, the largest ESD value reported in this work with zeolite 13X is 49.3 kWh/m’
for Case 3, when the adsorbent bed is fitted with an isolated absorber and the adsorbents are charged for
8h. The highest temperature in the adsorption bed during the charging phase for this case was 121.4 °C.
When the charging time was 4 h for Case 3 the highest temperature the adsorbent bed reached was 114.5
°C and the ESD was 21.3 kWh/m®. Thus, an increase in ESD for Case 3 from 21.3 kWh/m® to 49.3 kWh/m®
was observed when the charging time was increased from 4 to 8 h, which resulted in an increase in the
maximum charging temperature from 114.5 to 121.4 °C. As shown in Figure 5.9, this range in ESD values
is comparable to those reported in the literature at a charging temperature of 120 °C. Furthermore, Figure
5.9 also shows the trend wherein the ESD values reported in this work increase with temperature is in good
agreement with this trend observed for the data reported in the literature. Moreover, based on the results in
Figure 5.9 it is expected that higher ESD values can be achieved in future work by concentrating solar
radiation onto the isolated absorber to increase the charging temperature of the zeolite 13X beads. It can
also be noted that the thermally isolated solar absorber implemented in this work (Case 3) can be used on
adsorption beds of different sizes. That is, the adsorption bed and solar adsorber could be scaled to any size
in practice. As one example, we speculate that the isolated solar absorber could be applied in the concept
of the solar-based adsorption thermal battery reported by Zeng et. al. [265]. In this application the area of

the solar absorber would be slightly less than that of the surface are of the Trombe wall such that it is in
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contact with the adsorbents, but insulated from other solid components of the wall to prevent unwanted heat
losses. Moreover, a case study about using adsorption-based TES rooftop panels to supply heated air to
building ventilation systems is provided in the appendix (Section 8.2 Supplementary Material for Chapter

5).

5.5 Conclusion

In this work, experiments were conducted to compare the energy storage densities achieved when using
two different methods of heating zeolite 13X adsorbents with solar-simulated light. In the first method, the
adsorbents were directly irradiated by exposing them to incident light transmitted through a solar collector
window. In the second method, the adsorbents were heated indirectly by illuminating a solar absorber with
incident solar simulated light. This blackened aluminum solar absorber is heated by the incoming light and
transfers heat to the adsorbents located beneath its bottom surface. Three different cases were investigated:
one with an aluminum absorber, another with an isolated aluminum absorber, and a third with no absorber.
The isolated absorber rested on top of the zeolite 13X adsorbents and was not in contact with any other
components of the adsorbent bed. As a result, there is a high thermal resistance between the isolated
absorber and its surroundings. Interestingly, a higher energy storage density was achieved when no absorber
was present (44.5 = 7.7 kWh/m?) as compared to the case when an aluminum absorber was used (35.0 +
7.7 kWh/m®) despite that the reflection losses were very high when the aluminum absorber was not present.
The reason for the poor performance in the case of the aluminum absorber is conductive heat transfer loss
to the walls of the adsorption bed. When the aluminum absorber was thermally isolated the energy storage
density increased to 49.34 + 7.75 kWh/m’®. These results demonstrate the importance of minimizing the loss

of thermal energy from the absorber to the walls of the adsorbent bed. Ideally, thermal energy from the
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absorber should be transferred solely to the underlying adsorbents during the charging phase. It was also
observed that the energy storage density increased with increasing charging time. For the case of the isolated
absorber, as the charging time increased from 2 to 4 to 6 to 8 h the energy storage density increased from
9.11 £ 7.71 kWh/m® (13.24 + 7.71 Wh/kg) to 21.3 = 7.74 kWh/m® (30.9 + 7.74Wh/kg) to 38.4 + 7.74
kWh/m® (55.8 +7.75 Wh/kg) to 49.3 £ 7.75 kWh/m® (71.7 £ 7.75 Wh/kg), respectively. The values obtained
for the ESD provide important insights into the energy storage capabilities of the respective cases and can
guide further optimization efforts in the design and operation of adsorption-based TES systems. Further,
these findings suggest that the use of an isolated absorber with blackened aluminum in the adsorption bed
enhances the efficiency of solar-driven energy storage. It allows for greater heat absorption and retention
within the bed, resulting in a higher ESD. This outcome highlights the potential of this configuration for
improving the performance of TES systems. Future work will involve the extension of heating fins from
the bottom side of the isolated absorber into the absorbent bed to increase heat transfer rates and achieve
more uniform heating throughout the adsorbent bed. Further, tests may be performed using concentrated

solar to elevate the temperature of the adsorbent and increase the ESD.
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6 Enhanced Energy Storage Density in Thermal Energy Storage
Systems Simultaneously Heated with Solar Radiation and

Industrial Waste Heat

6.1 Chapter Overview

Adsorbent-based thermal energy storage (ATES) systems can provide high energy storage densities for
long durations. However, abundantly available thermal energy sources, such as industrial waste heat and
solar energy, do not generally provide enough heat to effectively charge ATES systems. Herein experiments
are performed to investigate the benefits of using simulated solar radiation and waste heat simultaneously
to charge zeolite 13X for ATES applications. The energy storage density (ESD) for three cases is
determined: 1) When the adsorption bed is heated with simulated solar radiation alone, 2) when the
adsorption bed is heated using simulated waste heat alone, and 3) when the adsorption bed is heated using
simulated solar radiation and waste heat simultaneously. Results show that when simulated solar radiation
is the sole source of thermal energy, the ESD is 5.6 kWh/m®. When the adsorbent bed is charged using
waste heat the ESD is 7.6 kWh/m>. However, when both solar-simulated radiation and waste heat are used
simultaneously to charge the adsorbent bed the ESD is 18.9 kWh/m?®. The results show that using both solar
and waste heat at the same time to charge the adsorbent bed is a promising strategy for improving the

performance of ATES systems.
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6.2 Introduction

The pursuit of sustainable energy solutions has become an urgent imperative in the face of global challenges
such as climate change and escalating energy demands. As the world navigates the complexities of
transitioning towards a carbon-neutral future, the role of thermal energy storage (TES) emerges as a crucial
technology for addressing the intermittency of renewable energy sources and for achieving both

environmental sustainability and energy conservation [275], [276].

TES can be achieved using sensible heat storage materials, latent heat storage materials, physical sorption,
or chemical reactions[257], [277], [278], [279]. For sensible heat storage materials, heat is stored by
increasing the temperature of the storage material, and in the latent heat storage method thermal energy is
stored in the material by changing its phase from one physical state to another [279], [280], [281]. For
thermochemical heat storage methods heat is stored using a reversible chemical reaction. In adsorption-
based TES (ATES) systems [5] an adsorbent is “charged” when it is subjected to heat and adsorbate
molecules are desorbed from its surface. The heat is recovered during a “discharging” phase when adsorbate
molecules adsorb onto the adsorbate surface. ATES is promising as an alternative to sensible and latent
heat storage methods because higher energy storage densities (ESD) can be achieved and the storage period
can be extended for an indefinite period of time as long as the charged adsorbent is kept isolated from
adsorbate molecules [282], [283]. Furthermore, ATES systems can be regenerated using less energy and
lower temperatures as compared to when using thermochemical heat storage methods. Due to their high
ESD and ability to store thermal energy for long durations, adsorption-based TES systems have been

investigated for storing solar thermal energy and waste heat.
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Despite being the largest widely available energy source (1.8x10" kW received by Earth)[284], the solar
irradiance is underutilized as a source of thermal energy. One challenge with using solar thermal energy
is the intermittency of the solar irradiance. In this regard solar-based TES is becoming increasingly
important for enabling thermal energy demand profiles to be met with solar energy [285], [286], [287].
ATES systems have been investigated previously because their energy storage density (ESD) can be 8-10
times higher than the ESD of sensible heat-storage materials and because they are well-suited for daily or
seasonal storage [288], [289]. In particular, using zeolites and water as the adsorbent-adsorbate pair have
shown promising results for ATES applications [221], [290]. In zeolite-water solar ATES systems zeolites
are charged by desorbing water from their surface using solar energy directly or indirectly [291], [292]. The
ESD increases with increasing charging temperature up to about 200 — 250 °C for the zeolite-water pair
[293], [294]. Parabolic trough solar collectors that concentrate sunlight can heat working fluids or TES
materials at their focal line to temperatures in excess of 350 °C [295], [296], which is more than adequate
for charging zeolite materials. However, in addition to being intermittent, the amount of solar radiation
available per area is limited. The total daily solar irradiation ranges from about 300 to 700 kWh/m? per day
for different locations across the globe [297], [298], which limits the amount of adsorbent that can be

charged and challenges the economic viability of solar-driven ATES systems.

Industrial waste heat (IWH) is another attractive source for charging ATES systems [23]. Typically, waste
heat is released into the environment, contributing significantly to global energy waste, however, heat
exchangers and thermal fluids can be used to transfer waste heat to ATES systems [295], [299], [300]. The
temperature of wasted heat from industrial processes ranges from about 30 °C for drying processes to over
1500 °C for furnaces used in metal casting [219] although most waste heat is at a temperature of less than

200 °C. The use of ATES for IWH recovery has been explored before, and has been identified as a
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promising method for low-grade heat recovery [301]. However, the potential for combining waste heat and
solar thermal energy to charge ATES systems has yet to be studied. In this Chapter the benefits of
simultaneously charging zeolite 13X adsorbents with solar energy and low-grade waste heat are
investigated. The results from this work show higher ESD values can be achieved by simultaneously
charging zeolites with solar and waste heat as compared to when these heat sources are used alone,
suggesting that combining solar and waste heat to charge ATES systems can be a good strategy [328],

[332], [333], [336], [337].

6.3 Methods

The experiments are carried out using an adsorption bed with a volume of 90 x 90 x 50 mm®, which is
illustrated in Figure 6.1. A top surface area of 90 x 90 mm was used for the adsorption bed to match the
area illuminated intensely and evenly by the lamps that provide the simulated solar radiation in the
experimental set up. The adsorption bed has a 6 mm thick transparent Lexan polycarbonate sheet on its top
side and a heating pad (Canadian Polar Pad, CP32, 5 W, 120 V) with an area of 5.08 cm x 7.62 cm resides
at the bottom of the adsorption bed. A 0.48 mm thick aluminum sheet located beneath the polycarbonate
sheet at a gap of 2 mm rests on top of the Zeolite 13X within the adsorbent bed. This thin aluminum sheet
is coated with matte black paint to increase the amount of light it absorbs and converts to heat. The inlet
and outlet of the adsorption bed are connected to PEX pipes with an internal diameter of 11.85 mm and an
outer diameter of 15.85 mm. The inlet and outlet pipes are connected to Dahl 12.7 mm (521-13-13-BAG-
HD) valves to control the airflow through the adsorption bed. A Winsinn 40mm 24V fan located at the
outlet of the adsorption bed generates an airflow rate of 1.6 x 10* m*/s measured at the inlet using a testo

4051 hot wire anemometer. This flow rate is comparable to those used in experiments previously reported
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in the literature, which typically range from about 8x10° m?/s to 4x10™* m?/s [223], [233], [234], [238]. The
adsorption bed is equipped with six K-Type thermocouples. Four thermocouples are located at the center
of the adsorption bed at depths of 5, 15, 25 and 35 mm from the polycarbonate sheet. The thermocouples
are aligned vertically to study the heat penetration in the adsorption bed due to the solar-simulated light
coming from the top of the bed and from the heat pad at the bottom of the bed. One thermocouple is located
at the inlet and another at the outlet to measure the inlet and outlet temperatures. The adsorption bed is
filled with Zeolite 13X (CAS No: 63231-69-6) spherical beads supplied by Alfa Aesar with a diameter of
3 mm, a density of 688 kg/m’, and a surface area of 585 m?%g. Zeolite 13X and water were selected as the
adsorbent-adsorbate pair due to their high ESD, high porosity, high surface area, non-toxicity, availability
and because during the recharging phase water can be delivered to zeolite 13X by flowing air through the
adsorbent bed; the water vapor in the air is adsorbed by the charged zeolites as air flows through the reactor.
Furthermore, many studies have been reported in the literature showing zeolites perform well in ATES
systems [261], [271] Further details regarding zeolite 13X are provided in Table 8.1 in the supplementary

information.
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Figure 6.1 a) Schematic diagram of the adsorbent bed and test section. The insets at the bottom right illustrate the three experimental
cases wherein 1) heat is provided solely from a solar absorber, 2) heat is provided by a heating pad, and 2) heat is provided from

both the solar absorber and the heating pad. b) front view of the adsorbent bed and test section. The adsorbents reside in the blue-

shaded area.

Each experiment consists of a charging phase, a storage phase, and a discharging phase. Three different
cases are considered for the charging phase. For Case 1 the adsorbent bed is subjected to solar-simulated
radiation from a 1000 W metal halide bulb (Sunmaster FULL NOVA) providing a light intensity of 53.6

mW/cm? measured using a ThorLabs, S401C Thermal Power Sensor. For Case 2, simulated waste heat is
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generated using a heating pad located at the bottom of the adsorbent bed. For Case 3 the Zeolite 13X are
charged by heating the adsorbent bed using the solar-simulated light and the heating pad simultaneously.
For all cases the duration of the charging time is 3 h. The daily peak sun hours at locations that would
benefit most from TES for building applications ranges from about 2 h to 5 h (for example, at locations
with a latitude greater than ~ 40° N or less than ~ 40° S). For the experiments reported in this work the light
intensity is about half a peak sun hour (1 peak sun hour = 100 mW/cm?) over a duration of 3 h which is
available daily at most locations. Moreover, for Case 3 the light intensity and power supplied to the heating

pad were identical to that for Cases 1 and 2, respectively.

At the end of the charging phase the light and heating pad are turned off and the inlet and outlet valves are
closed. During the storage phase the zeolite 13 X beads and adsorbent bed return to room temperature while
the inlet and outlet valves are kept closed. The duration of the storage phase is 17 h for all experiments,
which demonstrates that TES can be achieved over an extended period of time (overnight, for example) and
this also provided enough time to ensure the adsorbents and the adsorbent bed cooled to the temperature of
the surroundings before beginning the discharging phase. At the end of the storage phase the inlet and outlet
valves are opened, and the fan is turned on to provide airflow through the reactor to begin the discharging
phase. The water molecules present in the air entering the reactor are used as the adsorbate. The relative
humidity of the air measured using a Govee hygrometer H5075 varied from 13-21% during the experiments,
with the exception of one experiment; the relative humidity ranged from 22 to 33% during a repeated test
for the case when only the heating pad was used to charge the adsorbents. Notably, this variation in the
relative humidity did not have a significant effect on the results. The relative and absolute humidities
measured during the charging and discharging phases for all experiments are reported in Table 8.2 in the

supplementary information. The pressure drop during the experiment in the adsorption bed, measured with
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a EHDIS CR410 digital monometer, was found to be 110 Pa when the airflow used during the experiments,
1.6 x 10* m?/s, was used. This is in accordance with the values reported in the literature [272]. The
discharging phase is allowed to proceed for over 25 hours, and the inlet and outlet temperatures are equal

at the end of this phase.
The ESD, defined herein as the thermal energy transferred to the air flowing through the adsorption bed
during the discharging phase, is calculated by

ESD = —

[ - Cpaiy - AT - dt (6.1)

Vads

Where V,4s is the adsorption bed volume, m is the mass flow rate of the air through the adsorption bed,
Cpair 1s the heat capacity of the air exiting the adsorption bed, and AT is the increase in temperature in
going from the inlet to the outlet of the adsorption bed. The integral is carried out over the first 2.5 h of the

discharging phase.

Energy storage efficiency (1)) is calculated using:

ESD

= Energy Input (6.2)

n

6.4 Results and Discussion

The temperature in the adsorbent bed as a function of time for the three cases viz. Case 1 where the
adsorbent bed is subjected to solar-simulated radiation, Case 2 where heat is generated from the heating
pad at the bottom of the adsorbent bed, and Case 3 where Zeolite 13X are charged by heating the adsorbent

bed using the solar-simulated light and the heating pad simultaneously, are shown in Figures 6.2a-c. As
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shown in Figure 6.2a, for Case 1 the temperature in the adsorbent bed increases rapidly when the light is
turned on at the beginning of the experiment. The temperature at the position of the uppermost
thermocouple, T¢q, reaches a maximum of 64.3 °C, whereas the temperature at the thermocouple located
closest to the bottom of the adsorption bed, Tg4 reaches a maximum of 44.8 °C by the end of the 3 h charging
phase. During the charging phase for Case 1 the temperature in the adsorption bed increases to a lesser
extent for positions located progressively further from the top of the reactor. This is expected because heat
is generated when light is absorbed by the blackened aluminum sheet at the top of the reactor. The inlet and
outlet temperatures for Case 1 are shown in Figure 6.2d. During the charging phase the inlet temperature
increases to about 35 °C and the outlet temperature increases to ~48 °C. The inlet temperature increases
because the lamp heats the surrounding air before it enters the adsorption bed inlet. At the 3 h point of the
experiment the charging phase ends when the light is switched off and the inlet and outlet valves are closed
to begin the storage phase. As shown in Figures 6.2a and 6.2d, the temperature inside the adsorption bed
and at the inlet and outlet decrease and then remain at room temperature over the duration of the storage
phase. At the 20 h point of the experiment the discharging phase commences when the inlet and outlet
valves are opened, and the fan is turned on. As shown in Figure 6.2a the temperature inside the adsorption
bed is raised to about 24.2 °C during the discharging phase, and the temperature measured at different
heights in the adsorption bed is fairly consistent. Furthermore, as shown in Figure 6.2d the air flowing
through the inlet of the reactor remains at room temperature during the discharging phase, while the
temperature of the air at the outlet is raised by 1.7 °C as compared to the inlet temperature. As the
discharging phase proceeds the temperature at the outlet of the adsorption bed gradually decreases to the
inlet temperature. Reproducibility of results is shown in Figure 8.15, Table 8.3. Temperature distribution

at different positions inside the adsorbent bed is shown in Figure 8.16.
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Figure 6.2 Temperature change during charging, thermal energy storage and discharging solely with solar energy (2.a), solely with

waste heat (2.b), and with a combination of both cases (2.c). Inlet and outlet temperature during charging, thermal energy storage

and discharging solely with solar energy (2.d), solely with waste heat (2.e), and with a combination of both cases (2f).

The temperature in the adsorption bed for Case 2 is shown as a function of time in Figure 6.2b. For Case 2,

the temperature increases to a greater extent closer to the bottom of the adsorbent bed where the heating

pad resides. At the end of the charging phase the maximum temperature at the thermocouple placed near

the top of the adsorbent bed, Tg; reaches 42.4 °C. Comparatively, the maximum temperature at the

thermocouple placed near the bottom of the adsorbent bed, Tg, reaches 59.5 °C. Figure 6.2e shows the
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outlet temperature during the charging phase reaches 53.5 °C, whereas the inlet temperature remains at
room temperature during the charging phase. Over the duration of the storage period the adsorption bed and
inlet and outlet are at room temperature. During the discharging phase the temperature at the outlet is raised
by 2.5 °C as compared to the temperature of the inlet. The outlet temperature decreases to that of the inlet

by the end of the discharging phase.

The temperature in the adsorbent bed for Case 3, wherein the zeolite is heated from the top by incident light
and from the bottom by the heating pad, is plotted as a function of time in Figure 6.2c. The highest
temperature was measured at the bottom of the adsorbent bed, as T4 reached 78.4 °C by the end of the
charging phase. The maximum temperature measured by the thermocouple near the top, T¢q, reached 76.4
°C at the 3 h point when the charging phase ended. Notably, the temperature near the middle of the
adsorption bed, measured by T, and Tcs , is lower than the temperature at the top and bottom of the
adsorbent bed, which are heated by the light and heating pad, respectively. The inlet and outlet temperatures
for Case 3 are shown in Figure 6.2f. The inlet and outlet temperatures increase to 37.7 °C and 77.2 °C,
respectively, by the end of the charging phase. Similarly to Cases 1 and 2, the temperature in the adsorbent
bed and at the inlet and outlet decreases to and then resides at room temperature over the 17 h duration of
the storage period. At the 20 h point of the experiment the inlet and outlet valves are opened and air is flown
through the adsorbent bed as the discharging phase commences. As shown in Figure 6.2¢ the temperature
in the adsorbent bed rises during the discharging phase and points closer to the bottom of the adsorbent bed
reside at higher temperatures for longer periods of time. As shown in Figure 6.2¢ the inlet remains at room
temperature during the discharging phase, while the outlet temperature is raised by 3.7 °C as compared to
the inlet temperature. It can be noted that the temperature increase between air flowing through the inlet

and outlet of the adsorbent bed during the discharging phase is small for the experiments in this work as
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compared to values reported in the literature, where airflow temperature increases of 20 °C or more between
the inlet and outlet are not uncommon. Nevertheless, the conditions in the present experiment were set such
that for Case 3 the increase in temperature of the Zeolite 13X at the top of the adsorbent bed due to heating
from incident light was comparable to the increase in temperature at the bottom of the adsorbent bed due
to the heating pad. This ensured that both heating sources made a noticeable contribution to increasing the
ESD. In practice greater amounts of heat can be transferred to an adsorbent bed via light and waste heat to

realize higher outlet air temperatures and ESD values during the discharging phase.

The energy storage efficiencies during Cases 1, 2 and 3 are 17.4 + 1.6%, 7.5 £ 1% and 14.2 + 0.4%
respectively. The ESDs for Cases 1, 2 and 3 are plotted in Figure 6.3. For Case 1 the ESD is 5.6 = 0.5
kWh/m? (equivalent to 8.1 + 0.7 Wh/kg) and for Case 2 the ESD is 7.6 = 1 kWh/m® (equivalent to 11.04 +
1.4 Wh/kg). For Case 3, wherein the zeolite is charged from the top-side using incident light and from the
bottom-side using the heating pad simultaneously the ESD is 18.9 + 0.5 kWh/m® (equivalent to 27.4 + 0.8
Wh/kg). The error on these values was determined by using 80 % confidence levels and the result from two
experiments for each case. The temperature as a function of time at T1, T4, and the inlet and outlet of the
adsorption bed are plotted as a function of time for all experiments in Figure 8.5 in the supplementary

information.
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Figure 6.3 The volumetric and specific energy density of the thermal energy recovered from the zeolite 13X adsorbents for Case 1
(adsorbents are heated by incident light), Case 2 (adsorbents are heated by a heating pad at the bottom of the adsorbent bed), and

Case 3 (adsorbents are heated by light and the heating pad simultaneously).

The results in Figure 6.3 show that combining solar and waste heat to charge Zeolite 13X for TES
applications can be beneficial. Notably, the ESD for Case 3 is slightly greater than the sum of the ESD

values attained for Cases 1 and 2.
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Figure 6.4 The volumetric energy density measured in this work (for Cases 1-3) compared to volumetric energy densities

reported in literature when zeolite 13X was used as the adsorbent.

Using Zeolite 13X for thermochemical energy storage has been investigated under different charging and
discharging conditions in a variety of reactor configurations in the literature. The results attained in this
work are compared to examples of ESD values reported in the literature from different experiments in
Figure 6.4. In viewing the results, it should be noted that the ESD depends on many factors including the
charging and discharging conditions, the size of the reactor, the insulation and heat losses from the reactor,

and the flow rate used during the discharging process. These conditions were not consistent for the different
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results reported in Figure 6.4. The ESD of 85.7 kWh/m® was measured for a zeolite 13x charged at 90 °C
in a rectangular shaped reactor (500 mm x 250 mm x 200 mm) with a sloping roof [293]. The energy
densities of 68.5, 79.7 and 83.5 kWh/m® were reported for a system comprising of an adsorber/desorber unit
having 13.2 kg of zeolite 13X adsorbent with flow rates of 0.5, 1 and 2 L/min, respectively [274]. The ESD
values of 25.8 and 50.7 kWh/m® were measured when the flow rate was 24 L/min and the relative humidities
were 50% and 90%, respectively, during the discharging phase. Furthermore, the zeolite 13x resided in a
packed bed adsorbent column with a volume of 62.8 cm® and the regeneration temperature was 120 °C

[240].

As can be noted in Figure 6.4, the ESD values measured in this work are lower than those reported in the
literature. This is primarily due to the lower regeneration charging temperatures achieved in this work.
Nevertheless, the conditions in the present experiment were set such that for Case 3 the increase in
temperature of the zeolites at the top of the adsorbent bed due to heating from incident light was comparable
to the increase in temperature at the bottom of the adsorbent bed due to the heating pad. This ensures the
two heating sources made comparable contributions to increasing the ESD. Here it is important to note that
if one of the sources provided a small amount of heat compared to the other then there may not be a benefit
to using both sources simultaneously. For example, if the temperature of the heating pad were to be
increased and the amount of incident light decreased then more heat may be lost from the top of the
adsorbent bed then gained from the incident radiation; in this case higher ESD results could be achieved by
replacing the window at the top of the reactor with a thermally insulating material. However, when the
temperature of the adsorbents heated by the two sources are comparable more adsorbents can be heated as
compared to a case where the sources are used individually. For example, the temperature of the zeolite

13X adsorbents near the middle of the reactor (at T2 and T3) was elevated to 45 — 55 °C when either
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incident light or the heating pad were used as the sole heat sources. However, when both heat sources were
used simultaneously the regeneration temperature at these points exceeded 65 °C. Thus, more adsorbents
can be regenerated at higher temperatures using a single adsorbent bed when both heat sources are used
simultaneously. It can also be noted that incident solar radiation can be combined with other heat sources
to charge ATES systems. For example, IWH cold be transferred to solar-driven ATES system located
outdoors (e.g. on a rooftop), or alternatively, heat pumps could provide heat to the ATES system on days
when the time-of-use electricity prices are favorable [281]. It is important to note that here waste heat is
used to upgrade the solar energy harvested to ensure a uniform charging of adsorbents inside the test section
which is evident from the temperature distribution inside the test section during charging shown in Figure

6.2c.

6.5 Conclusion

Experiments were conducted to evaluate the benefits of heating adsorbent-based thermal energy storage
systems with solar radiation and industrial waste heat simultaneously. Incident solar-simulated light was
absorbed at the top of the adsorbent bed to provide heat to charge zeolite 13X beads. A heating pad at the
bottom of the adsorbent bed was also used to charge the adsorbents. When solar-simulated light was used
as the sole heating source the energy storage density is 5.61 kWh/m® (equivalent to 8.15 Wh/kg). When the
heating pad is used as the sole heating source the energy storage density is 7.60 kWh/m® (equivalent to
11.05 Wh/kg). When the adsorbent bed was subjected to radiation from its top side and heated at its bottom
side the energy storage density increased to 18.92 kWh/m?® (equivalent to 27.49 Wh/kg). The energy storage
density achieved when using both heating sources simultaneously is greater than the sum of the energy

storage densities measured when the zeolite 13X beads were heated solely with the solar simulated light or
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with the heating pad. The energy storage density is higher when both heating sources are used
simultaneously because the zeolites are charged at higher temperatures. For example, the zeolite 13X beads
near the middle of the adsorbent bed were heated to 45 — 55 °C when either incident light or the heating
pad were used as the sole heat sources. However, when both heat sources were used simultaneously the
regeneration temperature at these points exceeded 65 °C. Thes results from this work show that more
adsorbents can be heated to higher temperatures in a single adsorbent bed by integrating solar heating with
industrial waste heat thermal energy storage systems as compared to when these heat sources are used

individually.
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7 Conclusion and Future work

7.1 Conclusion

Adsorption-based Thermochemical Energy Storage (ATES) is emerging as a promising technology;
however, it faces some challenges like adapting it for mobile applications, recharging adsorbents with solar
energy, and utilizing diverse energy sources for charging.

This thesis explores and addresses some of these challenges and enhances the viability of adsorption-based
TES. The successful charging of zeolite 13X outside the main reactor and subsequent external storage prior
to discharging open exciting possibilities for mobile heat storage applications. Specifically, Zeolite 13X
were charged by heating in an oven and subsequently stored externally from the discharging reactor. The
results demonstrated that the energy storage density (ESD) of zeolite 13X, charged at 200 °C and stored
external to the discharging unit, could reach up to 111.04+10 kWh/m® (161.4£10 Wh/kg). These findings
were comparable to ESD values reported in the literature for systems where zeolite 13X were permanently
housed within the adsorption/desorption bed throughout the thermal energy storage (TES) cycle. The
encouraging outcomes of this study suggest the need for further research and development of TES systems
that enable short-distance mobile heat storage, with future work focusing on optimizing the configuration
of the zeolite 13X discharging reactor and exploring modular and portable containers for zeolite 13X
transportation between heat sources.

This study also provides valuable insights about how solar collectors with integrated adsorbent beds can be
designed to increase the temperature during the charging process. Three scenarios were examined: (1) the
zeolite 13X adsorbents were subjected solar radiation that was transmitted through the window of the

collector (2) the solar radiation was incident onto a blackened absorber plate, which transferred energy to
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the zeolite 13X bed, and (3) a configuration similar to the second case, but wherein the blackened absorber
plate was isolated, such that it was insulated from the walls of the adsorbent bed. The results indicated that
the presence of an absorber significantly influenced the ESD during the charging process. When a full
absorber was used, the ESD measured was 35.0 = 7.7 kWh/m® (50.9 + 7.7 Wh/kg). The isolated absorber
scenario resulted in a higher ESD of 49.3 + 7.7 kWh/m® (71.7 + 7.7 Wh/kg) compared to the full absorber
configuration. It is observed that when no absorber was present, the ESD was slightly lower at 44.6 + 7.7
kWh/m® (64.8 + 7.7 Wh/kg) compared to the isolated absorber scenario. These findings underscore the
significant impact of the design of the solar collector on the adsorbent charging process and the ESD, with
the full absorber configuration showing the lowest ESD, followed by the no absorber scenario, and finally
the isolated absorber setup. This knowledge can guide the design and optimization of adsorption-based
thermal energy storage systems, enhancing their efficiency and performance. It also serves as a foundation
for exploring innovative configurations and materials to further optimize the energy storage density during
thermal energy storage cycles.

Additionally, the integration of solar radiation and industrial waste heat for heating adsorbent-based thermal
energy storage systems presents a promising avenue for utilizing industrial waste heat to achieve significant
energy storage densities. The study focused on evaluating the benefits of simultaneously using solar
radiation and industrial waste heat to heat an adsorbent-based thermal energy storage panel. Experiments
were conducted in a lab-scale adsorption bed with a transparent polycarbonate window and a heating pad
situated at the bottom. The results showed that when solar-simulated light was used as the sole heating
source, the energy storage density achieved was 5.61+0.5 kWh/m® (equivalent to 8.15+0.7 Wh/kg). When
the heating pad served as the sole heating source, the energy storage density increased to 7.60+1 kWh/m’
(equivalent to 11.04+1.4 Wh/kg). However, the most significant improvement in energy storage density

occurred when the adsorbent bed was exposed to radiation from the top side and simultaneously heated
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from the bottom side, resulting in an energy storage density of 18.92+0.5 kWh/m® (equivalent to 27.49+0.8
Wh/kg). These findings indicate substantial potential benefits from integrating solar heating with industrial
waste heat thermal energy storage systems. This integration could lead to significantly higher energy
storage densities, making it a promising avenue for future research and practical implementation. The
research thus motivates future investigations into advanced hybrid heating systems that leverage diverse
energy sources, contributing to the development of more efficient and environmentally friendly thermal

energy storage technologies.

7.2 Future work

7.2.1 Future Directions from this Work
7.2.1.1 Adsorption-Based Mobile Thermal Energy Storage (m-TES)

The first objective of this research aimed at exploring adsorption-based mobile thermal energy storage (m-
TES). The key aspect involved investigating the thermal energy storage capability of zeolite 13X when
charged externally to the heat recovery reactor. This was done by examining different charging
temperatures and airflow rates. However, further investigation is needed to understand the effects of
charging times, operating temperatures, and relative humidity levels on zeolite 13X's performance in m-
TES systems. Experiments can be conducted wherein the charging time ranges from 2 hours to 12 hours or
longer in some cases (e.g., waste heat recovery systems). The discharging phase can be conducted at
different operating temperatures to simulate different operating conditions across the world which generally
varies from -40°C to 45°C. Additionally, future work can focus on optimizing the configuration of the

reactor used for zeolite 13X discharging and exploring the use of modular and portable segmented
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containers for transporting zeolite 13X between heat sources of varying temperatures. A lab-scale
adsorption panel of 30 cm x 30 cm x 5 cm can be considered for initial studies with 4-5 modular segments.

Later, larger adsorption panels can be tested.

7.2.1.2 Solar-Driven Adsorption-Based Thermal Energy Storage Panel

The second aspect of the research focused on studying the thermal energy storage ability of zeolite 13X
when charged within the adsorption panel and the subsequent recovery of stored heat. Initial experiments
focused on maximizing the charging temperature inside the adsorption panel to charge zeolite 13X
sufficiently. Therefore, different strategies were explored to maximize the charging using solar energy.
Three charging strategies were tested. In Case 1, the incident light passes directly through the polycarbonate
sheet to reach the upper surface of the zeolite 13X beads on the adsorption bed. In Case 2, a full aluminum
absorber covers the upper edges of the aluminum adsorption bed, positioned between the polycarbonate
sheet and the zeolite beads, featuring matte black paint to enhance heat absorption. In Case 3, an isolated
absorber on the polycarbonate sheet rests atop the Zeolite 13X, with its top coated in matte black paint.
Notably, in the third scenario, the aluminum absorber is deliberately kept from contacting the aluminum
adsorption bed. The results showed that the isolated absorber offered the best charging performance. Future
work could involve conducting experiments with adsorption panels fitted with isolated absorbers featuring
fins of various shapes and sizes extended form the absorber down into the adsorption bed to enhance heat
transfer. As discussed in Chapter 5, the low effective thermal conductivity of the Zeolite 13 X beads reduces
the charging temperature within the adsorption bed, and attaching fins to the isolated absorber will increase
the temperature at the middle of the adsorption bed by transferring heat to this area. Fins with rectangular,

trapezoidal, and concave profiles can be considered. Furthermore, different solar energy intensities and
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concentration strategies e.g. the use of solar concentrators, should be studied to achieve optimal charging

of zeolite 13X adsorbents.

7.2.1.3 Integration of Solar Energy and Industrial Waste Heat to Charge Adsorption Panel

The third aspect of the research investigated the integration of solar energy and waste heat to charge the
adsorbents within the adsorption panel. Promising results were obtained, and future work could involve
experimenting with different solar energy intensities, varying grades and methods of delivery of waste heat

to the adsorption bed, and the integration of fins in isolated absorbers.

Lastly, since all experiments were conducted using a small adsorption panel, it would be interesting to see
the results of experiments conducted on a full-size adsorption panel. Therefore, future studies can focus on

experimentation with different sizes of adsorption panels.

7.2.1.4 Modifying the experiment to reach higher temperatures and higher flow rates

It is expected that higher ESD values can be achieved by increasing the charging temperature for the
experiments wherein light is used to heat the zeolite 13 X beads. For example, Figure 5.9 shows the
maximum charging temperature at T during the charging phase for the experiments conducted in Chapter
5is 121 °C, and the corresponding energy density is about 50 kWh/m®. However, results reported in the
literature show that ESD values over 80 kWh/m3 are measured when the charging temperature is 150 °C.
The regeneration temperature for experiments where zeolite 13X is charged using solar-simulated light can
be increased by concentrating the incident light onto the adsorption bed. This can be done by incorporating

light concentration methods such as using Fresnel lenses, parabolic reflectors, or mirrors to direct incident
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light onto the adsorption bed. Furthermore, heat transfer fins could be attached to the bottom of the
aluminum absorber to increase the temperature of the zeolite 13X beads and improve temperature
uniformity throughout the adsorption bed. Furthermore, the amount of heat released during the first hour
of the charging phase could be increased by increasing the airflow rate through the adsorption bed. Air flow
rates could be increased by increasing the size of the inlets and outlets and by using larger fans to increase

the amount of air pushed through the adsorption bed.

7.2.2 Future Work in the Field of Adsorption-Based Thermal Energy Storage

Adsorption-based solar thermal energy storage is an exciting field to harness solar energy in its thermal
form and store it for later use when the sun or heat source is not available. The technology utilizes
adsorption, a reversible thermochemical process to store heat for periods ranging from hours to days,
months, and seasons. The potential of this technology has been proven experimentally through lab-scale
experiments, however, for the development of commercial-scale systems further research is needed.

There are certain aspects of this technology that requires improvement, including improving the adsorption
efficiency, increasing the energy storage density, optimizing the charging process, achieving higher
operating temperatures, improving heat and mass transfer, developing hybrid systems, improving system

integration, and reducing costs and attracting investments. These requirements are discussed below.

7.2.2.1 Analysis of adsorption process using dimensionless numbers

In future work the performance of the adsorption beds investigated in this work could be measured as a

function of dimensionless numbers. Reporting in terms of dimensionless numbers is beneficial as it allows
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the prediction of performance of adsorbant beds with different geometries operating under different

conditions. Examples of using Reynold’s number and Biot number are provided below:

The Reynolds number (Re) is important to understand the flow regime inside the adsorption bed. Reynolds

number is described by the ratio of inertial forces to viscous forces, and is given by

.V.L
Re = 2~
i

Where, p is the density of fluid (kg/m?), V is speed of moist air (m/s), L is length of characteristic length
(m), and p is dynamic viscosity of moist air. A Reynold’s number less than 2000 means a laminar flow
regime, between 2000 and 4000 means a mix of laminar and turbulent flow, and more than 4000 means

turbulent flow regime.

Al Ezzi et al. conducted an experimental investigation to study the effect of flowrates on Zeolite 13X
charging and discharging for indoor dehumidification [302]. A monolayer of Zeolite 13X beads is used
having 4X8 mesh size and a pore diameter of 10 A. Airflow rates with Re equal to 1773, 2586 and 3325
are considered. With 1773 Reynold’s number the discharging time was observed to be 37 minutes which
reduced with a Reynolds number of 2586 and 3325 by 27% and 43% respectively, and charging time was
observed to be reduced from 66 minutes to 0.07% and 17% respectively. Discharging was done at a relative

humidity of 99% and Charging at a temperature of 100 °C. Both charging and discharging of zeolite 13X.
The Biot number (Bi) is the ratio of convective heat transfer to the conductive heat transfer and is given by,
Bi = h.L
T X
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Where, h is convective heat transfer coefficient (W/m’K), L is characteristic length (m), and k is the thermal
conductivity (W/mK). Considering the diameter of the Zeolite 13 X beads is 3 mm, the thermal conductivity
of the pure zeolite bead is 0.1 W/m-K [303], and h = 30 W/m?-K [304], the Biot number would be 0.15.
This indicates the heat transfer resistance within the bead is larger than at its surface. During the charging
phase heat transfer to the interior of the zeolite 13X Beads may be limited considering their low Biot
number. In future work the bead shape and size could be altered to increase the Biot number, and thus

increase charging temperatures.

7.2.2.2 Improvement in Efficiency

Despite offering a promising alternative to traditional systems for thermal energy storage, adsorption
systems suffer from lower efficiencies. However, application-specific engineered highly porous adsorbents
charged with highly efficient heat sources and added to efficiently insulated and highly optimized
adsorption beds for improved heat and mass transfer can offer highly efficient adsorption systems. The
overall performance of adsorption based thermal energy storage systems can be improved by selecting the
suitable adsorbent-adsorbate working pairs, designing the suitable adsorption bed with respect to its size,
collector area, volume and thermal conductivity, incorporation of fins of suitable height, thickness and area

etc [305].

7.2.2.3 Increasing the Energy Storage Densities

Adsorbents with high storage densities are very important for this technology to compete with existing

thermal energy storage technologies. With the development of lightweight high-performance adsorbents
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offering higher per unit mass and volume of adsorbate adsorption and desorption, having lower charging
temperatures and higher operating temperatures the energy densities of the adsorbents can be improved. As
an example, one study highlights how using a compression-induced molding method for preparing high-
performance modular adsorbents with high thermal conductivity and packing density by compacting loose
particle adsorbents with tunable packing densities and thicknesses resulted in improved energy density of

zeolite 13X adsorbent by 1.61 times compared to that of pristine particle adsorbent [306].

7.2.2.4 Optimizing the Charging Process

Currently most of the commercially available and popular adsorbents have either very low thermal energy
storage densities or very high charging temperatures. One approach to dealing with the challenge is the
development of adsorbents with high energy storage densities having lower charging temperatures and
higher thermal conductivities. The other way and probably a more practical approach to dealing with this
challenge is by integrating multiple heat sources together to charge these adsorbents efficiently.
Theoretical models are developed to optimize the adsorbents for thermal energy storage using molecular

simulations and Monte Carlo simulations [307].

7.2.2.5 Improving Heat and Mass Transfer

The adsorption systems can offer higher performances by improving heat and mass transfer. The use of
highly porous high adsorbents of optimum size having a high heat transfer coefficient and lower thermal
resistances placed in optimized adsorption systems operating under optimized adsorption-desorption cycles

can significantly improve the heat and mass transfer in adsorption systems. Heat and mass transfer in the
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adsorption bed can be enhanced using the fin type adsorbent heat exchanger, amalgamated adsorbent bed

with a metal foam, consolidated adsorbent, adsorbent coating and adsorbent with multi cooling tubes [308].

7.2.2.6 Simplification of Adsorption Systems

Existing adsorption systems are generally very complex which made it hard for these to integrate into
modern metropolitan city dwellings. Many current systems rely on the temperature swing or pressure swing
for the charging and discharging of adsorbents which necessitates the use of heat exchangers, reactors, and
thermal management systems resulting in overall bulky systems. Further, the use of sensory and control
components makes the systems only bulkier. However, by simplification and standardisation of system
designs, maintenance, and procedures these systems can fit into almost any setting. For example, there are
existing adsorption-based thermal energy storage systems in which adsorption/desorption beds and

condenser/evaporators are placed in the same unit [146].

7.2.27 Development of Hybrid Systems

The overall efficiency of adsorption systems is very low in comparison to their commercial counterparts
which makes them uncompetitive. However, by integrating these systems with existing solar photovoltaics,
geothermal, combined heating and power and waste heat recovery systems hybrid systems can be developed
to meet the demands and achieve overall higher and improved performances. There are many examples of
such hybrid systems e.g., solar-powered solid adsorption ice maker [146], solar driven adsorption
desalination cooling system [130], and shallow geothermal and solar energy driven adsorption-compression

air conditioning system [309].
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7.2.2.8 System Integration

An unsaid and generally unappreciated roadblock in the commercialization and mass adoption of any new
technology is the know-how on its integration into existing systems. However, with proper and careful
planning for the identification of demand and supply gaps, modular designs, training, and auditing
procedures can lead to the successful integration of adsorption systems into existing systems. The
adsorption based thermal energy storage systems with modular adsorbers [310], [311]. and adsorbent coated
adsorbers for thermal energy storage [312] are good expels for the design for system integration. The
systems with modular adsorbers are of particular importance as these can reduce the maintenance costs by

easy adsorber replacement and less metal consumption [311].

7.2.2.9 Reducing Costs and Attracting Investments

Lastly, it is the system cost that makes a technology attractive to investors and end users. Also, it is the
availability of investments at early stages of development that makes a significant contribution to the faster
development of technology to be market ready within the right timeframe. The costs of the adsorption
systems can be reduced by optimal system design, standardization, and adopting low-cost materials and
manufacturing. Further, for the investments government initiatives and funding can be explored however
for a later stage a successful demonstration of the technology in the real-world setting is crucial to attracting
institutional investors and venture capitalist funds. Studies have shown that the payback period of hybrid
systems is found to be shorter than the conventional adsorption-based systems e.g. a hybrid system working

with the shallow geothermal energy system and solar energy is found to have a payback period of 2.1 years
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[309], where some conventional adsorption-based systems are found to have payback periods in the range

of 5-11 years [313], [314].

7.2.2.10 Development of Sustainable Adsorbents

The environmentally friendly adsorbents with suitable thermochemical properties can be a greener
alternative to conventional adsorbents. One such sustainable bio-adsorbent, flax/CaCl,/LiCl hybrid is
developed for the thermal energy storage for space heating is found to have an energy storage density at

74 kWh/m? for 50% inlet relative humidity after regeneration at 120°C [315].
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8 Appendix

8.1 Supplementary Material for Chapter 4
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Figure 8.1 The temperature at thermocouple positions T; - T5 as a function of time during the discharging phase when the Zeolite
13X were charged at (a) 50 ° C, (b) 100 ° C, (c) 150 °C, and (d) 200 °C. The inlet and outlet temperatures and absolute humidities
plotted as a function of time during the discharging phase when the Zeolite 13X were charged at (e) 50 ° C, (f) 100 ° C, (g) 150 °C,

and (h) 200 °C. The air flow velocity during the discharging phase was 0.35 m/s.
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Figure 8.2 The temperature at thermocouple positions T; - Ts as a function of time during the discharging phase when the Zeolite

13X were charged at 200 °C and the air flow velocity is (a) 0.35 m/s, (b) 0.4 m/s, and (c) 0.45 m/s. The inlet and outlet temperatures

and absolute humidities plotted as a function of time during the discharging phase when the Zeolite 13X were charged at 200 °C

and the air flow velocity during the discharging phase is (d) 0.35 m/s, (e) 0.4 m/s, and (f) 0.45 m/s.
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Figure 8.3 (a) Temperature profiles at thermocouple positions T; — Ts as a function of time during the discharging phase when the
Zeolite 13X were housed within tubes made from stainless steel mesh; (b) Corresponding inlet and outlet temperatures along with

absolute humidities plotted as a function of time during the discharging phase.

8.1.1 Temperature Distribution inside the Adsorption Bed

The study of temperature as a function of position is instrumental for assessing thermal distribution at
various locations within a specific timeframe. Figures 8.4 and 8.5 illustrate the temperature distribution at
positions 0, 20, 40, 60, 80, 100, and 120 mm within the adsorbent bed over time intervals of 0, 0.5, 1, 1.5,
2, and 2.5 hours, and at the end of experiment. Figure 8.4a clearly shows a uniform temperature increase
throughout the experiment. Initially, within the first thirty minutes, the temperature at the 20 mm mark in
the adsorbent bed increases to 49.52 °C, peaks at 53.51 °C at the 40 mm mark, and then gradually declines
at subsequent positions. In the following thirty minutes, the temperature at the 20 mm position decreases to
28.31 °C, reaches a high of 51.64 °C at the 40 mm position, and then decreases at positions beyond. The
temperature decrease across the bed is gradual in the first and second thirty-minute periods and accelerates
towards the end of experiment. After 1.5 hours, the temperature reaches a maximum of 48.17 °C at the 100
mm position and swiftly decreases thereafter. In the subsequent thirty minutes, the temperature peaks at

34.85 °C at the 100 mm mark before decreasing at the end of experiment. In Figure 8.4b, the temperature
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distribution across the adsorbent bed is notably uniform, with initial temperatures peaking at 42.80 °C,
51.06 °C, 47.28 °C, 49.39 °C, and 51.34 °C at the 20 mm, 40 mm, 60 mm, 80 mm, and 100 mm positions
respectively, within the first hour. This is followed by a steady decline until the end of experiment. Notably,
at the 100 mm position, temperatures peak later in the experiment, reaching 40.08 °C after 1.5 hours and
29.88 °C after 2 hours. In Figure 8.4c, the temperature initially rises to 53.44 °C at the 40 mm position
within the first half-hour, subsequently peaking at 54.01 °C at the 100 mm position. Over the next half-
hour, the peak temperature at the 100 mm position is 51.67 °C, and in the subsequent half-hour, it reaches
50.13 °C before beginning a swift decline. The temperature peaks once more at 23.63 °C at the 100 mm
position in the following half-hour. The observed variations in temperature peaks during the respective half-
hour intervals can be linked to differences in flow velocity across the three cases: 0.35 m/s in Figure 8.4a,

0.40 m/s in Figure 8.4b, and 0.45 m/s in Figure 8.4c.
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Figure 8.4 Temperature distribution at different positions at different times in the adsorbent bed during the discharging phase when

adsorbents are charged at the flow rates of a) 0.35, b) 0.4, and c¢) 0.45 m/s respectively

Figure 8.5 shows the temperature distribution within the adsorbent bed when the adsorbents are charged at
the charging temperatures of 50 °C, 100 °C, 150 °C, and 200 °C. It is evident that with the increase in

charging temperature the peak temperature during the discharging phase increases, ranging from 23.73 °C
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for adsorbents charged at 50 °C to 53.51 °C for those charged at 200 °C. In the early stages of the
experiment, temperatures at the 20 mm position rise sharply for all four charging temperatures, reaching a
peak before decreasing significantly. For the adsorbents charged at 50 °C (Figure 8.5a), the peak
temperature of 23.73°C is observed at the 100 mm position, with no significant temperature increases in
the later stages of the experiment. In the scenario where the charging temperature is 100 °C (Figure 8.5b),
a peak temperature of 26.37 °C is reached within the first 30 minutes at the 40 mm position, followed by a
decrease. The temperature peaks again at 25.28 °C at the 100 mm position in the subsequent half-hour, with
minimal increases thereafter. When the charging temperature is set to 150 °C (Figure 8.5c), the temperature
peaks at 29.19 °C at the 100 mm position, with a subsequent peak of 33.42 °C at the same position in the
next half-hour, before decreasing again. No significant temperature increases are noted in the later stages.
At a charging temperature of 200 °C (Figure 8.5d), the temperature quickly reaches a high of 53.51 °C in
the first hour at the 40 mm position, followed by a series of peaks: 50.976 °C, 48.17 °C, and finally 34.85

°C at the 100 mm position in subsequent half-hour intervals.
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Figure 8.5 Temperature distribution at different positions at different times in the adsorbent bed during the discharging phase when

adsorbents are charged at 50, 100, 150 and 200 °C respectively.
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The temperature distribution in the Figure 8.6 is very uniform at all positions in the adsorbent bed. In the
initial 30 minutes, there is a rapid increase in temperature, peaking at 33.77 °C at the 60 mm position,
followed by a decrease. This pattern persists during the next 30-minute interval. However, after 4.5 hours

from the start of experiment, no significant temperature gain is observed.
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Figure 8.6 Temperature distribution at different positions at different times in the adsorbent bed during the discharging phase

when adsorbent pipes.
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8.1.2 Breakeven Distance

Although the adsorption-based thermal energy storage process itself is distance-independent, other factors
such as the energy consumed during transportation, transportation costs, and associated emissions may be
dominant considerations. Therefore, this study focuses exclusively on thermal energy storage for short

distances.

For this analysis, both gasoline and electric versions of the Ford F150 pickup 4WD vehicle are considered,
with the gasoline vehicle having a fuel efficiency of 20 miles per gallon (MPG) and the electric vehicle
having an efficiency of 0.15 kilowatt-hours per kilometer (kWh/km). Additionally, the vehicle fuel
efficiency loss due to a 1 kilogram weight increase over a distance is also considered, which is estimated
to be 1.18 MPG, as well as the extra emissions resulting from this weight increase, which are assumed to

be 0.45 grams of carbon dioxide per mile [316].

Based on the highest ESD values obtained in Chapter 4, the energy stored in 100 kg zeolite 13X is 71
Wh/kg. It takes 25.56 MJ to transport 100 kg of zeolite 13X 48 km using an electric powered Ford F150.
Thus, for mobile heat storage to be beneficial the transport distance must be considerably less than 132 km
(especially considering the energy stored is in the form of thermal energy while the energy used for transport
is provided as electric power). If the energy consumed to transport the zeolite 13 X were to be limited to
20% of the thermal energy stored in the zeolite 13X then the maximum distance the zeolite could be
transported would be 26 km. What is meant by short distance will depend on a number of factors including
the type of adsorbent and method of transport. For the present case, considering the electric powered Ford
F150, “short distance” is less than about 17 km. For the case of the gas-powered Ford F150 the amount of

energy consumed per distance travelled is much higher. With the limitation that the energy used for

164



transport is less than 20% of the energy stored, the maximum transportation distance would be just 3.4 km,

suggesting that mobile heat transfer is viable only within an industrial complex.
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Figure 8.7 Optimal distance to use adsorption-based thermal energy modules for mobile thermal energy storage.
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8.2 Supplementary Material for Chapter 5

Table 8.1 The experimental and simulated temperatures 5 mm from the top surface of the zeolite 13X beads

Case 1 Case 2 Case 3
Experimental results 391 K 357K 395K
Simulated results 364 K 356 K 417K

There is some discrepancy between the experimental and simulated results. For example, the temperature
at T1 for the experimental results is 391 K, whereas this temperature is 364 K for the simulated results.
These differences arise due to the fact that the simulation is carried out in 2 dimensions and assumptions
were made about the permeability of the packed zeolite beads. Nevertheless, the trend for the experimental
and simulated results are similar. The highest temperature at T1 occurs for Case 3 (the case of the isolated

aluminum absorber) and the lowest temperature at T1 occurs for Case 2 (the full aluminum absorber).
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Figure 8.8 Temperature as a function of time at T1 and T4 for two experiments wherein the zeolite 13X beads were charged for 8

hours with (a) no absorber, (b) a full absorber, and (c) an isolated absorber. The temperature as a function of time at the inlet and

outlet for two experiments wherein the zeolite 13X beads were charged for 8 hours with (d) no absorber, (e) a full absorber, and (f)

an isolated absorber.

Table 8.2 Energy storage densities during experiments

Charging phase Discharging phase Energy Energy
storage storage
Charsin Temperature | Max charging | Temperature Max density density
timeg(h)g at the inlet temperature at the inlet | temperature (g/m?) (Wh/kg)
0 achieved (°C) (&9} outlet (°C)
Case-1: No 8 217 117.6 217 314 0262 | 6194
absorber-1
Case-1: No 8 21 114.7 218 28.7 44.56 64.77
absorber-2
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Case-2: Full 8 215 83.1 219 297 35.03 5091
absorber-1
Case-2: Full 8 219 82.7 217 32 31.55 45.86
absorber-2
Case-3: Isolated ] 20.7 1214 22 34 48.35 70.27
absorber-1
Case-3: Isolated 8 213 121.4 2.1 29.6 4934 71.72
absorber-2
Case-3: Isolated 5 217 98.7 225 30.4 9.11 13.24
absorber
Case-3: Isolated | 21.6 114.5 223 323 2125 | 30.89
absorber
Case-3: Isolated 6 217 118.9 21.7 30.4 38.39 55.79
absorber

8.2.1 Case study for rooftop solar powered adsorption panels

Adsorption-based TES systems can be integrated in building ventilation systems to provide heat for
buildings [317], [318]. For solar powered systems, the charging phase (desorption) occurs when air entering
the adsorbent bed, or the adsorbent bed itself, is heated using sunlight. During the discharging phase moist
air passing through the adsorption bed is heated as adsorption occurs. Hot air leaving the adsorption bed

can be used to transfer heat to fresh air using a heat exchanger within the buildings ventilation system.

The purpose of this case study is to investigate the feasibility of using the solar powered adsorbent-based
TES systems investigated in this thesis to store heat for a typical residential home located in Toronto,
Canada, as described in Section 3.4. The calculations in this case study are based on the experimental

results reported in Chapter 5. Calculations are performed to determine the volume of zeolite 13X
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adsorbents, the amount of light required to charge the zeolite 13 X adsorbents, as well as the area of the

adsorbent bed. The required amount of solar concentration and limitations are also discussed below.
Amount of light required to charge the zeolite 13X adsorbents

The highest ESD value of 49.3 kWh/m® was achieved for the isolated absorber.

The Light intensity during the experiments is 128.8 mW/cm? = 1288 W/m?

The duration of the charging phase in the experiments is 8 h

The amount of light needed to charge the zeolites is 1288 W/m? x 8 h = 10304 Wh/m?
Required volume of Zeolite 13 X

The average daily energy requirement for spatial heating is 0.23 GJ = 63.889 kWh

The highest energy storage density attained is 49.3 kWh/m®

The volume of zeolite 13 X needed is 63.889 kWh/(49.3 kWh/m®) = 1.296 m?
Required area of the adsorbent bed

The height of the adsorbent bed used in the experiments is 0.05 m.

The area of adsorbent beds required is 1.296 m*/0.05 m = 25.9 m?
Required amount of solar concentration

The average daily irradiance in Toronto is 4.3 kWh/m?

The amount of light needed to charge the zeolites is 1288 W/m? x 8 h = 10304 Wh/m?

The concentration factor needed for the averaged values is (10304 Wh/m?)/(4.3 kWh/m?) = 2.4
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Flat solar reflectors can be used to concentrate light onto the adsorption bed [319].

Maximum number of solar concentrations and limitations

The rooftop area for the case study is 200 m®.

Using the experimental conditions, the required area of the adsorbent beds is 25.9 m?

Limitations throughout the year

The maximum concentration that could be attained when placing the adsorbent beds on the
rooftop is (200 m*/25.9 m?) - 1 = 6.72

The maximum concentration is 2.8 higher than the concentration needed for average conditions
(Based on the calculations above, the area of the adsorbent beds is 25.9 m? and the concentration
factor is 2.4. In this case the area of the adsorbent beds and the collectors would be 25.9 m? +
62.2 m* = 88.1 m”. If the concentration factor was 6.72 then the area of the adsorbent beds and the
collectors would be 25.9 m? + 174.05 m? = 200 m?, which is the area of the rooftop. Notably, this
analysis assumes all area on the rooftop could be occupied by PV panels and concentrators,
however in practice this would not be possible, and the maximum concentration factor would
need to be lowered according to the amount of rooftop space available).

If sunlight is concentrated at a factor of 6.72 the solar irradiance required before concentration is
(10304 Wh/m?%/6.72) = 1533.33 Wh/m* = 1.53 kWh/m?”.

The average daily solar irradiance in Toronto is the lowest during the month of December (1.82

kWh/m?*-d) and is the second lowest during the month of January (2.33 kWh/m?*-d) [320]
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The amount of solar irradiance during the winter is enough to provide for the average heating
requirement. However, noting that the heating requirement is significantly larger during the

winter, it may only be possible to satisfy a portion of the heating load.

Sun
Sun Rays
N\ Flat Plate
=
/ Collector
Reflector

Water
Outlet

Figure 8.9 Schematic view of flat plate collector with reflectors
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8.3 Supplementary Material for Chapter 6
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Figure 8.10 Temperature as a function of time at T1 and T4 for two experiments wherein the zeolite 13X beads were charged with

(a) solar-simulated radiation incident onto an absorber, (b) a heating pad at the bottom of the adsorption bed, and (c) solar-simulated

radiation incident onto an absorber and a heating pad at the bottom of the adsorption bed. The temperature as a function of time at

the inlet and outlet for two experiments wherein the zeolite 13X beads were charged with (d) solar-simulated radiation incident

onto an absorber, (e) a heating pad at the bottom of the adsorption bed, and (f) solar-simulated radiation incident onto an absorber

and a heating pad at the bottom of the adsorption bed.
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Table 8.3 Energy storage densities during experiments

Charging phase Discharging phase Energy | Energy

storage | storage

X . X . density | density

Relative Initial Absolute | Relative Initial Absolute
humidity | temperature | humidity | humidity | temperature | humidity | (g/m’) | (Wh/kg)
(%) O (g/m’) (%) O
(g/m’)

Light-1 16 21.4 1.1 19 21.6 1.4 59 8.6
Light-2 20 22.0 1.4 21 21.7 1.6 53 7.7
Dark-1 13 21.6 0.9 14 21.7 1.0 8.2 11.9
Dark-2 22 21.5 1.5 33 21.8 2.7 7.0 10.2
Light+Dark-1 19 22.1 1.4 21 22.1 1.7 18.6 27.0
Light+Dark-2 13 20.8 0.8 16 21.5 1.1 19.2 28.0
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