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Abstract

Advanced thermal energy storage technologies based on physical adsorption and chemical reactions of thermochemical
materials (TCMs) are capable of storing large shares of renewable energy with high energy density. Further research and
development is required to improve the performance and reduce the cost of these materials. A promising approach to
developing low-cost TCM is to use natural zeolite adsorbents as host matrices in the development of salt-loaded composite
TCM. In this study, the thermal properties of various species of low-cost zeolites from natural deposits across Canada were
investigated. Two high purity crystal (HPC) zeolites from the Trans Canada (TC-HPC) and Juniper Creek (J-HPC) deposits
in British Columbia were determined to have the highest water uptake capacity (0.145 g/g and 0.113 g/g, respectively) and
enthalpy of adsorption (408 J/g and 304 J/g, respectively). Despite having approximately half of the water uptake capacity
and adsorption enthalpy of the commercially available synthetic zeolite 13X, the cost of thermal energy storage ($CAD/
kWh,,) of the natural zeolites was determined to be 72—79% lower than that of the synthetic zeolite. Repeated adsorption
and desorption experiments demonstrated the hydrothermal stability of the HPC zeolites over multiple charge and discharge
cycles. Overall, the experimental results and cost analysis indicate that Canadian HPC zeolites are promising alternatives to
synthetic zeolites in the pursuit of low-cost and stable TCM.
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Nomenclature RH Relative humidity

SEM Scanning electron microscopy

STA Simultaneous thermal analyser

TCM  Thermochemical energy storage material(s)
TES Thermal energy storage

TGA  Thermo-gravimetric analysis

XRD  X-ray diffraction

General Notation

c, Bulk cost of the zeolites (SCAD/tonne)
Crg Cost of thermal energy storage (kWh,,)
hyge Specific enthalpy of adsorption (J/g)
kWh,,  Thermal energy (kilo-watt hour)

Abbreviations XRF  X-ray fluorescence
BET Brunauer—-Emmett-Teller SEM  Scanning electron microscopy
CSP Concentrated solar power EDX  Energy dispersive X-ray

DSC Differential scanning calorimetry

EDX  Energy dispersive X-ray

HPC  High purity crystal 1 Introduction

HVAC Heating ventilation and air conditioning

With increasing demand for renewable energy from intermit-

tent resources such as wind and solar, the development of

energy storage technologies is becoming extremely impor-

tant. Thermal energy storage (TES) technology has the
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Table 1 Selection criteria for

. Physicochemical properties
TCM used in low-temperature

Feasibility

thermochemical TES

Heat of sorption and capacity for sorbate

Heat and mass transfer ability

Toxicity and environmental impact

Specific surface area and pore volume/size

Capital and operational costs
Availability of a local supply
Ease of handling, shaping, and upscaling

Compatibility with construction materials

Mechanical durability and hydrothermal stability

The advancement of TES technologies depends on the
development of energy storage materials which are distin-
guished by the sensible, latent and thermochemical modes
of TES. For low-temperature applications including heating
and cooling in residential buildings where space for HVAC
equipment is highly constrained, thermochemical TES tech-
nology based on thermochemical materials (TCM) can offer
higher energy storage density (i.e., compactness) and greater
temporal flexibility compared to commercialized sensible
and latent TES technologies [2]. Instead of storing thermal
energy in the change in temperature (sensible) or change
in phase (latent) of the storage medium, thermochemical
TES systems employ reversible processes including physical
adsorption and chemical reactions.

Thermochemical TES systems are able to achieve high
energy storage density with negligible heat losses due to
the large bonding forces between their working pairs, which
typically consists of a solid TCM and water vapour sorbate.
Lab-scale prototypes have demonstrated that such systems
can be effectively charged by desorbing/dehydrating water
from the TCM with heat from solar thermal collectors or
electric resistance heaters. The discharge step of thermo-
chemical TES systems is facilitated by reintroducing water
vapour to the TCM. The resulting heat of sorption released
can be utilized to meet space heating and hot water needs
[3-5]. The underlying technology of thermochemical TES is
being tested in the laboratory environment and in technical
field trials, with much focus on the synthesis and charac-
terization of novel TCMs as the basis of the technology’s
development [6].

1.1 General TCM characteristics and selection
criteria

In a thorough review of solid materials for the application
of low-temperature thermochemical TES for space heating
in the built environment, Wu et al. highlights the need to
consider the suitability of TCM for fulfilling tasks under
specific conditions rather than being too prescriptive with
the selection approach [7]. Overall, the materials selected or
developed for low-temperature thermochemical TES need to
ensure high energy storage density while limiting capital and
operational costs, and minimizing environmental impact. A
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high-level list of common selection criteria to consider is
included in Table 1.

Solid TCMs are classified as hygroscopic salts and physi-
cal adsorbents—each of which possess particular strengths
and weaknesses in the application of thermochemical TES.
Most of the hygroscopic salts that were investigated and
reported in the literature including MgCl, and Ca Cl,, pos-
sess high thermal energy storage density (400-600 kWh/
m?) and are relatively low-cost at <$500 USD per metric ton
(tonne) [8]. As standalone TCM however, hygroscopic salts
can exhibit a behaviour known as deliquescence and melt
under certain conditions of temperature and water vapour
pressure, resulting in reduced performance of the energy
storage system [9, 10].

The most frequently studied physical adsorbents in the
literature are zeolite 13X and silica gel. Life cycle analyses
considering the required number of cycles of TCMs for the
application of TES in residential buildings have concluded
that silica gel is not suitable for applications such as seasonal
TES [11]. Therefore, we selected 13X zeolite as a refer-
ence material. Zeolite 13X (or Na-X)—a synthetic molecu-
lar sieve characterized by its high adsorption kinetics for
water vapour (water) uptake among traditional adsorbents,
especially the binder-free variety [12, 13]. Synthetic zeolites
such as binder-free 13X (13XBF) are hydrothermally stable
[14]; however, they possess lower energy storage density
up to 200 kWh/m? [15], at a higher capital cost compared
to inorganic salts.! Owing to their porous structure, zeolites
can be used as matrices to host hygroscopic salts, forming
composite “salt in porous matrix” (CSPMs) that utilize
both the adsorption enthalpy of the zeolite and the absorp-
tion enthalpy of the salt, resulting in a TCM with improved
energy storage density and stability [18]. By using zeolite
matrices with different pore structures, and loading them

! The bulk cost of commercial zeolite 13X will depend on the sup-
plier and quantity purchased. Market data of annual synthetic zeo-
lite sales suggest an average cost of $2750-$3000 USD per tonne
(i.e.,~$3500 CAD per tonne) based on a global market volume of
$450-$550 million USD for 150,000-200,000 tonnes sold up to
2015 [16]. Tran et al. published a weight vs. cost correlation based on
commercial data for zeolite 13X, indicating a cost of approximately
$6000 CAD per tonne of 13X [17].
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Table 2 Natural zeolites

. . Supplier
received from Canadian

Name of zeolite sample

companies ZMM® Canada minerals corp

SECURE energy services, Canada

Trans Canada (TC)-zeolite basalt (ZB) Red (TC-ZB-Red)

TC- ZB, non-magnetic fraction, high-purity crystals (TC-HPC)
TC-brown zeolite (TC-BZ)

British Columbia Heulandite (BC-H)

Diatomaceous Earth (DE)

Nova Scotia stilbite (NS-S)

Juniper zeolite

US: mordenite/sedimentary (US-M/S) and chabazite/sedimen-
tary (US-Ch/S)

Nevada clinoptilolite (NV-Clpt)

Tasajeras cuban clinoptilolite/mordenite (Cuban-Clpt/M)
Juniper, non magnetic fraction, high-purity crystals (J-HPC)
PZM-Clinoptilolite (PZM-Clpt)

PZM-Chabazite (PZM-Ch)

with suitable salt hydrates under different synthesis condi-
tions, the resulting composite materials will have different
properties tailored to the targeted operational requirements
of specific applications.

Superior water uptake and thermal energy storage density
has been measured for zeolite 13X loaded with 10-15 wt%
salt content [19-23]. Despite their improved performance
however, the prices of these developed CSPMs would argu-
ably remain relatively high due to the significant share of
synthetic zeolites still used in their composition. On the
other hand, according to the U.S. Geological Survey, the
price range of natural zeolites sold in the United States was
$50-$300 USD per tonne in 2021 [24]. Therefore, at a frac-
tion of the cost of the synthetic variety, natural zeolites are a
promising alternative to investigate in the pursuit of develop-
ing low-cost CSPMs.

1.2 Natural zeolites as TCM for energy storage

Research on the use of natural zeolites as TCM for the stor-
age of solar thermal energy and heating applications has
been of interest for decades due to their physicochemical
properties, with both fundamental and applied studies high-
lighting chabazite and clinoptilolite as alternatives to syn-
thetic zeolites [25]. More recent studies have focused on the
characterization of the thermal properties of natural zeolites
[26], including their use in salt-loaded composites [19, 20,
27], with a few applications in lab-scale prototypes [28, 29].
The adsorption properties of natural zeolites may depend on
the geographical location of the deposit. That is to say, the
measured heat of sorption of samples from a chabazite tuff
from Italy [30] may differ from that of a tuff from Russia
[31]. Therefore there is a need to test and compare addi-
tional zeolite species from different locations, and deter-
mine the physicochemical properties for natural zeolites as

host matrices for composite TCM development. Similarly,
Jinchen et al. studied four zeolite samples of Greek and
Serbian origin and determined their different water uptake
capacities of 0.14-0.16 g/g [32].

Considering the foregoing motivation, the objective of
this work is to investigate the adsorption/desorption proper-
ties of a vast amount of Canadian natural zeolite deposits and
perform physicochemical analysis to explain their thermal
energy storage characteristics. Additionally, a brief analysis
was performed to quantify the cost of thermal energy storage
associated with the zeolite matrices, providing insight on
sizing large-scale thermochemical energy storage systems.

2 Experimental section
2.1 Materials

Samples of natural zeolites were received in different parti-
cle sizes from two Canadian companies including SECURE
Energy Services, a petroleum service company in Calgary,
Alberta, Canada; and, ZMM® Canada Minerals Corp., a
minerals research and development company in Peachland,
British Columbia, Canada (See Table 2).

A binder-free synthetic zeolite 13X (13XBFK) in form of
1.7-2.5 mm (8 X 12 Mesh ASTM sieve size) diameter spheri-
cal beads obtained from Chemiewerk Bad Kostritz GmbH
(CWK, Germany) was used as a commercially available
benchmark material for comparison to the natural zeolites.

2.2 Methods
Water uptake capacity and the enthalpy of adsorption

of the zeolite samples were measured using a simulta-
neous thermal analyser (STA) which is comprised of a
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thermo-gravimetric analyser with differential scanning
calorimetry (Netzsch STA 449 F3 Jupiter, Germany).
The STA was coupled with a modular humidity genera-
tor (MHG). The MHG (ProUmid MHG32, Germany)
provided variable water vapour pressure to the speci-
men in the STA sample holder according to predefined
programs for adsorption and desorption of the sample
in the STA. Samples in the amount of 10 to 15 mg were
first loaded on the STA instrument’s sample holder in
ceramic crucibles and dried at a defined temperature for
two to four hours (depending on the form of material).
A water vapour pressure of 1 mbar was selected for the
desorption step to mimic ideal conditions for desorp-
tion in the built environment. Following desorption, the
samples were subject to adsorption conditions of 25 °C
under a water vapour pressure of 17 mbar for 4 h. An
applied water vapour pressure of 17 mbar at 25 °C using
the MHG is equivalent to 53.6% relative humidity (RH).
These represent ideal conditions in a lab environment.
For a thermochemical TES system operating under cold
climate conditions however, the source temperature for
evaporation of water may be lower depending on the loca-
tion and design of the system. A heating rate of 1 °C/min
was applied using the furnace of the STA, and a cooling
rate of 3 °C/min was applied using compressed air. Nitro-
gen gas was used as a protective and purge gas at a flow
rate of 20 mL/min.

Quantitative elemental composition of the zeolite
samples was determined using the Rigaku ZSX Primus
II wavelength dispersive-XRF (X-ray Fluorescence) spec-
trometer. Qualitative X-ray powder diffraction (XRD)
was performed to identify crystalline phases present in
the zeolite samples. Data was collected using a Rigaku
Ultima IV X-ray diffractometer over the angular range
5° to 100° (20) 0.01 steps. The XRD system operates
in the theta: theta geometry, uses Cu (Kalpha) radia-
tion, 1.5405981 A, and is equipped with a D/tEX high
speed detector. The generator voltage and current set-
tings were 40 kV and 44 mA, respectively. XRD peak
search and phase identification were processed using the
JADE Standard XRD processing software. Identification
of the chemical or mineral compounds was performed
using the search/match option in JADE using the ICDD
PDF4 + Powder Diffraction Files.

A Micromeritics ASAP 2000 analyzer was used to
determine the surface area of the zeolite samples by gas
adsorption methods (Brunauer—Emmett—Teller, BET).
The 0.5 cm diameter sample pellets were formed with a
pelletizer (PIKE Technologies, USA).

The samples were analyzed on a Hitachi S-3400 scan-
ning electron microscopy (SEM) equipped with an Oxford
energy-dispersive X-ray (EDX) XMAX detector. EDX
data was processed using the Aztec software. Samples
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were analyzed using an accelerating voltage of 20 kV and
a working distance of roughly 10 mm.

3 Results and discussion

3.1 Preliminary screening of zeolites based on their
TES capacity

Referring to (b) Fig. 1, the water uptake capacity and the
enthalpy of adsorption of all zeolite samples were meas-
ured and the two highest adsorbent zeolites were iden-
tified. All specimens under the test are in powder form
except those with the asterisks in order to see effect of
particle size on the adsorption properties of materials in
powder versus “as received” granular forms. The numbers
appending select samples indicate the ASTM particle size
(mesh) in which they were originally received.

The two highest performing zeolites in terms of water
uptake and adsorption enthalpy were selected for further
investigation and treated as the most suitable matrices for
hosting salt hydrates. Referring to the highlighted bars
in (b) Fig. 1, these zeolites include TC-HPC and J-HPC,
which are from the Trans Canada and Juniper Creek zeolite
deposits in British Columbia (Canada), respectively. The
stilbite samples from Nova Scotia, Canada (NS-S) were
determined to have the lowest water uptake capacity and
enthalpy of adsorption. The results of the initial screen-
ing investigation are summarized in Table 3. To identify
the properties that determine the suitability of zeolites as
thermal energy storage materials, further investigation of
the selected zeolites’ properties were conducted. In the
following sections of this paper, the physicochemical
properties of the two HPC zeolites are compared to NS-S
(demonstrating the lowest TES potential) and 13XBFK
(demonstrating the highest TES potential).

The water vapour uptake of TC-HPC and J-HPC natural
zeolites were 55% and 43% lower than that of the synthetic
zeolite 13XBFK, respectively. There is however a signifi-
cant difference in the resulting cost of energy storage of
using these materials (as will be discussed in Sect. 4),
which makes the selected Canadian zeolites compelling
candidates as host matrices in composite thermochemical
energy storage materials.

3.2 Physical properties of the selected zeolites

Significant differences in the TES capacities of the
selected zeolites and the synthetic reference zeolite can
be explained by the results obtained from the BET, XRD
and XRF analysis (see Table 4, S1 and S2).
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Table 4 Physical properties of the selected zeolites

Zeolites Water uptake  Enthalpy of Energy storage Zeolites  BET surface Total pore Pore width (A) Si0,/Al,04
(g/g) adsorption (J/g) capacity (Wh/ area (m?/ 2)  volume (from XRF)
kg) (cm¥/g)
13XBFK 0.26 848 236 13XBFK 678 0.328 19.34 1.43
TC-HPC 0.145 408 113 TC-HPC 322 0.154 19.14 2.55
J-HPC 0.113 304 84 J-HPC 294 0.142 19.21 3.06
NS-S 0.017 35 10 NS-S 3.72 0.0007 71.5 4.1

The EDX elemental mapping of the selected zeolites are
also taken and results are presented in Table 5.

As shown in Table 4, the synthetic zeolite 13XBFK which
had the largest surface area and lowest Si/Al ratio performed
the best in terms of water uptake and enthalpy of adsorption,

whereas the lowest performance was measured for the stil-
bite, which had the lowest surface area and highest Si/Al
ratio. Low surface area and low Al content in stilbite makes
it more hydrophobic than other zeolites. Additionally, the
stilbite has macro pores and lower pore volumes, therefore
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Table 5 EDX analysis results of

Al Si P S K Ti Ca Fe Ni Ba

‘ Materials Average wt%
the selected zeolites
(6] Na Mg
I3XBFK 4791 14.50
TC-HPC 52.16 0.17 1.19
J-HPC 55.36 0.39 2.19
NS-S 4085 0.8 0.75

16.96 19.90 0.16 0.02 035 0.06 0.15
11.18 25.94 2.21 545 1.05 0.71
10.73  23.62 1.35 0.14 445 1.78

5.89 20.36 0.39 372 097 036 21.83

\ 25°Cat 1 mbar
for 10 min
25°Cat 1 mbar

ADSORPTION
25°Cat 17 mbar

25to 250°C
at 1 mbar

DESORPTION
250°C at 1 mbar

for 3 hours

25°Cat 1 mbar
for 10 min

for 3 hours

250to0 25°C
at 1 mbar

Fig.2 Schematic of complete desorption/adsorption cycling steps for
one cycle

stilbite’s water uptake capacity and energy storage capacity
are the lowest among the selected zeolites. Detailed XRF
and XRD results of the selected zeolite samples have been
made available as Supplementary Information.

3.3 Hydrothermal stability of selected zeolites

Whether charged and discharged seasonally or more fre-
quently, it is important to ensure that the TCM installed
at the system-level are hydrothermally stable over multi-
ple cycles. Preliminary cycling experiments using the STA
were performed over ten desorption/adsorption (i.e., charge/
discharge) cycles. The total time for ten cycle hydrothermal
stability testing was 133.5 h (see Fig. 2). The sample was
initially dried in an air oven for four hours at 250 °C before
being loaded in an alumina crucible and subjected to the
following iteration of conditions of temperature and water
vapour pressure (mbar):

(1) Initial stabilization under 25 °C at 1 mbar for 10 min.

(2) Temperature ramp up to 250 °C (1 °C/min) at 1 mbar.

(3) Temperature soak at 250 °C for 3 h at 1 mbar (desorp-
tion step).

(4) Temperature ramp down to 25 °C (3 °C/min) at 1 mbar.
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(5) Stabilization under 25 °C at 1 mbar for 10 min prior to
adsorption.

(6) Increase water vapour pressure to 17 mbar at 25 °C
(53.6% RH), temperature soak 25 °C for three hours
(adsorption step).

(7) Decrease water vapour pressure to 1 mbar at 25 °C and
repeat cycle, starting at step No. 1.

In general, during the hydrothermal stability test, the
results from the first cycle are ignored as the sample is ini-
tially dried in the air oven and therefore the first cycle’s start-
ing condition is different from the starting conditions of the
following cycles. In Fig. 3, the results for the hydrothermal
stability test during ten (10) desorption/adsorption cycles
for the selected natural zeolites and synthetic 13XBFK are
presented.

Referring to Fig. 3, the TES potential in terms of water
uptake capacity and enthalpy of adsorption of all zeo-
lites gradually decreased over ten cycles. This is more
pronounced for the TC-HPC sample than the J-HPC or
13XBFK samples. The results from the differential scan-
ning calorimetry (DSC) presented in Figs. 4 and 5 show
that the enthalpy of adsorption at 9th cycle for the TC-HPC
decreases by 38.6% with the comparison to the 2nd cycle
(168.2 J/g vs. 274.3 J/g). The J-HPC zeolite shows higher
stability (17% decrease, or 392.3 J/g vs. 472.3 J/g) but still
much lower stability compared to the 13XBFK zeolite for
which a 7% decrease in enthalpy of adsorption between 9th
and 2nd cycles was measured (i.e., 614.8 J/g vs. 661.8 J/g).

The desorption/adsorption cycles for J-HPC in the dif-
ferent forms were performed under the same conditions
described above. The results are presented in Fig. 6 and
Table 6.

It is interesting to see that the water uptake capacity and
the enthalpy of adsorption between 2nd and 9th cycles of
the granules, unlike powder and pellet, decreases only by
3.0%. However, the physical state of the sample after the test
has changed. Visual observation showed that the white crys-
tals of the granules were disintegrated into powder after ten
cycles (see Fig. 5d). The pellet’s physical appearance stayed
the same, however its adsorption capacity reduced by 20.5%
at the end of the 9th cycle from the 2nd cycle, which is only
2.7% lower than the decrease in the adsorption capacity of
the powder form. Shaped TCM such as pelletized zeolites
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are required for practical use at the system-level. Therefore
based on this analysis, the J-HPC in pellet form appears to
be the best candidate to consider further as a host matrix for
stabilizing salt hydrates within its pores.

4 Cost of thermal energy storage analysis

To assess the price reduction potential of using a natural host
matrix (vs. synthetic) for further development of high energy
storage composite materials, the cost of thermal energy stor-
age (Crgs, SCAD/kWh,,) of the matrices were calculated
using an assumed bulk price of the zeolites” (C, $CAD/
tonne) and their corresponding measured heat of adsorption
(hygs, I/2) per Eq. 1.

2 For the purpose of this cost analysis, an estimated bulk price of
$6000 CAD per tonne was assumed for the binder-free zeolite 13X
tested in this study. ZMM estimated a price of $600 CAD per tonne
for the J-HPC and TC-HPC zeolites, including implicit costs for min-
ing and processing.

4 5 6 & 8 9 10

ey

-1
= (3)<(3) x|zl
Ry t g 2.78¢~"kWh

The calculated cost of thermal energy storage for ZMM
TC-HPC and J-HPC were compared to zeolite 13XBFK
which was treated as a benchmark (as noted above) for per-
formance and cost. The numbers in Fig. 7 indicate the cost
per unit of thermal energy storage capacity in terms of kWh.

Due to its relatively high bulk price, the estimated current
cost of energy storage of 13XBFK ($25.5 CAD/kWh,;)) was
determined to be much greater than that of the J-HPC ($7.1
CAD/kWh,,) and TC-HPC ($5.3 CAD/kWhy,) zeolites. The
lower bulk price of the HPC zeolites resulted in a lower cost
of energy storage by 72% (— $18.4 CAD/kWh,;) and 79%
(—$20.2 CAD/kWhy,) for the ZMM J-HPC and TC-HPC,
respectively, when compared to 13XBFK.

The National Renewable Energy Lab (NREL, US Depart-
ment of Energy) has developed a cost model and method-
ology for estimating the capital cost of TES technologies
for the application of high-temperature, utility-scale con-
centrated solar power systems (CSP) [33]. A target storage
cost of $15/kWh was identified as a goal of the U.S. DOE
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Fig.4 Images of the DSC
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Fig.5 Photos of the samples in various forms tested, including: a powder, b pressed pellet, ¢ granules, and d granules after 10 cycles
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Fig.6 Hydrothermal stability of {3J-HPC powder [ granules @ pellets
the J-HPC zeolite in a different 0.25
forms: water uptake capacity
0.2 | ==
~ g : é E H] -
H 5 ", 2 e B 3
< g i 2 ) B £
3 : 'S 4 i 7 3
o 01 | B i by B ¥
5 ; 3 3 i 5 ; :
g E : 4 B g :
o : i 3 : 3
2 005 |i : 7 i3 B 3
. ., ", ., 1] »,
i 7 2 g B i
: x ¥ ) ¥ 3
0 [Le_] " Y B " "
1 2 3 4 5 6 7 8 9 10
Cycle #
Table 6 Hydrothermal stability # of cycles Enthalpy of adsorption (J/g)
of the J-HPC zeolite in different powder granules pellets
forms: enthalpy of adsorption 1
491.5 450.8 267.9
2 4773 452.7 7 241.8
3 461.9 451.0 2273
4 450.3 448.8 218.3
5 438.0 448.5 213.6
- .89 .09 20.5%
6 415.9 17.8% 445.6 3.0% 208.7 ’
7 393.4 445.5 203.5
8 398.4 4449 199.2
o 392.5 4392 | 192.3
10 389.9 443.0 188.9

SunShot TES Initiative, which includes the cost of materi-
als, sales tax, and contingency costs. While the focus of this
present study is on low-temperature TES for building HVAC
applications and the determined cost of energy storage is for
the TCM only, it is encouraging to see the calculated costs
of the HPC fall within the same order of magnitude as the
SunShot TES Initiative targets for CSP.

It is important to mention that these results depend on the
adsorption conditions imposed on the TCM. For example,
decreasing the water vapour pressure of the inlet air would
result in a lower heat of adsorption and therefore a higher
cost of energy storage. Therefore, the cost of thermal energy
storage is constrained by the water vapour pressure and tem-
perature of the evaporator component at the system-level,
which poses a challenge for cold climate applications. This
challenge will be addressed by the authors in future work
using a lab-scale test bench to investigate the use of alterna-
tive working fluids to water.

5 Conclusions

The thermal energy storage potential of various species of
natural zeolites from Canadian suppliers were characterized
in terms of water uptake and enthalpy of adsorption using
a simultaneous thermal analyzer coupled with a modular
humidity generator. Three samples of natural zeolites were
selected for more detailed study based on their thermal per-
formances including: two “high purity crystal” (TC-HPC
and J-HPC) zeolites from British Columbia which exhib-
ited encouraging heat storage capacities (408 J/g and 304 J/g
respectively), and one stilbite sample from Nova Scotia (NS-
S) which showed the poorest performance (35 J/g). These
natural zeolite samples were compared to a synthetic binder-
free zeolite 13X (13XBFK) as a benchmark to determine
which properties influenced performance. The experimen-
tal results are in agreement with the results presented in a
number of published literature that the water uptake capac-
ity and enthalpy of adsorption of the porous materials are
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proportional to the high surface area, high pore volume of
materials and inversely proportional to Si/Al ratio. The natu-
ral zeolites ranked from highest to lowest water uptake were
TC-HPC > J-HPC > NS-S, corresponding to Si/Al ratios of
2.6, 3.1, and 4.1, respectively. However the higher thermal
stability was shown by the J-HPC decreasing by 17% over
8 cycles vs. 38% for TC-HPC. In addition, these selected
natural zeolites show a very high cost-effectiveness (< $7.5
CAD/kWh,,) when compared to the synthetic reference zeo-
lite 13XBFK ($25.5 CAD/kWh,,). Therefore, they are the
promising matrices for developing new composite TCMs for
TES systems and are currently the subject of further labora-
tory investigations by the authors.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10934-022-01277-3.
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