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avoiding carbon emissions. Thermal energy storage (TES) in conjunction with CSP can
increase efficiency in power generation and allow for generation beyond on-sun hours.
One method of TES is thermochemical energy storage (TCES), which has potential for
higher energy density. TCES is based storing energy chemical via reversible reactions.
During peak sun hours, the endothermic reaction stores the thermal energy; thus, the

reaction can be reversed to produce heat for off-peak sun hours.

One reaction that exhibits high energy densities is the reversible carbonation/

decomposition of SrO/SrCO3z, which occurs around 1200 °C. The reaction is nontoxic



and avoids the use of catalysts. The high reaction temperature leads to a higher Carnot

efficiency for power generation, and could enable combined-cycle power production

Over many cycles, the material becomes less reactive due to sintering. Sintering
inhibitors were looked at to determine if sintering could be hindered. Calcium sulfate and

strontium phosphate were tested due to their inert nature and polymorphic properties.
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1. Background

There are two different ways of converting solar energy into electricity:
photovoltaics and concentrated solar power (CSP). The former is most commonly seen in
the form of solar panels, which converts solar energy directly to electricity. However, the
latter first converts solar energy to thermal energy then to electricity. This leads to higher
efficiency for power generation, but the technology is not commercially viable.

Photovoltaics are the cheaper option but are less efficient than CSP systems.

Three types of solar collectors are commonly used to collect energy from the sun:
solar trough, solar dish, and heliostat. For each, a concentration ratio CR, defined as the
ratio of the aperture area to the receiver area, is used to maximize the amount of sunlight
directed to the aperture from the receiver. The larger the CR the higher the efficiency will
be. A trough typically has a CR that ranges from 10 — 50. A parabolic dish has a CR of
200 — 500. A heliostat has a CR of 500 — 3000, making heliostats the most efficient CSP
technology. As CR increase, so does the operating temperature at the aperture. A trough

operates at around 300 °C, a dish around 700 °C, and a heliostat around 900 °C.

L3 &
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Figure 1: a. Parabolic solar trough. b. Parabolic solar dish.? c. Heliostat array in California.?



CSP in conjunction with thermal energy storage (TES) can meet energy demands
during the night when the sun no longer shines. There are three ways to store thermal
energy: sensible heat storage, latent heat storage, and thermochemical energy storage
(TCES). Sensible heat storage stores energy within a material by increasing its
temperature. Latent heat stores energy within a phase change, such as evaporating liquid
water into steam. TCES is when a reactive system absorbs thermal energy and proceeds
with a reversible chemical reaction. The reaction can be reversed during off-sun hours to
release energy. Of the three, TCES has the highest inherent energy density (Figure 2) and

has the potential to translate into more competitive solar electricity prices.

How to Store:
Annual Amount of Energy used by a Single Residential Home (11 MWh = 40 GJ)

1000 MJ/m?
TCES - 40 m?

Latent 400 MJ/m?
Heat \ ’ 100 m?
Sensible 100 MJ/m3
Heat 400 m?

Figure 2: Volume needed to energize a home for a year using the three different thermal energy
storages. TCES has the highest energy density, followed by latent heat, and the least is sensible
heat.

1.1 Sensible Heat

Sensible heat is energy stored in a material that does not undergo a phase change
as its temperature changes.* The amount of energy can be determined using the specific

heat capacity of the material (Equation 1).



Ty
Q= me, (T)dT Q)
T;

Where Q is the amount of heat stored, m is the mass, Cy is the specific heat capacity as a

function of T, and T is the temperature.

Potential materials for sensible heat storage are those with high specific heat
capacities. Generally, sensible heat storage materials are classified into two groups: liquid
or solid storage mediums. Liquid systems usually involve water or oil and solid systems
involve rocks, bricks, concrete, molten salts, etc. Table 1 shows some commonly used

solid and liquid materials used for sensible heat storage.

Table 1. Physical Properties of Various Liquid and Solids.>678

Material Type Temperature | Cp [kI/m-K] | k [W/m-K]
Range (°C)

Water Liquid 0-100 4.2 0.58

Ethanol Liquid Upto 78 2.4 0.17

Brick Solid 2070 0.84 1.2

Concrete Solid 2070 1.1 09-1.3

Granite Solid 2070 0.90 2.9

Commercially, molten salts have been used in conjunction with CSP, such as the
Noor Concentrated Solar Power plant in Morocco. Molten salts typically used are sodium
and potassium nitrates and they can store energy up to 550 °C. Concentrated solar is used
to heat the molten salts as they move through the receiver and to an insulated storage
tank. The collected heat can be stored until off-peak hours and then used to produce

electricity in conjunction with the Brayton or Rankine cycle.®

1.2 Latent Heat

Latent heat storage is when heat is added to a material and it undergoes a phase

change. The phase change may be solid-solid (change in crystal structure), solid-liquid,



solid-gas, liquid-gas, and vice-versa.t® Higher latent heat values are found in solid-gas

and liquid-gas transitions.!!

Phase change materials used for latent heat storage can be classified as organic,
inorganic, or eutectics.*? Organic materials used are alkanes, fatty acids, alcohols, and
esters. Inorganic materials include salt hydrates and metals.'° Eutectics are a mixture of

inorganic and organic compounds.

1.3 Thermochemical Energy Storage

High temperature TCES systems can be classified by their reaction family as
metallic hydrides, carbonates, hydroxides, redox system, ammonia system, and organic
system.'? The most developed system is ammonia dissociation, which has been pilot
tested. Moreover, the dehydration and hydration reaction of calcium hydroxide and
calcium oxide has been studied as a potential system, but still has many barriers to

overcome before it is pilot tested.*®

Hygroscopic salts have shown good potential for storing heat through a
dehydration reaction. Salts like calcium chloride, magnesium chloride, and magnesium
sulfate have energy densities of 720, 2171, and 1512 MJ/m?, respectively. These
reactions occur at lower temperatures, generally around 100 — 150 °C.? Since the
dehydration reactions occur at lower temperatures, it is more difficult to recover the heat

discharged.

Calcium oxide has become an emerging reaction for thermochemical energy

storage due to its cheap price and availability. Calcium oxide carbonates in the presences



of carbon dioxide to form calcium carbonate, an exothermic reaction, and then it

calcinates back to calcium oxide, an endothermic reaction.

k
Ca0(s) + C0,(g) © CaC05(s) AHYogx = _179m_<])l

This process is commonly called calcium looping. Carbonation occurs at around 650 °C
and calcination occurs at around 900 °C. Another motivation to use CaO/CaCOz is
because calcium oxide acts as a carbon dioxide sorbent.2* As fossil fuels continue to be
used, more and more carbon dioxide will be emitted into the atmosphere, causing a need

to find new uses with the excess carbon dioxide in the atmosphere.

A reversible reaction that is similar to calcium looping is strontium oxide

carbonation and strontium carbonate decomposition:

k
ST0(s) + C0,(g) © SrC03(s) AHogy = _234m_(])l

This reaction occurs at higher temperatures as the exothermic carbonation occurs around
1150 °C and endothermic decomposition occurs around 1200 °C. The released heat from
the carbonation reaction can be used for power generation., as shown in Figure 3. Higher
temperatures lead to a higher efficiency for power generation, as shown in the Carnot

Cycle and Carnot efficiency.



Solar

Reactor

SrC05(5) >
Sr0¢s) + COyg)

Figure 3: Schematic representation of SrO/SrCOs for power generation.

There are significant advantages of using SrO/SrCO3z as compared to other TCES
chemistries. First, it is a nontoxic and cheap material. Second, the reaction does not

involve any catalyst and there are no side reactions or products.®®

At high temperatures, sintering of strontium oxide occurs. Sintering is the physical
aggregation of crystals that lead to increased particle size.'® This reduces the surface area
of the sorbent particles, leading to a decrease in reactivity. In order to prevent sintering,

the sorbent may be doped with an inert material to prevent the crystals from aggregating.

Sintering of strontium oxide was found to be inhibited using an yttria-stabilized
strontium zirconate support. The energy density with the zirconate support was 1500,
1430, and 1260 MJ/m? after 10, 15, and 45 cycles, respectively. However, zirconate is

expensive, leading to the need of other supports.*®

Polymorphic spacers have been used to inhibit sintering for calcium looping.

Calcium silicate (Ca2SiO4) was used as a dopant since it undergoes a crystal structure



change between 660 — 930 °C, between carbonation and calcination of CaO/CaCOs. The
idea is that as the dopant changes crystal structures, it pushes the particles of CaO/CaCOs3
to maintain their size. The material is shown to be stable for 15 cycles when doped with a

polymorphic spacer.t’

Polymorphic spacers have not been studied with the carbonation and
decomposition of SrO/SrCOa. Since SrO/SrCOsz occurs at higher temperatures, other
polymorphs are needed to potentially synthesize sintering resistant sorbents. Two
potential polymorphs that can be used with strontium oxide are calcium sulfate CaSO4
and strontium phosphate Sr3(PO4)2. Calcium sulfate was found to make a monazite- to
barite-type transition at around 1230 °C.8 This transition occurs right before
decomposition occurs for SrCOs3, making it a potential sintering inhibitor. Furthermore,
phosphates were investigated due to their known polymorphic behavior. Calcium
phosphate undergoes a - to a-type transition between 1140 — 1200 °C, after the
carbonation temperature of 1150 °C.%° Also, strontium phosphate is believed to undergo a

similar transition as calcium phosphate since both materials are similar.?°

With phase transitions between the carbonation and decomposition temperature of
SrO/SrCOs, calcium sulfate and strontium phosphate are hypothesized to inhibit sintering

by maintaining particle size at high temperatures, as shown in Figure 4.



SrO With No Spacer

.. . Carbonation “ . Decomposition
Fresh SrO SrCO; Sintered SrO

SrO With Polymorphic Spacer
Polymorphic

' ‘ Phase . ®
A AA Transition .‘?’ .%’ Decomposition .O s .
o0 =

® L0 e

Fresh SrO SrCO; SrCO; Porous SrO

Polymorphic Spacer

. Carbonation
Q.‘ —) O,

Figure 4: SrO is carbonated to SrCO3 and then decomposed to SrO. Without a dopant, SrO sinters
after repetitive use. To reduce sintering, a polymorphic spacer is added to separate particles and

push them back between cycles.



2. Experimental Section

2.1 Material Preparation

Strontium oxide (Alfa Aesar) was either undoped or mixed at various weight
percent with calcium sulfate (J.T. Baker) or strontium phosphate (Sigma Aldrich) for
testing. The mixture was heated in a muffle furnace (SentroTech ST-1600) at
temperatures from 1400 - 1525 °C for 8 hours under air to ensure formation of large
grains. The sample was then crushed with a mortar and pestle to create particles of
various sizes. After crushing, the sample was sieved to particles size ranging from less

than 25 um, 25 - 53 um, 53 - 75 um, 75 - 106 um, and greater than 106 um.

Testing was done with particles sizes between 53 and 75 um as it was found that
initial particle size has little effect on the reaction kinetics.?* Leftover sample was stored
in an airtight container and stored in an airtight plastic bag to prevent it from absorbing

moisture.

Strontium oxide is highly hygroscopic and quickly transforms into strontium
hydroxide or a hydrate during the material synthesis. Therefore, the mass ratio of
strontium oxide is unknown at the beginning of testing. An initial dehydration step at
1200 °C is done to dehydrate all strontium hydroxide to pure strontium oxide, as shown

in Figure 5.
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Figure 5: TGA data for one experiment to show the dehydration of strontium hydroxide during the
initial dehydration step. The minimum mass achieved was assumed to be the mass of strontium
oxide. Dehydration occurred under argon gas.

2.2 TGA Operation

Data was obtained by performing thermogravimetric analysis (TGA) and

differential scanning calorimetry (DSC) using Netzsch STA449 F5 Jupiter.

A correction file was run prior to each experiment to correct for any phase
changes that the alumina crucible may undergo. The correction file was done at the same
conditions as experiments, with the only exception being that no sample was loaded.
Each experiment was performed with approximately 40 mg of material loaded into an

alumina crucible.

Since the mass of strontium oxide is unknown due to its hygroscopic nature, the

sample was heated at 1200 °C for two hours under an inert atmosphere (argon) with a

10



flow rate of 40 mL/min. The temperature was then decreased to the carbonation
temperature of 1150 °C. Carbon dioxide began flowing at 10 - 25 mL/min began upon
reaching 1150 °C while inert flow was reduced to 5 - 20 mL/min. The total flow of
carbon dioxide and argon remained constant at 30 mL/min during carbonation. The

system remained at 1150 °C for 90 minutes to ensure carbonation of the strontium oxide.

The temperature was then increased to 1235 °C for decomposition of the newly
formed strontium carbonate. The system remained isothermal for 30 minutes to ensure
complete decomposition of strontium carbonate. Carbonation and decomposition were
repeated for 10 - 30 cycles to see the effects of sintering over time. The temperature was

increased and decreased at a rate of 20 K/min.

A series of experiments were carried out to determine the effects of pretreatment
temperature, carbon dioxide flow rate, and various weight percent of strontium oxide
doped with a polymorphic spacer. Energy densities were taken as kJ/kg rather than
MJ/m? due to inconsistencies when determining the densities of samples. Densities were
measured using the mass after the initial dehydration step and the volume, which was
estimated using a caliper. Volumetric energy density was calculated using Equation 2 and

gravimetric energy density was calculated using Equation 3.

Am p- AernZS"C
Energy Density [ 2
Mco, - my
Am - AH?,, 5soc
EnergyDenszty[ ] i 3)
kg Mco, - m;

11



Where Am is the mass change, p is the density, AH?,,, ;s is the standard heat of
reaction, M, is the molecular weight of carbon dioxide, and m; is the mass after the

initial dehydration step.
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3. Results and Discussion

3.1 Pre-heat treatment

Each sample is pretreated by placing it within a muffle furnace for eight hours to
form large grains. Typically, samples are treated at 1500 °C due to preserve furnace
lifetime. Since energy density is dependent on the sample's density post analysis,
different temperatures of heat treatment were investigated. Three different treatment
temperatures were looked at: 1400 °C, 1500 °C, and 1525 °C. All samples were strontium
oxide with no spacer. Figure 6 shows the result of the three samples as well as an

untreated sample over 10 cycles.

2500
—¢— Untreated SrO
== SrO Heat Treated at 1400 °C
oy 2000 } —#— SrO Heat Treated at 1500 °C
V4
; —=@— SrO Heat Treated at 1525 °C
=,
é\ 1500
)
C
A
1000
>
(@)]
S
Q
C
LUl 500
53 -75 um
0 Il Il Il Il Il Il Il

Cycle

Figure 6: Energy density of samples of strontium oxide heat treated at different temperatures.

Sintering is exhibited in the untreated sample while the treated sample showed some resistance to
sintering.
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At higher temperatures of heat treatment, the energy densities of the sample
increase. After the first cycle, the energy density is lowest when the sample is treated at
1400 °C and highest for the untreated sample. After multiple cycles, sintering is
experienced for the untreated sample and the sample treated at 1525 °C since the energy
density decreases after each cycle. However, the two samples treated at 1400 and 1500

°C appear to be stable for 10 cycles.

The untreated sample initially has the highest energy density — up to 2000 kJ/kg.
However, the energy density quickly decreased as more cycles are performed. This
comes as a result of the untreated sample having fine particle sizes. Small particles cause

the sample to sinter more rapidly, leading to the need of heat treatment.

Interestingly, the sample treated at 1400 °C shows an increase in energy density
before it begins to stabilize at cycle seven, which could be due to limitations in mass
transfer for carbon dioxide. Overall, treating samples at 1500 °C show the most promise,
since the material appears to be stable over 10 cycles. However, it is hypothesized that

the sample will experience sintering after 10 cycles due to the lack of a spacer.

3.2 Partial Pressure of Carbon Dioxide

The partial pressure of carbon dioxide was explored to see if oversaturating the
system affects the energy density and sintering. An overall flow rate of 30 mL/min is ran
during carbonation, but the ratio of carbon dioxide and argon were adjusted. Figure 7

explores the results from those tests.

14
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Figure 7: Energy density over 10 cycles for experiments with different CO2 partial pressure. Each
sample was heat treated at 1500 °C and was undoped.

At higher partial pressures, the energy density begins high but quickly decreases.
At lower partial pressures, the energy density stabilizes after the third cycle. Although
higher partial pressure causes a high initial energy density, lower partial pressures are
favorable in inhibiting sintering since it appears to keep the sample stable through 10

cycles.

Since a lower partial pressure of carbon dioxide is favorable, less carbon dioxide
would be needed in a closed system reactor. On a larger scale, carbon dioxide is stored
after decomposition to a low temperature tank. Lower partial pressures mean the storage

vessel would be less pressurized, resulting in cheaper costs.

15



3.3 Dopant Characterization

Calcium sulfate and strontium phosphate were both testing in the TGA to

determine if and when they undergo a polymorphic transition. The sample was heated to

1300 °C at a rate of 20 K/min.

TG /%

100

95

90

85

80

75

Onset: 141.3 °C

Onset: 1223.4 °C

A4

.

400

Figure 8. DSC and TGA curve for calcium sulfate when heating to 1300 °C.

DSC /(mW/mg)

25

2.0

15

1.0

-0.5

The sample undergoes dehydration at around 141 °C and then remains relatively

stable until 1220 °C, when it undergoes a transition. This transition is believed to be a

polymorphic transition as calcium sulfate is reported to have much higher decomposition

temperatures and the sample is tested until argon.'® The TGA spike occurring around 700

°C is a result of the correction file.

16



TG /% DSC /(mW/mg)

| exo

0.0
101

-0.5
1]
100 q¢

-1.0
99

-1.5

98

-2.0

97

-2.5

96

200 400 600 800 1000 1200
Temperature /°C

Figure 9. DSC and TGA curve for strontium phosphate when heating to 1300 °C.

The sample appears to undergo no transitions between 20 — 1300 °C. However,
from the TGA curve, strontium phosphate remains stable at high temperatures and may
work as a sintering inhibitor, but not as a polymorphic spacer. Both dopants will be

further tested to see how they affect sintering of strontium oxide.

3.4 Strontium Oxide Doped with Polymaorphic Spacer

Each dopant was initially tested at 50 wt% to determine if sintering could be
hindered with a polymorphic spacer. Weight percent was chosen as a basis due to its
simplicity in calculations and measurements. In Figure 10, the reaction appears to be
stable through 10 cycles with polymorphs. This reveals that the strontium phosphate may

work as a sintering inhibitor.
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Figure 10: Energy density over 10 cycles for experiments for strontium oxide doped with a
polymorphic spacer (calcium sulfate or strontium phosphate). Each sample was heat treated at 1500
°C. Undoped strontium oxide is used as a reference.

The calcium sulfate sample remains stable throughout the 10 cycles. However, the
energy density is relatively low compared to strontium oxide with no dopant. This is a
result of a lower percentage of reactive strontium oxide in the doped sample. Lower
amounts of dopant will help increase the energy density; however, lower amounts of

dopant could result in sintering.

The strontium phosphate sample also remains stable through 10 cycles. The
energy density of the system with strontium phosphate is greater than the system with
calcium sulfate by about 200 kJ/kg. Strontium oxide with strontium phosphate has a high

initial energy density but it decreases after the first two cycles. Afterwards, the sample

18



stabilizes and is competitive with the undoped strontium oxide sample, as both have

energy densities between 500 — 600 kJ/kg.

Although the undoped strontium oxide sample has comparable energy density to
the doped sample and appears to be stable, it is speculated that longer testing will result
in sintering due to the high temperatures and the lack of any type of dopant. Furthermore,
since strontium oxide doped with strontium phosphate has a higher energy density than
doping the material with calcium sulfate, strontium phosphate was further investigated at

different ratios.

Strontium phosphate was further investigated at three different weight percents:
15, 25, and 50 wt%. At lower percentages of strontium phosphate, there is more reactive
strontium oxide that will increase the energy density. The downside is that there is less
spacer, increasing the chance for sintering. Figure 11 shows how different weight ratios

of strontium phosphate to strontium oxide affect energy density.

19



900

== SrO Heat Treated at 1500 °C
800 | 50 wt% Sr3(PO.),
. =25 wt% Sr3(PO,),
2 700 } =15 Wit% Sr3(PO,),
>>
=, 600 }
P
i) 500 F
c
8 400 }
>
o 300
-
Q
u‘—] 200
100 } 53 -75um  Heat Treated at 1500 °C
0

Cycle

Figure 11: Energy density of samples with different ratios of strontium phosphate. Undoped
strontium oxide at 1500 °C is used as a reference.

The energy density is higher at 25 wt% than it is for 50 wt% at the end of the 10
cycles. The lowest ratio of strontium phosphate of 15 wt% shows evidence of sintering,
showing a similar trend as the undoped sample. The energy density of the sample with 25
wt% strontium phosphate shows a gradual decrease during the first two cycles and then is
increases in the subsequent cycles. This causes it to overcome the energy density of 50
wt% at cycle seven. The increase in energy density may be due to mass transfer
limitations of carbon dioxide, and further testing is needed to be done to see if the

increase in energy density is consistent.
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3.5 X-Ray Diffraction

Following heat treatment of each sample, they were tested using D8-Discover X-
Ray Diffractometer to determine the XRD spectra. The identity of the sample was
determined with the spectra and to ensure that no reaction occurred between the sample

and dopant.

The spectra were run between 20 to 70 260 and compared to the spectra for
strontium oxide, calcium sulfate, and strontium phosphate. The spectra (Figure 12) reveal
that strontium oxide, strontium hydroxide, and the dopant are present within the sample.
All peaks for strontium oxide are present. Due to strontium oxide’s hygroscopic nature, a
lot of peaks that appear in the spectra are from strontium hydroxide or a hydrate.
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Figure 12: XRD spectra for strontium oxide heat treated at 1400, 1500, and 1525 °C from 20 — 70
20. All strontium oxide peaks are present. Peaks for strontium hydroxide and its hydrates are
present as well.
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3.6 Optimal Conditions

The optimum weight percent of strontium phosphate was found to be 25 wt%.
This was tested for 30 cycles to see if the sample remains stable for longer periods.

Figure 13 shows the results from the 30 cycle test.
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Figure 13: Strontium oxide with 25 wt% strontium phosphate over 10 and 30 cycles. Both samples
were treated the same.

For the doped sample, the energy density starts at 1450 kJ/kg for the 30 cycle test,
greater than the 10 cycle test by 1000 kJ/kg. The energy density is not consistent between
the 30 cycles as the lowest energy density is 400 kJ/kg, much lower than the starting
point. The trend for the 30 cycle test resemble the trend seen by the untreated undoped

strontium oxide sample in Figure 6. The change in trend may be attributed to a change in
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particle size in the sample as it becomes hydrated due to its hygroscopic nature, so further

investigation was done.

3.7 Reproducibility

Following the 30 cycle test, it is believed that as the sample absorbs moisture
from the atmosphere, the particles change in size. This was tested by running replicates of
the 1500 °C heat treated sample. Two more tests were conducted from the sample that
came from the same batch as the first test, but has been stored for one month. Another
test was run from a fresh sample that was heat treated within 24 hours of testing. Results

are found in Figure 14.
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Figure 14: Energy density of strontium oxide heat treated at 1500 °C for four separate trials. Tests
1 and 2 were conducted within 24 hours of heat treatment and tests 3 and 4 were conducted one
month after heat treatment.
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Two trends are seen in Figure 14: one where energy density quickly decreases
with cycles and one where energy density increases in the first two to three cycles and
then stabilizes. The former is seen with samples that are tested a month after heat
treatment and the latter is seen with samples that are tested within 24 hours of heat
treatment. When a sample is stored for prolonged periods of time, it absorbs moisture

from the air and becomes strontium hydroxide or a hydrate.

A sample was re-sieved after being stored for a month and it was found that the
particle sizes changed. The sample was originally sieved and stored to be between 53 to
75 pm. When it was re-sieved, the particles ranged from 25 — 106 um, as seen in Figure

15.

Figure 15: Distribution of particle sizes for a sample of strontium oxide that has been stored for
one month after heat treatment and initially being sieved to 53 — 75 um. Distribution of new
particle sizes are from 25 — 53, 53 — 75, and 75 — 106 pm.

The amount of moisture absorbed by the strontium oxide can be determined from
the initial dehydration step during tests (Figure 15). The percent hydration for the four

tests were determined by the following equation:

Am
% Hydration = — x100% 4)

L
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Figure 16: TGA Data for the four different tests during the initial dehydration step. Tests 1 and 2
show that the sample was not highly hydrated, whereas tests 3 and 4 were highly hydrated.

From Figure 16, it is seen that tests 3 and 4 were more hydrated than tests 1 and 2.
The samples used for tests 1 and 2 were 2.2 and 1.2% hydrated, respectively. The

samples used for tests 3 and 4 were 26 and 27% hydrated, respectively.

At high percent hydration (above 20%), the particle size of strontium oxide

change, allowing it to initially be more reactive. This allows for sintering to take place

after multiple cycles.

3.8 Hydration

Hydration was reevaluated for previous tests to confirm results. Summary of the

results can be found in Table 2.
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Table 2. Summary of all experiments done with percent hydration of the sample to validate results.

: Figure
Sample %0 Hydration
P y Reference
Untreated SrO 42.5%
SrO Heat Treated at 1400 °C 0.6%
SrO Heat Treated at 1500 °C 2 204 6
Test 1 '
SrO Heat Treated at 1525 °C 7.5%
Pco. = 0.33 2.2% .
Pco, = 0.83 30.4%
SrO Heat Treated at 1500 °C 2 204
Test 1
50 wt% CaSO, 19.5% 10
50 wt% Sr3(POa)2 11.1%
SrO Heat Treated at 1500 °C 2 204
Test 1
50 wt% Sr3(POa)2 11.1% 11
25 wt% Sr3(PO4)2 1.6%
15 wt% Sr3(POa4)2 2.3%
25 wt% Sr3(PO4)2 0
10 Cycles 1.6%
25 wt% Sr3(PO4)2 0 13
30 Cycles 22.1%
SrO Heat Treated at 1500 °C 2 204
Test 1
SrO Heat Treated at 1500 °C 1.2%
Test 2 14
SrO Heat Treated at 1500 °C 26.0%
Test 3
SrO Heat Treated at 1500 °C 27 1%
Test 4

The only tests where there are huge discrepancies between percent hydration is
the testing of the effects of carbon dioxide partial pressure and the 30 cycle test. The two

samples from the partial pressure test differed in percent hydration by about 28 %. For
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the 30 cycle test, the sample was 20 % more hydrated than the sample used for the 10
cycle test. These tests need to be repeated with samples that are low in moisture to ensure

accuracy. All other results are validated.
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4. Conclusions

Concentrated solar power (CSP) in conjunction with thermal energy storage
(TES) can reduce the dependence on fossil fuels and increase the feasibility of solar
energy by enabling operators to generate electricity beyond normal on-sun hours. One
type of TES is thermochemical energy storage (TCES), which is based on a reversible
reaction. This type of TES has the highest energy density as compared to the other two

TES systems - sensible heat storage and latent heat storage.

X-ray diffraction and thermogravimetric analysis (TGA) were used to study the
effects of doping strontium oxide with a polymorphic spacer (calcium sulfate) and
sintering inhibitor (strontium phosphate). The goal of the spacer is to hinder sintering by
being a physical barrier between the strontium oxide particles that would keep particles

intact either as the barrier undergoes a phase change or acting as a barrier.

Pretreating strontium oxide at higher temperatures increased energy density up to
1500 °C. Temperatures above that cause samples to experience sintering. Calcium sulfate
and strontium phosphate were both found to hinder sintering, but strontium phosphate
resulted in a higher energy density when at the same weight percent. Further testing of
strontium phosphate showed that an optimum amount of the dopant was 25 weight
percent. The percent hydration of the sample prior to testing has an effect on particle size
and sintering. When samples are less hydrated, they are more likely to be stable
compared to highly hydrated samples. Strontium phosphate in conjunction with a low

moisture content shows inhibition of sintering.
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6. Appendix
6.1 X-Ray Diffraction
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Figure 17: XRD Spectra for SrO doped with CaSOa.
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Figure 18: XRD Spectra for SrO doped with Sr3(POa)2.
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6.2 Instrument Setup

Table 3: Program file used for experiments

Starting Isotherm Time Ending
Segment | Temperature | Ramp Rate (hh:mm) Temperature

1 16°C 20.0 K/min 1200°C
2 1200°C 2:00 1200°C
3 1200°C 20.0 K/min 1150°C
4 1150°C 1:30 1150°C
5 1150°C 20.0 K/min 1235°C
6 1235°C 0:30 1235°C
7 1235°C 20.0 K/min 1150°C
8 1150°C 1:30 1150°C
9 1150°C 20.0 K/min 1235°C
10 1235°C 0:30 1235°C
11 1235°C 20.0 K/min 1150°C
12 1150°C 1:30 1150°C
13 1150°C 20.0 K/min 1235°C
14 1235°C 0:30 1235°C
15 1235°C 20.0 K/min 1150°C
16 1150°C 1:30 1150°C
17 1150°C 20.0 K/min 1235°C
18 1235°C 0:30 1235°C
19 1235°C 20.0 K/min 1150°C
20 1150°C 1:30 1150°C
21 1150°C 20.0 K/min 1235°C
22 1235°C 0:30 1235°C
23 1235°C 20.0 K/min 1150°C
24 1150°C 1:30 1150°C
25 1150°C 20.0 K/min 1235°C
26 1235°C 0:30 1235°C
27 1235°C 20.0 K/min 1150°C
28 1150°C 1:30 1150°C
29 1150°C 20.0 K/min 1235°C
30 1235°C 0:30 1235°C
31 1235°C 20.0 K/min 1150°C
32 1150°C 1:30 1150°C
33 1150°C 20.0 K/min 1235°C
34 1235°C 0:30 1235°C
35 1235°C 20.0 K/min 1150°C
36 1150°C 1:30 1150°C
37 1150°C 20.0 K/min 1235°C
38 1235°C 0:30 1235°C
39 1235°C 20.0 K/min 1150°C
40 1150°C 1:30 1150°C
41 1150°C 20.0 K/min 1235°C
42 1235°C 0:30 1235°C
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