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Abstract

Based on a thermodynamic equilibrium study to idgrhemical candidate systems with the
potential to be most suitable for thermochemicargp storage for CSP, cobalt oxide and
manganese oxide endothermal/exothermal redox sgsaeenselected for closer investigation.
The potential improvement of their performance tlu¢he addition of iron oxide is studied
with thermogravimetric analyses methods. Fe aduisofound to decrease the redox activity
and energy storage capacity of ;0gCoO, whereas the reaction rate, reversibility and
cycling stability of MnROs/Mn30,4 are significantly enhanced with added Fe amoubtye&
~15 mol%, and the energy storage capacity is $jigimproved. Furthermore the
performance of Ba and/or Sr perovskites for thelmeaucal energy storage is investigated.
As good candidates Sr-Fe and Sr-Co and even We#tdre and Ba-Co perovskites were
identified, while Sr-Mn and Ba-Mn perovskites aret rsuitable. Using both, Sr and Ba
(namely Sr-Ba-Co and Sr-Ba-Fe perovskites), resaltn additional positive effect. A case
study on the integration of a manganese oxide b#sadochemical energy storage system
into a CSP plant leads to the conclusion that artbehemical storage reactor should be
designed in such a way that it can be integrateth whe power block in a parallel
configuration rather than a serial configuration.
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1. Introduction

A viable way to manage the inherently intermittesntailability of solar energy in
concentrated solar power plants is to store salargy during on-sun hours to be able to use
it later during off-sun hours, enabling on-demartetteicity delivery. Thermochemical heat
storage systems present some noteworthy advantdgascompared with latent and sensible
heat storage, namely (i) high energy storage debsitause the storage capacity by unit of
mass or volume corresponding to the reaction goyhial generally high, (ii) heat storage at
room temperature and long term energy storage bedhe products can be cooled and stored
at room temperature without energy losses as heatbe stored indefinitely in chemical
bonds, (iii) facility of transport because solidteréals can be transferred over long distances,
(iv) constant restitution temperature providing stamt heat source because exothermic
reactions are carried out at sufficiently high temgpures to generate electricity in constant
conditions and therefore to produce a constant powe

Consequently, in the frame of STAGE-STE, poterthatmochemical energy storage systems
were studied in order to develop alternatives tosdde and latent thermal energy storage
systems. The study first began by a literature esurecoupled with an analysis of
thermodynamic chemical equilibrium, which served agrimary selection of potential
candidates for thermochemical energy storage. Antbhagcandidate systems, metal oxides
are convenient to work with air in an open loopcsithe reacting gas is,(Redox reactions
based on metal oxides were studied at p®.2 atm in order to mimic air atmosphere. The
improvement of redox performances for manganesedeosind cobalt oxide was studied
through the synthesis of mixed metal oxides (addibf Fe). The perovskite structure is also
interesting for enhanced oxygen exchange capattitis the redox behavior and reaction
reversibility of several Ba and Sr-based formulagiovere studied for thermochemical energy
storage application. Finally, the integration ofT&S system in a solar power plant is
investigated by comparing two solid-gas reactoliomgt fixed and fluidized beds, and by
studying parallel and serial configurations of atg unit and power block.
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2. Selection of suitable thermochemical systems RS) [1]

The selection of interesting thermochemical enetgyage candidates is done regarding their
compatibility with CSP plants and suitability wisghset of criteria [2-4] such as high reaction
temperature (400-1200°C), complete reaction rebditygi high reaction enthalpy, fast
reaction kinetics, cycling stability, high availbty, low cost, non-toxicity of materials.

The theoretical transition temperatures and enstgsage capacity of selected metal oxide
candidates are listed in Table 1.

Table 1. Theoretical transition temperature and enggy storage capacity of selected
metal compounds in 20% of reacting gas.

. Transition temperature Gravimetric energy
Chemicals (°C) density (kJ/kg)
BaG,/BaO 775 432.6

C03;04/C0,03 790 816.1
Mn,03/MnzO4 820 190.1
CuO/CuyO 1025 810.2
Fe,03/Fes04 1290 485.6
MnzO4/MnO 1575 850.6

Experiments showed that ¢y is the most suited raw material given the fastctiea
kinetics and complete reaction reversibility. Hoegwthe cost and potential toxicity of cobalt
oxide requires the enhancement of other alternatmnagerials. Optimization of materials
reactivity is required for the other metal oxideesjes by using e.g. doping strategies,
controlled synthesis techniques for tailored molpdy, stabilization with inert materials to
alleviate sintering effects, etc.. The reactiorekics and the thermodynamic properties of the
selected materials need to be characterized, ak agetheir performance stability over
successive cycles, in order to confirm the suitigbbf the chosen materials for thermal
energy storage (TES) applications. Then, the deaigph testing of adapted solar reactor
concepts will also be required to demonstrate #asibility of materials processing in solar
reactor prototypes during solar heat charging asdhdrging. Furthermore, raw materials
were mostly addressed so far, but recent reseasolceming the efficiency of hybrid
materials, such as mixed metal oxides and peraskis promising and these materials need
to be explored.
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3. Metal oxides redox reactions (CNRS [5] and IMDE)

Various metal oxides have been studied for therrmmital heat storage applications [6] due
to their high gravimetric storage density, whichinsportant for lowering the necessary
amount of reactant involved in large-scale proces3ée two-step thermochemical redox
reactions considered for metal oxides are as faiow

MO(OX)+ Heat-> Mo(red)+ 150 (g) (1)
MO(reayt 72 G (9) 2 MOy + Heat ()

Because the amount of reacting gas greatly afteetsransition temperatures of the materials,
metal oxides were tested in a reduction and oxadasitmosphere of 20%€Ar in order to
observe the feasibility of a thermochemical enestgyage system using air. For this study,
we used thermogravimetric analysis (TGA) to invgte the redox properties and reaction
reversibility of the thermochemical systems.

Equilibrium calculations were performed with thecE2age 7.0 software [7] and the FToxid
database, which includes models of the thermoclraemroperties of the oxide phases in Fe-
Co-0 [8] and Fe-Mn-O [9] systems. For calculatiomghe Fe-Co-O system, the following
solid phases were considered: the@zecompound, the cubic spinel solution (GBe&)30,4
(C-Spin) and the monoxide solution (GBe&)O1+y (Monoxide). For the Fe-Mn-O systems,
four phases were considered: two spinel solutirs, (Fe)304, one with cubic structure (C-
Spin) and the other with tetragonal structure (TRgpthe bixbyite solution (MnsFe).0s3
(Bixb) and the corundum solution (E#n,).03 (Cor). Two gaseous components,dd Ar,
were taken into account, with ideal mixing propestiThe total pressure was always 1 atm.

For both systems, two kinds of calculations wengiea out: (i) plot of phase diagrams, (ii)
system equilibrium at various compositions and tempres, providing, for each
composition and at each temperature step, the @sssgnblage and the cationic distribution
in each solution phases, as well as the total gtltd the system.

The second type of calculations gives access tohté@retical mass loss (i.e. oxygen storage
capacity),Am, as defined by (Eq. 3). This quantity is direcbmparable to the mass change
measured by TGA.

mass of solid at Timagx—mass of solid at Tyin

Am (%) = 100.

3)

mass of solid at Tyin

where Tnn and Thax are referring to the minimal and maximal tempaatwf the
thermochemical cycle.

The enthalpy of the reduction reaction (Eq.AH, was calculated according to (Eq. 4). This
guantity is compared to the heat of reaction datesth by DSC analysis. For reactions
occurring on a large temperature range, this caficul includes a contribution due to the
calorific capacity of the compounds (sensible heat)ich leads to an overestimation of the
enthalpy strictly related to the reaction.
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1

mso

[m51H51 (Tend) + mSZHSZ (Tend) + Tn—OZHO2 (Tend)] - HSO (Tbeg)

(4)
where g is the temperature (°C) at the end of the phaassition or the maximal
temperature of the cycle,dis the temperature (°C) at the beginning of thasghtransition;
m<’ is the mass (kg) of the solid phase af,Tms' and m? are the mass (kg) of the solid
phases at hg Moy is the mass (kg) of dioxygen at.& H*(T) is the enthalpy (kJ/kg) of the
compound x at the temperature T.

A H(k]/kg of s°) =

3.1. Cobalt oxide (CNRS)

Most research focusing on metal oxides is considertobalt oxide as a promising
thermochemical energy storage material. The redmcemperature of C{, to CoO in air
atmosphere is estimated to be between 880 and 98€c@rding to the scientific literature
[10-13]. Cobalt oxide was tested as heat storagermahin the form of powder [10], foam
[11,12] and pellets [13]. While Karagiannake&t al (2014) [13] obtained the highest
measured energy density of 515 kJ/kg for the peliet state that the structured material
exhibits better heat transfer than powder, Agrefiet al (2015) [11, 12] noticed the presence
of cracks appearing in pellets after a few cycldslevfoams showed better mechanical
stability. The addition of a secondary metal oxté@ be a way to modify the properties of a
pure oxide. The cyclability and transition temperatof cobalt oxide was tested after the
addition of various secondary oxides and Bletlal (2014) [14] reported that both addition
of iron oxide to cobalt oxide or addition of cobakide to iron oxide reduces the enthalpies of
reaction compared to those of the pure oxides. Mewehey estimated that 10% iron oxide
doped cobalt oxide is still showing high enthalpf reaction and possesses higher
reduction/oxidation reversibility than pure cobadkide. This phenomenon is being
investigated here by the synthesis and analysisixéd Co-Fe oxide systems.

The calculated Co-Fe-O phase diagram fop p@.20 atm is presented in Fig. 1a. It shows
that, at equilibrium, the iron content greatly ughces the composition and the amount of the
monoxide phase formed at 1050°C when heating tmelsphase from 800°C. For small Fe
additions (0 < x(Fe) < 0.1), the spinel phase I/ fconverted into the monoxide phase. At
very high Fe content (x(Fe) > 0.6), there is nosgh&ransition achievable below 1200°C,
which is the upper temperature limit usually coese&dl for TES applications. For
intermediate Fe content (0.1 < x(Fe) < 0.6), amagasing proportion of spinel phase is not
converted into monoxide. As an example, Fig. lis@més the influence of the temperature on
the phases amount for x(Fe)= 0.25. A temperatur@abaiut 1460°C is required to fully
convert the spinel phase into the monoxide phasgh&more, as illustrated in Fig. 1c for
X(Fe)= 0.25, the monoxide phase (G¥6s)O:., presents a noticeable over-stoichiometry (y)
in oxygen, which increases with temperature.
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Figure 1. (a) Calculated Co-Fe-O phase diagram atyp©0.20 atm, (b) calculated
temperature evolution of the mass of solid phases(fFe) = 0.25, (c) calculated temperature
evolution of oxygen over-stoichiometry (y) in thenoxide phase (G@sF€p.25)O14y.

The TGAs of cobalt-based oxides are presentedgn. 2 and 3 with different temperature
programs. A first observation is that a noticeathblange in the re-oxidation onset temperature
is measured between the samples with 0 to 10 m&%Fk. 2b-c, 3c-e) and with 25 to 40
mol% Fe (Fig. 2a, 3a-b). Indeed, the re-oxidatidepsstarts at the beginning of the
temperature decrease (i.e. 1050°C) for the sangplesining 25 mol% Fe and 40 mol% Fe,
which is in line with the phase diagram (Fig. lmjce the two-phase equilibrium strongly
depends on the temperature. The Co-Fe sampleskeptrén a reduced state after TGA (final
cooling step in Ar to avoid re-oxidation in Fig. Bhase identification confirmed the presence
of the single monoxide phase for low Fe contentarf@ 5 mol%), whereas the samples
consisted of a mixture of monoxide and spinel pbhdsehigher Fe contents (10-40 mol%), in
agreement with the calculated phase diagram.
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Figure 2. TGA of CgO,/CoO with addition of (a) 25 mol% Fe, (b) 10 mol%, kc) 5 mol%
Fe, including a final re-oxidation step under 20%/A at the end.
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Figure 3. TGA of Cg0,/Co0O with addition of (a) 40 mol% Fe, (b) 25 mol%, c) 10 mol%
Fe, (d) 5 mol% Fe, (e) no Fe added, ending on a fieduction step under Ar.

The influence of Fe incorporation on reaction terapees is reported in Fig. 4. The
temperatures at peak reaction rate (i.e. tempesttrwhich the reaction kinetics reached its
maximum, Fig. 4) were measured. A gradual increaSehe reduction and oxidation
temperatures is observed with increasing amouiroaofin the material, which is consistent
with the phase diagram (Fig. 1a). An effect of Edigon on the temperature gap between
reduction and oxidation is also evidenced. Indesdyoth temperatures rise with Fe addition,
it can be noticed that the gap between the redueta oxidation temperatures reduces. For
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40 mol% Fe, the onset temperature for reductionihagased by 50°C compared to pure
Co304, while the onset temperature for oxidation hasgased by 90°C. The reduction of this
temperature gap is an asset for large-scale apiphsasince it reduces the amount of energy
spent for the heating and cooling of the systenwéen the charge and the discharge steps.
However, an increase in the oxidation temperatuag also be a disadvantage if the system
must be externally heated to initiate the oxidafjioncase the material is stored in reduced
form at room temperature).
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Figure 4. Experimental temperatures at peak reaction ratectialt-based oxides in
20%Qy/Ar and comparison with the calculated temperatiréhe C-Spin/Monoxide
transition.

Fig. 5 shows, along with the calculated equilibrimalues, the maximum values ain
measured for each oxide composition, which meaaigjhest amount of Oeleased during
reduction, and the averagem for the three redox cycles. The hypothetic casa dull
conversion of the initial spinel into a stoichiomeimonoxide, calculated according to (EQ.
5), is also plotted in Fig. 5.

(COl—XF@)SOMs) =3 (CQ—XFeX)O(S) +0.5 Q(9) (5)

Measurements of tham values clearly show that increasing the amountrar in the
material reduces the amount of Dis able to release at a given temperature heamore, the
maximumAm values are in excellent accordance with equilircalculations, which implies
that a full conversion has been reached.
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Figure 5. Average and maximal experimental mass lass i %) of the Co-Fe mixed oxide
between 800°C and 1050°C comparedto at thermodynamic equilibrium.

According to the thermodynamic model, the decreagg, storage capacity with increasing
Fe content is due to a combination of two factéisst, as evidenced by the phase diagram
and the temperature profile for x(Fe) = 0.25 (Hib), the upper temperature limit of 1050°C
does not lead to a full conversion of the spinedlgghwhen x(Fe) > 0.10. This contribution is
represented as C1 in Fig. 5. It does not accourth®odecrease inm evidenced for x(Fe) =
0.05 and 0.10 (C2 in Fig. 5), which should be aldeeghe mass loss calculated according to
(Eq. 5) since a full conversion into monoxide oscurhe second factor is linked with the fact
that the monoxide solid solution becomes non stombtric with the incorporation of Fe
(Fig. 1c). This leads to a residual storage of exym the monoxide phase, according to (Eq.
6):

(CorxF6)304¢s) = 3 (CaxF8)O1+y(s) + (1-3y)/2 Q(Q) (6)
where y is the over-stoichiometry of oxygen in thenoxide phase.

As illustrated in Fig. 5, the calculated contriloutiof the oxygen over-stoichiometry in the

monoxide phase at 1050°C accounts for a loss ohgdocapacity of about 1% per unit mass
of spinel when x(Fe) > 0.10, as compared to a mawincapacity of 6.6% for pure cobalt

oxide.

As for the cycling stability, for pure GO, the averagam is the same as both the theoretical
value and the maximum value measured experimenthilis means that the amount of O
released and regained did not change, confirmieggthod material cycling stability over
three cycles, as already reported by several aufidr16]. For the samples containing 5 and
10 mol% iron, since the averagen falls slightly below the theoretical and maximuaiue, a
minor loss in @ exchange capacity upon cycling is evidenced. Ca@lg the amount of O
exchanged remains stable over cycles for largeroR&ents (x(Fe) > 0.10) at the expense of a
decreased oxygen storage capacity. Thus, the gystability of cobalt oxide does not suffer

Deliverable D9.2 11
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from the addition of iron, as the re-oxidation cersion rate is not significantly decreasing
over multiple cycles for Co-Fe mixed oxides, simydo pure CgO..

Regarding the effect of the gas flow compositidre theasureddm due to the reduction
under pure Ar was not significantly different fradme one measured with 20%/80% Ar.
However, the reduction onset temperature under @ decreased by 60 to 80°C, to reach a
value of about 860°C, almost independent of x(Feese data are rather different from the
equilibrium state calculated with the thermodynamodel. Indeed, under pure Ar, the
experimental oxygen partial pressure should be ratoli0®> atm (10 ppm @, which
corresponds to a transition temperature of abodtA&®°C but it increases with a higherpO
Furthermore, the calculated transition temperatigq@ends noticeably on the composition of
the system. It is thus concluded that, with a Imgatate of 20°C/min, the system does not
reach equilibrium at low temperature, most likegcause of solid-state diffusion limitations.
Independently of the system composition, a mininteamperature threshold of about 850°C
is required to achieve the phase transition.

The effect of applying a higher temperature lirhérn 1050°C was also estimated, both with
experimental measurements and calculations. Cydlsa maximal temperature of 1150°C
were carried out on GO, with 5 mol% Fe. While this sample behaved wellhvwatmaximum
temperature set at 1050°C, the heating up to 1165#&ly affected its reactivity. Indeed, the
sample did not regain the whole mass on coolin§o@verage instead of 86% when heating
at 1050°C) and was sintered at the end of the run.

Furthermore, equilibrium calculations show that Igioyg a temperature limit higher than
1050°C will not increase drastically the oxygenrage capacity of mixed Co-Fe oxides, as
illustrated by Fig. 6. Indeed, for Fe contents lesw 0 and 10 %, the oxygen storage capacity
is almost constant with temperature, because thestmchiometry of the monoxide is stable.
For higher Fe contents (0.10 < x(Fe) < 0.40), allsmarease of the storage capacity is
evidenced at high temperature, due to a higherarsion rate of the spinel phase (Fig. 1b),
but Fe addition is still detrimental for the toshbrage capacity.

As reported in Fig. 7, the measured reaction epibslare decreasing with increasing amount
of Fe: the highest measured enthalpy is 597 kXkgtire CgO,, while thelowest is 50.7
kJ/kg for x(Fe) = 0.40. It should be noted that Ei&C peaks for x(Fe) = 0.40 are very small,
which makes them difficult to analyze. For pure;@g our data is close to the value of 576
kJ/kgobtained by [14] with a similar experimental progexsl As recently discussed in details
by Block et al [17], this kind of DSC measurements, operatednropen reactor at a rather
fast heating rate, is not able to reproduce theléééd enthalpy value, which is commonly
reported as 844 kJ/kg [11-12,15-16]. To explainldrge discrepancy, the authors state that
the contribution of a Cb spin-state change, associated with an enthal@pofit 222 kJ/kg,

is not measured by dynamic techniques.
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Figure 6. Temperature evolution of the amount (kg) efg®released per kg of cobalt-based
spinel containing various amounts of Fe.

The thermodynamic model used in this study [8],clhiakes into account the heat capacity
anomaly due to spin-state transition ofGdeads to an enthalpy of reaction of 749 kJ/kg for
x(Fe) = 0. This is noticeably lower than the comiga@dmitted value of 827 kJ/mol [14, 17].
For higher Fe contents, the calculations reproduek the general trend (decrease/oH)
with a systematic gap of about 180 kJ/kg.
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Figure 7. Experimental and calculated enthalpies of reactmmthe Co-Fe and Mn-Fe mixed
oxides.
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In TES applications, the enthalpy of the reactmmelated to the oxygen storage capacity of
the material (the energy stored/released during réaiction/oxidation is related to the
reaction extent that corresponds to the quantitppteleased/captured). As evidenced by
measurements and calculations, the gravimetricggnstorage density of mixed oxides is
decreased when compared with pure@gp resulting in less storage capacity per gram of
material. This observation is in accordance withlork of Blocket al. [14], who stated that
both pure C¢gO, and FgO3; show higher enthalpies of reaction than any metifrthe two.

In_summary, while the G®,/CoO redox pair shows very good cycling stabilitiie
incorporation of Fe to GO®, shows adverse effect on the redox performances $iath the
maximum amount of @exchanged and the reaction enthalpy are loweranh\ttte amount of
iron added is increased. The increasing amounbafadded to G, reduces the maximum
oxygen exchange capacity during a redox cycle. Ating to equilibrium calculations in the
Co-Fe-O system, the addition of iron to3Og results in a lower amount of,@xchanged
during cycles and a loss of the reduction reactiotihalpy, due to an incomplete conversion
of the spinel phase at 1050°C and to the formatiba non-stoichiometric monoxide. The
addition of iron also increases the reduction amélaiion temperatures, while slightly
decreasing the gap in temperature between thetredund the oxidation step.

3.2. Manganese oxide (CNRS and IMDEA)

Manganese compounds are excellent candidates aistbeye material due to their excellent
characteristics (low cost, environmentally friendhgaction temperature etc.). The Mn-O
system is rather complex with various stable ctlyseaphases (Mng@ Mn,Os, Mn;O, and
MnO) depending on the temperature and oxygen paregasure.

CNRS contribution

Concerning the MyO3/Mn30, couple, the reduction step of manganese oxideolssrved in
the range of 920-1000°C and the notably slow re&ton was observed in the range of 850-
500°C with a gravimetric energy storage densityld® kJ/kg. It is specified that the re-
oxidation happens in two steps, the first one belimgng the cooling and in between 700°C-
500°C and the second one being during the re-tgeatid in the range of 500-850%¢. As
Mn,O3/Mnz0, is a promising metal oxide redox pair for thermouleal heat storage, Carillo
et al (2014) [18] tested the durability of this mateéwaer thirty oxidation-reduction cycles
performed by thermogravimetry. They enlightenedrbeessity to pay attention to the initial
particle size of these oxides since it influendes kinetics and the thermodynamics of the
reaction. Especially, smaller particles would citmtie in lowering the oxidation temperature,
but it would also hinder the diffusion of,®y favoring the sintering of the material. Based o
these results, the influence of the morphologyhaf material on its reactivity is currently
under investigation by considering different sysieg¢echniques (Figure 8).
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Figure 8. TGA of a. porous Mi®©3; and b. nanometer sized particles /@, SEM of c. porous
Mn,O3 and d. nanometer sized particles 1@g.

Carillo et al (2015) [19] further studied the performances o&nganese oxide for
thermochemical energy storage and sought to imptavigh the addition of iron oxide to the
material. The incorporation of iron oxide does athbw avoiding the sintering encountered
with manganese oxide, however it increases the $tesige density of the material and it
stabilizes and enhances its oxidation rate oveexgeriment of thirty redox cycles. The
material presenting the fastest and the most statitkation reactions in their study is My
doped with 20% Fe. Carillet al (2015) [20] also considered Fe-Cu co-doping in gaaese
oxide in order to study its effect on the tempeamagap of about 200°C between the reduction
and oxidation temperatures of this material, as aglthe effects on its reaction kinetics.
They showed the possibility to reduce the reductgmnperature with the incorporation of Cu
and to increase the oxidation temperature withiicerporation of Fe. However, they also
reported a lower reduction and oxidation rates whih addition of 5% Cu. In our study, the
improvement of the reactivity of manganese oxid®ugh the addition of iron oxide was
investigated.

The calculated Mn-Fe-O phase diagram is present&igi 9, for pQ = 0.20 atm. Again, the
expected behavior of the mixed oxides is stronglgeshdent on the system composition. At
Fe contents above 50%, the requested temperatweath a full conversion of the initial
oxide into a spinel phase is above 1100°C. At Vewy Fe contents (0 < x(Fe) < 0.05), the
stable phase at 1050°C is the tetragonal spinel.OF@5 < x(Fe) < 0.15, the transition of
bixbyite to cubic spinel goes through two conse®utivo-phase zones (T-Spin+Bixb and T-
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Spin+C-Spin). Finally, above about 20 mol% Fe,taderial transforms almost directly from
the bixbyite phase to the cubic spinel.

According to the model [9], the non-stoichiometrytbe oxide phases should not play a
significant role regarding oxygen storage capaditgeed, the bixbyite phase (Myre).0sis
considered as fully stoichiometric. For the spiplkedses T-Spin and C-Spin, a cationic non-
stoichiometry is considered in the model, with gresence of cationic vacancies. However,
the vacancies concentration at 1050°C is at thet thds10* mol per mol of Mn+Fe, which
leads to a negligible impact on the oxygen storeggacity. In the composition range 0 <
Xx(Fe) < 0.5 considered in this study, the redoXecisthus represented by:

(Mn1F6205 = 2/3 (Mn.xF&)30a) + 1/6 O(g) (7)

At equilibrium, according to the model, the themat amount of @ exchanged between
750°C and 1050°C remains thus the same in the(F&) x 0.5 composition range.
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I Bixb + Cor
800
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700 [ 5

600|||||||||

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x(Fe)

Figure9. Calculated Mn-Fe-O phase diagram at $©0.20 atm.

The TGA, presented in Fig. 10, shows that the samith the composition x(Fe) = 0.10 is
unable to regain its full mass during oxidationtees mass lost during the first reduction step
is not recovered during the re-oxidation step, Isirtyi to the case of pure M@s;. Conversely,
the other compositions, from 15 mol% Fe to 50 méiép are regaining their lost mass in a
complete reversible way. XRD analysis of Mn-Fe sksmfter TGA was performed. The
XRD pattern of MaOs; with 10 mol% Fe is identified as a mixture of &gonal spinel
structure and R©s;, which confirms the poor re-oxidation yield of tlegcled material.
Conversely, the XRD pattern of Mz with 20, 30, 40 and 50 mol% Fe after TGA is
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identified as (Ma4Fe).03; with FeOs visible on the sample with the highest amount ef F
added, which denotes the complete re-oxidation ld samples after TGA. SEM
characterization of the cycled materials comparath the fresh ones reveals sintering
regardless of the amount of Fe, which does not #fte cycling ability of Mn-Fe mixed
oxides. Sintering is thus not the cause of thetnafcloss in the case of pure M@3; and
Mn,0O3 mixed with 10 mol% Fe.

Flow /(ml/min)

TG /% Temp. /°C
[4] [purge]
102 / 250 11000
101
200 800
100
150 600
99 :
98 | Temp.(C) 100 (400
97 ‘
50 200
96 Ar
02 0 0
0 20 40 60 80 100

Time /min

Figure 10. TGA of MnO3/Mn30,4 with addition of (a) 50 mol% Fe, (b) 40 mol% Fe), 80
mol% Fe, (d) 20 mol% Fe, (e) 15 mol% Fe, and (fpid% Fe.

Experimental and theoretical mass variatiaxrs, were compared. As illustrated in Fig. 11a,
all the samples feature the samm during the first reduction, in good accordancéhwine
equilibrium calculations summarized by (Eq. 7). Hoer, pure MpOs; shows cycling
stability issues as already evidenced by [18]. Phisnomenon is reflected by the drop of the
experimentahm during 2% and ¥ cycles, showing a decrease of redox activity wttiox
cycling. Similarly, MOz mixed with 10 mol% Fe also loses cycling stabjliggaining only
31% of its lost mass (Fig. 10f). From x(Fe) = 0t@®.50, a great improvement is evidenced,
since the experimentalm value for each cycle remains close both to theimam Am value
and to the equilibrium value, which denotes nefplgdeactivation during redox cycling. The
addition of iron to MpO;3 thus increases the re-oxidation yield of the niatemd enhances
the cycling stability, as recently observed by @laret al.[18].
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Figure 11. (a) Evolution of experimentalm (%) during reduction compared to theoretical
Am (pQ = 0.20 atm), (b) Experimental temperatures at pesction rate for manganese-
based oxides in 20%f{Ar and comparison with the calculated temperatoir¢he Bixb/Spinel
transition.

Experimental measurements clearly indicate that rtheimum Fe content necessary to
improve the TES properties of mixed Mn-Fe oxides Ibetween 10 and 15 mol% Fe. The
phase diagram indicates that this correspondsetdotimation of the cubic spinel phase only,
compared to lower Fe contents, where the tetragspialel cannot be reversibly oxidized
during cooling. The addition of 20 mol% Fe in M was previously mentioned as the
optimal composition for obtaining the highest ellgaand most stable re-oxidation yields
[18]. However, the authors also obtained full casian for all their tested samples regardless
of the Fe content (especially below 10% Fe), widohtrasts sharply with the results of the
present study in which pure Mbz and MnOs; sample with 10 mol% Fe were not able to
fully recover the @ lost mass. More recently, an in-depth kinetic amelchanistic study
focused on the 20 mol% Fe composition was carrigdog the same group [21]. It is stated
that the cationic distribution in the spinel stwrets (cubic and tetragonal) might be
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sufficiently different to explain the strong vara@t in the kinetics of the oxidation reaction.
The use of the thermodynamic model proposed by KartgJung [9] brings support to this
explanation. Indeed, as illustrated in Fig. 12&, ¢hlculated cationic distribution evidences
that the amount of Mii on octahedral sites of the spinel strongly inaeeas the cubic spinel.
Furthermore, it has been shown that?Mon octahedral sites is easier to oxidize thafi’\dn
tetragonal sites [22]. This difference might verglmexplain the reason why the cycling
properties of the cubic spinel are much better thase of the tetragonal spinel.
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Figure 12. a) Evolution of the amount of Mhon octahedral sites of the spinel phases with
Fe content, at 1050°C. b) Evolution of the oxidatrmumber of Mn cations in the spinel
phases with Fe content, at 1050°C.
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Another difference between the two spinel strugure that, in the cubic spinel, a
disproportionation reaction takes place accordiogMn®* = 1/2 MA"* + 1/2 Mrf*, as
illustrated in Fig. 12b. The increased amount ofMn the cubic spinel, which can be more
easily oxidized than Mt thanks to the favored thermodynamic driving foroey also
explain the enhanced re-oxidation ability of thédicuspinel. This result means that pure
Mn,O; (that reduces into pure tetragonal spinel) andethikin-Fe oxides with Fe content
below 15% cannot be suitable candidates for aamgeveversible reactions because of the
poor re-oxidation ability of the tetragonal spif@med upon reduction.

As for the influence of Fe incorporation in M@y on the reaction temperatures, a similar
tendency as with cobalt oxide is observed. The atolu and oxidation temperatures of
Mn,O; softly increase with increasing amount of addedh ifFig. 11b). According to TGA,
an increase of 60°C is noted between the onseteiatypes for reduction of pure Mz and
Mn,O3; with 50 mol% Fe. Concomitantly, a temperature ease of 160°C is observed for
oxidation of MnO3; with 50 mol% Fe when compared to M3 alone. This way, the reaction
temperature can be tuned. On top of an increasigeafeaction temperature, addition of iron
also reduces the temperature gap between the r@dactd the oxidation step. A temperature
increase was also reported by [18], with 60°C dififee between 0 and 40 mol% Fe added
for the reduction, and 236°C for the oxidation.

Regarding the effect of the gaseous atmosphere asitign, the experimental and theoretical
Am values for the reduction in pure Ar atmosphereaweund stable with the addition of Fe
to manganese oxide and similar to then measured with 20% JOAgain, the reduction
temperature increases with the @artial pressure. The onset temperature for restucinder
inert atmosphere rises with the amount of Fe addadanganese oxide, from about 800°C
for pure MOs up to 903°C for x(Fe) = 0.5. The phase diagraroutated at low p@(10°
atm) shows that the decreasing the oxygen conésudts in enhancing the tetragonal spinel
stability, which is likely to be detrimental to thgcling stability of the materials.

As for the energy storage density, the measurduaby for the first reduction step with full
conversion of pure Mi®3 (148 kJ/kg) is smaller than theoretical estimatioh$90.1 kJ/kg at
turning temperatureAG°® = 0) of 915°C [1]. An average of 187.7 kJ/kg isamered for the
samples with compositions between 20 and 50 mol%rfeeeasing the amount of Fe thus
slightly improves the energy storage capacity @& thaterial at low Fe contents while it
remains unchanged above ~20 mol% Fe (Fig. 7). Alegly, the thermodynamic
calculations indicate that an increase\@fl is expected when the Fe content increases from 0
mol% (207 kJ/kg) to 20 mol% (300 kJ/kg), and ib&dor higher Fe contents.

In summary, the addition of iron to manganese ox@dbances considerably the cycling
stability of the material by improving the re-oxiae yield thanks to the formation of a
reactive cubic spinel phase. Also, the higher theunt of Fe added to M@s, the higher the
reaction temperatures. In addition, the gap in exaipre between the reduction and the
oxidation decreases with higher iron content. Tanve te-oxidation yield observed for pure
Mn,O3 and MOz with 10 mol% Fe is attributed to the low reactivitithe tetragonal spinel
phase. The addition of Fe to Mds becomes effective for the enhancement of the rgcli
stability above ~15 mol% Fe, with the suppressibany transition involving this tetragonal
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spinel phase. The markedly improved reactivity loé tcubic spinel featuring reversible
reactions is attributed to the increased amountMof* cations (resulting from M
disproportionation) on octahedral sites of the shin

The addition of Fe to Mi®©3; was shown to be beneficial to tune the temperabfineedox
reactions, to reduce the gap in temperature hyssebetween the reduction and the oxidation
step, as well as to enhance the re-oxidation kiseind cycling stability of the material by
countering the deactivation issue of Mg. Furthermore, a Fe content of ~15 mol% added to
Mn,O3 was identified as a minimum threshold for avoidthg formation of a low reactive
Mn3O, tetragonal spinel phase during reduction, whichd&rimental to the reaction
reversibility because of poor oxidation rate aneld/i Noticeably, the MiD; compounds with
Fe content in the range 15-50 mol% could be cybkgd/een bixbyite and cubic spinel phases
without any reactivity losses during redox reacsionhe addition of iron to Mn-based oxides
also results in an increase of the reaction tenypes, while slightly lowering the gap in
temperature between the reduction and oxidatiop, stdich thereby reduces the sensible
energy losses during the heating and cooling stages

IMDEA contribution

Current analysis addresses the following reversdai®x chemical reaction:
6 MOz — 4 MnsO, + O, AH=31.8 kJ mot (8)

Figure 13 shows typical thermogravimetric behavioiMn;O, (Manganese Oxide MO,-

LH from Erachem Comilog SA was selected for thigvéy) Below 350 °C, there is a small
weight decrease associated to the loss of somélegs)dree water and some of the combined
water (OH groups). Between 350 °C and 650 °C, the samplghivdncreases in two
consecutive steps corresponding to the oxidatiadhedifferent Mn oxides co-existing in the
sample until achieving the complete conversion to,®4. Thermal reduction to MW,
proceeds around 950 °C.
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Figure 13. Typical TGA of a oxidation/reduction/oxidation aydf MnrO,4 under air flow

75ml/min.

Chemical, physical and structural analysis

Chemical analysis of My®,-LH powders was obtained using a Perkin Elmer ICP-OES
Spectrometer. It shows that the material contat6% of Mn with an oxidation state of 2.7.
Other minor chemical elements are presented immidwerial such as Ni, K, Na, Mg, Ca, Ba,
Sr, Fe, Si, etc. Physical properties were meadoyattrogen adsorption-desorption isotherm
with a Quantachrome QuadraSorb-S analysergQyihH powders present a total pore

volume of 0.040 criflg and a specific surface area of
performed by X-Ray Diffraction (XRD) (Figure 14)ing

Counts

13.8gnThe structural analysis was
a Bruker XRD diffractometer.

Mna04_LH
3000
2000
' ’|
100 | |
0 %-:;nnm-v—w W Nt ¥ e 0 ¥ Mo O
i 5] hod
10000
; 1 J\._L'LJ -._.I_J\__ULII_LJL'!_JL_ b b
I III”I”:‘3"?”Ilr-'”i;”””.ll:il]”””” 1””-II-I.l'!.!”l”””l”” i

10 20 i

T
&L

Deliverable D9.2

Pogition [*2Thets)| {Copper (Cul)

Figure 14. XRD difractogram of MgO4-LH.

22



STAGE
AN S

STAGE-STE Task 9.2

XRD peaks observed for MO,-LH agree with diffraction patterns of M@, hausmannite
(JCPDS- 98-005-1464), except a diffraction pealk@p° that is associated to impurities of
Mn3O4-LH powders. According to ‘Scherrer’ estimation, ¥»-LH powders show a
crystallite size around 40 nm, which well corresg®rno the ‘average’ of primary crystals
observed by scanning electron microscopy (SEM) high-resolution scanning electron
microscopy (HRSEM) (Figure 15).

MA30SLH Erachenm

Figure 15. Micrographs of SEM (a) and HRSEM (b) of {@g-LH.

Thermochemical behaviour of Mdy

Thermogravimetric analyses (TGA) studies were paréal using a SDT Q-600 from TA
Instruments using a temperature program betwee@°C0® 550°C with a rate of 10°C/min in
100 ml/min air flow. Figure 16 (left) shows the thmgravimetric plot obtained for the 50
cycles of heating and cooling between 550 to 1@)O0 °
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Figure 16. First cycles and 50 cycles of heatlng and coolibtamed for MBO4-LH.

It can be observed that Ms-LH maintains its good cyclability along the expeeint. Figure
16 (right) shows a zoom on the first 3 heating/captycles of MgOs-LH and the analyses
showsan unusual behavior during the first cycle. Thiedeor is associated impurities of
Mn30O,4-LH powders,agreeing with previous results of XRD.

Mn3O,4-LH powders were subjected to a thermal treatm€able 2) in order to eliminate the
impurities in the powder.
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Table 2. Thermal treatments parameters applied to M3O4-LH.
Temperature Period Atmosphere
between 600 to 1000 °C between 30 minutes to 4 hours Air or Argon

The effect caused by the corresponding thermatnrerat was measured by structural analysis
and thermal characterization. Figure 17 shows tgke temperature XRD results of MDy-

LH in air. Two different crystalline structure mdidations were observed depending on the
temperature. The first one takes place during dagihg between 576 to 640° C, associated to
the structure change from MbD, (hausmannite) to Mi®s; (bixbyite). The second change
occurs during the cooling and it is associatedhi® rie-change from M@; (bixbyite) to
Mn304 (hausmannite).
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Figure 17. High Temperature XRD measurements of@®}rLH in Argon.

At higher temperatures, XRD analysis in argon, astlpws a single crystalline phase up to
800 °C associated to MD,. This behavior is due to the absence of oxygehptevents the
oxidation of MnRO4to Mn,Os,

Crystal size of MgO4-LH with different thermal treatments was estimatesing Scherrer
estimation (Figure 18 (left)). The figure indicatdst the thermal treatment produces an
increment of the crystal size of Mdy-LH, which becomes more important when the
temperature increases.

Thermogravimetric analyses of the thermally treatddsO,-LH points out that the
thermochemical behaviour can be affected notablgnithe thermal treatment is performed at
temperature higher that 600 °C and residence timt#g oven longer than 1 hour. Figure 18
(right) shows the TGA of Mi©D,-LH treated at 550 °C during 30 minutes. After tgueles,
initial thermochemical properties M@Q,-LH were maintained during the experiment
compared to MgO4-LH without treatment.
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Figure 18. (Left) Crystal size of MyO4-LH powders with different thermal treatments in
Argon; (right) Cyclability test of My©D4-LH treated at 600 °C / 1 hour in Air.

The Manganese-ceria alternative

A potential way to improve the material performamteerms of cyclability and/or working
temperature of thermochemical materials is by ngxmetal oxides of different melting
points. This route could allow for stabilizing tbeerall particle structure avoiding sintering
and enhancing the kinetics if one of the oxides astoxygen donor center. M0y and CeQ
have been retained for analysing this concept.

The mixtures have been prepared by mechanicalngillising a ball mixer PM 100 CM
Retsch. Different parameters are under study sadirdCe molar ratio, solvent molar ratio,
milling time, spin rate (rpm) and thermal treatment

First experimental results show the big effect bé tmanganese oxide content on the
cyclability of the mixture MgO,/Ce(;; samples with a higher molar ratio of M showed
better thermochemical performance. Thus, the maatio of mixture contents could be a
key parameter to define the cyclability of the fineaterial.

Further experimental activities are focussing otinoging the synthesis and characterizing
Mn304/CeQ, mixtures depending on their chemical, physical #du@mochemical properties.
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3.3. Perovskites (CNRS)

ABOj; structured perovskites present a high oxygen ntplkahd the ability to release and
incorporate oxygen during cyclic endothermic regtuctand exothermic oxidation. Further
work on perovskites may lead to potential applaatto TES [23]. Sr and Ba-based
perovskites were studied as oxygen sorbents [2385r.,CoMn;.,Oz5 (LSCM) and
La,Sri«CoFe . ,Os; were presented by Babiniec et al (2015) [26] fdeirt good
reduction/oxidation reactivity. In our study, thbjective was to assess the potential of Ba
and/or Sr perovskites in solar thermochemical gees for energy storage application. The
study aimed to identify the materials that exhth# largest amounts of oxygen that can be
released over the course of the reduction stepkitat at the same time can re-incorporate
the same amount of oxygen in a completely reversilaly. The reversibility of reduction and
oxidation reactions was investigated to screenntiust attractive materials. The studied
perovskite based materials with different composgi considered were SrMg§) SrCoQ,
SrFeQs;, BaCoQy, BaFeQs, BaMnGss, SrCo gk 2035, SrC Fe 6035, Bay 5SIh5C00s5,

Bay 5Sh.sFe0s.5, Bay sS1h.sC0p.eF&.2035 and Ba sSih.5C 0y 2F&y 6035 [30].

The G exchange of Co-based perovskites is rapid, asekiins that there is a transition in the
oxidation state when reaching a given temperatareontrast, the @exchange rate of Fe-
based perovskites is corresponding to the temperatariation, which points out the fast
kinetics as the equilibrium state is reached fahgamperature of the non-isothermal profile.
Finally, the Mn-based systems are almost unchadgedg the course of the redox cycles in
the considered temperature range, which denotas high stability and unsuitability for
thermochemical redox cycling under the given reactionditions (Table 3).

Table 3. O, exchange capacity and difference in non-stoichiortrg of different
perovskites samples (mol O / mol perovskites)

1% cycle 29 cycle
Samples Red.  gstgtep oxid. 2™ step Red. Oxid.
(600°C) oxid.

SrMnGOs; 0.06 0.03 0 - -
SrCoQ; 0.33 0.21 0.03 0.18 0.17
SrFeQ 0.24 0.16 0.08 0.19 0.18

BaMnQO;; 0.11 0 0 - -
BaCoQ; 0.47 0.49 0.02 0.49 0.37
BaFeQ 0.45 0.02 0.12 0.14 0.12
SCF-82 0.37 0.14 0.1 0.19 0.19
SCF-28 0.36 0.17 0.1 0.23 0.21
BSC-55 0.45 0.26 0.03 0.29 0.22
BSF-55 0.27 0.12 0.12 0.24 0.24
BSCF-5582 0.23 0.11 0.1 0.18 0.2
BSCF-5528 0.26 0.15 0.09 0.19 0.2
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The XRD patterns of perovskites with different casgions are shown in Fig.19. The main
peaks observed in all diffractograms can be atieidbuto the characteristic perovskite
structure. The main reflection difference can dismbserved, which may be originated from
the distortions of the ideal cubic perovskites.e®f shows the strongest intensity, while the
BaFeQ; is the weakest among all the samples. The wedk gtesbout 8=18.3 is reflection

of (100) surface, and the peaks 8+22.8, 40.5, 47.1F, 53.7, 58.6, 68.8, 78.3, 83.7, and
96.8 reflect (110), (111), (200), (210), (211), (22(10), (311) and (321) crystal surface of
SrFeQ g7 with cubic structure respectively. On the patteiisrCoQ, the peak appearing at
20=28.5 is reflection of (101) surface; the peak 6£23.8 is reflection of (201) surface, and
the peak at 55%is from (112) of SrCogk, with hexagonal crystal structure. The peaks of
SrMnG; and BaMnQ are somewhat complicated, but they still can leatified as SrMn@
and BaMnQ@ with hexagonal structure. The other samples amdyaed with the same
procedure. Main crystal structure of these materfas been determined from the PXRD
diagram databases of ICDD, as listed in Table 4.

Table 4. Main crystal phase of different perovskites samples by ICDD

Samples Abbreviation  Reference code Main crystal phase by XRD
StMnOs.5 00-024-1213 SIMno,
SrC003.5 00-040-1018 SrcoQ,,
StFeOs.s 00-040-0905 SrFeq,
BaCoOs.s 01-074-9199 Ba,Co,0,,
BaFeOs.s 00-020-0131 BaFeQ,,
BaMnO;.; 00-014-0228 BaMnO,
SrCoosFeo20s:5 SCF-82  00-040-1018 SrcoQ,,
SrCoo2Fe 0.5 SCF-28  00-040-0905 SrFeq,
Bag 5S105C003.5 BSC-55  00-040-1018 SrcoQ,,
Bao sSrosFeOs.5 BSF-55  00-020-0127 BaFeQ,
BaosSrosCoosFeo2055 ~ BSCF-5582  00-055-0563  Ba, St .Cq, Fe 0,
BaosSrosCoooFegsOs;  BSCF-5528  00-055-0563  Ba, St Co, Fe, 0,
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Figure 19. XRD patterns of non-substituted perovskites samples

Fig. 20 shows the different redox behavior, (@®lease and absorption) of SrBQOB = Fe,
Co, and Mn) perovskites that were measured using. T the first redox cycle (0-125min
under Ar, reduction to 950°C), SrCe®releases 2.79 mass% op,Qvhich is the largest
amount among the three samples. Seze@hd SrMnQ; release 1.79 and 0.38 mass% ef O
under the same conditions. The following oxidati@haviors of the three samples at 600°C
are also clearly different. For SrCg§) it can be oxidized greatly (1.72 mass%) in a tshor
time when the atmosphere is switched from Ar to @9%t 600°C. Little part (0.31 mass%)
can be further oxidized when the temperature deesefrom 60%C to 300C. For SrFe@s,
besides the part of oxidation (1.33 mass%) whenatihgosphere is switched from Ar to
20%Q, at 600C, it can be further oxidized (0.69 mass%) with eatain rate when the
temperature decreases from 8D@o 300C. As for SrMnQ, it shows very poor oxidation
behavior through the course of the experiment. @blyut 0.11 mass%,0ds recovered. For

the second redox cycle (125-225 min under 20%ath@oughout), their behaviors are also
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different from each other. SrCg@releases @constantly while the temperature increases
from 300°C to 1056C with a sharp mass loss when the temperature agipes 105. The
total mass loss is about 1.82% and then it is pdaily recovered when the temperature
decreases to 300. SrFeQ@; keeps a stable reaction rate during the temperatarease and
decrease periods. The reaction is perfectly reviersand 1.45 mass%,0s released and
adsorbed during the course of heat treatment. mtrast, SrMn@; shows a poor Orelease
ability again and the mass loss cannot be everveeed when the temperature decreases. The
results show that SrFg@®and SrCo@; can be good candidates for oxygen exchange during
solar thermochemical conversion while SrM@s not suitable.
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Figure 20. Redox behavior of SrBQ (B=Fe, Co and Mn) perovskites.

Perovskites of the BaB{eries are then discussed. Fig. 21 shows theelitf€) release and
absorption of BaBgs perovskites that were measured using TGA. The Bagashows the
largest redox ability among the three samples adaiming the first redox cycle, the mass
variation reaches 3.13% and it has been recoventitely during oxidation at 600°C;
reasonably, a little fraction (0.13 mass%) is fartbxidized when the temperature decreases
to 300C. BaFeQ@; has larger @release capability than SrFeQin the first redox cycle;
while it shows very poor re-oxidation ability at@C, and the oxidation occurs mainly upon
cooling below 608C. The BaMnQ@; shows very poor redox ability, which is even waitsan
SrMnGs;5. It seems that it cannot be reduced or oxidizethduhe course of the temperature-
programmed experiment. The results thus indicas¢ @o-based perovskites are the best
candidates for oxygen exchange applied to solammhehemical energy conversion and
storage, which is consistent with the predictioreobiri et al. [31].
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Figure 21. Redox behavior of BaBQ (B=Fe, Co and Mn) perovskites.

Due to the high tolerance ability of AB@tructure, a common method consists in improving
the different properties of perovskites-based nteby part substitution of A or B sites with
other elements and changing the ABformula into AA'BO; or ABB'Os. As BaFeQ@s,
BaCoQ, SrFeQ; and SrCo@s; show better redox ability among the tested peritesk
materials, they are chosen as the reference sydtnsubstitution. Half of the Ba in the
BaFeQ; and BaCo@; was substituted by Sr in the A-site, (BarsFeGs and
Bay sS1psC00;5 samples were thereby obtained. Similarly, part swib®n in the B-site
brings the SrCgsFe) 035 and SrCeFe g0s5. Their XRD patterns are presented in Fig. 22.
According to ICDD database, their detailed formytaygen stoichiometry) are also

determined and listed in Table 4.

6000 — SCF-28
— SCF-82
— BSC-55

|

"

4000

T
——
£

Intensity (a.u.)

2000

26 ()

Figure 22. XRD patterns of A site or B site substituted pekipes.
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Fig. 23 displays the TGA results of A or B site stilnted samples. In Fig.23A, the
substitution of Sr does not change the redox psooé8a sSrsCo0;; and BasShsFes;s
but influences the redox reaction extent as expge@e sSrpsC00; releases 3.49 mass% O
in the first redox cycle, which is higher than B®aCoQ; and SrCo@;. The Q recovery
then amounts to 2.47 mass% at 660 which is larger than that of SrCg£but smaller than
that of BaCo@s;. In the second cycle, it releases 2.09 masg%n@ recovers 1.90 mass%. O
The performance is between BaGgCand SrCo@;. For BasShsFeQss, it releases 2.05
mass% Q@ in the first redox cycle, which is close to Srkgut smaller than BaFeQ.
While 1.90 mass% £is recovered down to 3080, which is close to that of SrFe®but
much higher than that of BaFe® Further, in the second cycle, it releases 1.73s#aQ
and gets back 1.86 mass%. Qhe performance is better than Bagg@nd SrFe@;. In
general, the coexistence of Ba and Sr has poséffect on the redox performance of
Bay.5S10.5C00;5 and Ba sSio s-€0s.
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Figure 23. Redox behavior of A-site or B-site substituted pekiies
(A) Bay sSr sFe0s5 and Ba sSh sCo0s.5 (A-site substituted); (B) SrGgrey 2035 and
SrCq JFey ¢03.5 (B-site substituted).
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Next, partial substitution of cobalt in SrCe@$ by iron leads to a change in the redox process
of SrCq ¢Fe 2035 and SrCeJFe) 035, which follows the pattern of SrFe@®(Fig. 23B). In

the first redox cycle, it is first partially oxicez at 608C with an equilibrium reached rapidly,
and then further oxidized with a constant rate wttentemperature decreases from %DM
300°C. Similarly in the second cycle, both the oxidatand reduction processes are realized
with constant rates following the temperature peofivhich highlights the rapid equilibrium
reached for each temperature.

Then, we partially substituted the A and B siteABIO3 perovskites at the same time, and
obtained B@asSrysCoygFey 035 and BasShsCoy Fey g0z, which are well known anode
materials for the applications in fuel cells. ThRIX patterns are presented in Fig. 24, which
is consistent to the previous studies. The TGAltesare presented in Fig. 25. The redox
behavior of the two samples follows the charadiessof SrCoQ@; and SrFe@;. In the first
redox cycle, the oxidation process follows the ahgeristic of SrFegk. While in the second
redox cycle, the process shows a combined effe@r6bQ; and SrFe@;. It releases ©
with a quasi-constant rate during the temperatooceease, and finally absorbs @ith a
guasi-constant rate during the temperature decr&asephenomenon is more pronounced on
the profile of BasShsCogFen 035, Which contains more cobalt. Unfortunately, this
phenomenon does not help for the redox ability o0& sBrhsCosgFe0ss and
Bay sSrhsCop Fen g035. In fact, the redox ability of the two samples Hseen restrained
greatly. BasSipsCop Fey 035 only releases 1.81 mass% énd recovers 1.57% in the first
redox cycle; BasStsCo gFey 2035 releases 1.95 mass% @nd recovers 1.80% in the first
redox cycle. All the values are much lower thansthof samples without substitution under
the same conditions. The results may indicateghbstitution of A and B sites of perovskite-
based materials does not always favor the reddityabi
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Figure 24. XRD patterns of BaSt sCy sFep 2035 and Ba sS1h sC0p 2Fep ¢03.5.
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Figure 25. Redox behavior of BaSr sCoy gFep 2035 and Ba 5Sip sCap JFep 8035 perovskites.

In general, Co-based and Fe-based perovskites kighwedox ability here, while their redox
patterns are clearly different from each other. Therelease and absorption of Co-based
perovskites is rapid and seems like that there iSwitch” when reaching a given
temperature; while the oxygen stoichiometry of Bsdul perovskites is gradually changed
according to the equilibrium following the tempera profile. To understand the redox
behavior of these different perovskites materiis,mole values of oxygen atom lost per mol
perovskites during different steps are calculatéu results are listed in Table 3 (page 27). It
can be seen that the three Co-based samples (S§CB&C0Q; and Ba sSrhsC00s5) have
adsorbed 0.21 mol, 0.47 mol and 0.26 mol monatasriggen per mol samples at 600
While only 0.03 mol, 0.02 mol and 0.03 mol monatorokygen are further adsorbed when
the temperature decreases from 0@ 300C. It means that most part of oxidation is
finished at a certain temperature (BDP As for the three Fe-based samples (SggeO
BaFeQ; and BasShsFe(ss), the monatomic oxygen adsorption mole amountnduthe
two oxidation steps in the first redox cycle arel600.08, 0.02:0.12 and 0.12:0.12,
respectively. The second step (BDGo 306C) clearly plays a more important role. Further,
among Fe and Co, it is the Fe that determinesettiexrpattern. All the perovskites follow the
pattern of SrFe@ as long as Fe exists in the sample.

Besides, substitution effects of A or B sites oa tédox behavior can also be seen from the
table 3. Partial substitution of SrCg by Fe only slightly improves the redox behavior of
SrCq gFey2035. In contrast, partial substitution of SrkeCby Co has significant effect on
the SrCeqJFe& s0s35. The coexistence of Fe and Co is beneficial ferrddox behavior of Co-
based and Fe-based perovskites. For A site suiestiBg sSr sCoOs 5 and Ba sSipsFeQs, it
depends on the point of view. If we treat them &@8(3 substituted by Ba, we get better
results than with non-substituted samples. If wattthem as BaB{Xubstituted by Sr, we get
worse results. In general, it can be concluded ¢ketence of Ba is beneficial for the redox
behavior.
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According to the main crystal phase determined WyDXdatabases of ICDD and the
monatomic oxygen release per mol of samples inefdpbthe redox reaction equation can be
written as follows (taking SrCofQ as example):

SrCoQy, - SrCo0, 4+ %20, Reduction ©)

SrCoQ 4+ 27O, - SrCoQ,, Oxidation (10)

The redox equations of the other samples havebasn written with the same procedure and
are listed in Table 5. For convenience, only thaati@an of oxygen stoichiometry of the
different samples is indicated.

Table 5. Crystal phase variation of different samples during redox cycle

Sample Variation of crystal phase during 1* redox cycle No.
SrCo0s. SrCoQ,, - SrCoQ,, - SrCoQ ,, (1)
SFe0s.5 SrFeQy;, - SrFeQ,; - SrFeQ,, 2)
BaCo0s.5 BaCoQ, - BaCoQ ., - BaCoQ,, 3)
BaFeOs.s BaFeQ,, - BaFeQ,, - BaFeQ., (4)

SCF-82 SrCoQy, - SrCoQ - SrCoQ,, )

SCF-28 SrFeQy, - SrFeQg, - SrFeQg,q (6)
BSC-55 SrCoQ,, - SrCoQ,, - SrCoQ,, (7)
BSF-55 BaFeQg, - BaFeQ,, - BaFeQq, (8)

BSCF-5582 Ba, Sk L0y gFe,,0, 55 - Bay Sk L0y Fe,,0, 2 9)
~ B8, 556 :C0y 66 .0, 55

BSCF-5528 Ba, Sk C0, oF €, ,0, 55 - Bay Sk C0, oF € ,0, 56 (10)
~ B8, 555 5C 00 6F€ 20, 5

Note: variation for StMnQO; and BaMnO; are not listed due to their poor redox ability.
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The changes of oxygen stoichiometry may reflectdiséortion tolerance of the perovskites
crystal structure. Among all the samples, the atystructure of SrFef}, SrCe JFe&) 03,
BaCoQs;, BaysShsFeQss, BaysSlosCogFen 2035 and BasSisCoFen g0z can be fully
restored during re-oxidation; while the other fowamples (SrCo§y, BaFeQs,
SrCaq gFey 2035 and BasSrpsCo0s;5) cannot, as the reaction seems to be not reverdtolr
the fully restored samples, the minimum oxygen neimtf the main crystal phase during
reduction is 2.29 (BaSi sCoyFe s0s5); while the maximum oxygen number of the main
crystal phase after reduction in the latter foungies is 2.19 (SrCof) and BaFe@;). The
range of 2.19-2.29 seems to be the threshold &Betlsamples. Below oxygen number 2.19,
the perovskites crystal structure may have beemealtand it cannot be fully recovered under
these conditions. In fact, this phenomenon wasipusly pointed out in previous studies, as
the formula of ABQ.. was rather used to indicate this variation [32)nfpared to Fe-based
systems, it seems that the crystal structure ofb&med systems such as SrGgO
SrCq dFa 035 and BasSrhsCoOs;s IS easier to be altered. Further, within its disbo
tolerance range, the phase change of perovskiteglised to jump from one stable crystal
structure to another, which determines the oxygdease/adsorption content. The main non-
stoichiometry formulas observed during redox preceme SrCo@s SrCoQszi003
SrCoQ 331003 (Co-based systems), and Srkef) SrFeQgs SrFeQes:003 (Fe-based
systems), respectively.

The variation of the main crystal phase can beigyridisclosed by the room temperature
XRD analysis of samples after thermal cycles. Taeation of the intensity and the position
of characteristic peaks can be used to highlightntiodification of the crystal structure. The
XRD patterns of the different samples after TG hlagen recorded under room temperature,
as shown in Fig. 26. Compared to the patternseshfisamples in Fig. 19, Fig. 22 and Fig. 24,
the position and intensity of characteristic peakSrFeQ., SrCe JFe) 035, SrC sFey 20s.

s, Ban.sShhsFeQss and BasSh sCaop sFey 2035 do not change significantly, which indicates that
their crystal structures have not been alteredndureversible reaction. In contrast, the
intensity and position of characteristic peaks @CBQ., BaFeQ,, BasShsCo0;s and
Bay sS1h sCop Fey 8035 are clearly influenced. Their crystal structurewd thus have been
greatly modified.
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Figure 26. XRD patterns of different samples after thermaliogcTG analysis.
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4. Integration of thermochemical storage systems: ease study (PSI)

This case study investigates how the gas-solidactingy pattern in a thermochemical storage
(TCS) system influences (1) the integration of $h@rage into a concentrated solar power
(CSP) plant and (2) the resulting performance ef@$P plant. The manganese oxide redox-
cycle

6 MnN,O3 <~ 4 MngO4 + O, (ll)

is chosen as the model reaction system. The TC®m\is operated with air acting as both
heat transfer fluid (HTF) and carrier of the gasemactant/product (@

As TCS essentially presents a gas-solid chemicattoe operating in an unsteady-state
regime, the proper selection and design of a Speb@S configuration should stem from the
principles that have been well established by reaetngineering practice [34,35]. According
to those principles, the patrticle size distributadrthe TCS material affects not only the gas-
solid reaction kinetics but it also imposes a dpeoeactor type. Sub-millimeter particles with

a broad size distribution are generally handletlumlized-bed reactors because packed beds
comprising such particles suffer from excessive gasnnelling induced by large pressure
gradients. Conversely, larger, uniformly-sized gtas or pellets (>2 mm) are generally
suitable for packed-bed reactors as fluidized liedd to spout for such granules or pellets,
which is undesirable for physical and chemical apens [35].

The two reactor types, fluidized and packed begtufe different contacting patterns that, in
turn, lead to different spatial and temporal terapge distributions of gas and solids.
Namely, due to good mixing the temperature of tels in a fluidized bed can be considered
spatially uniform so that the gas leaves the beth@temperature of the solids [35]. On the
contrary, in a packed bed, the solids do not mut thus their temperature varies with both
time and space. The difference in the spatial teatpee distributions of the solid phase in
these two reactor types is reflected by the diffeecin the temporal outflow temperatures of
the HTF, which ultimately influences the integratiof the TCS into the CSP plant.

To determine the role of the reactor type in impgdhe optimal TCS integration into a CSP
plant, the reactors are modelled based on empirezlction/oxidation rate laws that are
adjusted for the intra-particle diffusion in theagules. Two idealized contacting patterns are
assumed: (1) an axially-dispersed plug flow of tfasugh stationary solids for the packed
bed and (2) a plug flow of gas through a well-mixedich of solids for the fluidized bed, such
that the gas leaves the bed at the temperatuteec$dlids. The solids are assumed to have a
diameter of 5 mm in the packed bed and @@0in the fluidized bed, respectively.

1 Material presented in this section has been pududisn [33].
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Figure 27 shows a comparison of the air temperatasea function of time at the inlet and

outlet of the packed- and fluidized-beds operatedeu quasi-steady-state conditiénsFor
both reactor types, air enters the bedl:at, = 1273 K during a charging period of 6 hours and
at Ts gin = 373 K during a discharging period of 6 hours (sel&d lines). The packed bed TCS
is charged by feeding hot air from the top, anctlisged by feeding cold air from the
bottom. Because of this flow reversal, the axieigerature gradient in the solid phase can be
maintained throughout the entire charging-discmaygiycle and thus the granules at the
bottom are not heated appreciably. Therefore, theé leaves the packed bed at a constant
temperature of;. ot = 373 K during the entire charging period (dasleel). Different from

the packed bed, the temperature of the solidsenflthdized bed is uniform due to spatial
mixing. Since the HTF approaches the temperaturethef solids, the HTF outflow
temperatures during charging and discharging auvpled to the temperatures at which the
reduction and oxidation are favorable, respectivéhyerefore, the HTF leaves the fluidized
bed afT; ¢ oyt~ 1180 K during most of the charging period and@:aju:~ 1090 K during most

of the discharging period. Whereas the HTF outftemperatures of the two reactor types are
similar during discharging, it is important to nothat during charging the outflow
temperature of the fluidized bed is significantigiter.
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Figure 27: Comparison of air temperatures as a function ottemthe inlet of the packed
and fluidized beds (solid lines), the outlet of plaeked bed (dashed line), and the outlet of
the fluidized bed (dash-dotted line) during a chaggdischarging cycle.

The preferred integration of the TCS into the C3hipis selected based on the computed
HTF outflow temperatures and the requirements hkifa bwe power block and the solar field.
The first and common way of storage integratiothes parallel configuration shown in Fig.

2 Results are considered to be in a quasi-steadystetn the maximum local temperature differencevéen the final states
of two subsequent cycles is less than 0.01 K irgtsephase.
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28, in which the mass flow leaving the solar fieddsplit into a portion flowing through the
storage heat exchanger (HX) and the remainder figwihrough the power-block HX. The
second option is the serial configuration showifrimn 29, where the entire flow of the HTF
leaving the solar field is passing first througle gtorage and then through the power-block
HXs. The parallel and serial configurations mustiséa several constraints for efficient
operation. During discharging, the constraintsideatical: the storage should provide heat at
temperatures that are sufficiently high to run peaver block. For this case study, it is
assumed that this constraint is fulfilled. Duringaoying, however, the constraints are not
identical. In the serial configuratiom; ot must be high enough to drive the power block. The
parallel configuration requir€k c out~ Tpgout t0 reduce exergy losses due to mixing. These
constraints, and the results presented above oaitlotflow temperatures during charging,
can now be seen to dictate how packed and fluidieetreactors should be integrated into a
CSP plant.

For a packed bed TCS, the chosen operating condiidow forT;c out= Trdin = Tpeouw thus
the streams from the TCS and power-block HXs carmmieeged with low exergy losses.
Accordingly, a parallel configuration is chosen floe packed bed. Conversely, for a fluidized
bed, T; ¢ outis coupled to the reduction temperatliyg and therefordic out= Tred >> Tegout A
parallel configuration would therefore lead to kexergy losses due to mixing. Accordingly,
a serial configuration is chosen for the fluidizestl.

(a)

T-S'F,om TFB’”
Power
7CSs HX
T,Hm,,

(b)

TPH. in

Power
block

TPB,om‘

Solar
field

Figure 28: Schematic depiction of a parallel configurationtioé TCS and the power block
during (a) charging and (b) discharging.
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Having determined suitable CSP plant configuratiéms packed and fluidized bed TCS
reactors, these configurations are now assessad tig following criteria: (1) gravimetric
energy storage density, (2) HTF temperature atpthweer-block inlet, and (3) flexibility in

adjusting the electricity production.

The gravimetric energy storage density relates the energy that can be stored in a TCS
reactor during one charging period to the massavhge material in the bed. The higlagy,

the less material is required to reach a givenagmrcapacity and the lower the storage
material costséy: is given by the sum of the chemically stored eweggem Which is
calculated from the change in solid conversion ketwthe beginning and the end of
charging, and the sensible hegi,s which is calculated from the temperature increthse
solids are subjected to during the charging perlde: resulting contributions of sensible and
chemically stored energy in the packed and fluidikzeds are compared in Table 6. It is seen
that about 63 % of the total energy is stored challyi in the fluidized bed. By contrast, the
chemically stored energy accounts for only abot 8f the total stored energy in the packed
bed because only about 14 % of the storage matbaal reacted. Nevertheless, the
gravimetric energy storage density of the packedlibe@pproximately 11 % higher than that
of the fluidized bed because of the much largemp@riion of sensible heat. Thus, it is
important to account for the contribution of thexsble heat when comparing TCS reactor
types. It should be emphasized that these restdtyvalid only for this specific case study
because they are dependent on the reaction systh@operating conditions.

(b)

Solar

field

Figure 29: Schematic depiction of a serial configuration af TCS and the power block
during (a) charging and (b) discharging.
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As long as the maximum operating temperature ofpth&er block is not exceeded, higher
temperatures at the inlet of the power block agrdbele. They may offer at least one of the
following advantages: (1) more compact HX that despghe HTF from the solar field with
the working fluid of the power block, (2) potentiaicrease of the heat-to-electricity
conversion efficiency of a given power cycle acaogdto Carnot’'s principle, and/or (3)
application of a different power block technologpecating at higher temperatures and
thereby with increased efficiencies (e.g. a Rankiyele combined with a gas turbine)
[36,37]. In the parallel configuration, thermal emeis transferred directly from the solar
field to the power block during charging (see F2§(a))and therefor8pg in = Tspout= 1273

K. Conversely, in a serial configuration, someha thermal energy is transferred to the TCS
before entering the power block (see Fig. 29(aj) tereforelpg in = Tt cout< Ttcin = TsFout
(see dash-dotted line for charging in Fig. 27). §Aws in is generally higher during charging
for a parallel configuration than for a serial dgaofation. Note that in this study, the packed
bed in a parallel configuration also leads to higlhialues of Tpg i, during most of the
discharging phase as can be seen from the outlmpératures during discharging in Fig. 27.

Table 6. Contribution of sensible (e and chemically stored energy (@em) to the
gravimetric energy storage densities&) in the packed- and fluidized beds.

€sens [MJ/kg Mn203] €chem [MJ/kg Mn203] étot [MJ/kg Mn203]
Packed bed 0.304 (91 %) 0.030 (9 %) 0.334
Fluidized bed 0.111 (37 %) 0.189 (63 %) 0.300

The flexibility in adjusting the electricity prodtian in the parallel and serial configurations
has been compared in detail in [33]. For the sakdrevity, only the most important
difference between the two configurations will hegented here. By appropriate sizing of the
solar field and adjustment of the HTF mass flovesah a parallel configuration, the charging
rate of the TCS@+cs,) can be set independently of the rate at which iseaansferred to the
power block QOpg . Thus, it can be ensured that sufficient heardasferred to the TCS
during charging to reach the desired duratipof subsequent discharging. Conversely, in a
serial configuration, the HTF transfers heat to @S before entering the power block.
Therefore, ifTsgoutand Teg oyt @re given by the corresponding CSP plant compsn@&ntou:
becomes the only parameter that allows the reldt@8 charging rat€rcs o Opgcand thus
the attainabley to be adjusted. This generally leads to a trafléaaderial configurations. A
decrease i o achieved via variation of the reactor type, opegaconditions, and/or the
reaction system, leads to an increase in the atil@rduration of discharging; however, it also
reduceslpg in, thereby potentially lowering the thermal-to-etesty efficiency of the power
block. A parallel configuration is not subject tosttrade-off.
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Based on these assessment criteria, it can beuttatcthat a TCS reactor should be designed
such that it can be integrated with the power bliock parallel configuration. As mentioned
earlier, in a parallel configuratiofk o, Should be kept close og oy t0 Minimize exergy
losses. Since the reduction usually takes pladermaperatures that are significantly higher
than Tpg ous the high-temperature reaction zone should be cwedbwith a cooling zone, in
which the HTF is cooled from the reduction tempa®town tol ¢ out= Tps,ou: Although the
presented packed bed TCS is suitable for a pa@l&iiguration, it converts only a fraction
of the reactants (~14 %). The non-reacting portibthe reactants could thus be replaced by
low-cost inert materials, leading to a combinedrifhemical-sensible energy storage
consisting of a high-temperature reaction TCS zang a sensible-heat storage unit as the
cooling section. Further reactor concepts that doalso fulfill the requirements for
integration into a parallel configuration are dissed in [33].
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List of abbreviations

CNRS Centre National de la Recherche Scientifiguance

CSP Concentrating Solar Power

DSC Differential Scanning Calorimetry

ICDD International Centre for Diffraction Data

ICP-OES Inductively Coupled Plasma with Optical Esion Spectrometer
IMDEA Instituto Madrilefio de Estudios Avanzados, $tkles, Spain
HRSEM High-Resolution Scanning Electron Microscopy

HTF Heat Transfer Fluid

HX Heat Exchanger

PSI Paul Scherrer Institute, Switzerland

PXRD Powder X-Ray Diffraction

SEM Scanning Electron Microscopy

TCS Thermochemical Storage

TES Thermal Energy Storage

TGA Thermogravimetric Analysis

XRD X-Ray Diffraction
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