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Abstract. The present study presents installation and operation of the first pilot scale thermal storage unit based on 
thermochemical redox-cycles. The reactive core is composed of a honeycomb ceramic substrate, coated with cobalt 
oxide. This concept, already analyzed and presented at lab-scale, is now implemented at a larger scale: a total of 280 kg 
of storage material including 90 kg of cobalt oxide. The storage block was implemented inside an existing solar facility 
and connected to the complete experimental set-up. This experimental set-up is presented, with focus on the measurement 
system and the possible improvement for a next campaign. Start-up and operation of the system is described during the 
first complete charge-discharge cycle. The effect of the chemical reaction on the stored capacity is clearly detected by 
analysis of the temperature distribution data obtained during the experiments. Furthermore two consecutive cycles show 
no evident loss of reactivity inside the material. The system is cycled between 650°C and 1000°C. In this temperature 
range, the total energy stored was about 50 kWh, corresponding to an energy density of 630 kJ/kg. In conclusion, the 
concept feasibility was successfully shown, together with a first calculation on the system performance.  

NOMENCLATURE 

  m²  external surface 
cP  J/(kg·K)  specific heat capacity 

  kg/s  gas flow rate 
 Wh  energy released/absorbed from air to solid 

 Wh  energy lost to the environment 
 Wh  energy stored inside the solid in a complete phase (charge/discharge) 

  °C  temperature 
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SEM    Scanning Electron Microscopy 
TGA    Thermogravimetric analysis 
XRD    X-Ray Diffraction 
 

  W/(m²·K) heat transfer coefficient 
  J/(m²·K4) Stefan-Boltzmann constant 

  -  surface optical emissivity 
λ  W/(m·K) thermal conductivity 
 
Indices: 
inlet    of inlet gas 
amb    environment 
ext    external insulation surface 
top, mid, bot   top, middle and bottom vertical position inside the storage material 

INTRODUCTION 

An efficient heat storage system, which allows disposal of energy independently of the weather conditions, is a 
key factor in the development of Concentrated Solar Power (CSP) based technologies. In this respect 
thermochemical heat storage (TCS) could play an important role. Despite being still at early stage of development, 
the number of recent studies dealing with thermochemical systems for high temperature storage show that the 
interest on this topic is largely increasing.  An interesting review [1] provides details about the TCS systems being 
investigated until now. Among them, redox-oxide-based systems seem a promising option, especially for air-
operated CSP plants. Various metal oxide pairs have been studied until now, including BaO2/BaO [2, 3], CuO/Cu2O 
[4], Mn2O3/Mn3O4 [5-7] or Co3O4/CoO [8-10]. 

Another review [11] describes several experimental set-up used to investigate thermochemical storage. It is 
pointed out that all experimental studies dealing with redox system so far refer to lab-scale reactors. Wokon et al [5] 
developed a test rig able to test about 200g of  powder of manganese oxide, while Neises et al. [8] treat a similar 
quantity of cobalt oxide powder (100-200g). Structured honeycomb or foams of few tenths of grams were tested by 
Pagkoura et al. [9] and Agrafiotis et al. [12]. In such systems although the reactions are clearly detected by product 
gas analysis, their heat effects cannot always be detected equally clearly. The main reasons are the relatively low 
amount of redox material used and the high heat losses involved. A pilot-scale set up can decrease such losses 
through the outer wall by increasing the volume/surface ratio.  

The first pilot-scale redox-thermochemical storage unit, presented in this paper, was built and installed at a solar 
facility, the Solar Tower Jülich (STJ), in Germany. The present study relates to its construction and implementation 
and reports the first experimental results. The heat release could be evidently detected and the concept of TCS 
through thermochemical cycles could be proven.  

THE STORAGE MATERIAL 

In the present system, the reactive material (cobalt oxide in its oxidized state Co3O4) is shaped in structured 
monoliths through which air can flow [7, 9, 13].  The choice of the particular material was based on relevant lab-
scale studies in the framework of EU-funded FP7 project RESTRUCTURE. The monoliths are honeycomb bricks 
made either by directly extruding a cobalt oxide/alumina composite or by coating the cobalt oxide on a ceramic 
honeycomb support, namely cordierite. This new concept exhibiting high surface area and good heat transfer 
properties was previously tested at lab-scale conditions by APTL [13]. The extruded option contains a higher 
amount of reactive material per unit volume i.e. a higher energy density and thus was the initial preferred choice. 
Despite the very good results obtained for small cylindrical bricks, attempts for scaled-up production were not 
successful. Honeycombs of reactive material of cross-section 100x100-mm could be successfully extruded by 
Liqtech, but during calcination their structure collapsed. Several calcination protocols were followed, but it was not 
possible to obtain structurally stable honeycombs with cross-section larger than 30x30mm. Details on applied 
preparation protocols and main findings are provided in [14]. Further efforts on identifying potential solutions are 
currently in progress, but in parallel the second option was set forth: the cobalt oxide was coated on honeycomb-
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shaped inert supports. In total, 88 kg of cobalt oxide were coated on 128 cordierite honeycombs of 150x150 mm 
cross-section. The reactive material represented ~ 32% of total mass of structured bodies installed in the reactor. 

EXPERIMENTAL SET-UP 

The complete installation is shown in Fig. 1. Its core is the prototype reactor (C201 and C202 in Fig. 1; Fig. 2a) 
comprising two identical chambers, whose shape is optimized through numerical calculations [15]. Two different 
insulation materials surround the metallic housing: a rigid panel of high performance insulation (λat 600°C = 0.03 
W/m·K, supplied by PROMAT) on the lateral walls and a thicker layer of lower performance insulation (λ at 600°C 

=0.16 W/m·K, supplied by UNIFRAX) on the top and bottom. This last material is in the shape of a soft blanket and 
is much easier to shape and cut. Inside each chamber, the reactive core is separated by the housing from a thin 
insulation layer, to decrease the temperature of the metal and to avoid an air flow at the side of the reactive material.  

During charging, the air flow is driven by a blower (V10) through the storage system of the solar tower in Jülich 
(B10), in which air can be heated up to a temperature of about 470°C. The mass flow rate of air is measured through 
a high temperature flowmeter (DeltaFlow from SYSTEC, pink circle in Fig. 1). High temperature air coming out 
from the storage is further heated using a gas burner (from IBS, D10 in figure) to achieve an air temperature close to 
1000°C which could be realized by a next generation solar tower. The air flow to the chambers is controlled by 
using butterfly valves placed at the inlet of the chambers. They can control if the flow passes through both or only 
one chamber. If both valves are open, the hot air flow splits into the two reactor chambers, where the air passing 
through the honeycomb channels, heats up the solid material and drives the endothermic reaction. After exiting the 
two chambers, the two air flows merge and pass through a third valve, used to confine the reactive material during 
non-operation. After the valve, air passes through a filter (F203) that serves as fail-safe in case of particles 
entrainment. The filter is a SiC wall-flow honeycomb (from LiqTech) where the flow is forced to pass through the 
porous channel wall, thereby trapping the particles inside the filter structure. The “clean” hot air stream is mixed 
with a higher mass flow of cold air to cool it to a temperature lower than 200°C. The final air flow is then released 
to the environment.  

 

FIGURE 1: Experimental installation of the thermochemical storage pilot-reactor in the solar tower in Jülich 
 

During discharge, air enters the reactor at a temperature lower than the reduction reaction temperature. 
Depending on the experiment, Tinlet varies between 20°C and 700°C. The air flows through the storage material, 
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absorbs part of the sensible heat of the solid and then absorbs the chemical heat released by the exothermic reaction. 
Hot air exits the storage, passes through the filter, is cooled down by mixing with ambient air and is released to the 
environment. 

The complete measurement system is shown in Fig. 1. Two flowmeters (pink circle in figure) measure the air 
and gas flow. Seven pressure sensors (green circles in figure) control the pressure distribution inside the system. 
Although they provide useful information about the pressure drop across the different components, they are mainly 
used for safety purposes: a fast increase of the relative pressure before and after one of the chambers or the filter can 
detect a clogging; a fast decrease of the pressure in the system can detect an air leakage. Temperature sensors are 
distributed in multiple locations along and across the system. Inside each chamber, 29 thermocouples are distributed 
in three vertical positions: top, center and bottom of the reactive material. They are used to measure the heat 
propagation inside the system. At last, three oxygen sensors measure the oxygen content of the air flow after the 
burner and after each chamber.  

Before beginning the tests, the tightness of the system was verified. A blind flange was connected after the filter, 
and the blower was started at full power. No flow was detected by the flowmeter, showing that no significant 
amount of air was leaving the system. This test was done only before beginning the experiments, as the external 
insulation had to be removed before adding the blind flange.  During operation, eventual leakages are detected by a 
fast decrease of the pressure inside the system. 

Physico-chemical analysis of used and fresh coated honeycombs were performed by X-Ray Diffraction (Siemens 
D-500 Kristalloflex X-ray powder diffractometer/Cu Ka radiation), Scanning Electron Microscopy (SEM/JEOL 
6300) as well as Thermo-Gravimetric Analysis (PerkinElmer Pyris-6) under air flow from ambient temperature up to 
1000oC at a heating rate of 5oC/min. 

EXPERIMENTAL RESULTS 

Figure 2 shows a complete charge-discharge cycle. The two chambers are heated up to 600°C and steady state is 
reached. Afterwards the inlet temperature is increased to a value (1100°C) higher than the reduction temperature of 
Co3O4 to CoO ( 900oC), in order to drive the endothermic reaction. The inlet temperature is kept constant until 
completion of the reduction reaction. Afterwards an inlet temperature of 700°C is applied to run the oxidation of 
CoO to Co3O4 (discharge step). For three vertical positions (top, middle and bottom Fig. 2a) the average temperature 
is calculated and shown for the left and right chambers Fig. 2b.  

The top temperature (red and blue curve), increases rapidly until 900°C, and then a break point is recorded in the 
temperature profile curve. This step becomes much more pronounced in the middle of the reactor (green and 
orange), where a plateau appears in the middle of the charge (dark blue rectangle in Fig. 2b).  

At the beginning of the charge, the heat transferred from the air to the solid leads to an increase of the solid 
temperature (sensible storage). When approaching the reduction temperature of Co3O4, the reaction starts and the 
heat is absorbed by the endothermic reaction (chemical storage), keeping the solid temperature constant. When the 
chemical reaction reaches completion, the energy is again stored in its sensible form, increasing the solid 
temperature until it approaches the inlet air temperature.  

 

 

(a) (b) 

FIGURE 2:  a) prototype reactor; b) experimental results of one thermochemical charge and discharge cycle  
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During discharge (red rectangles in Fig. 2) air enters at 700°C. The heat is firstly released in sensible form, 
thereby cooling down the solid until the oxidation temperature of CoO (about 900°C). At this point, the air flow is 
heated up by the exothermic reaction and the solid maintains a constant temperature. After completion of the 
reaction, sensible heat is released until the solid temperature reaches the inlet air temperature. 

In sensible-only heat storage, temperature would continuously increase until the steady state. The presence of the 
plateau is attributed to a clear chemical storage effect. Naturally the length of the plateau is proportional to the 
chemical energy stored inside the system. 

High heat losses on the lowest reactor surface lead to a strong decrease of Tbot. For this reason Tbot is not 
considered a reliable value and calculations are performed considering only temperatures in the upper half section of 
the reactors (Ttop and Tmid). In a further optimized set-up, the bottom of the reactor should be better insulated and 
more temperature sensor in vertical section should be added.  

Two oxygen sensors were placed underneath each chamber, to follow the reaction by variation of the oxygen 
concentration in the outlet gas. Unfortunately the noise in the signal, probably due to other electronic components, 
was too high to detect a clear variation of the air composition. The energy stored was therefore calculated through 
the temperature distribution. 

A simple 1-D model of one honeycomb channel can prove that with these experimental conditions, the solid has 
the same temperature than the air in contact with it. Therefore, the energy released or absorbed by the air is either 
stored inside the solid material or lost to the environment. The heat losses are calculated through the temperature at 
the outer insulation wall (Text). By integrating between the beginning and end of each charging or discharging phase, 
Qstored can be calculated: 

 
(1) 

where  

∙ , ∙  
(2) 

 

∙ ∙ ∙ ∙ ∙  

 

(3) 

In order to calculate the energy stored and lost during one experiment, the measured values of TTop, Tmid, Tamb, 
Text and  are replaced in Eq. 1-3.  

 
TABLE 1: Energy stored during a charge-discharge cycle.  The results are the sum of right and left top half chambers.  

 Charge Discharge 

T range               (°C)  610‐1030 1030‐680 
	               (kWh)  27.2 23.1 
                 (kWh)  5.5 5 

duration             (h) 3.2 3.5 
                     (kg/h) 0.067 0.050 

 
By extrapolating the results obtained after considering only the half chamber, the present setup could store 

54.4 kWh total energy. During discharge, only 46.2 kWh energy is released. A reason for the imbalance is the 
different operating temperature range for the charging and discharging processes: if discharge was done until 610°C 
(temperature at which charge begins), 5.8 kWh more energy would further be expected.  

Another important result is that 17% of the energy of the air is lost through the insulation. In a future optimized 
set-up, a thicker insulation layer should be implemented. 

 
A second experiment shows two consecutive charge-discharge cycles. The temperature distribution inside each 

chamber is shown in Fig. 3. The top temperature increases fast, with similar behavior in the two chambers. The 
temperature on the middle of reactor shows a plateau on each cycle, more evident for the right chamber than for the 
left one. The reason is a displacement of the inner insulation layer on the top of the left chamber, which leads to a 
non-uniform flow distribution inside the reactive material. The effect is more evident at high temperature, when the 
velocity of air is higher.  
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TABLE 2: Energy stored during 2 consecutive charge-discharge cycles.  The results are the sum of right and left top half 
chambers.  

 1st Cycle 2nd Cycle 

 Charge Discharge Charge Discharge 

T range               (°C)  641‐966 966‐683 683‐966 966‐681
	               (kWh)  26.8 26.5 17.5 30.0 
                 (kWh)  3.7 2.9 3.3 3.2 

duration             (h) 2.3 2.0 2.0 2.2 
                     (kg/h) 0.115 0.110 0.118 0.109

 
An interesting result is that the two cycles shows similar performance. In the first cycle, the energy absorbed by 

the material is completely released during discharge. In the second charging phase, the plateau is still evident, 
although it is slightly shorter than the first. During the second discharge a higher amount of energy is released. This 
is probably due to the thermal inertia of the insulation. Equation 1 is true in steady state, but in transient phase, the 
heat absorbed (during charge) or released (during discharge) by the insulation layer and the walls should be added. 
This heat leads to a decrease of Qstored during charge and to its increase during discharge. Another possible 
explanation for the imbalance is that, due to time limitation, the material didn’t reach steady state before beginning 
the second cycle.  

 
FIGURE 3: 2-cycle chemical test. Temperature distribution inside the solid (both chambers).          

T set,inlet,charge: 1050°C. Tset, inlet,discharge = 700°C 
 
Some first average results can be obtained by these first three cycles. By supposing that the whole reactor would 

react as the upper half, the complete system was able to store 48.9 kWh by applying a temperature difference of 
350°C. Considering that the total storage material weight was 280 kg, the energy density obtained is 631.3 kJ/kg. By 
decreasing the discharge temperature until Tamb instead of 600°C, this energy density can be doubled. 

The complete experimental campaign consisted of about 15 cycles in each chamber. The data are analyzed at 
present and will be presented in a further publication.  

 After completion of the campaign, the reactor chambers were emptied from the coated honeycombs. Two bricks 
from the right chamber, one from the top and one from the middle layer, were analyzed via XRD, SEM and TGA 
and results were compared to corresponding analyses of a fresh coated honeycomb sample. XRD and TGA were 
performed in powder obtained from milling of coated segments. For the SEM studies, small segments were cut from 
the inlet, middle and outlet parts of the full-size monoliths. Representative SEM images are shown in Fig. 4. The 
main findings of the post-characterization studies are summarized as follows: 

 Used particles of the coating layer were clearly of higher size cf. the respective ones of the fresh sample, 
thereby confirming the occurrence of sintering upon multi-cyclic redox operation in the reactor. 

 XRD analysis in both fresh and used honeycombs revealed cordierite and Co3O4 as major phases. In some 
cases (i.e. mostly close the flow inlet part of used segments), traces of MgAl.6Fe1.4O4 and Fe2O3 were also 
detected. The origin of the latter structures was attributed to limited entrainment and oxidation of material 
from the inner part of metallic piping upstream the pilot reactor. 
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 TGA analysis of used cordierite/cobalt oxide mixtures did not indicate the presence of soot from the burner. 
The cyclic redox characteristics of used and fresh samples were essentially identical and weight loss/gain 
recorded upon their cyclic heating/cooling corresponded to nearly stoichiometric reduction/oxidation of 
Co3O4/CoO contained in the milled mixtures. 

   

 
(a) 

 
(b) 

FIGURE 4: Low and high resolution SEM images of (a) fresh honeycomb segment and (b) used honeycomb segment 

CONCLUSIONS 

The present work shows the results obtained from the experimental campaign using first-of-its-kind pilot-scale 
thermochemical storage unit. The complete installation of the storage unit is presented and its operation is described. 
After verifications of the tightness of the system, a complete charge-discharge cycle was carried out. The effect of 
the chemical reaction on the stored capacity was clearly detected by analyzing the solid temperature distribution 
inside the reactor obtained during the experiments. First a complete charge-discharge cycle was shown, followed by 
2 consecutive cycles. The multi-cycle test took about 8h to complete and showed similar performance between the 
first and second cycle. Due to high heat losses on the bottom of the reactor, the heat stored in the lower half of the 
reactor could not be calculated. By supposing that the lower half part would also react as the upper one, the 
complete reactor was able to store 48.9 kWh in a temperature difference of 350°C (average values for the three 
cycles presented).  This corresponds to an energy density of 631.3 kJ/kg, which could be doubled by imposing Tamb 

as initial condition. Also the energy losses to the environment were calculated, resulting in 17% of the stored energy. 
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This should be strongly reduced by a thicker insulation layer. This and other improvements for future experimental 
set up are also mentioned in this work. 

These first experimental results will be validated through a complete test campaign, consisting of about 15 cycles 
in each chamber, which will be presented in more detail in a future publication. XRD, SEM and TGA analysis were 
used for the post-treatment of the material, showing that the cycling brought some modification to the material but 
without being detrimental for it. 

Although focusing only on the first three charge-discharge cycles of the pilot-storage unit, the results described 
in this paper evidently show the heat effect of the chemical reaction and could therefore verify the concept 
feasibility, providing as well some results on the system performance. 
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