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Abstract

The adverse effects of climate change, the steady depletion of fossil fuels, and the industrialization of
developing countries have resulted in an increased supply and demand of renewable thermal energy.
Renewable thermal energy sources like solar thermal energy produce fewer local emissions but have a
temporally inconsistent power output. The consumer space heating and domestic hot water demands
also vary as a function of time. This creates a mismatch between thermal energy supply and demand.
Energy storage is one method of solving this problem. However, conventional methods, like hot water
storage, are voluminous and can only store heat for short periods of time. Therefore, compact long-term
energy storage technologies, like sorption-based energy storage systems, require research and
development. The current work aims to identify and develop suitable materials for sorption-based energy
storage systems and to determine the effects of operating conditions on the performance of thermal

energy storage systems.

A material screening study was performed, which identified MCM-41, SAPO-34, and silica gel, which are
all silica-based materials, as suitable materials for sorption-based energy storage. The effects of key
operating variables for a silica gel/water-vapour adsorption-based energy storage system were quantified
and optimized. The optimized system energy storage density value was nearly double that of unoptimized
systems. The effects of salt impregnation were investigated by impregnating different hosts with MgS0,
salt and varying the concentration of the salt in the host material. All composites were stable after three
hydration/dehydration cycle. A silica gel/MgSO4 hybrid containing 33 wt% MgSO. was found to have the
highest energy storage density of all of the MgSOs-based composites. Finally, CaCl,, a promising
hygroscopic for thermal energy storage was stabilized via impregnation into silica gel and encapsulation
in methylcellulose. A novel synthesis technique involving the simultaneous impregnation of silica gel with
CaCl; and encapsulation in methylcellulose produced a stable encapsulated salt-in-matrix composite with

a high energy storage performance.



Sommaire

Les effets négatifs du changement climatique, I'épuisement des combustibles fossiles et I'industrialisation
des pays en développement ont créé une plus grande offre et demande d'énergie thermique
renouvelable. Les sources d'énergie thermique renouvelable comme |'énergie solaire thermique
produisent moins d'émissions locales, mais ont une production d'énergie irréguliere par rapport au temps.
Les demandes de chauffage varient également en fonction du temps. Cela crée une discrétion entre |'offre
et la demande d'énergie thermique renouvelable. Le stockage de I'énergie est une méthode qui peut
résoudre ce probléme. Malheureusement, les méthodes conventionnelles sont volumineuses et ne
peuvent stocker I'énergie thermique que pendant de courtes périodes. Alors, les technologies de stockage
d'énergie compactes et long terme, comme les systémes de stockage d'énergie par sorption, nécessitent
de recherche et de développement. Cette thése vise a identifier et a développer des matériaux appropriés
pour les systemes de stockage d'énergie par sorption et a optimiser les effets des conditions de

fonctionnement.

La premiere étude de cette thése a identifié le MCM-41, le SAPO-34 et le gel de silice comme des
matériaux appropriés pour le stockage de I'énergie par sorption. Les effets des conditions de
fonctionnement d'un systeme de stockage d'énergie ont été quantifiés et optimisés. La valeur de la
densité de stockage d'énergie du systeme optimisé était presque le double des systémes non optimisés.
Les effets de I'imprégnation du MgS0, ont été étudiés en imprégnant différentes matrices avec du MgS0,.
De plus, la concentration du sel dans la matrice a été variée. Toutes les composites étaient stables aprés
trois cycles d'hydratation/déshydratation. Un hybride gel de silice/MgS0O, contenant 33 % en poids de
MgSO, avait la densité de stockage d'énergie le plus haut. Enfin, le CaCl,, un bon matériel de stockage de
I'énergie thermique, a été stabilisé par imprégnation dans du gel de silice et encapsulation dans de la
méthylcellulose. Une nouvelle technique de synthése ol on fait I'imprégnation simultanée de gel de silice
avec du CaCl; et I'encapsulation dans de la methylcellulose a été développé. La produit de cette synthése

était une composite stable avec une haute performance.
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Chapter 1 — Introduction

1.1 Abbreviations

EDX Energy dispersive x-ray

MCM Mobil composition of matter
SAPO Silico-alumino-phosphate

SEM Scanning electron microscopy
TCES Thermochemical energy storage
TES Thermal energy storage

1.2 General Background

Thermal energy makes up roughly 83% of the consumer energy demand in Canada [1]. Simultaneously,
renewable energy is in increasing global supply and demand, including renewable thermal energy, like
solar thermal power [2]. Although renewable energy sources offer numerous advantages like reduction
in carbon emissions and fossil fuel independence, many renewables exhibit an inconsistent energy output.
This means that some renewable power supply can vary hourly, daily, or seasonally. Unfortunately, these
fluctuations in power output do not match up temporally with the variations in consumer demand. This
creates a mismatch between supply and demand and results in energy companies oversizing equipment,
wasting heat, and using fossil fuels to supply heat during times of peak demand. One way to resolve this
mismatch would be to store excess energy during times of high renewable power output and to release

this energy in times of high consumer demand.

Electrical energy is often stored using technology like lithium-ion batteries, but since the conversion of
thermal energy to electrical energy is inefficient, thermal energy is not typically stored using these
technologies. The conventional methods of thermal energy storage (TES) involve heating up some
medium (e.g. rock, water, etc.) and storing the energy as sensible heat. This method is simple but requires
large volume to store useful amounts of energy and experiences significant heat losses over time during
storage. Latent heat energy storage has also been implemented commercially [3]. It typically involves
freezing and melting molten salts and experiences less heat losses and greater energy density than

sensible heat storage methods [4]. However, latent heat still experiences heat losses over time and many



proposed materials are toxic. A promising alternative to these two methods is thermochemical energy

storage (TCES).

1.3 Thermochemical Energy Storage

Energy can be stored as thermochemical heat. TCES involves a chemical or physical process like water
vapour adsorption/desorption or salt hydration/dehydration. For the example of water vapour
adsorption, heat is stored by applying heat to an adsorbent and causing the water-vapour to desorb from
the surface of the adsorbent. The stored thermal energy can then be released by allowing water vapour
to adsorb onto the surface of the adsorbent. TCES exhibits high energy storage densities and it can also
theoretically store thermal energy indefinitely, making it suitable for both short-term and long-term

storage applications. Furthermore, many of the proposed materials for this process are non-toxic [5].

Despite its advantages, TCES technology is still underdeveloped. One main bottleneck for its development
is lack of suitable materials. Materials for TCES applications should have high water-vapour adsorption
capacity, have high heat of adsorption/hydration heat, have good cyclic stability, be easy to regenerate,
be non-toxic, be non-corrosive, be inexpensive, be pelletized or granular, and be commercially available.
A second obstacle inhibiting development of this technology is lack of information about the effects of
energy storage system operating variables for different materials at different scales. It is known that
variables like regeneration temperature, adsorption humidity, and flow rate have an impact on the energy

storage performance of TCES systems, but the data currently reported in literature is insufficient.



1.4 Thesis Objectives

The goal of this thesis is to contribute to the overall knowledge and understanding of the TCES
performance of various materials and the effects of operating conditions of TCES systems. In order to

achieve this goal, the current work has set the following objectives:

e Perform an adsorbent material screening study by pelletizing various materials and testing their
durability and energy storage performances.

e Optimize a water-vapour/silica gel-based lab-scale energy storage system by quantifying the
effects of regeneration temperature, adsorption inlet humidity, flow rate, particle size, and
thermal insulation.

e Synthesize and test new MgS04-based composite materials and then quantify the effects of
MgSO, concentration on energy storage performance for MgS0O, composites.

e Stabilize CaCl, and silica gel/CaCl, composites by encapsulation with methylcellulose and examine
the stability and energy storage performance of the resulting composites.

e Examine and quantify the effects of operating conditions when using SAPO-34 as the active

adsorbent for a lab-scale thermal energy storage system.

1.5 Thesis Structure

Chapter 2 of this thesis is a screening study where 5 adsorbents are investigated. Titanium silicate
molecular sieve, flax shive briquettes, MCM-41, SAPO-34, and silica gel are pelletized, and then their
mechanical durability and energy storage performance are assessed and compared. The mechanical
durability was assessed via a standard drop test and the energy storage performance was assessed using

a lab-scale energy storage apparatus.

Chapter 3 of this work is an article entitled “Optimization of operating conditions for an open bulk-scale
silica gel/water vapour adsorption energy storage system” which was submitted to the Applied Energy
Journal in February 2021. This article investigates the effects of key operating parameters (regeneration
temperature, adsorption inlet humidity, flow rate, particle size, and thermal insulation) on the
performance of a lab-scale silica gel/water adsorption energy storage system. After quantifying the effects
of these operating conditions, the system variables were optimized to maximize the energy storage

performance.



Chapter 4 involves the synthesis of four salt-in-matrix composites using MgSQO, as the impregnate. The
best performing material, silica gel impregnated with MgS04, was synthesized with various different
concentrations of MgS04. The MgS0./SG composites were characterized via SEM and EDX, and their
energy storage performance was analyzed using a lab-scale energy storage apparatus. The effects of salt

guantity were investigated, and the amount of salt added to the silica gel matrix was optimized.

Chapter 5 presents the synthesis and energy storage performance of three CaCl,-based composite
materials: silica gel impregnated with CaCl,, CaCl, encapsulated by methylcellulose, and CaCls-
impregnated silica gel that has also been encapsulated with methylcellulose. The material energy storage

performance and cyclic stability was tested using a lab-scale energy storage apparatus.

Chapter 6 provides a summary of the key findings and conclusions from the other chapters. It also provides

recommendations for future studies.

Appendix A contains an article titled “Study of energy density of adsorption-based thermal energy storage
system under different operating conditions for SAPO-34” which was submitted to Adsorption in
December 2020. In this work a pelletized SAPO-34 sample is tested at the lab scale using a variety of

different operating conditions to determine its energy storage performance under various conditions.
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Chapter 2 — Adsorbent pelletization and screening for water-vapour

adsorption-based thermal energy storage

Curtis Strong, University of Ottawa
Ye Carrier, University of Ottawa

F. Handan Tezel, University of Ottawa
Abstract

Thermochemical energy storage is a promising alternative to conventional thermal energy storage
methods; however, new materials need to be developed, pelletized and tested. The current study
investigates the use of various adsorbents for water-vapour adsorption-based thermochemical energy
storage. The tested adsorbents included a titanium silicate molecular sieve (Ti-Si), flax shive briquettes,
MCM-41, SAPO-34, and silica gel. The energy storage density and thermal power of each material was
determined by testing them in a lab-scale adsorption thermal energy storage system. All materials were
either received as pellets or they were pelletized to minimize the system pressure drop and improve ease
of handling. The performance of each adsorbent was evaluated under different regeneration
temperatures and relative humidity levels in the feed stream. The mechanical durability of the materials
was analysed using a standard drop test. The hydrothermal stability was assessed by performing multiple
adsorption and desorption cycles on the same material under the same conditions and observing any
changes in behaviour or performance. Silica gel, SAPO-34, and MCM-41 showed energy densities above
150 kWh/m? and less than a 5% decrease in energy storage density after 20 adsorption and desorption
cycles. All materials except for the flax shive briquettes retained more than 85% of their initial mass after

the standard drop test.

Keywords: Adsorption, thermal energy storage, energy density, water vapour adsorption, materials,

pelletization



2.1 Nomenclature

Cp,air

ESD

mf inal
Minitial
P/Po
Qadsorption
q
Qadsorption

q desorption

RH

% mass retained

Greek Letters

AHq45(q)

AT

2.2 Abbreviations

BET
ESD

MCM

Specific heat capacity of air (kWh/g-°C)

Energy storage density (kWh/m3)

Mass flow rate of air (g/s)

Mass after dropping the particle (g)

Mass before dropping the particle (g)

Relative pressure; partial pressure divided by the saturation pressure (/)
Energy released during adsorption (kWh)

Mass of adsorbate adsorbed (g/g)

Mass of adsorbate adsorbed at saturation at the end of the adsorption (kg)
Mass of adsorbate adsorbed after fully regenerating (kg)

Relative humidity (%)

Duration of the adsorption experiment (s)

Temperature at the inlet of the column (°C)

Temperature at the outlet of the column (°C)

Volume of the adsorption column (m?3)

Percentage of the initial mass retained after dropping the particle (%)

Heat of adsorption as a function of amount adsorbed (kWh/kg)

Difference between the inlet and outlet of the column (°C)

Brunauer—-Emmett—Teller

Energy storage density

Mobil Composition of Matter
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MFC Mass flow controller

PEG Poly(ethylene glycol)

PVA Poly(vinyl alcohol)

RH Relative humidity

SAPO Silico-alumino-phosphate

SLPM Standard litres per minute

TCES Thermochemical energy storage
TES Thermal energy storage

Ti-Si Titanium silicate molecular sieve

2.3 Introduction

2.3.1 Motivation

In Canada, thermal energy accounts for more than 60% of commercial and institutional end-use energy
and more than 80% of residential end-use energy [1]. Renewable thermal and electrical energy sources
are increasing simultaneously, in both supply and demand, consistently and significantly increasing their

market share in developed countries [2].

Renewable energy sources offer numerous advantages like reduced local emissions and greater
sustainability, but the energy output of renewable energy sources is temporally inconsistent. For example,
solar panels have a greater energy output during summer months than in winter months in the northern
hemisphere, due to elevated solar irradiation levels in the summer months. This issue is exacerbated by
the fact that the energy demand is also inconsistent. For example, in Canada, there is a greater demand
for space heating in the winter months than in the summer months. One way to resolve this mismatch
would be to store excess energy produced by renewable energy sources and then release it when it is

needed.

Thermal energy can either be converted to another type of energy like electricity and be stored or be
stored directly as thermal energy. Since converting heat to electricity is costly and inefficient, thermal
energy storage (TES) techniques are of interest. Conventional TES techniques involve storing energy as

sensible heat using a hot water tank or some other medium that can be heated and have its temperature



maintained. This technique is simple and inexpensive, but experiences significant heat losses and requires
large volumes to store useful amounts of energy (= 50 kWh/m?3) [3]. This makes conventional methods

unsuitable for many buildings and for long term heat storage.

Thermochemical energy storage (TCES) stores energy using a reversible physical or chemical process like
water-vapour adsorption. These techniques are suitable for long term storage, are much more compact

than conventional methods, and often do not require the use of any toxic chemicals [4].

Despite the advantages of TCES, this technology is not yet commercialized. One of the main reasons for
this is the lack of suitable materials to make this technology technically and economically feasible.
Therefore, material development is necessary and of great interest. Furthermore, the developed materials
should be pellets, briquettes, or granules to reduce pressure drops through flow systems within an
adsorption column and increase ease of handling. Finally, the materials should be mechanically durable
and hydrothermally stable so that they do not break down during use or in handling. In this study, the
energy storage performance, mechanical durability, and hydrothermal stability of five materials have

been analyzed and compared.

2.3.2 Selected Materials for Study
In this study titanium silicate molecular sieve (Ti-Si), flax shives, MCM-41, SAPO-34, and silica gel were
tested. Apart from Ti-Si, all of these materials have been studied for TCES or other water-vapour

adsorption applications [5—-12].

Ti-Si is a synthetic aluminosilicate zeolite typically used as an adsorbent and catalyst. It was selected since
it is hydrophobic and hydrothermally stable [13], so it was hypothesized that it could be regenerated at

low temperatures and would be able to withstand multiple water vapour adsorption cycles.

Flax shives are heterogenous materials that are a bi-product of flax processing. It was selected for this
study since it is an inexpensive material with a high-water uptake capacity (0.05-0.9 g/g) [14]. This is
favourable since the working water vapour adsorption capacity (qaasorption — Qdesorption) iNCreases the
energy storage density (eq. 2.1). Also, adsorbent costs are estimated to be one of the major contributors
to adsorption-based energy storage system prices, and therefore the affordability of flax shives is a big

advantage [4, 15, 16].

dadsorption

Adesorption
vV

ESD =




where ESD is the energy storage density (kWh/m>), qaasorption is the amount of water vapour adsorbed
under the adsorption conditions (kg), qgesorption is the amount of water vapour adsorbed under the
desorption conditions (kg), AH, 4 is the heat of adsorption as a function of the amount of water vapour

adsorbed (kWh/kg), and V is the volume occupied by the adsorbent bed (m?3).

MCM-41 is a mesoporous aluminosilicate material with large pore volumes (0.73-1.30 cm3/g) and BET
surface areas (758-1137 m?/g) [5, 17-19]. This hydrophilic material is often used as a catalyst. It has an S-
shaped water-vapour adsorption isotherm (Figure 2-1), exceptionally high water-vapour adsorption
capacities (0.57-0.90 g/g), and relatively high heats of adsorption (40-60 kJ/mol) [5, 19-21]. Furthermore,
pure MCM-41 and MCM-41-based composites have been tested for thermochemical energy storage
applications and these materials showed high energy densities (Table 2-1). Therefore, it is expected to

have high energy storage density while being easy to regenerate.
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Figure 2-1. Water vapour adsorption isotherms for MCM-41 at 30°C [20], silica gel 40°C [22], and SAPO-
34 at 40°C [11].
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Table 2-1. Summary of literature water uptake capacity and specific energy values for pure MCM-41 and
MCM-41 composites.

Material Relative Humidity =~ Water Uptake Capacity Specific Energy Reference
(%) (s/g) (ki/kg)
Pure MCM-41 94 0.57 - [20]
Pure MCM-41 30 0.04 - [19]
MCM-41/AISO, 30 0.17 612 [19]
MCM-41/KCl 95 0.55 - [23]
MCM-41/PEG” - - 102 [18]
MCM-41/CaCl, 70 0.75 2000 [24]

*PEG is a phase-change energy storage material, not a sorption material

SAPO-34 (Silico-alumino-phosphate) is a hydrophilic synthetic microporous zeolite. It is another
commonly studied advanced material for water vapour adsorption and adsorption-based thermal energy
storage [7, 10, 25]. This is due to its high energy storage capacity at low humidity levels and the fact that

it can be easily regenerated due to its S-Shaped isotherm (Figure 2-1).

Silica gel is a popular commercial desiccant with a high water-uptake capacity (Figure 2-1). Silica gel and
silica gel-based composites have also been studied for thermochemical energy storage applications [10,
12, 26]. Pure silica gel and composites have achieved high energy storage densities after modest
regeneration temperatures (94-350 kWh/m?3) [10, 12, 27]. Furthermore, silica gel is an inexpensive

adsorbent that is commercially available.

2.4 Materials and Methods

Five adsorbent materials were tested for their mechanical durability and energy storage performances.
All of the materials were received as pellets or granules or were pelletized to be able to use them in a lab-
scale adsorption column. The mechanical durability of the materials was assessed using a standard drop
test [28]. Lab-scale energy storage experiments were performed using a procedure and set-up similar to
those described in [29]. Data from these experiments were used to calculate the energy storage density

(ESD) and thermal power.

2.4.1 Materials
The titanium silicate (Ti-Si) molecular sieve powder sample was purchased from ACS Material LLC

(Pasadena, CA, USA). The powder was pelletized following the pelletizing method described by V. Finsy et

11



al. [30] using poly(vinyl alcohol) (PVA) material (MilliporeSigma Canada Co., Oakville, ON, Canada) as
binder. Approximately 3.36 g of PVA was mixed with 40 g of deionized water in a glass beaker with a
thermometer to monitor the temperature of the liquid. The mixture was increased to 90°C with
continuous stirring to obtain a clear homogeneous solution. 10 g of the PVA/water solution was added to
11.37 g of Ti-Si powdered material to make a paste-like mixture. The Ti-Si paste was then spread on top
of a Teflon sheet and dried in the oven at 190°C for 9 hours. The dried Ti-Si/PVA (94:6 weight ratio)

material was then crushed and sieved to the desired particle size (12-20 mesh or 0.841 — 2.38 mm).

Pure flax shives were received from SWM International (Alpharetta, GA, USA). Pelletization of flax shives
into discs (2.5 cm diameter, 0.2 cm thickness) was attempted by crushing flax shives into a fine powder
via pestle and mortar then using a die and punch with a hydraulic press at 100 MPa for 10 min without
binder; this was not successful. The same procedure was repeated but with a 22 wt% addition of canola
meal as a binder [31], but this was also not successful, possibly because this was done at room
temperature. Large flax shive briquettes (7 cm diameter, 2 cm height) were also received from SWM
International (Alpharetta, GA, USA). These flax shive briquettes were ripped by hand into smaller pieces

(0.5-1.3 cm diameter, 1.3-2.1 cm length) so that they could fit into the lab-scale adsorption column.

MCM-41 was received as a powder from ACS Materials, LLC (Pasadena, CA, USA), and it was pelletized
into discs (2.5 cm diameter, 0.2 cm thickness) using a die and punch and a hydraulic press. It was pressed
for 10 min at 100 MPa without binder. According to literature this should not affect the material structure
or properties [32]. The discs were then crushed using a mortar and pestle and sieved to a 12-20 mesh size

(0.841 — 2.38 mm).

SAPO-34 was received as a powder from ACS Materials, LLC (Pasadena, CA, USA) and sent to the Material
Center at Dresden University of Technology (Dresden, Germany), where it was pelletized into spherical

particles using a proprietary binder and binding process. The particle diameters range was 1-2 mm.

Silica gel was received from XEBEC Adsorption Inc. (Blainville, QC, Canada) as large granular particles. The
particles were crushed using a mortar and pestle and sieved into smaller particles (12-20 mesh or 0.841 —

2.38 mm).

2.4.2 Drop Test Apparatus and Procedure
A standard drop test was used to evaluate the mechanical durability of the adsorbent particles [33—35].
They were dropped 4 times from a height of 1.85 m onto a metal plate, and their mechanical durability

was based on the mass retained after the 4 drops (eg. 2.2). In order to ensure consistent drops, particles
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were placed on a piano hinge 1.85 m above the metal plate. The hinge had holes cut in it so that when
the hinge would swing open, it would cause the loaded particle to drop onto the metal plate. By using the
piano hinge, all particles were dropped uniformly, whereas dropping the particles by hand may have
resulted in inconsistent results due to the experimenter inadvertently increasing or decreasing the speed
at which they release the particle. Before dropping the particles, their mass was measured and recorded
using a Mettler Toledo (Columbus, OH, USA) PR503 precision balance with an uncertainty of + 0.002 g.
Additionally, following each drop, the particles were sieved, and the mass of particles was measured and

recorded.

m .
% mass retained = —Jinal o 100% (2.2)

Minitial
Where % mass retained is the percentage of the initial mass that was retained after being dropped,

Mying is the mass of the sample after being dropped, and m;y;;;4, is the initial mass of the sample.

2.4.3 Energy Storage Apparatus and Procedure

The lab-scale energy storage set-up and testing methodology are similar to those described in [29]. The
schematic of the system is provided in Figure 2-2. The adsorption column was packed with 5-50 g of the
adsorbent material. Next, air with a relative humidity (RH) of less than 3 % was heated to a set
regeneration temperature and passed over the column to dehydrate the sample. Once the RH exiting the
column was less than 3% for 15 minutes, the dehydration was considered to be complete. After
dehydration, the column was sealed with valves and cooled to room temperature (22°C) overnight. For
the adsorption portion of the experiments, air at approximately 22°C was humidified to a chosen RH (e.g.
50%) and then passed over the column at a given flow rate. The RH at the inlet and the outlet of the
column was measured with an Omega Engineering Inc. (Norwalk, CT, USA) HX-15 RH probe, with readings
valid from 3% to 95% RH with a £ 2% RH uncertainty. The flow rate was controlled by an MCW-series mass
flow controller (MFC), purchased from Alicat Scientific Inc. (Tucson, AZ, USA). The temperature difference
at the inlet and outlet of the column was also measured and recorded, using thermocouples. With this
information, it was possible to calculate the amount of energy released during adsorption, using eq. 2.3.
Furthermore, by recording the temperature, RH and flow rates throughout the experiment, the
breakthrough behaviour, thermal power, and temporal temperature profile could be determined. The
maximum thermal power was calculated as the product of the maximum temperature lift, mass flow rate,
and specific heat capacity. Note that different columns and flow rates were used for each adsorbent as
summarized in (Table 2-2) due to availability of the adsorbent and, in the case of flax shives, the pressure

drop associated with higher flow rates.
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‘L (2.3)
Qadsorption = f maiGC,air(Tout - Tin)dt
0

where Qgasorption iS the heat released during adsorption (kJ), t is the amount of time the adsorption
takes place (min), mg;,-is the mass flow rate of the air (kg/min), C,, q;r is the specific heat capacity of the

humid air (kJ/kg°C), T,+ is the temperature at the outlet of the column (°C), and Tj,, is the temperature

T

Adsorption Column

at the inlet of the column (°C).

MFC|
=)

Desiccant Column

Electric Heater

MFC|

—
A4 Mixing Chamber
1 Legend
MFC  Mass flow controller
{ PI Pressure indicator
Water tank Positive HI Humidity indicator
Displacement Y TI Temperature indicator
Pump
Water Trap
Humidification Chamber

Drain

Figure 2-2. Schematic of the lab-scale open adsorption thermal energy storage system used in this study.
All measurements were recorded electronically using the LabVIEW software.

Table 2-2. List of column dimensions, adsorbent masses, and volumetric flow rates used for each tested

material.
Material Column Length Column Volume Adsorbent Mass Flow Rate
(-) (cm) (em?) (8) (SLPM)
Ti-Si 7.6 6.56 3.005 12
Flax Shives 7.1 62.8 24.034 18
MCM-41 7.6 6.56 1.959 12
SAPO-34 71 62.8 48.356 24
Silica Gel 71 62.8 49.132 24
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2.5 Results and Discussion

All materials underwent a standard drop test to assess their mechanical durability. They were also tested
using the lab-scale energy storage apparatus to determine their energy storage density, temperature lifts,
thermal power, pressure drop, and kinetics. The effect of multiple adsorption and desorption cycles on

material performance was also investigated.

2.5.1 Mechanical Durability

All materials were subjected to a standard drop test [33—35], where they were dropped four times from
1.85 m and their mass was measured after each drop. All materials showed less than a 5% reduction in
mass after the four drops, except for flax shives, which showed a 35% reduction in mass after the four
drops and SAPO-34 which showed a 15% reduction (Figure 2-3). This connotes that flax shives briquettes
and SAPO-34 may easily break apart into smaller pieces during handling and use, which will be a

disadvantage, whereas the other adsorbents are more resilient to physical impact.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Mass Retained (%)

Ti-Si Flax Shive MCM-41 SAPO-34 Silica Gel
Briquettes

HEDropl HEDrop2 ODrop3 ODrop4

Figure 2-3. Percentage of mass retained after dropping particles four times from 1.85 m onto a metal
plate.

2.5.2 Energy Storage Performance

All materials were tested at an inlet humidity of 50% RH at room temperature (22°C) in the feed after a
regeneration temperature of 80°C and 120°C, and the corresponding energy storage density values are
shown (Figure 2-4). They all showed higher ESD at a regeneration temperature of 120°C than at 80°C,

except for MCM-41. This is because generally at higher regeneration temperatures more water-vapour
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can be desorbed from the surface of the adsorbent creating more vacant sites for adsorption to take place
during the adsorption portion of the experiment. The reason MCM-41 saw the opposite trend was likely
because regeneration temperature has minimal effects on the adsorption and energy storage capacity in
this range for that adsorbent. Therefore, for MCM-41 in Figure 2-4, the observed variation in ESD is likely

due to errorintroduced by measurement equipment rather than the effects of regeneration temperature.

200

0O80°C Regen. Temperature
180 H

W 120°C Regen. Temperature
160 4
140 A
120 A
100 A

80 A

ESD (kWh/m3)

60 -

40 A

Ti-Si Flax Briquettes MCM-41 SAPO-34 Silica Gel

Figure 2-4. ESD values determined after regeneration temperatures of 80°C and 120°C with an adsorption
inlet RH of 50%.

In Figure 2-4, SAPO-34 and silica gel outperform the other materials in terms of energy storage density.
However, at higher humidity levels MCM-41 is competitive with silica gel and SAPO-34 as can be seen in
(Figure 2-5). This is because ESD is directly proportional to the amount of water-vapour adsorbed (eq.
2.1). This behaviour can be explained by the shape of the isotherms of these three materials, since SAPO-
34 and silica gel have much higher water uptake capacities at lower RH levels than MCM-41, which has a

very low capacity until inlet RH values reach to around 65% RH (Figure 2-1).
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Figure 2-5. ESD of all materials studied at different adsorption inlet RH levels, after a regeneration
temperature of 120°C.

Another factor significantly impacting the ESD is the bulk density, since it is directly proportional to the
amount of active material that can fit in a given volume. The bulk densities of all the tested materials were
measured using a graduated cylinder and scale and are shown in Figure 2-6. It is known that the bulk
density is related to the pelletization process and material type. For example, Alcaiiz-Monge et al.
observed that MCM-41 pellets had a bulk density of 410 kg/m3? when pelletized at 60 MPa but a bulk
density of 1120 kg/m? when pelletized at 420 MPa [32]. This implies that by pelletizing MCM-41 at higher
pressures, higher ESD values can be obtained. Furthermore, adjustments to pelletization techniques of
the other materials should be investigated, with the goal of increasing bulk density and not negatively

affecting the material properties.
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Figure 2-6. Bulk densities of all tested materials, measured using a precision scale and graduated cylinder.

The maximum thermal power, calculated by multiplying the maximum temperature lift with the mass flow

rate and the specific heat capacity of humid air, was also compared for all materials at different inlet RH

levels (Figure 2-7).
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Figure 2-7. Maximum thermal power at different adsorption inlet RH values for different adsorbents
studied after a regeneration temperature of 120°C.

It was found that maximum thermal power showed a linear relationship with inlet RH for MCM-41, SAPO-
34, silica gel, and flax shives. No trend was observed with Ti-Si since it was only tested at an inlet RH of

50% because of its low ESD values. Note that only the trends should be observed in Figure 2-7 and that
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the maximum thermal power values cannot be justly compared between materials. This is because they
were tested using different flow rates, column sizes, and amounts of active material (Table 2-2). These
are key operating parameters that will significantly affect the maximum power values. Different
conditions were used since there was a limited quantity of MCM-41 and Ti-Si and also because the flax
shives material caused a large pressure drop and the experimental apparatus could not handle the

pressure drop of flax shives being tested at 24 SLPM, as silica gel and SAPO-34 were.

2.5.3 Effects of Multiple Cycles

Since MCM-41, SAPO-34, and silica gel had the highest energy storage performances, they were subjected
to further testing. Multiple adsorption and desorption cycles were performed on these materials at
different conditions, in order to see if the materials could withstand multiple cycles without a decrease in
performance. The effect of number of adsorption and desorption cycles on energy storage density is seen
in Figure 2-8. Note that one cycle refers to one full adsorption and desorption experiment. Additionally, a
list of the experimental conditions for each adsorption and desorption cycle can be found in the

supporting information.

MCM-41, SAPO-34, and silica gel all showed a decrease in ESD of less than 5% after performing 20 or more
cycles. The MCM-41 ESD values consistently oscillated around 120 kWh/m?3 for 22 cycles. The SAPO-34
ESD decreased from 147 kWh/m?3 to 141 kWh/m? between cycles 12 and 17, but then remained constant
for the remaining cycles. The silica gel ESD decreased from 128 kWh/m?3 to 122 kWh/m?3 between cycle 1
and 25, but the majority of this decrease was observed in the first seven cycles. Additionally, upon visual
inspection, there were no obvious changes to the materials, except for MCM-41, which appeared slightly
more yellow (see figures in supporting information). Note that MCM-41 shows a greater variation in ESD
values. This is because it was tested in a smaller adsorption column than SAPO-34 and silica gel (Table

2-2), so the uncertainty in the measurements was more significant.
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Figure 2-8. Effect of number of adsorption and desorption cycles on the ESD of

a) MCM-41 at a flow rate of 12 SLPM with an adsorption inlet humidity of 70% RH after a
regeneration temperature of 120°C

b) SAPO-34 at a flow rate of 24 SLPM with an adsorption inlet humidity of 50% RH after a
regeneration temperature of 120°C

c) Silica gel at a flow rate of 24 SLPM with an adsorption inlet humidity of 50% RH after a dry
air purge with air at 0-3% RH at room temperature instead of a standard regeneration at a
high temperature.

2.6 Conclusions

In this study, five adsorbents were pelletized and tested to determine their mechanical stability, energy
storage performance, and their cyclic stability. Materials were dropped four times onto a metal plate from
a height of 1.85 m, and all of the materials showed a mass retention of at least 95%, except for flax shives
and SAPO-34. The flax shive briquettes lost 35% of their initial mass after the four drops and the pelletized
SAPO-34 lost 15% of its initial mass. This may imply that there could be difficulties with commercializing

either of these materials, so alternative binding processes should be investigated and considered.

Silica gel, SAPO-34, and MCM-41 all showed high energy densities (>150 kWh/m?3). SAPO-34 showed high
performance at all inlet RH levels, silica gel performed well from 50-90% inlet RH, and MCM-41 only
performed well from 70-90% inlet RH. These observations were attributed to the shape of the isotherms

of these adsorbent materials.

The stability of silica gel, SAPO-34, and MCM-41 was assessed by performing multiple adsorption and
desorption cycles on the materials. All three materials underwent 20 or more cycles with no obvious visual
changes, apart from MCM-41 which became slightly more yellow. MCM-41 ESD appeared to stay
approximately constant for 22 cycles. SAPO-34 ESD decreased by 4% between cycles 12 and 17 then
remained constant. Silica gel ESD decreased by 5% between cycle 1 and 25, with the majority of the

decrease being observed in the first 7 cycles.
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Silica gel, SAPO-34, and MCM-41 all appear to be suitable candidates for thermal energy storage, each
with its own unique advantages. SAPO-34 would be well suited to applications where humid air is not
readily available, MCM-41 would be a good candidate for applications where infrastructure to regenerate
the material at high temperatures is not available but very humid air is. Silica gel is the least expensive

and is the only material which is commercially available in large quantities.

Future work should be done to optimize operating parameters and improve the energy storage density of
the materials through material modifications like hygroscopic salt impregnation. The energy storage
density of these materials could be improved by making changes to the pelletization process which
improve bulk density. For example, pelletizing MCM-41 at a higher pressure would increase its bulk

density and therefore energy storage density.
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2.8 Supplemental Information

Table 2-3. List of experimental conditions for all of the relevant SAPO-34 adsorption cycles.

Cycle Number Regeneration Temperature (°C) Relative Humidity (%) Flow Rate (SLPM)

12 120 50% 24
13 120 70% 24
14 120 10% 24
15 120 30% 24
16 120 90% 24
17 120 50% 24
18 120 50% 24
19 120 70% 24
20 240 50% 24
21 200 50% 24
22 200 10% 24
23 200 30% 24
24 200 70% 24
25 200 90% 24
26 200 50% 24
27 240 50% 24
28 240 10% 24
29 240 30% 24
30 240 70% 24
31 240 90% 24
32 240 50% 24
33 120 50% 24
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Table 2-4. List of experimental conditions for all MCM-41 adsorption cycles.

Cycle Number Regeneration Temperature (°C) Relative Humidity (%) Flow Rate (SLPM)

1 80 50% 12
2 120 50% 12
3 120 90% 12
4 120 70% 12
5 120 30% 12
6 50 70% 12
7 80 70% 12
8 22 70% 12
9 22 70% 12
10 22 70% 12
11 120 70% 12
12 120 70% 12
13 120 70% 12
14 120 70% 12
15 120 70% 12
16 120 70% 12
17 160 90% 12
18 200 90% 12
19 240 90% 12
20 120 70% 12
21 120 70% 24
22 120 70% 12
23 120 70% 12
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Table 2-5. List of experimental conditions for all silica gel adsorption cycles.

Cycle Number Regeneration Temperature (°C) Relative Humidity (%) Flow Rate (SLPM)

1 22° 10% 24
2 22 30% 24
3 22 50% 24
4 22 70% 24
5 22 90% 24
6 22 50% 12
7 22 50% 18
8 22 50% 15
9 22 50% 21
10 22 50% 24
11 22 50% 24
12 22 50% 24
13 22 50% 24
14 22 50% 24
15 22 50% 6

16 120 50% 24
17 60 50% 24
18 22 50% 3

19 22 30% 6

20 22 70% 6

21 22 30% 15
22 22 70% 15
23 200 50% 24
24 22 10% 24

“Note that dry air (0-3% RH) was used as a purge gas to regenerate the column.
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Figure 2-9. Photo of crushed titanium silicate molecular sieve particles sieved to 12-20 mesh size.

Figure 2-10. Photo of flax shive briquette pieces.
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Figure 2-11. Photo of crushed MCM-41 particles sieved to 12-20 mesh size before (left) and after (right)
lab-scale energy storage testing.

Figure 2-12. Photo of spherical SAPO-34 pellets.
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Figure 2-13. Photo of crushed silica gel sieved to 12-20 mesh size.
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Chapter 3 - Optimization of operating conditions for an open bulk-

scale silica gel/water vapour adsorption energy storage system

Curtis Strong, University of Ottawa
Ye Carrier, University of Ottawa

F. Handan Tezel, University of Ottawa
Abstract

Thermal energy storage is an effective way to reduce the energy supply and demand mismatch and
facilitate more widespread use of renewable energy sources like wind and solar power. The objective of
this study was to optimize the performance of an open bulk-scale silica gel/water vapour adsorption-
based energy storage system by systematically manipulating key operating parameters (relative humidity,
particle size, desorption temperature, and flow rate) and observing the effects of these variables. It was
found that the optimal conditions for the 50 g system used were a desorption temperature of 120°C, a
flow rate of 24 SLPM, an adsorption relative humidity of 90%, and a 12-20 mesh particle size. Under these
conditions an energy storage density of 200.7 kWh/m? (252.1 Wh/kg) was achieved, with a maximum
temperature lift of 28.5°C. The maximum and average thermal power of the system under these optimal
conditions were 15.4 W and 5.9 W or 245.2 W/L (308 W/kg) and 93.9 W/L (118 W/kg), respectively. The
breakthrough time was 11 min, and it took 126 min for the column outlet humidity to reach 95% of its

maximum value.

Keywords: Thermochemical energy storage, Thermal energy storage, Open sorption system, Silica gel,

Operating conditions, Optimization, Water adsorption by silica gel
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3.1 Nomenclature

a

ESD
ESDtheoretical
m

P

Greek Letters

AH ads

Regression constant (SLPM-min)

Regression constant (min)

Specific heat capacity (kJ/kg-°C)

Specific heat capacity of the gas (kJ/kg-°C)
Specific heat capacity of the sorbent (kJ/kg-°C)
Energy storage density (kWh/m3)

Theoretical energy storage density (kWh/m?3)
Mass flow rate (kg/s)

Total Pressure (kPa)

Energy released (kJ)

Mass of adsorbate adsorbed (g/g)

Relative humidity (%)

Relative humidity at the column inlet (%)
Relative humidity at the column outlet (%)
Time (s)

95% saturation time (s)

Temperature at the inlet of the column (°C)
Maximum outlet temperature of the column (°C)
Temperature at the outlet of the column (°C)

Mass fraction of sorbate in carrier gas (-)

Heat of adsorption (kJ/mol)
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Pbulk Bulk density of the adsorbent bed (kg/m?3)

3.2 Abbreviations

ESD Energy storage density
MFC Mass flow controller
PTF Pure thermal front

RH Relative humidity

TES Thermal energy storage

3.3 Introduction

The imminent effects of climate change, the steady depletion of natural resources, such as oil and gas,
and the increasing energy demand in developing countries have created a crucial demand for more
sustainable energy production and use [1]. This demand has incentivized more widespread use of
alternative energy sources like solar and wind power [2]. These renewable energy sources are more
sustainable and produce fewer emissions, but their power output may vary hourly, daily, or even
seasonally. For example, solar panel power output depends heavily on the solar irradiance at a given time
[3]. Energy demand is also dynamic. For example, in colder climates, far more energy is required in the

winter months than in the summer months. This creates an energy supply and demand mismatch.

One solution to this mismatch problem is to store the energy when there is an energy surplus and release
it when there is a deficit. There are several ways to achieve this for different applications. For example,
lithium-ion batteries are often used to store electrical energy. However, thermal energy storage (TES)
should also be considered, since space heating accounts for 60-70% of all residential energy consumption
in Canada and the European Union [4, 5]. Since it is inefficient to convert thermal energy to electrical
energy, thermal energy cannot easily be stored as electrical energy. Contemporary TES methods include

sensible, latent, and thermochemical thermal energy storage [6].

Sensible heat storage typically involves a heavily insulated hot water tank, or other media, whose
temperature is increased by heating it with excess thermal energy, then the energy is stored until it is
required. This simple method is the most common form of TES, but it is subject to significant heat losses
over time [7] and has low energy storage density (ESD) (=30 kWh/m?3), meaning that it requires large

volumes to store useful amounts of heat [8]. This is impractical in many residential and industrial settings,
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since buildings do not generally have free space to retrofit large infrastructure. Latent heat TES is another
technology that is being developed, in which energy is stored by heating a solid until it liquefies, then the
energy is released by allowing the liquid to solidify. This method has higher energy densities but also loses
heat over time [8], and many proposed phase-change materials are toxic and corrosive [9, 10].
Thermochemical energy storage techniques store excess heat by using it to reverse an exothermic physical
or chemical process like adsorption or a hydration reaction. The heat is then released by allowing the
process to proceed forward. Thermochemical TES exhibits exceptionally high ESD values, often do not
require any toxic or corrosive chemicals, and can store heat indefinitely [6, 11]. This makes adsorption-

based TES a suitable candidate for compact energy storage applications.

Despite its promise, adsorption-based energy storage has yet to be commercialized successfully, even
though several demonstration plants have been built [12—-15]. This is likely, in part, due to the scarcity of
concise and available experimentally obtained information regarding the effects and the optimization of

the operating conditions of energy storage systems.

Silica gel is a hydrophilic amorphous adsorbent made up of mostly SiO, [16]. It is widely used as a desiccant
material, commercially. Preliminary experiments and literature review have shown that silica gel is an
excellent candidate for thermal energy storage [17—19]. This material is non-toxic, is thermally and
chemically stable, shows good regeneration properties, has a high ESD, is inexpensive, and is commercially
available [8, 20, 21]. It also has potential as a matrix material for various composites used in energy

storage, heating, and cooling [22—-26].

In this work, a water vapour adsorption energy storage system with 50 g of pure silica gel is used to
systematically study the effects of manipulating relative humidity, regeneration temperature, particle
size, and volumetric flow rate when using silica gel as the adsorbent material. The impact of these
variables on temperature lifts, thermal power, ESD, and breakthrough behaviour is qualified, quantified,
and optimized herein. This will hopefully serve as a useful reference for those developing adsorption-

based TES system simulations and prototypes.

3.4 System analysis

3.4.1 Experimental set-up
The system used is the same as the one that was used by Hua et al. [18]. A schematic diagram of the set-
up is shown in Figure 3-1. It uses compressed dry air provided by the University of Ottawa, which passes

through an oil filter. The air stream is then split into two streams, one for dry air and one for humid air.

34



The flow rate in each stream is controlled by an Alicat Scientific MCW-series mass flow controllers (MFC),
purchased from Alicat Scientific Inc. (Tucson, AZ, USA). The dry air stream passes over a desiccant column,
full of CaSO4 from Drierite Co. Ltd. (Xenia, OH, USA), which captures any residual moisture in the air,
whereas the humid air stream passes through a bubbling chamber, where its humidity is increased to
nearly 100% relative humidity (RH). After the bubbling chamber, the humid air goes through a
condensation trap to condense any free moisture drops in the air. The flow rates of the humid and dry air
streams are controlled to obtain the desired RH and then mixed in a chamber. The relative humidity of
the combined stream is measured with an Omega Engineering Inc. (Norwalk, CT, USA) HX-15 relative
humidity probe, with readings valid from 3% to 95% RH with a + 2% RH uncertainty. The combined stream
then flows to a three-way check valve and either bypasses the column or flows through an inline heater
from Omega Engineering followed by the column packed with the adsorbent. The humidity and
temperature are measured at various points in this set-up and then transmitted to and recorded by a
computer. The insulated stainless-steel adsorption column has a volume of 62.8 cm? with a 3.39 cm inner
diameter, a length of 6.96 cm, and it is packed with approximately 50 g of silica gel provided by XEBEC
Adsorption Ltd. (Blainville, Québec, Canada). The column and the piping were covered in aluminum foil to
form thermally insulating stagnant air pockets around the column and piping. This was to help mitigate
heat transfer to the surroundings. Prior to packing the column, the silica gel adsorbent was crushed and
then sieved to obtain different particle sizes to study the effect of particle size. A table of the mesh sizes
used to sieve the particles is provided in Table 3-1. For example, the particle size “8 x 10 Mesh” would

indicate particles sizes between 2.00 and 2.38 mm.
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Figure 3-1. Schematic diagram of the adsorption thermal energy storage system. All measurements were
recorded electronically using a LabVIEW software.
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Table 3-1. Nominal sieve opening diameters for different standard mesh numbers.

Standard Mesh Nominal Sieve Opening
Number (mm)
8 2.38
10 2.00
12 1.68
20 0.841
50 0.297

3.4.2 Experimental method

For the regeneration (charging), of the adsorbent packed in the column, dry air at room temperature
(=22°C), with a relative humidity reading of less than 3%, is heated to a desired regeneration temperature
and passed over the adsorbent column at a flow rate of 24 SLPM. However, in experiments with the
desorption temperature listed as 22°C, the dry air at 0-3% RH at 22°C is simply used as the purge gas to
regenerate the system, without being heated. The volumetric flow rate is calculated and controlled based
on the MFC readings which are converted from mass flow rates to volumetric flow rates by using the
density of the gas. The hot air flows over the column until the column reaches thermal and adsorption
equilibrium, based on the temperature and humidity readings stabilizing. The column is then isolated from

the rest of the system by closing the entrance and exit valves and cools to room temperature overnight.

Once the column reaches thermal equilibrium at room temperature, the airflow is set to 24 SLPM and is
sent to the bypass, keeping the column isolated from air and humidity. While the air is flowing through
the bypass, the RH is set to the desired value by measuring the humidity at the inlet and manipulating the
flow rates of the dry and humid streams. This is done by an automatic control system developed using
LabVIEW software. Once the humidity reaches the desired value, the air flow is diverted towards the
inactive heater and freshly regenerated column, allowing water vapour adsorption to take place. The
adsorption (discharging) proceeds until the column reaches equilibrium at the end of the full
breakthrough from the column, where outlet humidity and temperature stay constant. The process is
then repeated under the next set of desired operating conditions. The sorbent was replaced every 10-20
experiments, but previous studies have shown that performing multiple adsorption-desorption cycles

does not degrade silica gel’s energy storage performance [18].
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The controlled independent variables in this study were the relative humidity, particle size, regeneration
temperature, insulation, and flow rate. The impacts of these variables on system temperature lifts,
breakthrough behaviours, ESD, and thermal power are all examined herein. The temperature and
concentration breakthrough curves were observed by measuring and recording the RH and temperature
at the inlet and the outlet of the column throughout the experiment every 10 seconds. The breakthrough
time was defined as the time from the start of the adsorption experiment until the time that relative
humidity reading at the outlet of the column reached 1.6% relative humidity. The 95% saturation time
was defined as the time that was required for the column outlet humidity to reach 95% of its maximum
value. The temperature lifts were calculated by subtracting the inlet and outlet column temperatures. The
total energy released (Qudsorption) Was calculated using equation 3.1, by integrating over the entire course
of the experiment, from the start of the adsorption until 100% saturation is reached. To obtain the ESD,

Quadsorption Was divided by the volume of the column.

t
Qadsorption = f maircp,air(Tout - Tin)dt (3-1)
0

where Qgasorption is the heat released during adsorption (kJ), t is the amount of time the adsorption takes
place (min), mg;.is the mass flow rate of the air (kg/min), Cp, 4y is the heat capacity of the humid air
(kJ/kg°C), Tyt is the temperature at the outlet of the column (°C), and Ty, is the temperature at the inlet

of the column (°C).

To calculate the average thermal power, first the energy released was calculated by using the integration
in equation 3.1 from the start of the adsorption (t = 0) until the time when the system reached the chosen
saturation point (e.g. when the outlet humidity reaches 50% or 95% of its maximum value). The average
thermal power was calculated using two timescales, from the beginning of the adsorption until the outlet
humidity reached 50% and 95% of its m