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Abstract. The present work provides an overview of activities performed in the framework of the EU-funded 
collaborative project RESTRUCTURE, the main goal of which was to develop and validate a compact structured 
reactor/heat exchanger for thermochemical storage driven by 2-step high temperature redox metal oxide cycles. The 
starting point of development path included redox materials qualification via both theoretical and lab-scale experimental 
studies. Most favorable compositions were cobalt oxide/alumina composites. Preparation of small-scale structured bodies 
included various approaches, ranging from perforated pellets to more sophisticated honeycomb geometries, fabricated by 
extrusion and coating. Proof-of-concept of the proposed novel reactor/heat exchanger was successfully validated in 
small-scale structures and the next step included scaling up of redox honeycombs production. Significant challenges were 
identified for the case of extruded full-size bodies and the final qualified approach related to preparation of cordierite 
substrates coated with cobalt oxide. The successful experimental evaluation of the pilot reactor/heat exchanger system 
constructed motivated the preliminary techno-economic evaluation of the proposed novel thermochemical energy storage 
concept. Taking into account experimental results, available technologies and standard design aspects a model for a 70.5 
MWe CSP plant was defined. Estimated LCOE costs were calculated to be in the range of reference values for Combined 
Cycle Power Plants operated by natural gas. One of main cost contributors was the storage system itself, partially due to 
relatively high cost of cobalt oxide. This highlighted the need to identify less costly and equally efficient to cobalt oxide 
redox materials. 

INTRODUCTION 

One of the prominent advantages of CSP compared to other renewable power production technologies is its 
inherent compatibility with high temperature heat storage. Such high energy density storage systems could allow 
prolonged operation of CSP plants, thereby providing them with flexibility to cover peak power demand, typically 
occurring after sunset. Appropriate sizing of such systems could also allow provision of base load power. To this 
respect, various approaches based on reversible two-step Thermo-Chemical energy Storage (TCS) have been 
proposed and are currently under study. TCS aims at the exploitation of heat effects associated with reversible 
chemical reactions. Several such schemes have been proposed [1] and one of the most promising among them 
relates to the cyclic reduction and oxidation (redox) of suitable multi-valent metal oxides. The main advantages of 
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such systems as well as their main constraints and inherent characteristics have already been analysed in detail 
elsewhere [2].  

Until recently, there existed several collaborative research projects which were dedicated to the validation of 
proof-of-concept feasibility of several TCS approaches for CSP plants. Two such prominent examples were TCS 
Power [3] and StoRRe [4]. The RESTRUCTURE project [5], which was completed in early 2016, aimed at the 
development and validation of a novel compact structured reactor/heat exchanger storage system based on such 
redox TCS cycles. Project activities were carried out in an integrated way, covering materials development and 
screening, their shaping and proof-of-concept validation at lab-scale, development of relevant numerical models on 
the basis of interaction with experiments, the construction and testing of a pilot system at the Solar Tower Jülich 
(STJ) platform and techno-economic potential assessment versus state-of-the-art technologies and published cost 
targets. Several small-scale studies have been published recently by the project team [6-10]. The present work 
focuses on providing representative results and the main conclusions of the integrated RESTRUCTURE approach 
per main research line carried out, also including a preliminary evaluation of scaled-up commercial perspectives of 
the proposed technology. 

RESULTS AND DISCUSSION 

Materials Screening and Development 

Materials pre-qualification was performed by thermodynamic calculations via a chemical reaction and 
equilibrium software (HSC Chemistry 7.14 by Outotec). A total of 12 candidate multivalent metal oxide systems 
were evaluated by determining the maximum reduction extent of the high valence oxides in the range of 200-1200oC 
and in the presence of air. On the basis of determined reduction reaction extents and nominal ΔH and ΔG values, the 
maximum effective reaction enthalpies (ΔHrxn,max) for the oxidation of the low valence oxides were calculated. An 
example of such calculations referring to the CuO/Cu2O redox pair is depicted in Fig. 1. The qualification criterion 
was set at estimated ΔHrxn,max values of at least 350 kJ/kg. The pre-qualified systems are summarized below: 

                          Co3O4  3CoO + 0.5O2(g),  Treduction = 1000oC, ΔHrxn, max = 800 kJ/kg                                    (1) 
            BaO2  BaO + 0.5O2(g),  Treduction = 900oC, ΔHrxn, max = 470 kJ/kg           (2) 

                          MnO2  Mn2O3  Mn3O4  MnO, Treduction = 1300oC, ΔHrxn, max = 380 kJ/kg                        (3) 
                                         2CuO  Cu2O + 0.5O2(g), Treduction = 1160oC, ΔHrxn, max = 590 kJ/kg          (4) 

 

(a) (b) 

FIGURE 1. Thermodynamic calculations on reaction (4): (a) calculated reaction enthalpy and Gibbs free energy; (b) 
equilibrium composition for a mixture of CuO/N2(g)/O2(g) = 10/80/20 kmol 

 
Subsequently, the above systems were evaluated via Thermogravimetric Analysis (TGA) with respect to their 

reversibility/cyclability, which is the most important prerequisite for their in-principle practicability. Evaluation 
involved 5 cycles under air flow with commercial powders of the high valence oxides, in the temperature range of   
450 oC to the above indicated Treduction temperatures and at heating/cooling rates of 3-15 oC/min. Systems (2) and (4) 
suffered from low to negligible oxidation of their low valence oxides and were thus disqualified.  Reactions (1) and 

090004-2



the part of (3) referring to the Mn2O3/Mn3O4 redox pair were assessed as promising. For the latter case, re-oxidation 
of Mn3O4 was found to be challenging however kinetics were tuned by applying slow cooling rate (i.e. 3 oC/min). 
Cyclability for a temperature swing between 650 oC and 1000 oC was nearly stoichiometric, at least for the limited 
number of cycles conducted. The Co3O4/CoO system exhibited stoichiometric conversions and excellent cyclability 
in the range of 750-1000 oC, for all heating/cooling rates employed. These results are in good agreement with 
relevant findings of other groups [2, 11, 12, 13]. Further material development activities related to the preparation of 
several pure and composite powders based on Co3O4 (primarily) and Mn2O3 (secondarily). The main preparation 
methods employed were the liquid self-propagating high temperature synthesis (LPSHS) and oxidation-precipitation 
by H2O2-NaOH. Relevant details and performance results are provided in [7]. Selected synthesized compositions 
were shaped into small-scale structured bodies and their performance was compared to commercial grades, as 
analyzed below. 

Shaping into Structured Bodies 

An overview of the development path concerning shaping into structured bodies is schematically depicted in Fig. 
2. The first step of materials shaping involved small perforated pellets (Fig. 2(b)) from Co3O4, Mn2O3 and their 
composites with other oxides. Starting materials were powders, both commercially acquired and in-house 
synthesized. More details on the pellets preparation procedure and main evaluation results can be found in [6, 7]. 
The main conclusions of this first evaluation campaign are summarized as follows: 

 Contrary to TGA studies, fixed bed formulations of powders and perforated pellets showed lower than 
stoichiometric conversions during reduction. This resulted in decreased maximum energy density potential 
cf. values reported in reactions (1) and (3). Estimated values were 400-600 kJ/kg for Co3O4 (depending on 
the grade employed) and at about 100 kJ/kg for Mn2O3. The latter value, being substantially lower than the 
targeted threshold of 350 kJ/kg, eventually led to disqualification of Mn2O3/Mn3O4 pair. Moreover, the 
excellent cyclability of cobalt oxide was further confirmed by these studies. 

 Shaped pure active oxides exhibited the same overall redox performance, in terms of mol O2 released or 
consumed/g of material, to the respective powders. Pellet formulation resulted to measurably better 
oxidation kinetics and this was attributed to improved heat transfer characteristics of denser structured 
bodies. 

 Selected in-lab prepared pure Co3O4 pellets showed measurably better overall redox performance cf. 
respective commercial grades. The best in-house synthesized grade was prepared via the 
oxidation/precipitation by H2O2-NaOH method and in its pellet formulation showed reduction reaction 
conversion of almost 65%, while measured values for commercial grades were in the range of 50-55%. 

 Thermo-mechanical stability of pellets prepared from pure active oxides was poor. The addition of a second, 
redox-inert metal oxide was found to be necessary for the mitigation of this unfavorable phenomenon. 
Identified effective structure stabilizers were alumina (Al2O3) and iron oxide (Fe2O3). A content close to 10 
wt% in terms of total mass employed for the pellets preparation had a profound effect on structures stability. 
The possible mechanisms of this stabilization effect and main phenomena involved at the micro- and macro-
scale are analyzed in [7, 14]. Key role to this is the formation of a mixed spinel phase by solid state reaction 
of CoO with Al2O3 or Fe2O3. Naturally, composite bodies exhibited about 20% lower activity per total pellet 
mass than pure Co3O4, however normalized redox performance (i.e. amount of O2 released/consumed per 
mass of free active material) was retained.  

 Qualified Co3O4-based compositions were further formulated into honeycombs (Fig. 2(c), 2(d)). To this 
respect, both extruded composite honeycombs and Co3O4 coated cordierite ones were successfully prepared 
and evaluated. Such monoliths were of cylindrical shape with diameter and height in the range of 25-30mm. 
Honeycomb geometries prepared were chosen on the basis of a numerical model aiming at minimisation of 
parasitic losses of a TCS fixed bed reactor corresponding to the sum of heat and pressure drop losses. 
Indicative results are shown in Fig. 3, in which 3 different material formulations are considered. The 
advantage of using honeycomb structures is evident. The parameter fopt in Fig. 3(a) is defined as the ratio of 
the reactor height (H) to side (L) of its square base. More details on the dimensioning of the reactor and 
additional models developed to describe its operation can be found in [8].  

The main findings of prepared honeycombs experimental evaluation according to procedures described in [9] were: 
 Both green and calcined at 800oC under air small-scale structures were stable and free of major defects. 

Normalized redox performance measurements were in agreement with the ones of perforated pellets. 
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 No redox performance degradation was identified in the course of more than 100 cycles performed between 
750 and 1000oC. However, in all cases multi-cyclic operation resulted to visually detectable net expansion 
of the structures as wells as profound increase of average pore size and total porosity, which in several cases 
were proven detrimental to thermomechanical stability. These phenomena were substantially mitigated in 
the case of Co3O4/Al2O3 composite honeycombs and further improvement was achieved by thicker walls (Fig. 
2(c)-top image). Such a geometry maintained its structural integrity for at least 104 redox cycles. Coated 
honeycombs also exhibited sufficient structural stability during their evaluation for 116 cycles. Despite 
observed swelling of coating layer, neither profound channels blocking nor Co3O4 particles entrainment were 
identified. 

 The proof-of-concept of redox honeycomb reactor/heat exchanger was successfully validated in a 
customized experimental setup. Clear heat exchange between the honeycomb and the working fluid (air) 
was identified and its correlation to the occurrence of the charge/discharge reaction steps was 
straightforward. Despite the small size of honeycombs employed and therefore relatively high heat losses in 
the course of high temperature reaction steps, heat dissipation during oxidation (discharge) was found to be 
close to 80% of the one calculated on the basis of estimated ΔHrxn,max values. Significant contribution of 
sensible heat storage was also identified. Relevant detailed analysis is provided in [9]. 

 

 

FIGURE 2. (a) redox powder; (b) small perforated pellet; (c) 2 geometries of small-scale Co3O4-based honeycombs; (d) Co3O4-
coated cordierite honeycomb; (e) large-scale extruded Co3O4/Al2O3 honeycomb structures; (f) coated cordierite honeycomb 

(a) (b) 

FIGURE 3. (a) variation of fopt parameter; (b) estimated total parasitic losses with the Co3O4 mass for 3 material formulations 
 
The final developmental step related to scaling-up of the two above mentioned favorably evaluated small 

honeycomb structures. The aim was to use them for the assembly of a pilot reactor/heat exchanger system to be 
installed at the research platform of STJ owned by DLR. The system has a total volume of about 0.5 m3, divided into 
two identical chambers. For both formulations, the raw powders were wet-milled thoroughly, dried and sieved to 
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remove residual coarse particles. Scanning Electron Microscopy (SEM) and particle size measurements verified that 
processed powders had appropriate particle size distribution (i.e. d50 ≤ 10μm for coating and ≤ 50μm for extrusion).  

Concerning extrusion, the Co3O4/Al2O3 powder was mixed with certain quantities of methocel cellulose binder 
(DoW Chemicals), water, glycerine, ethanol and poly-ethylene glycol in a dedicated mixing setup. Suitability of 
prepared pastes was verified by plasticity measurements. Logs (Fig. 2(e)) were prepared by piston extrusion and 
subsequently dried for several hours under forced air flow at 30-40 oC inside a customized chamber. Dried green 
bodies were of good quality, with no major defects and were also easily machinable. Their measured cell density 
was 82 cells per square inch (cpsi). A total number of 65 logs (85 mm x 85 mm x 1000 mm) were prepared 
corresponding to ca. 600 kg of extruded material. Selected logs were cut in dimensions of 85 mm x 85 mm x 85 mm 
and subsequently calcined in air according to the calcination protocol followed for the case of small-scale extruded 
samples [9]. This process resulted to complete collapse of structures, as depicted in Fig. 4(a). In an attempt to avoid 
this phenomenon, structures de-binding under nitrogen flow up to 500 oC was performed, with the aim of removing 
their organic content in a more controllable way, so that they could be subsequently sintered at 800 oC in air. Despite 
noted improvement, structural integrity of obtained honeycombs was still unacceptable (Fig. 4(b)). Numerous 
attempts were made via continuous modification of employed calcination protocol. Those included very slow 
heating rates at low temperature ranges and multiple isothermal steps to precisely match weight loss steps of green 
bodies (previously identified by TGA) as well as final calcination temperatures reaching up to 1300 oC. No suitable 
protocol was defined and eventually it was determined that for the particular green bodies the crucial parameter 
regarding structural stability upon calcination was their cross section size. For sizes of up to 30mm x 30mm, it was 
verified experimentally that calcined honeycombs of adequate thermo-mechanical stability could be obtained (Fig. 
4(c)). Naturally, assembling a 0.5 m3 reactor by using such small bodies as building blocks was not possible. 
Clearly, different binders (e.g. ceramic ones) will need to be tested in the future in order to achieve adequate 
stability of full scale Co3O4 based extruded bodies. It is also noted that small cylindrical segments of similar 
geometry to the ones shown in Fig. 2(c) were cut from the large monoliths and tested in terms of their redox 
performance and heat exchange capability in the course of 50 redox cycles. Applied experimental protocols and 
results obtained were essentially identical to the ones reported previously [9]. 

 
(a) 

 
(b) 

 
(c) 

FIGURE 4. (a) full-scale Co3O4/Al2O3 extruded honeycombs after calcination; (b) segments after de-binding (85 mm x 85 mm x 
85 mm) under N2 up to 500oC; (c) small segments with cross section of up to 30 mm x 30 mm after calcination  
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Coated structures were prepared by slurry (dip) coating and according to the general procedure described in [15]. 
The cordierite honeycomb substrates used (Yixing Prince Ceramics Co., Ltd.) had a cell density of 200 cpsi. In order 
to fill the two chambers of the pilot system, clean honeycombs were cut into 3 different sizes: 72 segments of 150 
mm x 150 mm x 150 mm, 48 segments of 150 mm x 150 mm x 100 mm and 8 segments of 150 mm x 100 mm x 100 
mm. Slurry optimization activities included choice of a proper dispersant (Dispex® AA 4040-BASF) and pH 
regulation to a value of 9 to ensure adequate stability, which was also verified by relevant Z-potential measurements 
(- 51mV). Total solids content was 45-50 wt% and the liquid phase was a water/ethanol mixture at a weight ratio of 
ca 6. Segments were coated in 4 steps and dried overnight at 100oC after each step. Coated segments were calcined 
in air up to 800oC for 4 hours at heating rate of 3 oC/min. The average loading achieved for the 128 calcined 
segments was calculated at approximately 50%. Loading is defined as the mass of Co3O4 coating to the weight of the 
uncoated cordierite honeycomb. Total mass of Co3O4 coated was 90 kg. Calcined structures were stable and the 
coating layer was very well adhered inside the honeycombs’ channels. A representative photograph of such structure 
is provided in Fig. 2(f). Finally, segments were packed and shipped to the STJ research platform to be installed in 
the pilot reactor/heat exchanger system implemented. Relevant details can be found elsewhere [16, 17]. 

Process Modeling and Evaluation of Future Commercialization Potential  

Capitalizing on the successful outcome of the small and pilot-scale experimental campaigns [16, 17], a realistic 
scaled-up overall plant configuration based on the next generation high temperature air-operated Solar Towers 
technology was defined (Fig. 5). The plant capacity was set at 70.5 MWe, the storage module considered was a 
scaled-up version of the pilot system developed in RESTRUCTURE and the power block was based on Air-Brayton 
combined power cycle. Storage capacities of 6 and 13 h were assumed, corresponding to covering peak of power 
demand and 24h daily operation respectively. Chosen installation site was Tonopath (Nevada, USA) on the basis of 
its high yearly average DNI (2782kWh/m2/y), availability of required auxiliaries and dispachability potential. 
Additional main aspects referring to the defined plant configuration included: 

 The power block comprised a Gas Turbine and a Steam Turbine.  
 The nominal receiver air flow outlet temperature was set at 1000 oC. Charge/discharge system outlet 

temperatures were defined at 894 oC and 1000 oC respectively. Air inlet flow at the TCS system during 
discharge was 368 ºC. Operational feasibility of such values was previously verified numerically and 
experimentally. 

 As temperatures required by Air-Brayton combined cycle conventional power blocks are on the order of        
1300 oC and thus substantially higher than the TCS system outlet temperatures defined above, the use of a 
natural gas (NG) burner to cover this gap was necessary. This is also depicted in Fig. 5. Naturally, use of the 
present redox TCS technology without NG consumption would require development of a high efficiency 
power block operated in the range of 1000 ºC. 

 Qualified configuration of proposed system was the installation of the TCS module in series with the power 
block (Fig. 5). Installation in parallel has been discarded due to very high temperature on the cold side of the 
TCS system during charging.  

 Of prime importance is also the incorporation of a high temperature blower to achieve air flow recirculation 
during charging. Assuming that system charging period is fixed (i.e. daylight) and in order to increase the 
capacity of the TCS component, the flowrate through it should increase. The only option to achieve this is by 
recirculation to maintain the same flowrate through the power block, thereby keeping electrical power 
production constant. In discharge, recirculation is blocked and the blower is shut down. 

The system was implemented in Aspen Plus process optimization software (not shown here for brevity) and the 
main simulation results for the two storage periods considered, together with selected important site specification 
values, are listed in Table 1. With the main parts of proposed plant defined, subsequent calculations focused on basic 
financial (i.e. Levelized Cost of Electricity-LCOE) and environmental (i.e. MTCO2 emitted per annum) parameters 
of interest. Representative results are provided in Fig. 6. Naturally, the increase in solar multiple (SM) causes an 
increase in calculated LCOE values due to larger solar field, while CO2 emissions decrease as natural gas 
consumption decreases. Calculated CO2 emissions of the here presented plant configuration, considering 24 h 
operation, were approximately 28% and 40% lower cf. the respective combined cycle power plant operated by 
natural gas only. Regarding LCOE analysis per major plant component, it is interesting to note that costs associated 
to TCS system are the highest for the case of 13 h storage duration but fall well below solar field and power block 
(BOP) components costs for the 6 h case. This shows that scaling-up of storage system is quite challenging, however 
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one has to also consider that this is largely because of increased costs estimated for the high temperature blower 
component required for recirculation during charging, which accounted for about 50% of the total TCS system cost. 
As such a component is not commercially available at the scale required by the here proposed CSP plant 
configuration, its cost calculation contains a high degree of uncertainty. More specifically, the full-scale blower cost 
considered here was calculated via a standard scaled-up calculation rule-of-thumb formula and by considering the 
cost of a relevant currently commercially available blower with a capacity of more than 3 orders of magnitude 
lower. Naturally, the Co3O4 cost (approx. 20 €/kg) is also significant corresponding to almost 50% of the total 
LCOE value of TCS. Despite the fact that for the needs of RESTRUCTURE project Co3O4 served very well the 
purpose of first time ever proof-of-concept validation of novel redox reactor/heat exchanger TCS design at pilot-
scale, the latter finding highlights the need for further studies to identify other high-energy density and low cost 
redox materials. Project partners are currently studying the case of low cost perovskites, with preliminary promising 
results. 

 

 

FIGURE 5. Simplified overall plant configuration  
 

 

TABLE 1. Main plant configuration results 

Parameter/Units 6 h storage 13 h storage 
Heliostats area / m2 265,720 400,400 
Efficiency of receiver / % 80 80 
Thermal capacity of receiver / MWth 147.8 222.6 
Solar power demand from power block / MWth 64.41 64.41 
Solar Multiple / -  1.84 2.77 

Storage Thermal capacity / MWhday-1 465.2 1006.3 

Air flowrate / kgs-1 461.7 (charge); 101.7 (discharge) 998.7  (charge); 101.7 (discharge) 
Amount of redox material / t 1257 2718 
Max. pressure drop / mbar 50 (charge); 10 (discharge) 250 (charge); 10 (discharge) 
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(a) 

(b) 

 
 

FIGURE 6. (a) Effect of SM on calculated LCOE values and CO2 emissions of the plant for the 6 h storage case; (b) LCOE 
breakdown per major plant component and comparison to relevant published targets. Dashed lines: range of reference values for 

Combined Cycle Power Plants (IEA; 2015) 

CONCLUSIONS 

The present study provided an overview of activities and main achievements in the framework of the EU-funded 
FP7 RESTRUCTURE project, which focused on the identification of materials and their shaping into structured 
reactors/heat exchangers for redox TCS applications, particularly compatible with air-operated next generation high 
temperature CSP plants. Among redox materials considered, the Co3O4/CoO couple was qualified as the most 
promising. Shaping of cobalt oxide composites into structures at small-scale and subsequent redox operation based 
on the novel compact reactor/heat exchanger were successfully demonstrated, in the course of multi-cyclic 
experimental campaigns. Subsequent scaling-up of the honeycomb structures into full-size via extrusion of 
Co3O4/Al2O3 mixtures was quite challenging and, in the duration of the project, no suitable calcination protocols 
able to provide stable bodies was identified. Future relevant efforts to tackle this challenge will be mainly devoted to 
ceramic binders screening. The pilot-reactor assembly was constructed via coating of Co3O4 on cordierite 
honeycomb substrates. On the basis of project results and available compatible technologies, an overall plant 
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configuration was defined and its preliminary techno-economic assessment confirmed that the technology is 
promising. One of the main challenges relates to the relatively high cost of cobalt oxide and to this respect the 
project partners are currently considering the use of recently identified additional alternative redox materials, such as 
certain cost-effective perovskite structures. 
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