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Thermochemical energy storage (TCES) is one of the most promising methods for utilization of solar energy.
Metal oxides can exhibit reversible redox reactions that are useful for TCES applications. Especially, transitional
metal oxides can undergo reduction reactions at high temperatures while absorbing energy given to the system.
Later on, when the temperature goes down below a phase-transition temperature, exothermic re-oxidation re-
actions can take place. Air can be used both as oxygen source and heat transfer medium during the redox re-
actions. Recently, several studies have been published about the utilization of metal oxides for TCES applications.
Among these metal oxides, copper oxides received a great attention owing to its cyclic stability and suitable
redox temperature. In this study, copper oxides are used as energy storage material in combination with ZrOo,
ZrO2-Laz03, MgAl304, Mg2Al504-Lag03, CeOy, CeOz-LazO3 as support materials. The best results were obtained
from samples supported with MgAl,04, MgoAl;04-Lag03. This most likely eventuated due to the other reversible
phase transformations that take place in these systems such as formation of LaAlO3 and CuyAl;04. Especially

MgsAl;04-Lap03 addition improved the system, both in terms of cyclic stability and heat capacity.

1. Introduction

Thermochemical energy storage (TCES) is a very promising tech-
nology which enables to address intermittent problems in renewable
energy technologies, especially solar energy [1-5]. Continuous elec-
tricity production becomes possible with storing the energy during
on-sun hours and releasing the stored energy during off-sun hours [6].

TCES exhibits better performance regarding to energy storage den-
sity (0.5-1 kWh/kg) [7], and storage within a large temperature range
(25-1000°C) [8] among the other thermal energy storage techniques
such as latent and sensible heat storage. In addition to this, there is no
need to use complex storage procedures as the heat is stored in the form
of chemical energy in TCES [9]. To store high amount of energy, redox
reactions of metal oxides can be useful since their operational temper-
atures are relatively high [10]. For TCES applications, properties of the
storage materials such as cyclic stability and agglomeration tendency
are crucially [7,11,12].

From metal oxides, Co304, CuO and MnyO3 exhibit sufficient per-
formance to meet the expectations for TCES applications [13-15].
Among these oxides, Cu based oxides are also outstanding as they
exhibit high energy storage capacity (811 kJ/kg for CuO) and oxygen
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uncoupling ability [16,17]. From this point of view, CuO becomes very
suitable as its usage would access more flexible design and process pa-
rameters for TCES applications [18,19]. The general reaction scheme for
Cu oxides is given below (1).

4 CuO(s) + AH, < 2CuO(s) + 05(g) 1)

However, occurrence of sintering due to both highly exothermic
reaction nature of discharging step and comparably low Hiittig and
Tammann temperatures of the copper oxide may cause the loss of cyclic
stability and reactivity [8,20]. Hiittig and Tammann temperatures
define as 0.3T, and 0.5T,, (Tm is the melting point of the material) of
the materials respectively and these temperatures indicate the onset of
sintering temperature [21].

In the literature, high degree of reduction and high temperatures
have been reported as conditions which should be avoided in case of
CuO being used [22,23]. To overcome this problem, support materials
have been commonly reported in similar applications in which cyclic
stability and reactivity are important parameters [24,25]. Therefore,
CuO could be supported by other oxide materials to increase the oper-
ational temperature of the application. Support materials are mainly
used to decrease the sintering effect and supply additional vacant or
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available sites for oxygen and catalyst surface during redox reactions
[26,27]. In the literature about redox of Cu based oxides there are plenty
of support materials such as Al,03, ZrO,, SiO2, TiO5, MgAl;O4 and CeO4
[21,22,28]. Among these support materials, MgAl,04 was reported to
provide sufficient physical stability and reactivity and ZrO5 was re-
ported as to decrease defluidization and agglomeration tendency [25,
29]. CeO4 was also used as a support material with CuO resulting in high
reactivity [30]. In addition, using La;0g3 in CuO-ZrO, and CuO-MgAl,O4
increased the oxygen releasing ability and the agglomeration resistance
[31,32].

In this study CuO with ZTOZ, ZI‘Oz-LazOg, MgA1204, MgA1204-L3203,
CeO; and CeO,-Lay03 as support materials were used to investigate their
thermochemical energy storage performance. Samples were tested in a
fluidized bed reactor with a cyclic heating and cooling procedure.
Simultaneous thermal analysis was also carried out to investigate the
thermal characteristics of the samples. Phase analysis were carried out
by X-Ray Diffraction to reveal the present phases both before and after
the tests. Reaction mechanisms were also supported by thermodynamic
equilibrium calculations.

2. Experimental procedure

The samples consisting of CuO (Trimanox®, Chemalloy™), ZrO,
(Silverbond M800®, Sibelco™), Lay03, MgAl,04 and CeOs used in this
study were produced by VITO™ using spray-drying. Raw materials with
different composition (Table 1), organic binders and dispersants were
dispersed in deionized water and mixed homogeneously. The water
based suspension was then pumped into a hot drying chamber to obtain
small solid loaded droplets. The spray-dried particles were sieved into
125-180 pm followed by calcination at 1100°C for 4 h in air. Table 1 also
present works where these materials have been used before as oxygen
carriers in chemical looping oxygen uncoupling (CLOU) applications.

Phase analysis of the samples both before and after being used in the
cyclic experiments were done with XRD (Bruker™ D8 Advance, Cu-Ka,
40 kV, 40 mA) in the 2-theta range of 15-80° with a step size of 0.01.
Scanning electron microscopy (SEM-Zeiss LEO Ultra 55 FEG) was used
to investigate the morphological characteristics. For secondary electron
imaging 10.0 kV acceleration voltage and 10.0 mm working distance
were used. To verify the experimentally observed interaction, thermo-
dynamic equilibrium calculations were carried out using FactSage 7.2
software with the FactSage-Equilibrium Module, under the presumption
of an isothermal and standard state with the use of Pure Substance
(FactPS)-Oxide (FToxid) databases. The equilibrium calculations were
based on the Gibbs energy minimization method.

For thermal analysis, simultaneous thermal analyzer (Netzsch™-STA
409 PC Luxx) was used to determine the thermal characteristics of the
samples with changing the temperature between 600-1000°C as cycles.
During the experiments, STA was flushed by air flow and Ny as purge
gas.

To investigate the redox and oxygen release characteristics of the
samples, several heating and cooling steps were implemented in a flu-
idized bed reactor that has a length of 820 mm and a porous quartz plate
of 22 mm in diameter placed 370 mm from the bottom [38]. The scheme
of the fluidized bed setup is given in Figure S1 (Supplementary Mate-
rial). For each experiment, the amount of sample was 10 g. The

Table 1
Chemical composition of the copper oxide based powders used in this study and
the reference works used the same materials in the literature.

Sample Name Chemical Composition (wt.) Ref.

CZ 40% CuO, 60% ZrOy [22,26,29,33,34]
CZL 40% CuO, 55% ZrOs, 5% Lay03 [22,31]

CM 40% CuO, 60% MgAl,04 [22,25,34-36]
CML 40% CuO, 55% MgAl;04, 5% LayO3 [22,37]

CcC 40% CuO, 60% CeO, [22,30]

CCL 40% CuO, 55% CeOa, 5% Lay03 [22,31]
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reduction and oxidation cycles were initiated by changing the temper-
ature between 600°C and 1000°C for each cycle. It was reported that
fixed partial pressure of O,, especially lower than 0.05 atm, results in
different degree of oxygen deficiency in an O release capable com-
pound [21,39]. For this reason, the system was flushed by a gas mixture
consisting of 5 vol.% O3 (0.05 atm) which was obtained by N diluted in
air during all cycles. In one of the experiments, air was directly used
without dilution of Ny to investigate the effect of O, partial pressure on
the system. The O3 level in the gas were detected by a Rosemount™ NGA
2000 multicomponent gas analyzer.

3. Results

As fluidized bed reactors have been reported as promising for ther-
mochemical energy storage applications [18,40,41], investigation of the
cyclic stability and oxygen releasing ability of the samples have in this
work been carried in the fluidized bed. In the cyclic stability tests, the
material was placed into the fluidized bed and cyclically heated up to
1000°C and cooled down to 600°C. Each cycle took on average 20 mi-
nutes. The temperature of the bed was measured by a thermocouple
which was placed in the middle of the bed in the hot zone of the quartz
reactor. When the temperature reached ~1000°C in the bed, the set
point was decreased to 600°C, manually. In the cyclic stability test fig-
ures, the peaks shown on the upper part (yellow) represent the tem-
perature changes in the bed. The peaks shown on the bottom part (blue)
represent the observed O, concentration level in the gas analyzer con-
nected to the reactor. The quantity of O released/captured during the
redox reactions is related to the reaction extent that corresponds to the
amount of stored/released energy by the material [41,42]. In addition to
this, the same amount of O release and consumption in each cycle
during the multi-cycle redox processes is consider as a sign of good cyclic
stability [42-46].

Fig. 1 shows the cyclic stability test of the ZrOy supported CuO
sample in the fluidized bed. In all experiments, the first cycle was
excluded, since the first cycle is affected by the instrumental issues such
as drift or temperature changes and is also influenced by how the sample
was stored and treated before the experiments. Both for oxidation and
reduction, very stable peaks were observed during the test. It has been
reported that pure copper oxides exhibit strong agglomeration as the
melting point of the material is close to the process temperature range
[19]. Agglomeration is one of the main reasons for decreased redox
activity of the materials [47]. From this point of view, ZrO3 as support
material for cyclic stability of CuO performed very well. During the
cyclic stability test, re-oxidation peak point was observed at 900°C
reaching min. peak point of 1,8vol.%0; in the outgoing gas while
reduction was occurred at 1020°C reaching max. peak point of 10,99vol.
% Oq. The average mass change was observed via STA (simultaneous
thermal analysis) for the same CZ sample with 0,8 wt.% and 1 wt.%
during oxidation and reduction, respectively. In STA, the cycles were
also stable, and the average re-oxidation and reduction peak tempera-
tures were observed as 920 and 990°C, respectively. In addition to this,
the peak areas which indicate the relative reaction enthalpies for
oxidation and reduction were studied by using Netzsch Proteus™
Software(Figure S2). Using the energy calibration, the specific energy
content was calculated as 440 and 305 kJ/kg CZ for reduction and
oxidation, respectively. XRD analysis on CZ samples, both fresh and after
being tested in fluidized bed, revealed that there is no observed chemical
interaction between CuO/CusO and ZrO,. This was also verified by
thermodynamic equilibrium calculations (TEC).

As mentioned in the introduction, La;O3 has been reported as a
promising support material for increasing the agglomeration resistance
of CuO [22,32]. For this reason, LayO3 was used as a support material for
CuO together with ZrO,(CZL). The cyclic stability of the material in the
fluidized bed is shown in Fig. 2. The CZL sample, similar to CZ, also
showed stable cyclic behaviour with a higher amount of average oxygen
release starting at 1025°C (max. peak point of 12,11vol.%02) and
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Fig. 1. Cyclic stability of the ZrO, supported CuO sample in the fluidized bed test.
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Fig. 2. Cyclic stability of the ZrO,-La,0O3 supported CuO sample in the fluidized bed test.

consumption starting at 890°C (min. peak point of 1,46vol.%03). The
thermal behaviour of the sample was also stable in STA and the average
re-oxidation peak temperature was observed as 920°C, similar to CZ
while the average reduction temperature was a little bit lower than CZ at
980°C. The average weight loss was 1,3wt.% during reduction and the
average weight gain was 1 wt.% during oxidation. The specific energy
content of the sample was calculated as 250 and 230 kJ/kg CZL for

reduction and oxidation, respectively. Similar to CZ, thermodynamic
equilibrium calculations and XRD analysis after experiments also
revealed that starting phases could form no new compounds during
cycles.

When MgAl,04 (CM) was used as a support material for CuO, the Oy
release performance was significantly better than CZ and CZL. The sta-
bility of the sample was outstanding both for reduction and oxidation
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(Fig. 3). The average reduction peak temperature was 1010°C with the
maximum 16,51 vol.%0; concentration while the average re-oxidation
peak temperature was 870°C with the minimum 0,53 vol.% O; con-
centration in the fluidized bed tests. The cycle was also stable in STA and
the average weight loss and weight gain were 1,01 and 1,06wt.%,
respectively. The observed reduction peak temperature was 985°C
which was similar to CZ and CZL. However, the observed average
oxidation peak temperature was 930°C which is slightly higher than CZ
and CZL. The specific energy content of the sample was calculated as
640 and 425 kJ/kg CM for reduction and oxidation, respectively.
Thermodynamic equilibrium calculations suggested that there is a
possible endothermic reaction (2) during reduction which may increase
the agglomeration resistance of copper oxides as the reaction is revers-
ible and the CupAl»04 has a higher melting point than pure Cu0O [48].
Since this reaction is not thermodynamically favourable below 900°C,
there was no observed phases in XRD related to this. However, oxidation
of CuyAl,04 into CuO and reforming of MgAl,O4 spinel is thermody-
namically favourable during oxidation. From this point of view,
MgAl,O4 is a promising candidate as support for CuO for TCES
applications.

Cuy O + MgAlLOy—CuAl, Oy + MgO 2)

When LapO3 was also used as a support material together with
MgAl;04 spinel (CML sample), the results were even more promising.
Fig. 4 shows the cyclic stability of CML in the fluidized bed test. CML
performed outstanding cyclic stability with the highest O, release/
consumption among the samples we tested in this study. For CML, the
minimum and maximum Oy concentration during oxidation and
reduction were observed as 0,54 vol.% O3 and 16,71 vol.%0,, respec-
tively. The average peak temperature was 820°C and 1010°C for re-
oxidation and reduction, respectively. Thermal gravimetric behaviour
of the material was also stable in STA analysis. Similar to the samples
tested, the average peak temperature was 920°C for oxidation and 970°C
for reduction which is slightly lower than others. However, the average
weight loss was observed as 3,07 wt.% during reduction which is
significantly higher than samples tested in this study. Similar to this, the
average weight gain was obtained as 1,24 wt.%. As already mentioned
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above, the weight changes during redox is related to the energy storage
capacity of the system. From this point of view, CML exhibited the best
performance among the tested samples as it showed the highest weight
gain and weight loss in STA analysis. The specific energy content of the
sample was calculated as 925 and 1050 kJ/kg CML for reduction and
oxidation, respectively. However, the obtained weight changes during
redox reactions were still lower than maximum theoretical weight
changes for a CuO/Cuy0 redox systems with 60% support. This devia-
tion may be caused by the effect of heating/cooling rates, particle size
and distrubition of the samples and the amount of used mass as it is
known that thermodynamic and kinetic factors are limiting the redox
reactions [16,26,49,50].

In Fig. 5, cyclic stability of CC (CeO5 supported CuO) was shown.
Among the tested samples, CC showed the poorest O release/con-
sumption capacity, even though the redox cycles were very stable.
During the fluidized bed test, generally reduction reaction reached the
peak point at 1020°C, while this was 840°C for re-oxidation. On average,
the maximum obtained O» concentration was 11,2 vol.%05 during
reduction and minimum obtained O, concentration was 1,76 vol.%0,
during oxidation which is similar to other samples. However, the cyclic
stability was not stable as the others in thermal analysis. For STA, the
reduction took place at maximum 990°C with the average weight loss
around 0,5 wt%. In addition to this, re-oxidation in STA took place at
maximum 950°C with the weight gain around 0,5 wt%. Lap;O3 addition
to CeO, as support material for CuO (CCL), increased the O, release/
consumption ability compare to CC. However, the performance of CCL
could not reach the performance of the other tested samples. A good
thing about this sample was the almost perfect cyclic behaviour which is
important for material's lifetime [51]. For CCL(Fig. 6), re-oxidation
generally started to occur at 820°C and average O2 concentration ob-
tained was 0,25 vol.% during oxidation. These values were 1020°C and
12,58 vo0l.%0, for reduction peak and the highest obtained O, concen-
tration, respectively. The cyclic stability of CCL was significantly better
than CC in STA. In STA, the sample lost weight around 0,8 wt.% during
reduction which generally took place at 980°C as peak maximum. For
re-oxidation, the temperature was 920°C and the average weight gain
was 0,7 wt.%.
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Fig. 3. Cyclic stability of the MgAl,04 supported CuO sample in the fluidized bed test.
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Fig. 4. Cyclic stability of the MgAl;05-La;O3 supported CuO sample in the fluidized bed test.

A general overview of phase changes of the used materials can be
seen in Table 2. This table includes both starting phases in the fresh
samples and observed phases in the used samples after being tested in
the fluidized bed is shown. Additionally, thermodynamic equilibrium
calculations were also done to see how much the system differs from the
thermodynamic equilibrium conditions. Formations of LayZr;0O7,
LaAlO3 and Ceg 7sLag 2502 were observed in the CZL, CML and CCL,
respectively. To avoid the possible deactivation of active sites, support

materials should not form any compound with CuO/Cu,0. However,
these compounds do not show any interaction towards CuO/Cuz0. On
the contrary, these formations may be the reason of the slight increase of
the cyclic stability for CZ-CZL, CM-CML and CC-CCL. Especially LaAlO3
is known a potential candidate for energy storage applications [52]. In
addition to this, LaAlO3 has a high melting point (2138°C) [53].
Therefore, it does not contribute to the agglomerate formation in the
system. Overall, it is clear that CML has a great potential for this study.
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Fig. 5. Cyclic stability of the CeO supported CuO sample in the fluidized bed test.
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Fig. 6. Cyclic stability of the CeOy-La;O3 supported CuO sample in the fluidized bed test.
Table 2

Phases revealed by XRD analysis in the starting samples and observed ones after
the cyclic stability tests.

Sample  Starting Phases Observed Phases After Calculated Phases by
Tests TEC

CZ CuO, ZrO, CuO, ZrO, CuO, ZrO,

CZL CuO, ZrO,, La;03 CuO, ZrO,, LasZr,0, CuO, ZrO,, Lay03

cM CuO, MgAl,0,4 CuO, MgAl,0,4 CuO, MgAl,0,

CML CuO, MgAl04, CuO, MgAl;04, LaAlO3 CuO, MgO0, MgAl,04,
Laz03 LaAlO3

CC CuO, CeO, CuO, CeO, CuO, CeO,

CCL CuO, CeO,, CuO, Ce0,, Lay0s, CuO, Ce0,, Lay03
Lay03 Ceg,75Lag,2502

To investigate further the best of the materials, CML, XRD analysis
was carried out for fresh and tested sample (Fig. 7). Fresh CML, con-
sisting of CuO (PDF Card No: 48-1548), MgAl,04 (PDF: 04-007-2712)
and LayO3 (PDF: 04-015-5007), formed some perovskite-type LaAlO3
(PDF: 04-18-6998) during fluidized bed test. Formation of LaAlOs,
which most likely formed via Reaction 3, was also confirmed by ther-
modynamic equilibrium calculations.

MgAlL Oy + La;O3—>MgO + 2 LaAlOs 3)

LaAlO3 was reported as a good candidate for solar thermochemical
applications due to its stability under redox conditions [52]. Most likely,
together with MgAl»0y, it increased the physicochemical stability of the
sample during redox reactions. To reveal the physicochemical condition
of the particles, scanning electron microscope was used in secondary
electron mode(Fig. 8). Fresh sample exhibited an even morphology
consisting of decent spheres. Even though the majority of the particles
preserved this morphology, some cracked and decomposed particles
were observed for used particles.

To investigate the effect of partial Oy pressure on the cyclic stability
of CML, the fluidized bed tests were carried out under two different Oq
concentration(Fig. 9). When the partial O, pressure in the system was

1= MgAI204 2:Cu0 3: LaAIO3 4: La203

1 2
2
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Fig. 7. XRD patterns of fresh and used MgAl,0,-La;03 supported CuO sample.

0,05 atm, CML exhibited an outstanding performance compare to the
case in which the partial O, pressure was 0,21 atm as air. This result was
expected since equilibrium partial O, pressure of Cu-oxides is lower than
0,21 for the relevant temperature of this study [21,54]. However, 21 vol.
% O concentration was also used on the sample to reveal the result in
case of using pure air (non-diluted with Ny) in the system.

4. Discussion

In this study, ZrO9, LagO3, MgAl,04 and CeOs supported Cu based
oxide materials were tested as potential thermochemical energy storage
materials. The chemical reactions and oxides systems used are similar in
TCES and chemical looping oxygen uncoupling (CLOU). Therefore the
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Fig. 8. Secondary electron SEM micrograph of fresh (a) and used (b) MgAl,O»-
Lay0O3 supported CuO sample.

materials which have previously been used in CLOU applications [25,33,
55-62] were tested as potential energy storage materials in this study.
The purpose of the support materials are to increase the operational
temperature, compared to pure Cu-oxides; and decrease the agglomer-
ation tendency [26,32]. For this reason, it was important to avoid
possible new compound forming between CuO and the support material,
which may decrease the performance of the CuO/Cu,0 system. After the
tests, there were no formation of phases observed which may deactivate
the copper oxides. However, LayZr,07, LaAlO3 and Ceg 75Lag 2502 was
formed which could not be observed during initial synthesis of the
materials. Even though newly formed compounds do not directly affect
the copper oxide, thermal stability of the material is important. As
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outstanding thermal stability was reported for LayZr,O; and LaAlOg,
formation of these compounds may affect the active materials lifetime in
a positive manner. In addition to this, no defluidization was observed
during the tests which means that agglomeration of the sample was
avoided . Visual inspection after the fluidized bed tests also revealed
neither sintering nor agglomeration in the bed.

Table 3 is given to summarize the results. Both thermal analysis and
fluidized bed reactor tests were carried out in this work. Fluidized bed
reactor tests enable to use comparably large amount of samples which
may be a representative of more homogeneous sampling and also show
the physical behaviour of the particles such as attrition or tendency for
agglomeration. On the other hand, more accurate temperature and
weight changes can be obtained by thermal analysis. For this reason,
these two methods are considered as supplementary. Theoretical weight
gain and weight loss for reduction of CuO to Cup0 are 11,18wt.% and
10,06wt.%, respectively. MgAl,04 and MgAl;04-LayO3 supported CuO
showed the best O; release/consumption capacity in both fluidized bed
reactor test and thermal analysis among the tested samples, which are
closer to the theoretical weight gain and loss values. In all fluidized bed
test, the intermittent oxidation was observed most likely caused by the
slow kinetics of reoxidation. For each sample, the oxygen uptake after
the reduction got slower during the cooling and carried over with the
following heating step. In fluidized bed reactor tests, the reduction peak
temperatures were only 25-40°C higher than the obtained in the thermal
analysis. However, the observed oxidation peak temperatures in thermal
analysis were significantly higher than fluidized bed reactor tests for
CZL, CML, and CCL. This difference most likely occurred due to the
formation of new compounds.

The development of supported CuO oxides is necessary regarding to
reversibility, reactivity loss over cycles and sintering in order to obtain
cost effective, environmentally friendly and for large scale applications.
The support materials used in this study showed very good performance
regarding to the cyclic stability of the active phase. Even though, the
high purity support materials are just slightly cheaper than the pure
copper oxides, they may increase the lifetime of the active material. In
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Fig. 9. Comparison of the cyclic stability of the MgAl,0,-La;O3 supported CuO sample under 5 vol.% O, and 21 vol.% O, atmosphere in the fluidized bed test.
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Table 3

Journal of Energy Storage 32 (2020) 102012

Summary of the results of the cyclic stability tests in the fluidized bed reactor and thermal analysis.

Sample  Fluidized Bed Reactor Tests Thermal Analysis
Reduction Peak Peak Max. O/ Oxidation Peak Peak Min. Oy/ Reduction Peak Weight Oxidation Peak Weight
Temperature (Tpeak) Release (vol. Temperature (Tpeak) Consumption (vol. Temperature (Tpeak) Loss (wt. Temperature (Tpeak) Gain (wt.

%) %) %) %)

CZ 1020 10,99 900 1,8 990 0,98 920 0,8

CZL 1025 12,11 890 1,46 980 1,30 950 1,03

CM 1010 16,51 870 0,53 985 1,01 910 1,06

CML 1010 16,71 820 0,54 970 3,07 920 2,4

CcC 1020 11,20 840 1,76 990 0,5 890 0,5

CCL 1020 12,58 820 0,25 980 0,8 920 0,7

Table 4
Heat content of the relevant oxides [63].

OXIdeS H;ZOO - H°298 (%)
CuO 47

Cu0 67

ZrO, 64

LayO3 114

MgAl,04 147

LaAlO3 109

addition to this, as the redox reactions of copper oxides take place at
high temperatures, the sensible heat form of the storage of interest is
also important. In Table 4, the heat content of the supporting oxides
used in this study is given. From this point of view, even the non-active,
support phase of the sample contributes for storing the heat. Among the
tested samples in the study, CM and CML are very promising in terms of
both cost effectivity and abundancy of MgO and Al,Oj3. Especially, CML
showed the best performance with the highest specific energy content
(925 and 1050 kJ/kg CML for reduction and oxidation, respectively)
which may lead the reduction of the raw material costs.

5. Conclusion

In the present study, ZrO,, MgAl;04, CeO, and Lay,O3 were used as
support materials to improve the cyclic stability performance of copper
oxide materials for thermochemical energy storage applications. Even
though CuO has excellent properties for thermochemical energy storage
applications, use of pure CuO is limited due to its high decomposition
temperature in air (1034°C) and low agglomeration resistance above the
relevant temperature limits. Among the oxides which have been re-
ported in the literature as support material for CuO, ZrO,, MgAl;0y4,
CeO and Lay0O3 were chosen owing to their proved success in the pre-
vious studies for other applications. The cyclic stability tests were car-
ried out in a fluidized bed reactor. Fluidized bed tests are significantly
promoted for thermochemical energy storage application studies as it
enables physical testing of large amount of samples. Obtained results
were also compared to results from the thermal analysis. Among the
tested samples, MgAl»O4 and MgAl;04/Las03 supported CuO exhibited
the best O5 release/consumption capacity. In fluidized bed tests, CML
which showed the best performance exhibited 1,5 times more O release
and 3 times more Oy consumption than CZ which showed the poorest
performance. For STA, CML performed averagely 6 times more weight
loss and 5 times more weight gain than the poorest performance CC. As
MgAl>04 is comparably cheaper than other used oxides and the amount
of Lay03 was quite low (5 wt.%) in the composition, this result was quite
promising for the application. The poorest O release/consumption ca-
pacity was observed for CeO, supported CuO which was quite unex-
pected since CeO; has been used for its catalyst effect on Cu. However,
CeO, and LayO3 supported CuO samples exhibited an identical cyclic
behavior and reversibility which are important for material's lifetime.
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