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Abstract  

Based on a thermodynamic equilibrium study to identify chemical candidate systems with the 
potential to be most suitable for thermochemical energy storage for CSP, cobalt oxide and 
manganese oxide endothermal/exothermal redox systems are selected for closer investigation. 
The potential improvement of their performance due to the addition of iron oxide is studied 
with thermogravimetric analyses methods. Fe addition is found to decrease the redox activity 
and energy storage capacity of Co3O4/CoO, whereas the reaction rate, reversibility and 
cycling stability of Mn2O3/Mn3O4 are significantly enhanced with added Fe amounts above 
~15 mol%, and the energy storage capacity is slightly improved. Furthermore the 
performance of Ba and/or Sr perovskites for thermochemical energy storage is investigated. 
As good candidates Sr-Fe and Sr-Co and even better Ba-Fe and Ba-Co perovskites were 
identified, while Sr-Mn and Ba-Mn perovskites are not suitable. Using both, Sr and Ba 
(namely Sr-Ba-Co and Sr-Ba-Fe perovskites), results in an additional positive effect. A case 
study on the integration of a manganese oxide based thermochemical energy storage system 
into a CSP plant leads to the conclusion that a thermochemical storage reactor should be 
designed in such a way that it can be integrated with the power block in a parallel 
configuration rather than a serial configuration. 
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1.  Introduction 

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

Consequently, in the frame of STAGE-STE, potential thermochemical energy storage systems 
were studied in order to develop alternatives to sensible and latent thermal energy storage 
systems. The study first began by a literature survey coupled with an analysis of 
thermodynamic chemical equilibrium, which served as a primary selection of potential 
candidates for thermochemical energy storage. Among the candidate systems, metal oxides 
are convenient to work with air in an open loop since the reacting gas is O2. Redox reactions 
based on metal oxides were studied at pO2 = 0.2 atm in order to mimic air atmosphere. The 
improvement of redox performances for manganese oxide and cobalt oxide was studied 
through the synthesis of mixed metal oxides (addition of Fe). The perovskite structure is also 
interesting for enhanced oxygen exchange capacity, thus the redox behavior and reaction 
reversibility of several Ba and Sr-based formulations were studied for thermochemical energy 
storage application. Finally, the integration of a TCS system in a solar power plant is 
investigated by comparing two solid-gas reactor options, fixed and fluidized beds, and by 
studying parallel and serial configurations of storage unit and power block. 
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2.  Selection of suitable thermochemical systems (CNRS) [1] 

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

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

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

 

Experiments showed that Co3O4 is the most suited raw material given the fast reaction 
kinetics and complete reaction reversibility. However, the cost and potential toxicity of cobalt 
oxide requires the enhancement of other alternative materials. Optimization of materials 
reactivity is required for the other metal oxide species by using e.g. doping strategies, 
controlled synthesis techniques for tailored morphology, stabilization with inert materials to 
alleviate sintering effects, etc.. The reaction kinetics and the thermodynamic properties of the 
selected materials need to be characterized, as well as their performance stability over 
successive cycles, in order to confirm the suitability of the chosen materials for thermal 
energy storage (TES) applications. Then, the design and testing of adapted solar reactor 
concepts will also be required to demonstrate the feasibility of materials processing in solar 
reactor prototypes during solar heat charging and discharging. Furthermore, raw materials 
were mostly addressed so far, but recent research concerning the efficiency of hybrid 
materials, such as mixed metal oxides and perovskites, is promising and these materials need 
to be explored.  
 

Chemicals 
Transition temperature 

(°C) 
Gravimetric energy 

density (kJ/kg) 

BaO2/BaO 775 432.6 

Co3O4/Co2O3 790 816.1 

Mn2O3/Mn3O4 820 190.1 

CuO/Cu2O 1025 810.2 

Fe2O3/Fe3O4 1290 485.6 

Mn3O4/MnO 1575 850.6 
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3.  Metal oxides redox reactions (CNRS [5] and IMDEA) 

Various metal oxides have been studied for thermochemical heat storage applications [6] due 
to their high gravimetric storage density, which is important for lowering the necessary 
amount of reactant involved in large-scale processes. The two-step thermochemical redox 
reactions considered for metal oxides are as follows:  

MO(ox) + Heat � MO(red)+ ½ O2 (g)        (1) 

MO(red)+ ½ O2 (g) � MO(ox) + Heat         (2) 

Because the amount of reacting gas greatly affects the transition temperatures of the materials, 
metal oxides were tested in a reduction and oxidation atmosphere of 20%O2-Ar in order to 
observe the feasibility of a thermochemical energy storage system using air. For this study, 
we used thermogravimetric analysis (TGA) to investigate the redox properties and reaction 
reversibility of the thermochemical systems. 

Equilibrium calculations were performed with the FactSage 7.0 software [7] and the FToxid 
database, which includes models of the thermochemical properties of the oxide phases in Fe-
Co-O [8] and Fe-Mn-O [9] systems. For calculations in the Fe-Co-O system, the following 
solid phases were considered: the Fe2O3 compound, the cubic spinel solution (Co1-xFex)3O4 
(C-Spin) and the monoxide solution (Co1-xFex)O1+y (Monoxide). For the Fe-Mn-O systems, 
four phases were considered: two spinel solutions (Mn1-xFex)3O4, one with cubic structure (C-
Spin) and the other with tetragonal structure (T-Spin), the bixbyite solution (Mn1-xFex)2O3 
(Bixb) and the corundum solution (Fe1-xMnx)2O3 (Cor). Two gaseous components, O2 and Ar, 
were taken into account, with ideal mixing properties. The total pressure was always 1 atm. 

For both systems, two kinds of calculations were carried out: (i) plot of phase diagrams, (ii) 
system equilibrium at various compositions and temperatures, providing, for each 
composition and at each temperature step, the phase assemblage and the cationic distribution 
in each solution phases, as well as the total enthalpy of the system. 

The second type of calculations gives access to the theoretical mass loss (i.e. oxygen storage 
capacity), ∆m, as defined by (Eq. 3). This quantity is directly comparable to the mass change 
measured by TGA. 

 

∆�	�%� � 100.��

	��	
����	��	�������

	��	
����	��	����

��

	��	
����	��	����
     (3) 

where Tmin and Tmax are referring to the minimal and maximal temperature of the 
thermochemical cycle. 

The enthalpy of the reduction reaction (Eq. 1), ∆rH, was calculated according to (Eq. 4). This 
quantity is compared to the heat of reaction determined by DSC analysis. For reactions 
occurring on a large temperature range, this calculation includes a contribution due to the 
calorific capacity of the compounds (sensible heat), which leads to an overestimation of the 
enthalpy strictly related to the reaction.  
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where Tend is the temperature (°C) at the end of the phase transition or the maximal 
temperature of the cycle; Tbeg is the temperature (°C) at the beginning of the phase transition; 
mS

0 is the mass (kg) of the solid phase at Tmin; mS
1 and mS

2 are the mass (kg) of the solid 
phases at Tend; mO2 is the mass (kg) of dioxygen at Tend; H

x(T) is the enthalpy (kJ/kg) of the 
compound x at the temperature T. 

 

3.1. Cobalt oxide (CNRS) 

Most research focusing on metal oxides is considering cobalt oxide as a promising 
thermochemical energy storage material. The reduction temperature of CO3O4 to CoO in air 
atmosphere is estimated to be between 880 and 930°C according to the scientific literature 
[10-13]. Cobalt oxide was tested as heat storage material in the form of powder [10], foam 
[11,12] and pellets [13]. While Karagiannakis et al. (2014) [13] obtained the highest 
measured energy density of 515 kJ/kg for the pellet and state that the structured material 
exhibits better heat transfer than powder, Agrafiotis et al. (2015) [11, 12] noticed the presence 
of cracks appearing in pellets after a few cycles while foams showed better mechanical 
stability. The addition of a secondary metal oxide can be a way to modify the properties of a 
pure oxide. The cyclability and transition temperature of cobalt oxide was tested after the 
addition of various secondary oxides and Block et al. (2014) [14] reported that both addition 
of iron oxide to cobalt oxide or addition of cobalt oxide to iron oxide reduces the enthalpies of 
reaction compared to those of the pure oxides. However, they estimated that 10% iron oxide 
doped cobalt oxide is still showing high enthalpy of reaction and possesses higher 
reduction/oxidation reversibility than pure cobalt oxide. This phenomenon is being 
investigated here by the synthesis and analysis of mixed Co-Fe oxide systems. 

The calculated Co-Fe-O phase diagram for pO2 = 0.20 atm is presented in Fig. 1a. It shows 
that, at equilibrium, the iron content greatly influences the composition and the amount of the 
monoxide phase formed at 1050°C when heating the spinel phase from 800°C. For small Fe 
additions (0 < x(Fe) < 0.1), the spinel phase is fully converted into the monoxide phase. At 
very high Fe content (x(Fe) > 0.6), there is no phase transition achievable below 1200°C, 
which is the upper temperature limit usually considered for TES applications. For 
intermediate Fe content (0.1 < x(Fe) < 0.6), an increasing proportion of spinel phase is not 
converted into monoxide. As an example, Fig. 1b presents the influence of the temperature on 
the phases amount for x(Fe)= 0.25. A temperature of about 1460°C is required to fully 
convert the spinel phase into the monoxide phase. Furthermore, as illustrated in Fig. 1c for 
x(Fe)= 0.25, the monoxide phase (Co1-xFex)O1+y presents a noticeable over-stoichiometry (y) 
in oxygen, which increases with temperature. 



STAGE-STE Task 9.2  

Deliverable D9.2                                                                                                                                  8 

 

         
Figure 1. (a) Calculated Co-Fe-O phase diagram at pO2 = 0.20 atm, (b) calculated 

temperature evolution of the mass of solid phases for x(Fe) = 0.25, (c) calculated temperature 
evolution of oxygen over-stoichiometry (y) in the monoxide phase (Co0.75Fe0.25)O1+y. 

 

The TGAs of cobalt-based oxides are presented in Figs. 2 and 3 with different temperature 
programs. A first observation is that a noticeable change in the re-oxidation onset temperature 
is measured between the samples with 0 to 10 mol% Fe (Fig. 2b-c, 3c-e) and with 25 to 40 
mol% Fe (Fig. 2a, 3a-b). Indeed, the re-oxidation step starts at the beginning of the 
temperature decrease (i.e. 1050°C) for the samples containing 25 mol% Fe and 40 mol% Fe, 
which is in line with the phase diagram (Fig. 1a) since the two-phase equilibrium strongly 
depends on the temperature. The Co-Fe samples were kept in a reduced state after TGA (final 
cooling step in Ar to avoid re-oxidation in Fig. 3). Phase identification confirmed the presence 
of the single monoxide phase for low Fe contents (0 and 5 mol%), whereas the samples 
consisted of a mixture of monoxide and spinel phases for higher Fe contents (10-40 mol%), in 
agreement with the calculated phase diagram. 
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Figure 2. TGA of Co3O4/CoO with addition of (a) 25 mol% Fe, (b) 10 mol% Fe, (c) 5 mol% 

Fe, including a final re-oxidation step under 20% O2/Ar at the end. 
 

  
Figure 3. TGA of Co3O4/CoO with addition of (a) 40 mol% Fe, (b) 25 mol% Fe, (c) 10 mol% 

Fe, (d) 5 mol% Fe, (e) no Fe added, ending on a final reduction step under Ar. 
 

The influence of Fe incorporation on reaction temperatures is reported in Fig. 4. The 
temperatures at peak reaction rate (i.e. temperatures at which the reaction kinetics reached its 
maximum, Fig. 4) were measured. A gradual increase of the reduction and oxidation 
temperatures is observed with increasing amount of iron in the material, which is consistent 
with the phase diagram (Fig. 1a). An effect of Fe addition on the temperature gap between 
reduction and oxidation is also evidenced. Indeed, as both temperatures rise with Fe addition, 
it can be noticed that the gap between the reduction and oxidation temperatures reduces. For 
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40 mol% Fe, the onset temperature for reduction has increased by 50°C compared to pure 
Co3O4, while the onset temperature for oxidation has increased by 90°C. The reduction of this 
temperature gap is an asset for large-scale applications since it reduces the amount of energy 
spent for the heating and cooling of the system between the charge and the discharge steps. 
However, an increase in the oxidation temperature may also be a disadvantage if the system 
must be externally heated to initiate the oxidation (in case the material is stored in reduced 
form at room temperature). 
 

 

Figure 4. Experimental temperatures at peak reaction rate for cobalt-based oxides in 
20%O2/Ar and comparison with the calculated temperature of the C-Spin/Monoxide 

transition. 
 

Fig. 5 shows, along with the calculated equilibrium values, the maximum values of ∆m 
measured for each oxide composition, which means the highest amount of O2 released during 
reduction, and the average ∆m for the three redox cycles. The hypothetic case of a full 
conversion of the initial spinel into a stoichiometric monoxide, calculated according to (Eq. 
5), is also plotted in Fig. 5.  

(Co1-xFex)3O4(s) = 3 (Co1-xFex)O(s) + 0.5 O2(g)      (5) 

Measurements of the ∆m values clearly show that increasing the amount of iron in the 
material reduces the amount of O2 it is able to release at a given temperature. Furthermore, the 
maximum ∆m values are in excellent accordance with equilibrium calculations, which implies 
that a full conversion has been reached. 
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Figure 5. Average and maximal experimental mass loss (∆m in %) of the Co-Fe mixed oxide 

between 800°C and 1050°C compared to ∆m at thermodynamic equilibrium. 

According to the thermodynamic model, the decrease in O2 storage capacity with increasing 
Fe content is due to a combination of two factors. First, as evidenced by the phase diagram 
and the temperature profile for x(Fe) = 0.25 (Fig. 1b), the upper temperature limit of 1050°C 
does not lead to a full conversion of the spinel phase when x(Fe) > 0.10. This contribution is 
represented as C1 in Fig. 5. It does not account for the decrease in ∆m evidenced for x(Fe) = 
0.05 and 0.10 (C2 in Fig. 5), which should be closer to the mass loss calculated according to 
(Eq. 5) since a full conversion into monoxide occurs. The second factor is linked with the fact 
that the monoxide solid solution becomes non stoichiometric with the incorporation of Fe 
(Fig. 1c). This leads to a residual storage of oxygen in the monoxide phase, according to (Eq. 
6): 

  (Co1-xFex)3O4(s) = 3 (Co1-xFex)O1+y(s) + (1-3y)/2 O2(g)    (6) 

where y is the over-stoichiometry of oxygen in the monoxide phase. 

As illustrated in Fig. 5, the calculated contribution of the oxygen over-stoichiometry in the 
monoxide phase at 1050°C accounts for a loss of storage capacity of about 1% per unit mass 
of spinel when x(Fe) > 0.10, as compared to a maximum capacity of 6.6% for pure cobalt 
oxide. 

As for the cycling stability, for pure Co3O4, the average ∆m is the same as both the theoretical 
value and the maximum value measured experimentally. This means that the amount of O2 
released and regained did not change, confirming the good material cycling stability over 
three cycles, as already reported by several authors [11-16]. For the samples containing 5 and 
10 mol% iron, since the average ∆m falls slightly below the theoretical and maximum value, a 
minor loss in O2 exchange capacity upon cycling is evidenced. Conversely, the amount of O2 
exchanged remains stable over cycles for larger Fe contents (x(Fe) > 0.10) at the expense of a 
decreased oxygen storage capacity. Thus, the cycling stability of cobalt oxide does not suffer 
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from the addition of iron, as the re-oxidation conversion rate is not significantly decreasing 
over multiple cycles for Co-Fe mixed oxides, similarly to pure Co3O4. 

Regarding the effect of the gas flow composition, the measured ∆m due to the reduction 
under pure Ar was not significantly different from the one measured with 20% O2/80% Ar. 
However, the reduction onset temperature under Ar was decreased by 60 to 80°C, to reach a 
value of about 860°C, almost independent of x(Fe). These data are rather different from the 
equilibrium state calculated with the thermodynamic model. Indeed, under pure Ar, the 
experimental oxygen partial pressure should be around 10-5 atm (10 ppm O2), which 
corresponds to a transition temperature of about 650-700°C but it increases with a higher pO2. 
Furthermore, the calculated transition temperature depends noticeably on the composition of 
the system. It is thus concluded that, with a heating rate of 20°C/min, the system does not 
reach equilibrium at low temperature, most likely because of solid-state diffusion limitations. 
Independently of the system composition, a minimum temperature threshold of about 850°C 
is required to achieve the phase transition.  

The effect of applying a higher temperature limit than 1050°C was also estimated, both with 
experimental measurements and calculations. Cycles with a maximal temperature of 1150°C 
were carried out on Co3O4 with 5 mol% Fe. While this sample behaved well with a maximum 
temperature set at 1050°C, the heating up to 1150°C clearly affected its reactivity. Indeed, the 
sample did not regain the whole mass on cooling (67% average instead of 86% when heating 
at 1050°C) and was sintered at the end of the run. 

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

As reported in Fig. 7, the measured reaction enthalpies are decreasing with increasing amount 
of Fe: the highest measured enthalpy is 597 kJ/kg for pure Co3O4, while the lowest is 50.7 
kJ/kg for x(Fe) = 0.40. It should be noted that the DSC peaks for x(Fe) = 0.40 are very small, 
which makes them difficult to analyze. For pure Co3O4, our data is close to the value of 576 
kJ/kg obtained by [14] with a similar experimental procedure. As recently discussed in details 
by Block et al. [17], this kind of DSC measurements, operated in an open reactor at a rather 
fast heating rate, is not able to reproduce the tabulated enthalpy value, which is commonly 
reported as 844 kJ/kg [11-12,15-16]. To explain the large discrepancy, the authors state that 
the contribution of a Co3+ spin-state change, associated with an enthalpy of about 222 kJ/kg, 
is not measured by dynamic techniques. 
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Figure 6. Temperature evolution of the amount (kg) of O2(g) released per kg of cobalt-based 

spinel containing various amounts of Fe. 

The thermodynamic model used in this study [8], which takes into account the heat capacity 
anomaly due to spin-state transition of Co3+, leads to an enthalpy of reaction of 749 kJ/kg for 
x(Fe) = 0. This is noticeably lower than the commonly admitted value of 827 kJ/mol [14, 17]. 
For higher Fe contents, the calculations reproduce well the general trend (decrease of ∆rH) 
with a systematic gap of about 180 kJ/kg.  

 

Figure 7. Experimental and calculated enthalpies of reaction for the Co-Fe and Mn-Fe mixed 
oxides. 
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In TES applications, the enthalpy of the reaction is related to the oxygen storage capacity of 
the material (the energy stored/released during the reduction/oxidation is related to the 
reaction extent that corresponds to the quantity of O2 released/captured). As evidenced by 
measurements and calculations, the gravimetric energy storage density of mixed oxides is 
decreased when compared with pure Co3O4, resulting in less storage capacity per gram of 
material. This observation is in accordance with the work of Block et al. [14], who stated that 
both pure Co3O4 and Fe2O3 show higher enthalpies of reaction than any mixture of the two. 

In summary, while the Co3O4/CoO redox pair shows very good cycling stability, the 
incorporation of Fe to Co3O4 shows adverse effect on the redox performances since both the 
maximum amount of O2 exchanged and the reaction enthalpy are lowered when the amount of 
iron added is increased. The increasing amount of iron added to Co3O4 reduces the maximum 
oxygen exchange capacity during a redox cycle. According to equilibrium calculations in the 
Co-Fe-O system, the addition of iron to Co3O4 results in a lower amount of O2 exchanged 
during cycles and a loss of the reduction reaction enthalpy, due to an incomplete conversion 
of the spinel phase at 1050°C and to the formation of a non-stoichiometric monoxide. The 
addition of iron also increases the reduction and oxidation temperatures, while slightly 
decreasing the gap in temperature between the reduction and the oxidation step.  

 

3.2. Manganese oxide (CNRS and IMDEA) 

Manganese compounds are excellent candidates as heat storage material due to their excellent 
characteristics (low cost, environmentally friendly, reaction temperature etc.). The Mn-O 
system is rather complex with various stable crystalline phases (MnO2, Mn2O3, Mn3O4 and 
MnO) depending on the temperature and oxygen partial pressure. 
 

CNRS contribution 
 
Concerning the Mn2O3/Mn3O4 couple, the reduction step of manganese oxide was observed in 
the range of 920-1000°C and the notably slow re-oxidation was observed in the range of 850-
500°C with a gravimetric energy storage density of 110 kJ/kg. It is specified that the re-
oxidation happens in two steps, the first one being during the cooling and in between 700°C-
500°C and the second one being during the re-heating and in the range of 500-850°C [13]. As 
Mn2O3/Mn3O4 is a promising metal oxide redox pair for thermochemical heat storage, Carillo 
et al. (2014) [18] tested the durability of this material over thirty oxidation-reduction cycles 
performed by thermogravimetry. They enlightened the necessity to pay attention to the initial 
particle size of these oxides since it influences the kinetics and the thermodynamics of the 
reaction. Especially, smaller particles would contribute in lowering the oxidation temperature, 
but it would also hinder the diffusion of O2 by favoring the sintering of the material. Based on 
these results, the influence of the morphology of the material on its reactivity is currently 
under investigation by considering different synthesis techniques (Figure 8). 
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a. b.  
 

c.       d.  
 

Figure 8. TGA of a. porous Mn2O3 and b. nanometer sized particles Mn2O3, SEM of c. porous 
Mn2O3 and d. nanometer sized particles Mn2O3. 

 

Carillo et al. (2015) [19] further studied the performances of manganese oxide for 
thermochemical energy storage and sought to improve it with the addition of iron oxide to the 
material. The incorporation of iron oxide does not allow avoiding the sintering encountered 
with manganese oxide, however it increases the heat storage density of the material and it 
stabilizes and enhances its oxidation rate over an experiment of thirty redox cycles. The 
material presenting the fastest and the most stable oxidation reactions in their study is Mn2O3 
doped with 20% Fe. Carillo et al (2015) [20] also considered Fe-Cu co-doping in manganese 
oxide in order to study its effect on the temperature gap of about 200°C between the reduction 
and oxidation temperatures of this material, as well as the effects on its reaction kinetics. 
They showed the possibility to reduce the reduction temperature with the incorporation of Cu 
and to increase the oxidation temperature with the incorporation of Fe. However, they also 
reported a lower reduction and oxidation rates with the addition of 5% Cu. In our study, the 
improvement of the reactivity of manganese oxide through the addition of iron oxide was 
investigated. 
The calculated Mn-Fe-O phase diagram is presented in Fig. 9, for pO2 = 0.20 atm. Again, the 
expected behavior of the mixed oxides is strongly dependent on the system composition. At 
Fe contents above 50%, the requested temperature to reach a full conversion of the initial 
oxide into a spinel phase is above 1100°C. At very low Fe contents (0 < x(Fe) < 0.05), the 
stable phase at 1050°C is the tetragonal spinel. For 0.05 < x(Fe) < 0.15, the transition of 
bixbyite to cubic spinel goes through two consecutive two-phase zones (T-Spin+Bixb and T-
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Spin+C-Spin). Finally, above about 20 mol% Fe, the material transforms almost directly from 
the bixbyite phase to the cubic spinel.  

According to the model [9], the non-stoichiometry of the oxide phases should not play a 
significant role regarding oxygen storage capacity. Indeed, the bixbyite phase (Mn1-xFex)2O3 is 
considered as fully stoichiometric. For the spinel phases T-Spin and C-Spin, a cationic non-
stoichiometry is considered in the model, with the presence of cationic vacancies. However, 
the vacancies concentration at 1050°C is at the most 1.4.10-4 mol per mol of Mn+Fe, which 
leads to a negligible impact on the oxygen storage capacity. In the composition range 0 < 
x(Fe) < 0.5 considered in this study, the redox cycle is thus represented by: 

(Mn1-xFex)2O3 = 2/3 (Mn1-xFex)3O4(s) + 1/6 O2(g)     (7) 

At equilibrium, according to the model, the theoretical amount of O2 exchanged between 
750°C and 1050°C remains thus the same in the 0 < x(Fe) < 0.5 composition range. 

 
Figure 9. Calculated Mn-Fe-O phase diagram at pO2 = 0.20 atm. 

 

The TGA, presented in Fig. 10, shows that the sample with the composition x(Fe) = 0.10 is 
unable to regain its full mass during oxidation, as the mass lost during the first reduction step 
is not recovered during the re-oxidation step, similarly to the case of pure Mn2O3. Conversely, 
the other compositions, from 15 mol% Fe to 50 mol% Fe, are regaining their lost mass in a 
complete reversible way. XRD analysis of Mn-Fe samples after TGA was performed. The 
XRD pattern of Mn2O3 with 10 mol% Fe is identified as a mixture of tetragonal spinel 
structure and Fe2O3, which confirms the poor re-oxidation yield of the cycled material. 
Conversely, the XRD pattern of Mn2O3 with 20, 30, 40 and 50 mol% Fe after TGA is 
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identified as (Mn1-xFex)2O3 with Fe2O3 visible on the sample with the highest amount of Fe 
added, which denotes the complete re-oxidation of the samples after TGA. SEM 
characterization of the cycled materials compared with the fresh ones reveals sintering 
regardless of the amount of Fe, which does not alter the cycling ability of Mn-Fe mixed 
oxides. Sintering is thus not the cause of the reactivity loss in the case of pure Mn2O3 and 
Mn2O3 mixed with 10 mol% Fe. 

 
Figure 10. TGA of Mn2O3/Mn3O4 with addition of (a) 50 mol% Fe, (b) 40 mol% Fe, (c) 30 

mol% Fe, (d) 20 mol% Fe, (e) 15 mol% Fe, and (f) 10 mol% Fe. 

Experimental and theoretical mass variations, ∆m, were compared. As illustrated in Fig. 11a, 
all the samples feature the same ∆m during the first reduction, in good accordance with the 
equilibrium calculations summarized by (Eq. 7). However, pure Mn2O3 shows cycling 
stability issues as already evidenced by [18]. This phenomenon is reflected by the drop of the 
experimental ∆m during 2nd and 3rd cycles, showing a decrease of redox activity with redox 
cycling. Similarly, Mn2O3 mixed with 10 mol% Fe also loses cycling stability, regaining only 
31% of its lost mass (Fig. 10f). From x(Fe) = 0.15 to 0.50, a great improvement is evidenced, 
since the experimental ∆m value for each cycle remains close both to the maximum ∆m value 
and to the equilibrium value, which denotes negligible deactivation during redox cycling. The 
addition of iron to Mn2O3 thus increases the re-oxidation yield of the material and enhances 
the cycling stability, as recently observed by Carrillo et al. [18].  
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Figure 11. (a) Evolution of experimental ∆m (%) during reduction compared to theoretical 
∆m (pO2 = 0.20 atm), (b) Experimental temperatures at peak reaction rate for manganese-

based oxides in 20%O2/Ar and comparison with the calculated temperature of the Bixb/Spinel 
transition. 

Experimental measurements clearly indicate that the minimum Fe content necessary to 
improve the TES properties of mixed Mn-Fe oxides lies between 10 and 15 mol% Fe. The 
phase diagram indicates that this corresponds to the formation of the cubic spinel phase only, 
compared to lower Fe contents, where the tetragonal spinel cannot be reversibly oxidized 
during cooling. The addition of 20 mol% Fe in Mn2O3 was previously mentioned as the 
optimal composition for obtaining the highest enthalpy and most stable re-oxidation yields 
[18]. However, the authors also obtained full conversion for all their tested samples regardless 
of the Fe content (especially below 10% Fe), which contrasts sharply with the results of the 
present study in which pure Mn2O3 and Mn2O3 sample with 10 mol% Fe were not able to 
fully recover the O2 lost mass. More recently, an in-depth kinetic and mechanistic study 
focused on the 20 mol% Fe composition was carried out by the same group [21]. It is stated 
that the cationic distribution in the spinel structures (cubic and tetragonal) might be 
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sufficiently different to explain the strong variation in the kinetics of the oxidation reaction. 
The use of the thermodynamic model proposed by Kang and Jung [9] brings support to this 
explanation. Indeed, as illustrated in Fig. 12a, the calculated cationic distribution evidences 
that the amount of Mn2+ on octahedral sites of the spinel strongly increases in the cubic spinel. 
Furthermore, it has been shown that Mn2+ on octahedral sites is easier to oxidize than Mn2+ on 
tetragonal sites [22]. This difference might very well explain the reason why the cycling 
properties of the cubic spinel are much better than those of the tetragonal spinel. 

 

 

 
Figure 12. a) Evolution of the amount of Mn2+ on octahedral sites of the spinel phases with 

Fe content, at 1050°C. b) Evolution of the oxidation number of Mn cations in the spinel 
phases with Fe content, at 1050°C. 
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Another difference between the two spinel structures is that, in the cubic spinel, a 
disproportionation reaction takes place according to Mn3+ = 1/2 Mn4+ + 1/2 Mn2+, as 
illustrated in Fig. 12b. The increased amount of Mn2+ in the cubic spinel, which can be more 
easily oxidized than Mn3+ thanks to the favored thermodynamic driving force, may also 
explain the enhanced re-oxidation ability of the cubic spinel. This result means that pure 
Mn2O3 (that reduces into pure tetragonal spinel) and mixed Mn-Fe oxides with Fe content 
below 15% cannot be suitable candidates for achieving reversible reactions because of the 
poor re-oxidation ability of the tetragonal spinel formed upon reduction. 

As for the influence of Fe incorporation in Mn2O3 on the reaction temperatures, a similar 
tendency as with cobalt oxide is observed. The reduction and oxidation temperatures of 
Mn2O3 softly increase with increasing amount of added iron (Fig. 11b). According to TGA, 
an increase of 60°C is noted between the onset temperatures for reduction of pure Mn2O3 and 
Mn2O3 with 50 mol% Fe. Concomitantly, a temperature increase of 160°C is observed for 
oxidation of Mn2O3 with 50 mol% Fe when compared to Mn2O3 alone. This way, the reaction 
temperature can be tuned. On top of an increase of the reaction temperature, addition of iron 
also reduces the temperature gap between the reduction and the oxidation step. A temperature 
increase was also reported by [18], with 60°C difference between 0 and 40 mol% Fe added 
for the reduction, and 236°C for the oxidation. 

Regarding the effect of the gaseous atmosphere composition, the experimental and theoretical 
∆m values for the reduction in pure Ar atmosphere were found stable with the addition of Fe 
to manganese oxide and similar to the ∆m measured with 20% O2. Again, the reduction 
temperature increases with the O2 partial pressure. The onset temperature for reduction under 
inert atmosphere rises with the amount of Fe added to manganese oxide, from about 800°C 
for pure Mn2O3 up to 903°C for x(Fe) = 0.5. The phase diagram calculated at low pO2 (10-5 
atm) shows that the decreasing the oxygen content results in enhancing the tetragonal spinel 
stability, which is likely to be detrimental to the cycling stability of the materials.  

As for the energy storage density, the measured enthalpy for the first reduction step with full 
conversion of pure Mn2O3 (148 kJ/kg) is smaller than theoretical estimations of 190.1 kJ/kg at 
turning temperature (∆Go = 0) of 915°C [1]. An average of 187.7 kJ/kg is measured for the 
samples with compositions between 20 and 50 mol% Fe. Increasing the amount of Fe thus 
slightly improves the energy storage capacity of the material at low Fe contents while it 
remains unchanged above ~20 mol% Fe (Fig. 7). Accordingly, the thermodynamic 
calculations indicate that an increase of ∆rH is expected when the Fe content increases from 0 
mol% (207 kJ/kg) to 20 mol% (300 kJ/kg), and is stable for higher Fe contents. 

In summary, the addition of iron to manganese oxide enhances considerably the cycling 
stability of the material by improving the re-oxidation yield thanks to the formation of a 
reactive cubic spinel phase. Also, the higher the amount of Fe added to Mn2O3, the higher the 
reaction temperatures. In addition, the gap in temperature between the reduction and the 
oxidation decreases with higher iron content. The low re-oxidation yield observed for pure 
Mn2O3 and Mn2O3 with 10 mol% Fe is attributed to the low reactivity of the tetragonal spinel 
phase. The addition of Fe to Mn2O3 becomes effective for the enhancement of the cycling 
stability above ~15 mol% Fe, with the suppression of any transition involving this tetragonal 
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spinel phase. The markedly improved reactivity of the cubic spinel featuring reversible 
reactions is attributed to the increased amount of Mn2+ cations (resulting from Mn3+ 
disproportionation) on octahedral sites of the spinel. 

The addition of Fe to Mn2O3 was shown to be beneficial to tune the temperature of redox 
reactions, to reduce the gap in temperature hysteresis between the reduction and the oxidation 
step, as well as to enhance the re-oxidation kinetics and cycling stability of the material by 
countering the deactivation issue of Mn2O3. Furthermore, a Fe content of ~15 mol% added to 
Mn2O3 was identified as a minimum threshold for avoiding the formation of a low reactive 
Mn3O4 tetragonal spinel phase during reduction, which is detrimental to the reaction 
reversibility because of poor oxidation rate and yield. Noticeably, the Mn2O3 compounds with 
Fe content in the range 15-50 mol% could be cycled between bixbyite and cubic spinel phases 
without any reactivity losses during redox reactions. The addition of iron to Mn-based oxides 
also results in an increase of the reaction temperatures, while slightly lowering the gap in 
temperature between the reduction and oxidation step, which thereby reduces the sensible 
energy losses during the heating and cooling stages. 

 

 
IMDEA contribution 
 
Current analysis addresses the following reversible redox chemical reaction: 
 

6 Mn2O3 ↔ 4 Mn3O4 + O2 ∆H=31.8 kJ mol-1            (8) 
 

Figure 13 shows typical thermogravimetric behaviour of Mn3O4 (Manganese Oxide Mn3O4-
LH from Erachem Comilog SA was selected for this activity) . Below 350 °C, there is a small 
weight decrease associated to the loss of some volatiles, free water and some of the combined 
water (OH- groups). Between 350 °C and 650 °C, the sample weight increases in two 
consecutive steps corresponding to the oxidation of the different Mn oxides co-existing in the 
sample until achieving the complete conversion to Mn2O3. Thermal reduction to Mn3O4 
proceeds around 950 °C. 
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Figure 13. Typical TGA of a oxidation/reduction/oxidation cycle of Mn3O4 under air flow 
75ml/min. 

 

Chemical, physical and structural analysis 

Chemical analysis of Mn3O4-LH powders was obtained using a Perkin Elmer ICP-OES 
Spectrometer. It shows that the material contains 73.6% of Mn with an oxidation state of 2.7. 
Other minor chemical elements are presented in the material such as Ni, K, Na, Mg, Ca, Ba, 
Sr, Fe, Si, etc. Physical properties were measured by nitrogen adsorption-desorption isotherm 
with a Quantachrome QuadraSorb-S analyser. Mn3O4-LH powders present a total pore 
volume of 0.040 cm3/g and a specific surface area of 13.0 m2/g. The structural analysis was 
performed by X-Ray Diffraction (XRD) (Figure 14) using a Bruker XRD diffractometer. 
 

 
Figure 14. XRD difractogram of Mn3O4-LH. 
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XRD peaks observed for Mn3O4-LH agree with diffraction patterns of Mn3O4 hausmannite 
(JCPDS- 98-005-1464), except a diffraction peak at 19.2º that is associated to impurities of 
Mn3O4-LH powders. According to ‘Scherrer’ estimation, Mn3O4-LH  powders show a 
crystallite size around 40 nm, which well corresponds to the ‘average’ of primary crystals 
observed by scanning electron microscopy (SEM) and high-resolution scanning electron 
microscopy (HRSEM) (Figure 15). 
 

 
Figure 15. Micrographs of SEM (a) and HRSEM (b) of Mn3O4-LH. 

 

Thermochemical behaviour of Mn3O4 

Thermogravimetric analyses (TGA) studies were performed using a SDT Q-600 from TA 
Instruments using a temperature program between 1000ºC to 550ºC with a rate of 10ºC/min in 
100 ml/min air flow. Figure 16 (left) shows the thermogravimetric plot obtained for the 50 
cycles of heating and cooling between 550 to 1000 ºC.  
 

 
Figure 16. First cycles and 50 cycles of heating and cooling obtained for Mn3O4-LH. 

It can be observed that Mn3O4-LH maintains its good cyclability along the experiment. Figure 
16 (right) shows a zoom on the first 3 heating/cooling cycles of Mn3O4-LH and the analyses 
shows an unusual behavior during the first cycle. This behavior is associated to impurities of 
Mn3O4-LH powders, agreeing with previous results of XRD. 

Mn3O4-LH powders were subjected to a thermal treatment (Table 2) in order to eliminate the 
impurities in the powder.  
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Table 2. Thermal treatments parameters applied to Mn3O4-LH. 

Temperature Period Atmosphere 

between 600 to 1000 ºC between 30 minutes to 4 hours Air or Argon 

The effect caused by the corresponding thermal treatment was measured by structural analysis 
and thermal characterization. Figure 17 shows the high temperature XRD results of Mn3O4-
LH in air. Two different crystalline structure modifications were observed depending on the 
temperature. The first one takes place during the heating between 576 to 640° C, associated to 
the structure change from Mn3O4 (hausmannite) to Mn2O3 (bixbyite). The second change 
occurs during the cooling and it is associated to the re-change from Mn2O3 (bixbyite) to 
Mn3O4 (hausmannite). 

 

Figure 17. High Temperature XRD measurements of Mn3O4-LH in Argon. 

At higher temperatures, XRD analysis in argon, only shows a single crystalline phase up to 
800 ºC associated to Mn3O4. This behavior is due to the absence of oxygen that prevents the 
oxidation of Mn3O4 to Mn2O3. 

Crystal size of Mn3O4-LH with different thermal treatments was estimated using Scherrer 
estimation (Figure 18 (left)). The figure indicates that the thermal treatment produces an 
increment of the crystal size of Mn3O4-LH, which becomes more important when the 
temperature increases.   

Thermogravimetric analyses of the thermally treated Mn3O4-LH points out that the 
thermochemical behaviour can be affected notably when the thermal treatment is performed at 
temperature higher that 600 ºC and residence times in the oven longer than 1 hour. Figure 18 
(right) shows the TGA of Mn3O4-LH treated at 550 ºC during 30 minutes. After ten cycles, 
initial thermochemical properties Mn3O4-LH were maintained during the experiment 
compared to Mn3O4-LH without treatment. 

 



STAGE-STE Task 9.2  

Deliverable D9.2                                                                                                                                  25 

 

Figure 18. (Left) Crystal size of Mn3O4-LH powders with different thermal treatments in 
Argon; (right) Cyclability test of Mn3O4-LH treated at 600 ºC / 1 hour in Air. 

 
The Manganese-ceria alternative 
A potential way to improve the material performance in terms of cyclability and/or working 
temperature of thermochemical materials is by mixing metal oxides of different melting 
points. This route could allow for stabilizing the overall particle structure avoiding sintering 
and enhancing the kinetics if one of the oxides acts as oxygen donor center. Mn3O4 and CeO2 

have been retained for analysing this concept. 

The mixtures have been prepared by mechanical milling using a ball mixer PM 100 CM 
Retsch. Different parameters are under study such as Mn/Ce molar ratio, solvent molar ratio, 
milling time, spin rate (rpm) and thermal treatment. 

First experimental results show the big effect of the manganese oxide content on the 
cyclability of the mixture Mn3O4/CeO2; samples with a higher molar ratio of Mn3O4 showed 
better thermochemical performance. Thus, the molar relatio of mixture contents could be a 
key parameter to define the cyclability of the final material.  

Further experimental activities are focussing on optimizing the synthesis and characterizing 
Mn3O4/CeO2 mixtures depending on their chemical, physical and thermochemical properties. 
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3.3. Perovskites (CNRS)  

ABO3 structured perovskites present a high oxygen mobility and the ability to release and 
incorporate oxygen during cyclic endothermic reduction and exothermic oxidation. Further 
work on perovskites may lead to potential application to TES [23]. Sr and Ba-based 
perovskites were studied as oxygen sorbents [23-29]. LaxSr1-xCoyMn1-yO3-δ (LSCM) and 
LaxSr1-xCoyFe1-yO3-δ were presented by Babiniec et al (2015) [26] for their good 
reduction/oxidation reactivity. In our study, the objective was to assess the potential of Ba 
and/or Sr perovskites in solar thermochemical processes for energy storage application. The 
study aimed to identify the materials that exhibit the largest amounts of oxygen that can be 
released over the course of the reduction steps, and that at the same time can re-incorporate 
the same amount of oxygen in a completely reversible way. The reversibility of reduction and 
oxidation reactions was investigated to screen the most attractive materials. The studied 
perovskite based materials with different compositions considered were SrMnO3-δ, SrCoO3-δ, 
SrFeO3-δ, BaCoO3-δ, BaFeO3-δ, BaMnO3-δ, SrCo0.8Fe0.2O3-δ, SrCo0.2Fe0.8O3-δ, Ba0.5Sr0.5CoO3-δ, 
Ba0.5Sr0.5FeO3-δ, Ba0.5Sr0.5Co0.8Fe0.2O3-δ and Ba0.5Sr0.5Co0.2Fe0.8O3-δ [30]. 

The O2 exchange of Co-based perovskites is rapid, and it seems that there is a transition in the 
oxidation state when reaching a given temperature. In contrast, the O2 exchange rate of Fe-
based perovskites is corresponding to the temperature variation, which points out the fast 
kinetics as the equilibrium state is reached for each temperature of the non-isothermal profile. 
Finally, the Mn-based systems are almost unchanged during the course of the redox cycles in 
the considered temperature range, which denotes their high stability and unsuitability for 
thermochemical redox cycling under the given reaction conditions (Table 3). 

Table 3. O2 exchange capacity and difference in non-stoichiometry of different 
perovskites samples (mol O / mol perovskites) 

Samples 
 

1st cycle  2nd cycle 
Red. 1st step oxid. 

(600oC) 
2nd step 

oxid. 

 Red. Oxid. 

SrMnO3-δ  
0.06 0.03 0  - - 

SrCoO3-δ  
0.33 0.21 0.03  0.18 0.17 

SrFeO3-δ  
0.24 0.16 0.08  0.19 0.18 

BaMnO3-δ  
0.11 0 0  - - 

BaCoO3-δ  
0.47 0.49 0.02  0.49 0.37 

BaFeO3-δ  
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 compositions are shown in Fig.19. The main 
peaks observed in all diffractograms can be attributed to the characteristic perovskite 
structure. The main reflection difference can also be observed, which may be originated from 
the distortions of the ideal cubic perovskites. SrFeO3-δ shows the strongest intensity, while the 
BaFeO3-δ is the weakest among all the samples. The weak peak at about 2θ=18.3o is reflection 
of (100) surface, and the peaks at 2θ=32.8o, 40.5o, 47.1o, 53.1o, 58.6o, 68.8o, 78.3o, 83.7o, and 
96.8o reflect (110), (111), (200), (210), (211), (220), (310), (311) and (321) crystal surface of 
SrFeO2.97 with cubic structure respectively. On the pattern of SrCoO3-δ, the peak appearing at 
2θ=28.5o is reflection of (101) surface; the peak at 2θ=43.8o is reflection of (201) surface, and 
the peak at 55.6o is from (112) of SrCoO2.52 with hexagonal crystal structure. The peaks of 
SrMnO3 and BaMnO3 are somewhat complicated, but they still can be identified as SrMnO3 
and BaMnO3 with hexagonal structure. The other samples are analyzed with the same 
procedure. Main crystal structure of these materials has 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  

SrMnO3-δ  00-024-1213 SrMnO
3
 

SrCoO3-δ  00-040-1018 SrCoO
2.52

 

SrFeO3-δ  00-040-0905 SrFeO
2.97

 

BaCoO3-δ  01-074-9199 Ba
5
Co

5
O

14
 

BaFeO3-δ  00-020-0131 BaFeO
2.64

 

BaMnO3-δ  00-014-0228 BaMnO
3
 

SrCo0.8Fe0.2O3-δ SCF-82 00-040-1018 SrCoO
2.52 

 

SrCo0.2Fe0.8O3-δ SCF-28 00-040-0905 SrFeO
2.97

 

Ba0.5Sr0.5CoO3-δ BSC-55 00-040-1018 SrCoO
2.52

 

Ba0.5Sr0.5FeO3-δ BSF-55 00-020-0127 BaFeO
2.88 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ BSCF-5582 00-055-0563 Ba
0.5Sr

0.5Co
0.8Fe

0.2O2.55
 

Ba0.5Sr0.5Co0.2Fe0.8O3-δ BSCF-5528 00-055-0563 Ba
0.5Sr

0.5
Co

0.8
Fe

0.2
O

2.55
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Figure 19. XRD patterns of non-substituted perovskites samples. 
 

Fig. 20 shows the different redox behavior (O2 release and absorption) of SrBO3-δ (B = Fe, 
Co, and Mn) perovskites that were measured using TGA. In the first redox cycle (0-125min 
under Ar, reduction to 950°C), SrCoO3-δ releases 2.79 mass% of O2, which is the largest 
amount among the three samples. SrFeO3-δ and SrMnO3-δ release 1.79 and 0.38 mass% of O2, 
under the same conditions. The following oxidation behaviors of the three samples at 600°C 
are also clearly different. For SrCoO3-δ, it can be oxidized greatly (1.72 mass%) in a short 
time when the atmosphere is switched from Ar to 20%O2 at 600 oC. Little part (0.31 mass%) 
can be further oxidized when the temperature decreases from 600oC to 300oC. For SrFeO3-δ, 
besides the part of oxidation (1.33 mass%) when the atmosphere is switched from Ar to 
20%O2 at 600oC, it can be further oxidized (0.69 mass%) with a certain rate when the 
temperature decreases from 600oC to 300oC. As for SrMnO3-δ, it shows very poor oxidation 
behavior through the course of the experiment. Only about 0.11 mass% O2 is recovered. For 
the second redox cycle (125-225 min under 20% O2 throughout), their behaviors are also 
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different from each other. SrCoO3-δ releases O2 constantly while the temperature increases 
from 300oC to 1050oC with a sharp mass loss when the temperature approaches 1050oC. The 
total mass loss is about 1.82% and then it is nearly fully recovered when the temperature 
decreases to 300oC. SrFeO3-δ keeps a stable reaction rate during the temperature increase and 
decrease periods. The reaction is perfectly reversible and 1.45 mass% O2 is released and 
adsorbed during the course of heat treatment. In contrast, SrMnO3-δ shows a poor O2 release 
ability again and the mass loss cannot be even recovered when the temperature decreases. The 
results show that SrFeO3-δ and SrCoO3-δ can be good candidates for oxygen exchange during 
solar thermochemical conversion while SrMnO3-δ is not suitable. 

0 50 100 150 200
0

200

400

600

800

1000

M
ass (%

)
T

em
pe

ra
tu

re
 (

o C
)

Time (min)

97

98

99

100

101

 SrCoO
3-δ

 SrFeO
3-δ

 SrMnO
3-δ

 

Figure 20. Redox behavior of SrBO3-δ (B=Fe, Co and Mn) perovskites.  

Perovskites of the BaBO3 series are then discussed. Fig. 21 shows the different O2 release and 
absorption of BaBO3-δ perovskites that were measured using TGA. The BaCoO3-δ shows the 
largest redox ability among the three samples again. During the first redox cycle, the mass 
variation reaches 3.13% and it has been recovered entirely during oxidation at 600°C; 
reasonably, a little fraction (0.13 mass%) is further oxidized when the temperature decreases 
to 300oC. BaFeO3-δ has larger O2 release capability than SrFeO3-δ in the first redox cycle; 
while it shows very poor re-oxidation ability at 600oC, and the oxidation occurs mainly upon 
cooling below 600oC. The BaMnO3-δ shows very poor redox ability, which is even worse than 
SrMnO3-δ. It seems that it cannot be reduced or oxidized during the course of the temperature-
programmed experiment. The results thus indicate that Co-based perovskites are the best 
candidates for oxygen exchange applied to solar thermochemical energy conversion and 
storage, which is consistent with the prediction of Ezbiri et al. [31]. 
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Figure 21. Redox behavior of BaBO3-δ (B=Fe, Co and Mn) perovskites. 

Due to the high tolerance ability of ABO3 structure, a common method consists in improving 
the different properties of perovskites-based materials by part substitution of A or B sites with 
other elements and changing the ABO3 formula into AA’BO3 or ABB’O3. As BaFeO3-δ, 
BaCoO3-δ, SrFeO3-δ and SrCoO3-δ show better redox ability among the tested perovskites 
materials, they are chosen as the reference systems for substitution. Half of the Ba in the 
BaFeO3-δ and BaCoO3-δ was substituted by Sr in the A-site, Ba0.5Sr0.5FeO3-δ and 
Ba0.5Sr0.5CoO3-δ samples were thereby obtained. Similarly, part substitution in the B-site 
brings the SrCo0.8Fe0.2O3-δ and SrCo0.2Fe0.8O3-δ. Their XRD patterns are presented in Fig. 22. 
According to ICDD database, their detailed formula (oxygen stoichiometry) are also 
determined and listed in Table 4. 
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Figure 22. XRD patterns of A site or B site substituted perovskites. 
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Fig. 23 displays the TGA results of A or B site substituted samples. In Fig.23A, the 
substitution of Sr does not change the redox process of Ba0.5Sr0.5CoO3-δ and Ba0.5Sr0.5FeO3-δ  
but influences the redox reaction extent as expected. Ba0.5Sr0.5CoO3-δ releases 3.49 mass% O2 
in the first redox cycle, which is higher than for BaCoO3-δ and SrCoO3-δ. The O2 recovery 
then amounts to 2.47 mass% at 600 oC, which is larger than that of SrCoO3-δ but smaller than 
that of BaCoO3-δ. In the second cycle, it releases 2.09 mass% O2 and recovers 1.90 mass% O2. 
The performance is between BaCoO3-δ and SrCoO3-δ. For Ba0.5Sr0.5FeO3-δ, it releases 2.05 
mass% O2 in the first redox cycle, which is close to SrFeO3-δ but smaller than BaFeO3-δ. 
While 1.90 mass% O2 is recovered down to 300oC, which is close to that of SrFeO3-δ but 
much higher than that of BaFeO3-δ. Further, in the second cycle, it releases 1.77 mass% O2 
and gets back 1.86 mass% O2. The performance is better than BaFeO3-δ and SrFeO3-δ. In 
general, the coexistence of Ba and Sr has positive effect on the redox performance of 
Ba0.5Sr0.5CoO3-δ and Ba0.5Sr0.5FeO3-δ. 
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Figure 23. Redox behavior of A-site or B-site substituted perovskites 
(A) Ba0.5Sr0.5FeO3-δ and Ba0.5Sr0.5CoO3-δ (A-site substituted); (B) SrCo0.8Fe0.2O3-δ and 

SrCo0.2Fe0.8O3-δ (B-site substituted). 
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Next, partial substitution of cobalt in SrCoO3-δ by iron leads to a change in the redox process 
of SrCo0.8Fe0.2O3-δ and SrCo0.2Fe0.8O3-δ, which follows the pattern of SrFeO3-δ (Fig. 23B). In 
the first redox cycle, it is first partially oxidized at 600oC with an equilibrium reached rapidly, 
and then further oxidized with a constant rate when the temperature decreases from 600oC to 
300oC. Similarly in the second cycle, both the oxidation and reduction processes are realized 
with constant rates following the temperature profile, which highlights the rapid equilibrium 
reached for each temperature.  

Then, we partially substituted the A and B sites of ABO3 perovskites at the same time, and 
obtained Ba0.5Sr0.5Co0.8Fe0.2O3-δ and Ba0.5Sr0.5Co0.2Fe0.8O3-δ, which are well known anode 
materials for the applications in fuel cells. The XRD patterns are presented in Fig. 24, which 
is consistent to the previous studies. The TGA results are presented in Fig. 25. The redox 
behavior of the two samples follows the characteristics of SrCoO3-δ and SrFeO3-δ. In the first 
redox cycle, the oxidation process follows the characteristic of SrFeO3-δ. While in the second 
redox cycle, the process shows a combined effect of SrCoO3-δ and SrFeO3-δ. It releases O2 
with a quasi-constant rate during the temperature increase, and finally absorbs O2 with a 
quasi-constant rate during the temperature decrease. The phenomenon is more pronounced on 
the profile of Ba0.5Sr0.5Co0.8Fe0.2O3-δ, which contains more cobalt. Unfortunately, this 
phenomenon does not help for the redox ability of Ba0.5Sr0.5Co0.8Fe0.2O3-δ and 
Ba0.5Sr0.5Co0.2Fe0.8O3-δ. In fact, the redox ability of the two samples has been restrained 
greatly. Ba0.5Sr0.5Co0.2Fe0.8O3-δ only releases 1.81 mass% O2 and recovers 1.57% in the first 
redox cycle; Ba0.5Sr0.5Co0.8Fe0.2O3-δ releases 1.95 mass% O2 and recovers 1.80% in the first 
redox cycle. All the values are much lower than those of samples without substitution under 
the same conditions. The results may indicate that substitution of A and B sites of perovskite-
based materials does not always favor the redox ability. 
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Figure 24. XRD patterns of Ba0.5Sr0.5Co0.8Fe0.2O3-δ and Ba0.5Sr0.5Co0.2Fe0.8O3-δ. 
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Figure 25. Redox behavior of Ba0.5Sr0.5Co0.8Fe0.2O3-δ and Ba0.5Sr0.5Co0.2Fe0.8O3-δ perovskites. 

In general, Co-based and Fe-based perovskites show high redox ability here, while their redox 
patterns are clearly different from each other. The O2 release and absorption of Co-based 
perovskites is rapid and seems like that there is a “switch” when reaching a given 
temperature; while the oxygen stoichiometry of Fe-based perovskites is gradually changed 
according to the equilibrium following the temperature profile. To understand the redox 
behavior of these different perovskites materials, the mole values of oxygen atom lost per mol 
perovskites during different steps are calculated. The results are listed in Table 3 (page 27). It 
can be seen that the three Co-based samples (SrCoO3-δ, BaCoO3-δ and Ba0.5Sr0.5CoO3-δ) have 
adsorbed 0.21 mol, 0.47 mol and 0.26 mol monatomic oxygen per mol samples at 600oC. 
While only 0.03 mol, 0.02 mol and 0.03 mol monatomic oxygen are further adsorbed when 
the temperature decreases from 600oC to 300oC. It means that most part of oxidation is 
finished at a certain temperature (600oC). As for the three Fe-based samples (SrFeO3-δ, 
BaFeO3-δ and Ba0.5Sr0.5FeO3-δ), the monatomic oxygen adsorption mole amount during the 
two oxidation steps in the first redox cycle are 0.16:0.08, 0.02:0.12 and 0.12:0.12, 
respectively. The second step (600oC to 300oC) clearly plays a more important role. Further, 
among Fe and Co, it is the Fe that determines the redox pattern. All the perovskites follow the 
pattern of SrFeO3-δ as long as Fe exists in the sample.  

Besides, substitution effects of A or B sites on the redox behavior can also be seen from the 
table 3. Partial substitution of SrCoO3-δ by Fe only slightly improves the redox behavior of 
SrCo0.8Fe0.2O3-δ. In contrast, partial substitution of SrFeO3-δ by Co has significant effect on 
the SrCo0.2Fe0.8O3-δ. The coexistence of Fe and Co is beneficial for the redox behavior of Co-
based and Fe-based perovskites. For A site substituted Ba0.5Sr0.5CoO3-δ and Ba0.5Sr0.5FeO3-δ, it 
depends on the point of view. If we treat them as SrBO3 substituted by Ba, we get better 
results than with non-substituted samples. If we treat them as BaBO3 substituted by Sr, we get 
worse results. In general, it can be concluded that existence of Ba is beneficial for the redox 
behavior.  
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According to the main crystal phase determined by XRD databases of ICDD and the 
monatomic oxygen release per mol of samples in Table 3, the redox reaction equation can be 
written as follows (taking SrCoO3-δ as example): 

22

0.33
2.192.52 OSrCoOSrCoO +→

     
Reduction          (9) 

2.43217.02.19 SrCoOOSrCoO →+      Oxidation        (10) 

The redox equations of the other samples have also been written with the same procedure and 
are listed in Table 5. For convenience, only the variation 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
st
 redox cycle No. 

SrCoO3-δ 2.432.192.52 SrCoOSrCoOSrCoO →→  
(1) 

SrFeO3-δ 2.972.732.97 SrFeOSrFeOSrFeO →→  
(2) 

BaCoO3-δ 2.822.332.8 BaCoOBaCoOBaCoO →→  
(3) 

BaFeO3-δ 2.332.192.64 BaFeOBaFeOBaFeO →→  
(4) 

SCF-82 
2.392.152.52 SrCoOSrCoOSrCoO →→  

(5) 

SCF-28 
2.882.612.97 SrFeOSrFeOSrFeO →→  

(6) 

BSC-55 
2.362.072.52 SrCoOSrCoOSrCoO →→  

(7) 

BSF-55 
2.872.612.88 BaFeOBaFeOBaFeO →→  

(8) 

BSCF-5582 

2.530.20.80.50.5

2.320.20.80.50.52.550.20.80.50.5

OFeCoSrBa

OFeCoSrBaOFeCoSrBa

→

→

 

(9) 

BSCF-5528 

2.530.20.80.50.5

2.290.20.80.50.52.550.20.80.50.5

OFeCoSrBa

OFeCoSrBaOFeCoSrBa

→

→

 

(10) 

Note: variation for SrMnO3 and BaMnO3 are not listed due to their poor redox ability.  
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The changes of oxygen stoichiometry may reflect the distortion tolerance of the perovskites 
crystal structure. Among all the samples, the crystal structure of SrFeO3-δ, SrCo0.2Fe0.8O3-δ, 
BaCoO3-δ, Ba0.5Sr0.5FeO3-δ, Ba0.5Sr0.5Co0.8Fe0.2O3-δ and Ba0.5Sr0.5Co0.2Fe0.8O3-δ can be fully 
restored during re-oxidation; while the other four samples (SrCoO3-δ, BaFeO3-δ, 
SrCo0.8Fe0.2O3-δ and Ba0.5Sr0.5CoO3-δ) cannot, as the reaction seems to be not reversible. For 
the fully restored samples, the minimum oxygen number of the main crystal phase during 
reduction is 2.29 (Ba0.5Sr0.5Co0.2Fe0.8O3-δ); while the maximum oxygen number of the main 
crystal phase after reduction in the latter four samples is 2.19 (SrCoO3-δ and BaFeO3-δ). The 
range of 2.19-2.29 seems to be the threshold for these samples. Below oxygen number 2.19, 
the perovskites crystal structure may have been altered and it cannot be fully recovered under 
these conditions. In fact, this phenomenon was previously pointed out in previous studies, as 
the formula of ABO2+ε was rather used to indicate this variation [32]. Compared to Fe-based 
systems, it seems that the crystal structure of Co-based systems such as SrCoO3-δ, 
SrCo0.8Fe0.2O3-δ and Ba0.5Sr0.5CoO3-δ is easier to be altered. Further, within its distortion 
tolerance range, the phase change of perovskites is inclined to jump from one stable crystal 
structure to another, which determines the oxygen release/adsorption content. The main non-
stoichiometry formulas observed during redox process are SrCoO2.8, SrCoO2.52±0.03, 
SrCoO2.33±0.03 (Co-based systems), and SrFeO2.97, SrFeO2.88, SrFeO2.64±0.03 (Fe-based 
systems), respectively. 

The variation of the main crystal phase can be partially disclosed by the room temperature 
XRD analysis of samples after thermal cycles. The variation of the intensity and the position 
of characteristic peaks can be used to highlight the modification of the crystal structure. The 
XRD patterns of the different samples after TG have been recorded under room temperature, 
as shown in Fig. 26. Compared to the patterns of fresh samples in Fig. 19, Fig. 22 and Fig. 24, 
the position and intensity of characteristic peaks of SrFeO3-δ, SrCo0.2Fe0.8O3-δ, SrCo0.8Fe0.2O3-

δ, Ba0.5Sr0.5FeO3-δ and Ba0.5Sr0.5Co0.8Fe0.2O3-δ do not change significantly, which indicates that 
their crystal structures have not been altered during reversible reaction. In contrast, the 
intensity and position of characteristic peaks of BaCoO3-δ, BaFeO3-δ, Ba0.5Sr0.5CoO3-δ and 
Ba0.5Sr0.5Co0.2Fe0.8O3-δ are clearly influenced. Their crystal structure should thus have been 
greatly modified.  
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Figure 26. XRD patterns of different samples after thermal cycling TG analysis. 
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4. Integration of thermochemical storage systems: a case study1 (PSI) 

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

   6 Mn2O3 ↔ 4 Mn3O4 + O2        (11) 

is chosen as the model reaction system. The TCS system is operated with air acting as both 
heat transfer fluid (HTF) and carrier of the gaseous reactant/product (O2). 

As TCS essentially presents a gas-solid chemical reactor operating in an unsteady-state 
regime, the proper selection and design of a specific TCS configuration should stem from the 
principles that have been well established by reaction-engineering practice [34,35]. According 
to those principles, the particle size distribution of the TCS material affects not only the gas-
solid reaction kinetics but it also imposes a specific reactor type. Sub-millimeter particles with 
a broad size distribution are generally handled in fluidized-bed reactors because packed beds 
comprising such particles suffer from excessive gas channelling induced by large pressure 
gradients. Conversely, larger, uniformly-sized granules or pellets (>2 mm) are generally 
suitable for packed-bed reactors as fluidized beds tend to spout for such granules or pellets, 
which is undesirable for physical and chemical operations [35]. 

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

To determine the role of the reactor type in imposing the optimal TCS integration into a CSP 
plant, the reactors are modelled based on empirical reduction/oxidation rate laws that are 
adjusted for the intra-particle diffusion in the granules. Two idealized contacting patterns are 
assumed: (1) an axially-dispersed plug flow of gas through stationary solids for the packed 
bed and (2) a plug flow of gas through a well-mixed batch of solids for the fluidized bed, such 
that the gas leaves the bed at the temperature of the solids. The solids are assumed to have a 
diameter of 5 mm in the packed bed and 100 µm in the fluidized bed, respectively. 

 
 
 

                                                      
 

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

outlet of the packed- and fluidized-beds operated under quasi-steady-state conditions2.  For 
both reactor types, air enters the bed at Tf,c,in = 1273 K during a charging period of 6 hours and 
at Tf,d,in = 373 K during a discharging period of 6 hours (see solid lines). The packed bed TCS 
is charged by feeding hot air from the top, and discharged by feeding cold air from the 
bottom. Because of this flow reversal, the axial temperature gradient in the solid phase can be 
maintained throughout the entire charging-discharging cycle and thus the granules at the 
bottom are not heated appreciably. Therefore, the HTF leaves the packed bed at a constant 
temperature of Tf,c,out = 373 K during the entire charging period (dashed line). Different from 
the packed bed, the temperature of the solids in the fluidized bed is uniform due to spatial 
mixing. Since the HTF approaches the temperature of the solids, the HTF outflow 
temperatures during charging and discharging are coupled to the temperatures at which the 
reduction and oxidation are favorable, respectively. Therefore, the HTF leaves the fluidized 
bed at Tf,c,out ≈ 1180 K during most of the charging period and at Tf,d,out ≈ 1090 K during most 
of the discharging period. Whereas the HTF outflow temperatures of the two reactor types are 
similar during discharging, it is important to note that during charging the outflow 
temperature of the fluidized bed is significantly higher. 

 
Figure 27: Comparison of air temperatures as a function of time at the inlet of the packed 
and fluidized beds (solid lines), the outlet of the packed bed (dashed line), and the outlet of 

the fluidized bed (dash-dotted line) during a charging-discharging cycle. 

The preferred integration of the TCS into the CSP plant is selected based on the computed 
HTF outflow temperatures and the requirements by both the power block and the solar field. 
The first and common way of storage integration is the parallel configuration shown in Fig. 
                                                      
 

2 Results are considered to be in a quasi-steady state when the maximum local temperature difference between the final states 

of two subsequent cycles is less than 0.01 K in the gas phase. 
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28, in which the mass flow leaving the solar field is split into a portion flowing through the 
storage heat exchanger (HX) and the remainder flowing through the power-block HX. The 
second option is the serial configuration shown in Fig. 29, where the entire flow of the HTF 
leaving the solar field is passing first through the storage and then through the power-block 
HXs. The parallel and serial configurations must satisfy several constraints for efficient 
operation. During discharging, the constraints are identical: the storage should provide heat at 
temperatures that are sufficiently high to run the power block. For this case study, it is 
assumed that this constraint is fulfilled. During charging, however, the constraints are not 
identical. In the serial configuration, Tf,c,out must be high enough to drive the power block. The 
parallel configuration requires Tf,c,out ≈ TPB,out  to reduce exergy losses due to mixing. These 
constraints, and the results presented above on the air outflow temperatures during charging, 
can now be seen to dictate how packed and fluidized bed reactors should be integrated into a 
CSP plant.  

For a packed bed TCS, the chosen operating conditions allow for Tf,c,out ≈ Tf,d,in = TPB,out, thus 
the streams from the TCS and power-block HXs can be merged with low exergy losses. 
Accordingly, a parallel configuration is chosen for the packed bed. Conversely, for a fluidized 
bed, Tf,c,out is coupled to the reduction temperature Tred and therefore Tf,c,out ≈ Tred >> TPB,out. A 
parallel configuration would therefore lead to large exergy losses due to mixing. Accordingly, 
a serial configuration is chosen for the fluidized bed.  

 
Figure 28: Schematic depiction of a parallel configuration of the TCS and the power block 

during (a) charging and (b) discharging. 
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Having determined suitable CSP plant configurations for packed and fluidized bed TCS 
reactors, these configurations are now assessed using the following criteria: (1) gravimetric 
energy storage density, (2) HTF temperature at the power-block inlet, and (3) flexibility in 
adjusting the electricity production. 

The gravimetric energy storage density ētot relates the energy that can be stored in a TCS 
reactor during one charging period to the mass of storage material in the bed. The higher ētot, 
the less material is required to reach a given storage capacity and the lower the storage 
material costs. ētot is given by the sum of the chemically stored energy echem, which is 
calculated from the change in solid conversion between the beginning and the end of 
charging, and the sensible heat esens, which is calculated from the temperature increase the 
solids are subjected to during the charging period. The resulting contributions of sensible and 
chemically stored energy in the packed and fluidized beds are compared in Table 6. It is seen 
that about 63 % of the total energy is stored chemically in the fluidized bed. By contrast, the 
chemically stored energy accounts for only about 9 % of the total stored energy in the packed 
bed because only about 14 % of the storage material has reacted. Nevertheless, the 
gravimetric energy storage density of the packed bed is approximately 11 % higher than that 
of the fluidized bed because of the much larger proportion of sensible heat. Thus, it is 
important to account for the contribution of the sensible heat when comparing TCS reactor 
types. It should be emphasized that these results are valid only for this specific case study 
because they are dependent on the reaction system and the operating conditions. 

 
Figure 29:  Schematic depiction of a serial configuration of the TCS and the power block 

during (a) charging and (b) discharging. 
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As long as the maximum operating temperature of the power block is not exceeded, higher 
temperatures at the inlet of the power block are desirable. They may offer at least one of the 
following advantages: (1) more compact HX that couples the HTF from the solar field with 
the working fluid of the power block, (2) potential increase of the heat-to-electricity 
conversion efficiency of a given power cycle according to Carnot’s principle, and/or (3) 
application of a different power block technology operating at higher temperatures and 
thereby with increased efficiencies (e.g. a Rankine cycle combined with a gas turbine) 
[36,37]. In the parallel configuration, thermal energy is transferred directly from the solar 
field to the power block during charging (see Fig. 28(a)) and therefore TPB,in = TSF,out = 1273 
K. Conversely, in a serial configuration, some of the thermal energy is transferred to the TCS 
before entering the power block (see Fig. 29(a)) and therefore TPB,in = Tf,c,out < Tf,c,in = TSF,out 
(see dash-dotted line for charging in Fig. 27). Thus, TPB,in is generally higher during charging 
for a parallel configuration than for a serial configuration. Note that in this study, the packed 
bed in a parallel configuration also leads to higher values of TPB,in during most of the 
discharging phase as can be seen from the outflow temperatures during discharging in Fig. 27.  

Table 6. Contribution of sensible (esens) and chemically stored energy (echem) to the 
gravimetric energy storage densities (ētot) in the packed- and fluidized beds. 

 esens [MJ/kg Mn2O3
] echem [MJ/kg Mn2O3

] ētot  [MJ/kg Mn2O3
] 

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 production in the parallel and serial configurations 
has been compared in detail in [33]. For the sake of brevity, only the most important 
difference between the two configurations will be presented here. By appropriate sizing of the 
solar field and adjustment of the HTF mass flow rates in a parallel configuration, the charging 
rate of the TCS (Q̇TCS,c) can be set independently of the rate at which heat is transferred to the 
power block (Q̇PB,c). Thus, it can be ensured that sufficient heat is transferred to the TCS 
during charging to reach the desired duration τd of subsequent discharging. Conversely, in a 
serial configuration, the HTF transfers heat to the TCS before entering the power block. 
Therefore, if TSF,out and TPB,out are given by the corresponding CSP plant components, Tf,c,out 
becomes the only parameter that allows the relative TCS charging rate Q̇TCS,c / Q̇PB,c and thus 
the attainable τd to be adjusted. This generally leads to a trade-off in serial configurations. A 
decrease in Tf,c,out, achieved via variation of the reactor type, operating conditions, and/or the 
reaction system, leads to an increase in the attainable duration of discharging; however, it also 
reduces TPB,in, thereby potentially lowering the thermal-to-electricity efficiency of the power 
block. A parallel configuration is not subject to this trade-off.  
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Based on these assessment criteria, it can be concluded that a TCS reactor should be designed 
such that it can be integrated with the power block in a parallel configuration. As mentioned 
earlier, in a parallel configuration Tf,c,out should be kept close to TPB,out to minimize exergy 
losses. Since the reduction usually takes place at temperatures that are significantly higher 
than TPB,out, the high-temperature reaction zone should be combined with a cooling zone, in 
which the HTF is cooled from the reduction temperature down to Tf,c,out ≈ TPB,out. Although the 
presented packed bed TCS is suitable for a parallel configuration, it converts only a fraction 
of the reactants (~14 %). The non-reacting portion of the reactants could thus be replaced by 
low-cost inert materials, leading to a combined thermochemical-sensible energy storage 
consisting of a high-temperature reaction TCS zone and a sensible-heat storage unit as the 
cooling section. Further reactor concepts that would also fulfill the requirements for 
integration into a parallel configuration are discussed in [33]. 
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List of abbreviations    

 

CNRS Centre National de la Recherche Scientifique, France 

CSP Concentrating Solar Power 

DSC Differential Scanning Calorimetry 

ICDD International Centre for Diffraction Data 

ICP-OES Inductively Coupled Plasma with Optical Emission Spectrometer  

IMDEA Instituto Madrileño de Estudios Avanzados, Mósteles, 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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