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Nomenclature 

Symbols 

𝑇 Temperature K 

𝜌 Density m3/kg 

𝑝 Pressure kPa 

𝐻 Height of the packed bed m 

𝛥𝐻 Reaction enthalpy kJ/mol 

𝜇 Dynamic viscosity Pa.s 

𝑣 Kinematic viscosity m2/s 

𝑎 Thermal diffusivity m2/s 

𝑈 Gas velocity m/s 

𝑑𝑝 Particle diameter m 

𝜀 Fractional void  - 

𝑔 Gravity m2/s 

𝛼 Heat transfer coefficient W/m2. K 

𝜆 Thermal conductivity  W/m. K 

𝑈𝑚𝑓 Minimal fluidisation velocity m/s 

𝑅𝑒𝑚𝑓 Reynolds minimal fluidisation - 

𝑅𝑒𝜓 Reynolds coefficient in void fraction - 

𝑁𝑢 Nusselt number - 

𝐴𝑟 Archimedes number - 

𝑃𝑟 Prandtl number - 

 

  



 Abbreviations 

6 
 

Abbreviations 

CAES 

SMES 

TES 

TCS 

CSP 

DSC 

TGA 

TA 

CMC 

EFP 

SEM 

XRD 

Compressed air energy storage 

Superconducting magnetic energy storage 

Thermal energy storage 

Thermochemical storage 

Concentrated solar power 

Differential scanning calorimetry 

Thermogravimetric analysis 

Thermal analyser 

carboxymethyl cellulose 

easy-to-fluidise particles 

Scanning electron microscope  

X-ray diffraction 
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Kurzfassung 

Die Verwendung des Reaktionssytems Ca(OH)2/CaO bietet mehrere Vorteile bei der 

Nutzung als Wärmespeichermaterial. Die thermochemische Reaktion hat eine hohe 

Energiedichte und bietet die Möglichkeit, die im chemischen Potential vorhandene 

Energie über lange Zeiträume und ohne Energieverluste zu speichern. Dies ist von 

besonderem Interesse, wenn es um saisonale Speicherung geht. Darüber hinaus sind 

die niedrigen Kosten des Materials, die erwiesene Zyklenstbilität und die allgemeine 

weltweite Verfügbarkeit als natürliche Ressource wirtschaftlich und nachhaltig 

attraktiv. Jedoch stellen die inhärenten Eigenschaften des pulverförmigen 

Ausgangsmaterials, z.B. die geringe Wärmeleitfähigkeit und die Tendenz zur 

Agglomeration, eine große Herausforderung bei der Konstruktion von Reaktoren dar. 

Eine kosteneffiziente Lösung ist die Entkopplung von Leistung und Kapazität, d.h. die 

Verwendung von Bewegtbettreaktoren. Aufgrund der ungünstigen Eigenschaften des 

Materials muss es jedoch modifiziert werden, um einen effizienten Wärme- und 

Stofftransport zu gewährleisten. 

In dieser Arbeit wurden drei Reaktoren für die thermische Zyklierung von 

modifiziertem Ca(OH)2 und die Demonstration des Bewegtbettkonzepts entwickelt 

und in Betrieb genommen. Das erste Design entspricht einer Reaktionskammer, die 

für die schnelle Zyklierung und die visuelle Echtzeitverfolgung des reagierenden 

Materials im technischen Maßstab ausgelegt ist. Nachfolgend trugen weitere 

Materialuntersuchungen mittels z.B. TGA, XRD und Druckkraftmessungen zu einer 

umfassenden Charakterisierung des Granulats bei. Zwei verschiedene Proben wurden 

in diesem Setup 20 Zyklen unterzogen: Granulate, die mit nanostrukturierten Al2O3-

Partikeln beschichtet waren, und Ca(OH)2/CaCO3-Verbundstoffe. Der Betrieb des 

Reaktors wurde ebenso demonstriert wie ein vollständiger Umsatz des Granulats. Die 

positive Auswirkung der Al2O3-Beschichtung und des CaCO3-Anteils im 

Kompositmaterial auf die Stabilisierung der Partikel wurde nachgewiesen. 

Gleichzeitig wurden keine Anzeichen von Agglomeration festgestellt. 

Das zweite Design ist ein indirekt beheizter Reaktor mit einem Rohrbündel-

Wärmetauscher. Nach 6 thermochemischen Zyklen, die mit zwei verschiedenen 

Proben durchgeführt wurden, CaO-Granulat, das in einer Keramikschale eingekapselt 

ist, sowie Ca(OH)2-Granulat, das mit nanostrukturierten Al2O3-Partikeln beschichtet 

ist, wurde nachgewiesen, dass beide Modifikationen zur Stabilisierung der Partikel 

beitragen. Obwohl mit dem verkapselten Granulat das Bewegtbettkonzept des 

Reaktors technisch nachgewiesen wurde, war die Energiedichte des Materials deutlich 

geringer und ihr Umsatz unvollständig. Im Gegensatz dazu zeigte das beschichtete 

Granulat einen vollständigen Umsatz mit einer höheren Energiedichte als das 

Pulverspeichermaterial. Allerdings konnte die natürliche Volumenänderung des 
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Materials, infolge der chemischen Reaktion, nicht verhindert werden was die 

Bewegung der Partikel durch den Reaktor erschwerte. Daher wurde unter 

Kombination der experimentellen Erkenntnisse mit dem indirekten 

Bewegtbettreaktor, und den charakterisierten Eigenschaften des Speichergranulats, 

ein neuartiges direkt beheiztes Reaktorkonzept entwickelt. 

Bei der Konstruktion wurden zwei Hauptanliegen berücksichtigt: die Bereitstellung 

von genügend Wärmeenergie, um den Umsatz des Granulats anzutreiben und 

gleichzeitig die Fluidisierung des Bettes zu vermeiden. Die Vermeidung der 

Fluidisierung soll die mechanische Beanspruchung auf die Partikelstabilität des 

Granulats minimieren. Aufgrund der höheren Energiedichte wurden die mit Al2O3 

beschichteten Ca(OH)2-Granulate für einen 10-fachen thermochemischen Zyklus in 

diesem Reaktor ausgewählt. Neben dem vollständigen Umsatze des 

Speichergranulats wurde zum ersten Mal auch die Bewegung des Materials in diesem 

neu entwickelten Reaktorkonzept demonstriert. Darüber hinaus wurde entdeckt, dass 

die Wechselwirkung zwischen Ca(OH)2 und Al2O3 eine Schicht erzeugt, die den 

Granulaten eine erhöhte Stabilität verleiht. Die Ergebnisse dieser Arbeit dienen als 

Ausgangspunkt für die Skalierung des Reaktorkonzepts zu einer Pilotanlage, die mit 

Ca(OH)2 arbeitet, dass nach dem Ansatz der Partikelstabilisierung modifiziert wurde. 
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Abstract 

The use of the reaction system Ca(OH)2/CaO offers several advantages as a heat 

storage system. For instance, as a thermochemical reaction it has a high energy density 

and offers the possibility to store the chemical potential energy for long periods of time 

without energy losses. This is of particular interest when seasonal storage applications 

are sought. Furthermore, its low cost, proven cyclability and generally worldwide 

availability as natural resource makes it economically and sustainably attractive. 

Nevertheless, the inherent properties of the base powder material e.g. low thermal 

conductivity and tendency to agglomerate present a major challenge when designing 

reactors. A cost-efficient solution is the detachment of the power and capacity i.e. the 

use of moving bed reactors. Nevertheless, due to the unfavourable characteristics of 

the material, it has to be subject of modifications to ensure efficient heat and mass 

transport.  

In this thesis, three reactors were developed and set into operation for the thermal 

cycling of modified Ca(OH)2 and demonstration of the moving bed concept. The first 

design corresponds to a reaction chamber designed for the rapid cycling and real-time 

tracking of the reacting material under technical scale. In addition, further material 

analysis (e.g. TGA, XRD and dynamometry) contributed to an extensive assessment of 

the granules. Two different samples were cycled 20 times in this setup: granules coated 

with Al2O3 nanostructured particles and Ca(OH)2/CaCO3 composites. The operation 

of the reactor was demonstrated as well as the full conversion of the granules. The 

positive effect on the particle stabilisation given by the Al2O3 coating and the CaCO3 

share in the composites was confirmed and at the same time no evidence of 

agglomeration was found. 

The second design is an indirectly heated reactor with a tube bundle heat exchanger. 

After 6 thermochemical cycles conducted with two different samples, CaO granules 

encapsulated in a ceramic shell and Ca(OH)2 granules coated with Al2O3 

nanostructured particles, it was proven that both modifications contribute to the 

particle stabilisation. Although the encapsulated granules proved the moving bed 

concept of the reactor, the energy density was significantly lower and their conversion 

incomplete. In contrast, the coated granules displayed a complete conversion with 

energy density higher than the powder storage material. However, the natural change 

in dimensions of the reactive material, as a result of the thermal cycling, could not be 

prevented and therefore the movement of the bed was hindered. After combining the 

experimental results of the indirect moving bed reactor and the determined 

characteristics of the storage granules, a novel directly heated reactor concept was 

developed. 
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The lab scale reactor was designed taking into consideration two main concerns: to 

supply enough thermal energy to drive the conversion of the granules while avoiding 

the fluidisation of the bed. The latter condition seeks to minimise the mechanical 

impact on the particle stability of the granules. Due to the higher energy density, the 

Ca(OH)2 granules coated with Al2O3 were selected for a 10-fold thermochemical cycle 

in this reactor. Besides the full conversion of the storage granules, the movement of 

the material in this novel reactor configuration was demonstrated for the first time. 

Furthermore, it was discovered that the interaction between Ca(OH)2 and Al2O3 

produces a layer that confers the enhanced stability of the granules. Therefore, the 

results of this work can be used as the starting point for the upscale of the reactor 

design towards a pilot facility that works with Ca(OH)2 modified following the 

particle stabilisation approach. 
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1. Introduction 

The route for a zero-net carbon emission future requires the rapid decarbonisation of 

the energy sources. One the one hand, the increasing installed capacity of renewable 

sources of energy e.g. photovoltaic, wind and solar thermal contributes to this goal, 

especially in the electricity sector. However, due to the intermittent availability of 

wind and solar irradiation, there is a mismatch between the energy supply and 

demand. Such discrepancy is compensated mostly by fossil-based systems. For this 

reason, in order to achieve a carbon-free energy system, cost-efficient storage 

technologies must be developed. Different energy storage systems have been 

developed according to the specific needs to be met. According to the form of energy 

stored they can be classified as mechanical (e.g. flywheels, pump hydroelectric and 

compressed air energy storage (CAES)), electric systems (e.g. supercapacitors and 

superconducting magnetic energy storage (SMES)), electrochemical systems (e.g. 

lithium-ion battery and flow battery), hydrogen storage and thermal energy storage 

(TES). Among them, the latter is of interest since heat accounts for almost half of the 

global energy consumption [1]. Table 1 presents a summary of the characteristics of 

some storage systems.  

Table 1. Characteristics of different energy storage systems (adapted from Zhang et 
al. [2]) 

Energy storage 
system 

Storage 
Mechanism 

Storage period 
Energy 
density 

(KWh/m3) 

Price per 
unit 

energy-
stored 

(€/kWh) 

Flywheels Mechanical Hour 20-80 
100,000-
400,000 

Pumped hydro 
energy storage  

Mechanical Day – month 0.5 -1.5 10 – 70 

Compressed air 
energy storage 
(CAES) 

Mechanical Day 3-6 2-140 

Superconducting 
magnetic energy 
storage (SMES) 

Electrical Hour 0.2-2.5 63,000-
750,000 
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Lithium-ion (Li – 
ion) 

Conventional 
battery 

Day – month 200 – 500 500 - 2000 

Vanadium redox 
battery 

Flow battery Day-month 16-33 110-750 

Hydrogen-based 
energy storage 
system 

Chemical Day – month 2.7 – 160  

(at 1–700 bar) 

2 – 15 

Thermo-chemical 
storage (TCS) 

Thermal Hour - month  1120 - 250 8 - 100 

 

The working mechanism of TES consists of transferring heat to a storage media 

(charge) and then release it when energy is needed (discharge) [3]. Depending on the 

storage material used, TES can be divided into three categories: sensible, latent and 

thermochemical storage. In sensible storage, the energy is stored by means of changing 

the temperature of the material. It has been extensively studied and thus has reached 

the highest level of maturity. One application can be found in concentrated solar 

power (CSP) plants where heat is stored during the daytime and the heat release is 

used to generate high-pressure steam for the power block and thus improve the 

dispatchability of electricity during unfavourable weather conditions or at night [4, 5]. 

Latent storage is based on heat absorption/release occurring when there is a phase 

change in the storage material. The third category corresponds to thermochemical 

storage, which utilises the potential high energy density in the reversible chemical 

reactions to store energy. Thus, the enthalpy of reaction is used on both endothermal 

and exothermal reaction to store or release energy respectively [6] (see Eq. 1). 

𝐴(𝑠) + 𝐵(𝑔)  ⇌ 𝐴𝐵𝑠 +  𝛥𝐻 (1) 

Unlike sensible and latent storage, which have limitations due to the heat losses, 

thermochemical storage displays the highest energy density and offers the possibility 

of storage without thermal losses for long periods of time [2]. Therefore, it can be used 

to bridge the seasonal heat supply and demand discrepancy and contribute in the 

decarbonisation of the heating sector.   

Among the thermochemical storage systems, the following gas-solid reversible 

reaction is of high interest (Eq. 2): 

Ca(OH)2 + ΔH ⇌ CaO + H2O  (2) 

One of the reasons for the interest in this reaction is the availability of the raw material. 

Calcium hydroxide is found in nature as limestone (CaCO3) which is present in 
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bedrocks of Karst landscapes. This in principle confers this material the characteristic 

of being not toxic. Furthermore, unlike other minerals extracted only in a few locations 

[7], Karsts are fairly well distributed around the globe [8, 9]. In order to obtain calcium 

hydroxide, a series of reactions must take place. First, calcium carbonate from 

limestone is calcinated at high temperatures (> 900 °C) to obtain calcium oxide and 

CO2 (Eq. 3). Then, water is added to form calcium hydroxide in an exothermal reaction 

(Eq. 4). 

CaCO3 + 182.1 kJ/mol → CaO + CO2 (3) 

CaO + H2O ⇌ Ca(OH)2 + 104 kJ/mol (4) 

Besides the high energy density, another advantage of this storage system is the low 

cost of the material. For these reasons, the material is regarded as a promising for 

thermal energy storage. However, the powder material displays inherent properties 

that require complex and costly reactor designs when upscaling is sought. Hence, in 

order to make the most of the competitive price of the powder material, the reactor 

(power) and storage (capacity) must be detached. This configuration requires the 

continuous or semi continuous movement of the storage particles through the reaction 

chamber. Given the challenges the material possesses and in order to achieve the 

movement of a reacting bed, different strategies at the material and reactor side must 

be applied. Therefore, the aim of this thesis is to develop and demonstrate the 

operation of a moving bed reactor for Ca(OH)2 as storage material.  

1.1. State of the technology 

The Ca(OH)2/CaO storage system is of particular interest when seasonal heat storage 

applications are considered at domestic and industrial scale e.g. district heating. Here, 

the electricity and supply sector can be coupled by using the surplus of renewable 

electricity produced in summer to charge large volumes of storage material. Later, 

when the demand of heat rises in winter, the heat stored in the form of chemical 

potential can be utilised by performing the hydration of the storage material. In 

addition, the reaction has the potential to upgrade waste heat and therefore increase 

the efficiency of thermal industrial processes. For these reasons, a number of 

investigations have been carried out to characterise this thermochemical system, 

produce modifications to the material and to develop cost-efficient reactors which will 

be reviewed in this section.  
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1.1.1. Material characterisation 

Thermodynamic equilibrium and reaction enthalpy 

In a chemical reaction, the equilibrium is a state given when the concentration of 

reactants equalises to the concentration of products. The equilibrium indicates that the 

forward and backward reactions of a reversible reaction occur at the same rate. If the 

direction of the reaction wants to be driven, changes in the parameters of temperature 

or pressure must be applied. Several studies have been carried out to determine the 

thermodynamic equilibrium of Ca(OH)2 /CaO. For instance, Schaube et al. [10] 

conducted a series of experiments in a TG analyser to collect data from the dehydration 

and hydration of Ca(OH)2 /CaO at H2O partial pressures of  4.3, 17.6, 35.5 and 96.6 kPa 

and derived an equilibrium equation in terms of pressure and temperature. Using the 

same method, Matsuda et al. [11] determined the equilibrium after performing 

experiments using lower H2O partial pressures ranging from 1.2 to 16 kPa. Other 

authors designed their own set up to conduct the experiments. For example, Halstead 

and Moore [12] performed a series of pressure measurement during the dehydration 

and rehydration experiments. To this end, they developed a setup consisting of a 

quartz tube connected to a vacuum pump and supply of moist CO2-free air. The values 

of pressure ranged from 2.5 to 89.5 kPa. Samms and Evans [13] used a steel vessel 

connected to a controlled temperature autoclave to supply steam at different pressures 

(100-5000 kPa) to measure the temperature resulted from the formation of Ca(OH)2. In 

general, these experiments vary in the methods applied and experimental conditions 

which results in different equilibrium equations. The reaction enthalpy found in the 

afore mentioned experiments lays between 94.6 and 111.8 kJ/mol. Fig. 1 summarises 

the equilibrium lines from the experimental works described and compares them with 

the equilibrium line plotted from the tabulated values of Gibbs free enthalpy found in 

Barin [14]. For the calculations of equilibrium temperature in this work, the equation 

of Samms and Evans is used (Eq. 5). 

ln(𝑝𝐻2𝑂[𝑏𝑎𝑟]) =  − 
11375

𝑇 [𝐾]
+ 14.574 

(5) 
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Fig. 1. Chemical equilibrium lines of the reaction Ca(OH)2 + ΔH ⇌ CaO + H2O  

 

Heat capacity and thermal conductivity 

Schaube et al. [10] determined the heat capacity of Ca(OH)2 and CaO by means of 

differential scanning calorimetry (DSC). The reported results correspond to 

temperatures between 25 and 500 °C and are in good accordance with the values found 

in the tables of JANAF [15] and Barin [14]. For instance, for Ca(OH)2 the heat capacity 

ranges between 1.2 and 1.5 kJ/kg.K wheras for CaO, it lays from 0.75 to 0.9 kJ/kg.K. 

Regarding the heat conductivity, Schaube et al [16] and Ogura et al. [17] used different 

methods to experimentally determine values that range between 0.1 and 0.55 W/m.K. 

It was found that the heat conductivity increases when the powder is compressed and 

therefore displays a higher density. Despite this enhancement, the reached values are 

low and therefore the heat transfer remains challenging for the design of reactors. 

Cycle stability  

As mentioned before, the Ca(OH)2/CaO system possesses high energy density. 

However, the decrease in the degree of conversion counterbalances this advantageous 

feature. For this reason, several studies focused on demonstrating the stability of the 

conversion over a large number of cycles. For instance, Schaube et al. [10] reported full 

conversion for powder Ca(OH)2 over 100 cycles in a TGA device. Furthermore, Criado 

et al. [18] confirmed reversibility of the reaction by completing 32 cycles over calcined 
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limestone particles sized between 100 and 200 µm. The largest experimental series was 

carried out by Rosemary et al. [19], who conducted more than 1000 cycles over an 8-g 

Ca(OH)2 sample in a self-design setup and reported steady conversion with values 

over 90 %. In addition, this study mentions the formation of CaCO3 in the sample due 

to leaked-in CO2 from ambient air in the reaction chamber.  

CO2 in the Ca(OH)2/CaO reaction 

The high energy density the Ca(OH)2/CaO reaction displays can be negatively 

affected by the presence of CO2 as this gas leads to the formation of CaCO3. Hence, the 

energy density of the storage material results diminished. For this reason, several 

authors studied how the carbonation takes place. For instance, Criado et al. [20] 

demonstrated that the CO2 carrying capacity of CaO increases with the temperature.  

Yan et al. [21] observed that under dry conditions the carbonation proceeds more 

easily for Ca(OH)2 than CaO at low CO2 levels (0.1 %), although with a share of CaCO3 

below 1.5 % of the total mass. Nevertheless, when the concentration of CO2 is 

substantially higher in the gas mix (25 %), CaO reacts faster which results in the loss 

of almost half of the reactive material. They also discovered that the extent of the 

carbonation is larger under wet conditions and that longer hydration times result in 

increased values of CaCO3. This is in agreement with Wang et al. [22], who 

demonstrated that the absorption of CO2 in CaO is enhanced by the presence of H2O. 

In summary, the presence of CO2 is disadvantageous for the cycling stability of the 

Ca(OH)2 /CaO storage system. For this reason, measures must be applied in order to 

avoid the carbonation of the storage material in either closed or open systems. 

Reaction kinetics 

The reaction kinetics of the dehydration and hydration of Ca(OH)2/CaO plays an 

important role in the design of this thermochemical energy storage system. Thus, 

finding a mathematical expression that describes the reaction kinetics allows for the 

calculation of the heat and mass transfer and the upper limit of power in a reactor 

design. For this reason, multiple studies have been carried out in thermogravimetric 

analysers under vacuum conditions or using nitrogen or air atmosphere for the 

thermal decomposition of Ca(OH)2. From the data obtained, empirical models 

associated to multiple reaction steps were proposed. For instance, Koga et al. [23] 

proposes a number of kinetic equations for the different steps occurring during the 

dissociation of reactants. Schaube et al. [10] and Mikhail et al. [24] proposed two 

reaction steps based on the degree of conversion of the sample. In general, the research 

proposes that a dehydration zone begins at the crystal surface and moves inward the 

particle [23-25] and that the presence of water vapor, the particle size, degree of 

compaction and sample temperature hinder the diffusion of water from the reactant 

[11, 18, 23, 25]. For describing the kinetics of hydration at high partial pressures of 
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water, Schaube et al. [10] proposed two equations, one for lower temperatures and 

another when the temperature is close to equilibrium. Criado et al. [18] proposed two 

reaction models that take into consideration the entire particle or the surface. In 

general, the amount of experimental data as well as the models derived is fairly 

extended due to the different methodologies and parameters used. For this reason, 

finding a unique mathematical expression that describes the kinetics of the reaction is 

still challenging.  

Flowability 

Fine powders like calcium hydroxide or oxide have a particle mean diameter of 

approximately 5 µm. Hence, the interparticle adhesion forces (e.g. Van der Waals 

forces) outweigh the gravitational forces which results in poor flowability [26]. Gollsch 

et al. [27] experimentally determined the flowability of powder Ca(OH)2 in a ring 

shear. The results classified the material as “very cohesive” and “cohesive” which in 

turn challenges its use in moving or fluidised bed reactors.  

1.1.2. Material modifications 

Despite its multiple advantages as thermochemical storage, the powder Ca(OH)2/CaO 

has drawbacks such as low thermal conductivity and poor mechanical properties. For 

this reason, various modifications to the material have been investigated in order to 

enhance its performance e.g. by improving the thermal conductivity, enhancing the 

reaction kinetics or by conferring particle stabilisation. 

Enhancement of the thermal conductivity 

One of the modifications consists of doping the material with Al and Zn, expanded 

graphite or hexagonal boron nitride to enhance the thermal conductivity of the powder 

Ca(OH)2 and thus accelerate the rate of decomposition [28-30] (see Fig.2). Funayama 

et al. used SiC-Si-based foam and honeycomb to increase the heat transfer of Ca(OH)2  

and thus achieved higher output [31, 32].  

  
Fig. 2. Microscope images of expanded graphite precursor (left) and expanded 

graphite (right) [30]  
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Reaction kinetics enhancement 

Other investigation groups focused on the modifications to enhance the kinetics of the 

dehydration and hydration by means of different additives. For instance, the use of 

salts based on Ni, Zn, Al, Li and Mg have been proved to accelerate the dehydration 

of Ca(OH)2 and to lower the reaction temperature [33-35]. In the search for the same 

effect on Ca(OH)2, Shkatulov and Aristov [36] conducted a screening of different salts 

and determined KNO3 as the most suitable candidate which was later proved by the 

experimental investigation of Wang et al. [37]. Li et al. [38] demonstrated that this 

effect can also be achieved by doping Ca(OH)2 with ZrO(NO3)2 while Bian et al. [39] 

used Ce and Mn to accelerate the hydration process of CaO. Kariya et al. [40, 41] used 

vermiculite and silicon carbide for this purpose (Fig. 3). During the hydration of these 

composites, the rate of reaction resulted higher than pure Ca(OH)2, specially with the 

use of porous silicon carbide that improved the diffusion of steam.  

  

Fig 3. Left: Composite of vermiculite and Ca(OH)2 [40]. Right: SiC support frame 

(left) and SiC frame containing CaO (right) [41]. 

 

Particle stabilisation  

Stabilisation of powder Ca(OH)2   

In order to increase the mechanical properties and stabilise the particles of the storage 

material, different approaches have been investigated. For example, the use of 

nanostructured silica to coat the surface of Ca(OH)2 particles proved to reduce their 

adhesive forces and therefore prevent agglomeration [42, 43] (Fig. 4) although with 

certain loss of reactivity under technical conditions [44]. Besides the SiO2, Gollsch et 

al. [27] investigated the coating of host Ca(OH)2 particles with nanostructured 

alumina. The flowability in the mix resulted improved, however it gradually 

decreased after thermochemical cycling. Another example is the use of frames to 

support powder Ca(OH)2 [31, 32, 45] (Fig. 5).   
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Fig. 4. Left: Calcium hydroxide powder with 0.5 wt% additive after 4 cycles in the 

lab scale reactor [43]  

 

 
Fig. 5. A: Ceramic foam silicon carbide and silicon (SiC/Si); B: reticulate structure of 

the foam; C: composite material: foam with calcium hydroxide [32] 

 

Use of binder matrix and composites 

The use of binder matrix or the development of composites based on CaO has been 

subject of multiple research works. For instance, Criado et al. [46, 47] investigated the 

stabilisation of shaped CaO by inserting it in a binder matrix of sodium silicate. 

Although the mechanical stability increased significantly, the effect was progressively 

lost with the number of cycles. Sakellariou et al. [48] developed composites of CaO and 

kaolinite as binder to be subject of 20 thermal cycles in a TA device (Fig. 6). The 

mechanical stability of the samples resulted enhanced due to a Ca/Al/Si network 

structure in which CaO was contained. Similarly, Xia et al. [49], manufactured 

pelletised composites of CaO and carboxymethyl cellulose sodium (CMC-Na) to be the 

binder of vermiculite. Both CMC-Na and vermiculite built a structure in which the 

storage material was supported. 
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Fig. 6. Composite of Ca-Kaolinite pellets [48]  

 

Macroencapsulation 

Macroencapsulation is another method investigated to provide stability to the storage 

material. For example, Guo et al. [50] calcinated a mixture of CaCO3 and CMC 

(carboxymethyl cellulose) to produce composite pellets that were later embedded in a 

silicon carbide matrix. The shelled pellets demonstrated to retain mechanical stability 

and relatively high storage density over 22 thermochemical cycles. Afflerbach et al. 

[51, 52], investigated the stabilisation effect of a ceramic shell on a CaO granule. After 

a 10-fold cycle experiment in a TA, the mechanical stability enhanced by the ceramic 

shell resulted slightly lowered by the thermal cycling (Fig. 7). In addition, the 

conversion was stable during the experiment series due to the permeability of the shell 

to water vapour. Due to the promising results, this modified material was tested in 

larger amounts in lab-scale reactors [53, 54] and the results are part of the present work.    

 
Fig. 7. Polished section of CaO granules encapsulated with oxide ceramic shell [52] 
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Ca(OH)2 -based granules or pellets 

Another approach investigated is the stabilisation of particles by shaping of Ca(OH)2  

powder into granules or pellets. For example, after a 17-fold cycle experimental series 

with Ca(OH)2 pellets, Funayama et al. [55] discovered that the reactivity remained 

stable. However, the pellets displayed sintering and agglomeration occurred (Fig. 8). 

Fujii et al. [56] discovered that doping pellets with Al increases the dehydration rate 

and contributes to enhance their integrity. Yet this effect lasted only for one cycle. 

 
Fig 8. Ca(OH)2  pellets before cycling (A); and after 17 cycles located at the top (B), 

in the middle (C) and bottom (D) of the reactor [55] 

 

In order to enhance their mechanical stability, Ca(OH)2 -doped pellets were coated 

with mesoporous alumina, dense silica and al-mesoporous silica gel. After 10 thermal 

cycles in TA, the mechanical strength resulted enhanced for the pellets coated with 

silica [57, 58]. Jashari et al. [59], used inorganic oxides as nanostructured additives to 

coat Ca(OH)2  granules. After 5 thermal cycles in TA, the Al2O3-based coated samples 

(AEROXIDE® Alu C) demonstrated the highest performance among all the additives 

in terms of cycling stability, structural integrity and mechanical stability while 

maintaining high energy density (Fig. 9). Based on this outcome, Lucke et al. [60] 

optimised the Al2O3-coating process in terms of cost and resources to make the upscale 

viable. Further investigation on the performance of the coated storage granules at 

technical scale is detailed in this work.  
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Fig. 9. Scanning electron microscope (SEM) micrographs of Ca(OH)2  granules coated 

with different additives before (left) and after cycling (right): a) uncoated; b) Al2O3-

based coating (AEROXIDE® Alu C); c) pyrogenic SiO2-based coating (AEROSIL® 

300); d) SiO2+ Al2O3-based coating (AEROSIL® MOX 80) [59] 

 

1.1.3. Reactors 

Different reactors have been developed for the thermochemical cycling of 

Ca(OH)2/CaO. Based on the flow pattern of the reacting bed, they can be classified 

into three categories: fixed or packed bed, moving bed, rotary kiln and fluidised bed 

[61, 62].  

Fixed bed reactors 

In fixed bed reactors, the storage material is allocated in a vessel and the reaction 

partner is supplied to or removed from the packed bed for its hydration or dehydration 

respectively. The concept can be divided into two categories: directly heated or 

indirectly heated, being the second the mostly used to study the thermochemical 

characteristics of the Ca(OH)2/CaO reaction. Schaube et al. [16] investigated the 

Ca(OH)2/CaO reaction theoretically and compared the direct and indirect heat 

transfer in a fixed bed reactor. In general, the low thermal conductivity of the material 

limits the heat transfer in an indirect concept. As a result, lower power levels are 

achieved. Conversely, a reactor in which the heat transfer fluid (HTF) and reaction gas 

flow through the reaction bed display high heat transfer and therefore high-power 

levels. Later, a fixed bed reactor was developed to study its thermal behaviour in terms 

of reaction rate, heat and mass transfer. After 25 cycles, the particle rate reaction was 

found to be the main limiting factor in this directly heated setup [63] (Fig. 10, left). Yan 

et al. [64] studied the charge and discharge process in a directly heated fixed bed. They 

discovered that the dehydration is faster at higher temperatures whereas the hydration 

rate increases either with lower set temperatures or higher gas pressures. In addition, 
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the experiments demonstrated that the Li-based doping in Ca(OH)2 increased the 

storage efficiency. Schmidt et al. [65] demonstrated the feasibility of the Ca(OH)2/CaO 

system at technical relevant scale. Within the 10 cycles performed in an indirectly 

heated reactor, two operation modes were demonstrated by adjusting the mass flow 

of the HTF: peak power (7.5 kWth) and nominal power (3 kWth) (Fig. 10, right). Further 

investigation by the same group demonstrated the operation of charge and discharge 

at low gas pressures of 10 kPa and 8.7 kPa respectively [66]. Although the fixed bed 

reactor concept is in comparison easy to design and simulate, the operation can only 

be batch-wise. Therefore, the continuous mode that allows for the detachment of 

power and capacity is not possible under this concept.   

  
Fig. 10. Labs-scale fixed bed reactors. Left: directly heated [43, 63]. Right: indirectly 

heated [65].  

 

Moving bed reactors 

In a moving bed reactor, the storage material moves either continuously or semi-

continuously through the reaction chamber. Unlike the fixed bed, this concept allows 

for the separation of the storage section and the reactor. For a continuous mode, the 

controlled feeding and withdrawal of storage material as well as the transport must be 

available. Schmidt et al. [67] developed a moving bed reactor and a test facility for the 

thermal cycling, transport and storage of 270 kg of powder Ca(OH)2. In this indirectly 

heated reactor, a tube-bundle heat exchanger consisted of 158 tubes of 28 mm long and 

resulted in a heat transfer area of 5 m2. The design allows for the heat transfer of 10 

kW and a storage capacity of 100 kWh (Fig. 11, left). In order to improve the bulk 

behaviour of the storage material, Ca(OH)2 was mixed with powder Al2O3 (12 % w/w). 

Although the enhancement in the flowability of the mix was demonstrated in cold 

state, the heat exchanger tubes resulted partly blocked after thermal cycling [68] (Fig. 

11, right). The results of this study were used for the further development in the 

stabilisation of Ca(OH)2 particles and a new reactor design was developed for the 

experimental investigation of the new material modifications (see section 2: Paper II).  
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Fig. 11. Left: Moving bed reactor in test facility at DLR Cologne [67]. Right: State of 

heat exchangers of reactor after cycling. 

  

Rotary kilns 

The use of rotary kilns started in the 19th century for the production of cement. The 

basic layout is comprised of a tilted steel cylinder that stands on bearing rollers that 

with the action of a rotating motor enables the rotation. In order to investigate how the 

flow of the material in this reactor concept works, the transverse and longitudinal 

behaviour of the solid bed were studied. From them, flow regimes and residence time 

models were derived. The heat transfer takes place in the three known modes: 

conduction, radiation and convection. They stem from the interaction of different 

components in the system: the solids bed, the walls of the drum and the gas [69].  

Neises et al. [70] demonstrated the feasibility of a solar heated rotary kiln to conduct 

the thermal reduction and oxidation of cobalt oxide (Fig. 12). Thirty cycles over a batch 

of solids were reduced at 900 °C on the sun side of the reactor and re-oxidised off-sun. 

The material displayed no degradation; however, complete conversion of the solids 

could not be achieved. Tescari et al. [71] developed a solar rotary kiln to calcine CaCO3 

in a continuous mode. The flowing bed of particles with a rate between 9 and 20 kg/h 

was heated up to 1000 °C by concentrated solar power and a maximum efficiency of 

45 % was obtained. In order to improve the efficiency, the increase of the incident 

power and flow rate is proposed. Despite of the advantages this concept offers for a 

continuous flow of reacting thermochemical storage materials, the costs for preventive 

and eventual corrective maintenance of rotatory elements exposed to high 

temperatures opposes the low cost of the storage material in study. In addition, the 

low conversion achieved so far makes this concept economically unattractive.  



 1 - Introduction 

25 
 

 
Fig. 12. Rotary Kiln in a solar furnace [70] 

 

Fluidised bed reactors  

In a fluidised bed, when gas streams through a powder bed, it creates a pressure drop 

that rises linearly with the increasing gas velocity. When the velocity rises until the 

point it causes that the upwards drag force equals the weight of the powder bed, the 

pressure drop reaches a maximum and an emulsion (gas/particles) is formed; this is 

known as minimum fluidisation velocity. If the gas velocity further increases, the 

pressure drop fluctuates and produces various types of fluidisation such bubbling, 

slugging and turbulent bed. Among them, the optimal heat transfer is obtained under 

bubbling conditions. However, applying higher gas velocities enlarges the bubbles 

size which leads to large pressure variations and affects the heat transfer. At even 

higher velocities the state of the bed can reach a diluted state and thus be taken by 

pneumatic transport [72, 73] (see Fig. 13). Depending on the fluidisation behaviour, 

bed particles can be classified in 4 groups (Geldart A, B, C and D) based on the 

difference between the particle and the gas density and the average particle diameter 

[74, 75] (see Fig. 14). 
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Fig. 13. Fluidised bed regimes [74] 

 

 
Fig. 14. The Geldart classification of particles for air at ambient conditions [75] 

 

The design of a fluidised bed requires the calculation of the pressure drop and the 

conditions for minimal fluidisation. Ergun et al. [76] established that the pressure 

losses are dependent on fluid and particle properties. The pressure losses are related 

to viscous and kinetic energy losses are represented in the first and second terms of 

Eq. 6 respectively. 
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Depending on the characteristics of the powder, hundreds of empirical correlations to 

predict the minimum fluidisation velocity (𝑈𝑚𝑓) are available. Anantharaman et al. 

[77], uses the following expression for the calculation: 

𝑈𝑚𝑓 =  
𝑅𝑒𝑚𝑓𝜇

𝜌𝑑𝑝
 

(7) 

 In this equation, the calculation of 𝑈𝑚𝑓 is in function of dimensionless numbers: 

Reynolds (Eq. 8) and Archimedes numbers (Eq. 9).  

𝑅𝑒𝑚𝑓 =  (𝐾1
2 + 𝐾2𝐴𝑟)

0.5
− 𝐾1 (8) 

where 𝐾1 and 𝐾2 are empirical constants. 

𝐴𝑟 =  
𝑔𝜌(𝜌𝑝 −  𝜌)𝑑𝑝

3

𝜇2
 

(9) 

where 𝑔 is the gravitational acceleration, 𝜌 is the gas density, 𝜌𝑝 is the particle density, 

𝑑𝑝 is the particle diameter and 𝜇 is the gas viscosity. 

As stated before, the rates of heat and mass transfer is one of the main advantages of 

gas-solid fluidised beds [74]. The heat transfer coefficient is in principle related to the 

heat conductivity of the gas (𝜆), the diameter of the particle (𝑑𝑝) and the Nusselt 

number (Eq. 10) [78]. 

𝛼 =  
𝑁𝑢𝜆

𝑑𝑝
 

(10) 

The Nusselt number is also related to other gas properties such as Reynolds coefficient 

in void fraction (𝑅𝑒𝜓), Prandtl number (𝑟), kinematic viscosity (𝑣) and thermal 

diffusivity (𝑎). Other factors like the minimal fluidisation velocity (𝑈𝑚𝑓), void fraction 

and particle diameter (𝑑𝑝) play a role in the calculation. A detailed description of the 

calculation of the heat transfer coefficient for the bed of material in this work is 

presented in section 2 (paper III).  

The use of fluidised beds for the hydration and dehydration of Ca(OH)2/CaO was first 

conceptualised by Criado et al. [79]. In the design, water vapour is the only agent of 

fluidisation in both discharge and charge processes. After assessment of the reactor 

concept and process associated, it was found that it is technically viable with a 

maximum power output of 100 MWth for the hydration and a storage density of 260 

kWh/m3. Pardo et al. [80] investigated the feasibility of Ca(OH)2/CaO as 
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thermochemical storage in a fluidised bed reactor. In order to enhance the fluidisation 

of the powder bed, easy-to-fluidise particles (EFP) based on Al2O3 were mixed with 

powder Ca(OH)2. After fluidisation tests in cold state, the solid mixture of 

Al2O3/Ca(OH)2  were subject of 50 thermochemical cycles obtaining an energy density 

of 156 kWh/m3. Further investigation was conducted in a 5.5 kWth batch fluidised bed 

reactor operated at high gas velocities (0.3-0.5 m/s). The experimental results and the 

model developed to validate the results supported the upscale of a bubbling fluidised 

bed reactor concept [81]. A new conceptual design consisted of a bubbling fluidised 

bed reactor with a guided flow of the particles and immersed tubes as heat exchangers. 

This indirectly heated reactor required the use of calcined CaO and a gas distributor 

plate to ensure the fluidisation of the particles. A model suggests that 15 MW of 

thermal power can be achieved from a 100-m3 reactor [82].  

In summary, fluidised bed reactors have been demonstrated to obtain high heat 

transfer coefficients and be capable of upscaling and therefore achieve thermal power 

in the order of MW. However, this could be achieved with material that requires 

specific pre-treatment steps before thermal cycling. In addition, the use of ancillary 

equipment for the continuous gas flow increases the parasitic energy consumption. 

Mechanically induced fluidised bed reactor  

A different fluidised bed concept was developed by Risthaus et al. [83] (Fig. 15). Unlike 

the concepts mentioned before where gas velocities are used to agitate the bed, this 

reactor used a ploughshare mixer to mechanically induce the fluidisation of the bed of 

Ca(OH)2/CaO particles and thus overcome the low thermal conductivity of the 

powder material. In this regard, they found that the heat is rapidly distributed in the 

mechanically fluidised bed. In addition, effective heat transfer coefficients accounted 

for 156 and 243 W/m2.K for hydration and dehydration respectively.  

  
Fig. 15. Left: Ploughshare shaft in the reactor. Right: Heat input and rotation of the 

ploughshare mixer in the reactor [83]. 
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1.2. Research objective  

The high potential of CaO/Ca(OH)2 for thermochemical heat storage is 

counterbalanced by the unfavourable properties it displays in its powder form e.g. low 

thermal conductivity, cohesivity and the tendency to form agglomerates after cycling. 

These drawbacks challenge the efforts to design reactors that detach power and 

capacity and therefore obtain high power densities. For this reason, different 

approaches have been studied to improve the bulk behaviour of Ca(OH)2  and thus 

make it suitable for moving or fluidised bed reactors. Among these modifications, the 

particle stabilisation approach has been investigated and proved, although only at mg-

scale. Thus, the first part of this work deals with the characterisation of granulated 

Ca(OH)2 at technical scale as well as the experimental thermodynamic analysis of 

different reactor concepts. Based on the characterisation of the granules and the 

experimental analysis of the performance of a reactor, an adapted concept was derived 

and developed. It is by means of this novel setup, that the ultimate aim of decoupling 

power and capacity for the thermochemical heat storage of Ca(OH)2 was achieved.  

1.2.1. Scientific contributions 

So far, multiple modifications under the particle stabilisation approach have been 

developed and successfully proved although under specific parameters and amounts 

that differ from the actual conditions in reactors. Hence, for a comprehensive and 

application-oriented assessment of stabilised material (Ca(OH)2 storage granules), two 

conditions have to be met for their thermal cycling. First, the test bench must emulate 

the conditions of an actual reactor for the thermal cycling e.g. the amount of granules 

must be larger and able to form a bulk and the parameters used must be the same as 

in reactors. Furthermore, it must allow for the visualisation of the samples as they are 

reacting. Therefore, a directly heated reactor was developed for this purpose. Paper I, 

describes this setup. The main feature of the design is the use of a port view in 

combination with a high-resolution camera equipped with macro lens. Multiple 

photographs are taken along a 20-fold-cycle experimental series and then analysed 

using the image processing software ImageJ.  This allows for the real-time and in-situ 

tracking of the state of the structural integrity of the granules. Hence, a qualitative 

assessment of the effect of the stabilisation method can be carried out and used for 

comparison. In addition, ex situ analysis takes place using dynamometry for the 

determination of mechanical strength, sieve analysis for the size distribution of 

particles and SEM for morphology analysis. The cycling stability is determined by 

TGA and further evaluated by XRD analysis. Overall, this method enables to observe 

the behaviour of the reacting bulk and to characterise it in technical scale, thus 

delivering important parameters for the design of the reactor (described in Paper III). 
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In order to meet industrial-scale power demand, large storage capacities are required. 

The moving bed reactor is one of the concepts that in principle allows for the 

separation of power and capacity. For this reason, in Paper II, a moving bed reactor is 

developed for preliminary testing of the characterised granules. In this reactor, the 

heat exchanger design corresponds to a tube bundle and preheated air supplies heat 

through the shell side of the tubes whereas the storage granules reside in the tube side. 

In order to demonstrate the functionality of the setup, two different samples are cycled 

six times. The reaction performance of both samples is analysed and compared upon 

reference granules. At the material side, the cycling stability is determined by TGA 

and the morphology through SEM. The moving bed function is tested at the end of the 

experiment series of each sample. The operational analysis of the reactor provides with 

design considerations for the development of a new reactor concept in which the 

flowability of the granules is enabled. 

Based on the results described in Paper I and Paper II, a new reactor concept is 

developed. Paper III, describes the considerations for the design of a directly heated 

reactor as well as the operating parameters to be applied. In this reactor, the selection 

of gas velocity and temperature represent a challenge since a slight variation in the 

parameters can change the state of the reaction bed i.e. from stationary to a fluidising 

state. In this study, the samples are subject of a 10-fold thermochemical cycling to 

demonstrate the functionality of the reactor and to conduct the thermodynamic 

analysis of the concept. The characterisation of the cycled granules includes a number 

of analysis over the samples: mechanical strength by means of dynamometry, the size 

distribution of the particles through sieve analysis and the morphology by SEM. In 

addition, the cycling stability is determined by TGA and contrasted with phase 

composition using XRD. Finally, the gravity assisted movement of the bed is tested at 

the end of the experimental series (see Fig. 16). 
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Fig. 16. Overview of the distribution of this work’s scientific contributions towards 

the development of a moving bed reactor for the use of Ca(OH)2 as TCS. 
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2. Publications 

The following publications support the present thesis: 

Paper I: Characterisation of modified material (Ca(OH)2-based granules) under 

technical conditions 

Aldo Cosquillo Mejia, Sandra Afflerbach, Marc Linder, Matthias Schmidt. “Real-

time visualization and experimental analysis of stabilized Ca(OH)2 granules for 

thermal energy storage”,  Energy and Conversion Management: X, 23, 2024, DOI: 

10.1016/j.ecmx.2024.100656 

Contribution declaration: main author, conduction of the experimental work 

(except for SEM and XRD imaging) and data assessment. 

Paper II: Preliminary tests in an indirectly heated reactor 

Aldo Cosquillo Mejia, Sandra Afflerbach, Marc Linder, Matthias Schmidt. 

“Experimental analysis of encapsulated CaO/Ca(OH)2 granules as 

thermochemical storage in a novel moving bed reactor”, Applied Thermal 

Engineering, 169, 2020. DOI: 10.1016/j.applthermaleng.2020.114961 

Contribution declaration: main author, conduction of the experimental work 

(except for SEM imaging) and data assessment. 

Paper III: Development of a lab-scale reactor 

Aldo Cosquillo Mejia, Sandra Afflerbach, Marc Linder, Matthias Schmidt. 

“Development of a moving bed reactor for thermochemical heat storage based on 

granulated Ca(OH)2”, Processes, 10(1680), 2022, DOI:  10.3390/pr10091680  

Contribution declaration: main author, conduction of the experimental work 

(except for SEM and XRD imaging) and data assessment. 
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In addition, part of this work was published in the following contributions to 

international conferences: 

Aldo Cosquillo Mejia, Marc Linder, Matthias Schmidt. “Development of a moving 

bed reactor for thermochemical energy storage with Ca(OH)2/CaO”, International 

Conference on Renewable Energy Storage (IRES), 2019, Düsseldorf, Germany, oral 

presentation.  

Aldo Cosquillo Mejia, Marc Linder, Matthias Schmidt. “Modified Ca(OH)2 for 

thermochemical heat storage: real time visualisation and analysis”, Enerstock 

Conference, 2021, Ljubljana, Slovenia, oral presentation (online). 

Aldo Cosquillo Mejia, Marc Linder, Matthias Schmidt. “Development of a moving 

bed reactor for thermochemical storage with novel encapsulated Ca(OH)2/CaO”, 

ISES Solar World Congress, 2021, Freiburg, Germany. Oral presentation (online). 

Aldo Cosquillo Mejia, Sandra Afflerbach, Marc Linder, Matthias Schmidt. 

“Thermochemical cycling of Ca(OH)2-based granules: real-time visualisation and 

analysis”, Innovative Materials and Processes in Energy Systems conference 

(IMPRES), 2022, Barcelona, Spain. Oral presentation.   

Aldo Cosquillo Mejia, Sandra Afflerbach, Marc Linder, Matthias Schmidt. 

“Development of a pilot plant for thermochemical storage with Ca(OH)2-based 

granules”, International Conference of Power Engineering, 2023, Kyoto, Japan. 

Oral presentation.   
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Paper I: Characterisation of modified material (Ca(OH)2-based granules) under 

technical conditions 
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Paper II: Preliminary tests in an indirectly heated reactor
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Paper III: Development of a lab-scale reactor  
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3. Discussion and conclusions 

The present work investigates the development of a moving bed reactor for the 

thermochemical cycling of Ca(OH)2. For this purpose, it covers the design and 

operation of two technical scale reactors and a reaction chamber developed to 

characterise modified storage material in the form of granules. The investigation 

involves the thermodynamic analysis of the lab scale reactors, the performance of the 

storage granules and the experimental demonstration of the movement of the bed of 

granules after cycling.  

In the following subsections, the research objective described in section 1.2 is discussed 

based on the publications presented in section 2, starting with the conclusions of the 

characterisation of the storage granules upon the particle stabilisation approach and 

the potential use at industrial-relevant scale. Next, it continues with the conclusions 

on the use of a tube bundle reactor for the cycling of Ca(OH)2/CaO granules followed 

by the considerations for the development of a novel reactor based on the state-of-the-

art technology. Following this, the discussion covers the development of a directly 

heated moving bed reactor and the conclusions on the performance of the concept 

under the parameters selected. The thesis concludes by describing the potentials and 

limitations of the test bench and storage granules as well as the upscale of the reactor 

to a pilot plant. 

3.1. Characterisation of the modified Ca(OH)2 /CaO-based granules 

under technical conditions 

Three modifications of the storage material in the form of granules were assessed in 

the present work: CaO granules encapsulated in ceramic shell, Ca(OH)2/CaCO3 

composite granules and granules coated with Al2O3 nanostructured particles. Overall, 

the methods used to stabilise the storage material particles were proven successful 

since no significant agglomeration or amount of fines were encountered after cycling. 

However, the resulting performance of the Ca(OH)2/CaCO3 composites is superior in 

terms of mechanical stability. This can be explained by the amount of reactive material 

the samples contain (40 wt% Ca(OH)2). Similar results were found with the CaO 

granules encapsulated in ceramic shell (39 wt% CaO), as the mechanical stress resulted 

significantly lower during the dehydration/hydration of the Ca(OH)2/CaO present in 

the samples.  

In terms of cycling stability, the Ca(OH)2/CaCO3 composites displayed good results 

along the cycles whereas the ceramic encapsulated CaO showed low conversion 

probably due to the mass transport resistance caused by its shell. In the case of the 

granules coated with Al2O3, the interaction between the additive and reactive material 

under reaction conditions leads to the formation of side products which build a layer 
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on the surface of the granule that enhances its mechanical stability. Furthermore, the 

side products (mayenite and katoite) hydrate and dehydrate within the parameters 

used in the experiments. The extent at which they contribute to the overall energy 

density of the storage granules is currently under research.  

To sum up, different degrees of enhanced mechanical stability are achieved by the 

three methods studied. The highest values are obtained by the Ca(OH)2/CaCO3 

composites and ceramic encapsulated CaO granules although at the expense of energy 

density. On the other hand, the alumina coating hinders the agglomeration and 

formation of fines and at the same time offers a sufficiently permeable layer that allows 

for conversion degrees comparable to reference granules. Such promising results rank 

this modification as the most suitable for tests in larger scale moving bed reactors. 

3.2. Preliminary tests of Ca(OH)2  granules in an indirectly heated 

reactor 

In previous studies, the feasibility of the use of Ca(OH)2/CaO system at technical scale 

was investigated and confirmed in fixed bed reactors. However, the exchange of 

reacted material in this concept is not only difficult but also prevents the continuous 

operation of the reactor. In addition, the low thermal conductivity of the material 

requires complex heat exchanger designs. Hence, the upscaling of this reactor concept 

is technically challenging and costly. For this reason, further investigations aimed at 

the detachment of the power and capacity. To this end, research was dedicated to the 

development of moving bed reactors and material modifications that enable the 

movement of the reaction bed after thermal cycling. One of these experimental 

investigations is part of the present work. The design of the setup corresponds to a 

tube bundle reactor, where storage granules are located in the tube side whereas 

preheated air acting as heat transfer fluid (HTF) streams through the shell side. The 

test bench includes elements for the controllable flow of the granules, which is 

intended to be driven solely by gravity assistance. The operation of this reactor concept 

in the charging and discharging of Ca(OH)2-based granules resulted successful, 

reaching a thermal power of 0.44 kW. This value is below the nominal power of 1 kW 

due to the limitations of the heat exchanger. Nevertheless, the primary objective of its 

design is to enable the movement of the storage granules which was achieved only by 

the ceramic encapsulated CaO granules due to the reduced volume change given the 

limited conversion explained in 3.1.  

The results of the 6 cycles performed led to some conclusions in the use of indirectly 

heated reactors for the thermochemical cycling of storage granules. First, the heat 

exchangers must be of complex design to ensure the heat transport in the porous media 

due to the low thermal conductivity of the storage material. For this reason, the 

diameter of the tubes in the heat exchanger are limited to a few millimetres. Second, 
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the reduced space in the tube side of the heat exchanger is not able to compensate the 

volume expansion of the reacting granules. As a result, the bed of granules becomes 

stuck and consequently the movement of the bed does not occur. In conclusion, a 

gravity assisted moving bed in this tube bundle configuration is not technically 

feasible for the material modified under the approach selected.   

3.3. Considerations for the development of a novel reactor for Ca(OH)2 

The material characterisation revealed that the mechanical stability of granules can be 

enhanced when they are coated with Al2O3 additives as almost 50 % maintain their 

original size after multiple cycles and the agglomeration is hindered. In order to 

preserve the structural integrity of the granules, the mechanical stress must be 

minimised during the thermal cycling. Thus, different reactor concepts were assessed 

upon this condition. For instance, rotary kilns or mechanically assisted fluidised beds 

involve the continuous mix and erosion of the granules. Fluidised or bubbling beds 

offer the advantage of the direct heating of the samples but require the use of high gas 

velocities which lead to the attrition of the granules. In contrast, a tube bundle reactor 

offers the possibility to hold a stationary bed. However, as described in 3.2, this 

indirectly heated concept could not be successfully proved. 

Based on the assessment of the reactor concepts and the results obtained from the 

preliminary tests in the indirectly heated reactor, a directly heated reactor concept was 

chosen for the design of a novel setup. With this concept it appears technically feasible 

to achieve high heat transfer and the movement of the bed of reacted granules.  

3.4. Development of a novel moving bed reactor for Ca(OH)2 -based 

granules 

A directly heated reactor (1.2-3.5 kWth) was developed and set into operation for the 

thermochemical cycling of 3 L of storage granules in a stationary state. Thus, it was 

demonstrated that the temperature and gas velocity parameters used produced a 

sufficiently high heat transfer (α= 248 W/m2.K) between gas and particles. The 

maximum thermal power obtained in the experiments accounted for -1.76 kW during 

dehydration which lays in the range of expected values considered in the design phase. 

At the end of the 10-cycle experimental series, the flowability of the storage granules 

was reported. 

To sum up, after the characterisation and tests in three different reactors, it was proved 

that the use of Al2O3 nanostructured particles contributes positively to the persistent 

particle stabilisation of Ca(OH)2 -based granules. Nevertheless, in order to preserve 

the mechanical stability of the granulated material and ensure a desirable bulk 

behaviour that allows for the free flow of the bed after cycling, a directly heated reactor 
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must be used. In such reactor concept, the dehydration and hydration can be 

controlled by the gas volume flows and the difference between the bulk and inlet 

temperatures. Higher power levels can be obtained by increasing one or the other 

parameter. However, they must be carefully selected in order to avoid the fluidisation 

of the bed of granules and therefore higher attrition.   

3.5. Outlook 

The use of a directly heated reactor in combination with Ca(OH)2  granules coated with 

Al2O3 successfully proved the concept of a moving bed reactor. Therefore, the 

separation of power and capacity can be investigated at larger scale. For this reason, a 

pilot plant is envisaged. In this facility, a 5-kW reactor is expected to be operated in a 

continuous mode for the thermochemical cycling of 100 kg of granulated Ca(OH)2. To 

this end, the plant requires equipment that enables the transport and continuous 

feeding and removal of storage granules e.g. large containers for storing unreacted and 

reacted granules, vacuum conveyors as means of transport and rotary valves to control 

the mass flow. In this pilot scale facility, a larger number of cycles and the continuous 

mode can be studied. Different combinations of gas velocities and temperatures can 

also be tested in order to obtain higher power levels while maintaining a stationary 

bed. In addition, a hybrid modification approach can be investigated: Ca(OH)2/CaCO3 

composites coated with Al2O3. In order to increase the energy density, composites with 

higher reactive content can be produced. Although this represents more mechanical 

stress over the structure of the composite, it is expected to be compensated by the 

proved stabilisation layer given by the Al2O3 coating. Furthermore, composites of 

smaller size diameter can be used to form a larger heat transfer area and thus obtain 

higher power levels.   

The new reactor design must overcome some technical issues encountered during the 

experiments carried out in this work. For instance, the uneven heat distribution can be 

addressed by using a nozzle plate which enables a more homogenous gas distribution 

within the bed, thus preventing the formation of cold spots. Another problem is the 

increasing pressure drop over the cycles due to the accumulation of storage material 

in the gas inlet pipe. In order to prevent the gas stream from being blocked, a filter 

must be installed. Since the formation of dust due to the granules progressive 

deterioration seems unavoidable, additional control measures must be implemented 

to prevent the particle matter from being transported to the surroundings of the reactor 

by the applied gas flow. Thus, in order to contain possible leaks, a casing with a 

vacuum system can be installed
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4. Summary 

Calcium hydroxide is regarded as a promising candidate given the advantages it offers 

for thermal energy storage. However, one of the main challenges is the poor 

mechanical properties the powder material offers, which worsens after thermal 

cycling. For this reason, different modifications have been developed to improve the 

bulk behaviour and thus facilitate its use in moving bed reactors. In this work, two 

reactors and a reaction chamber were developed and set into operation to assess and 

test the functionality of stabilised Ca(OH)2/CaO-based granules as thermochemical 

storage material. The main results of this investigation are summarised as follows: 

• Development of a specific setup that enables the rapid cycling and real-time 

visualisation and tracking of the bulk behaviour of reacting granules. The 

reaction chamber emulated the reactor conditions for the thermal cycling of a 

bulk of granules and enabled their characterisation.  

• A moving bed reactor for preliminary testing of storage granules was 

developed and set into operation. The indirectly heated reactor consists of a 

tube bundle heat exchanger with a nominal power of 1 kWth.   

• Development of a novel directly heated moving bed reactor (1.2 kWth nominal 

power) for the thermal cycling of 2 kg of storage granules. The design of the 

reactor and the parameters selected prevent the fluidisation of the bed of 

granules, at the same time ensure enough thermal energy supply for the 

reactions to occur.  

• The characterisation under technical conditions confirmed that the mechanical 

stability of the granules coated with Al2O3 is enhanced. After 20 cycles: 

- the crushing strength resulted almost 50 % higher than reference 

granules.  

- the share of fines is 65 % lower than reference granules. No significant 

agglomeration was found.    

• In the experiments in the lab scale reactors, the performance of the Ca(OH)2  

granules coated with Al2O3 resulted comparable to reference granules in terms 

of conversion and cyclability. In addition, the positive effect of the Al2O3 coating 

for the enhancement of the mechanical stability was confirmed. 

• The change in dimensions of the Ca(OH)2/CaO granules during charge and 

discharge causes the mechanical stress over the original structure of the 

granule. This phenomenon can be controlled but at the expense of the energy 

density of the storage material.  

• The heat exchanger geometry in an indirectly heated reactor hinders the 

movement of the storage granules after reaction. For this reason, it is not 

suitable when the separation of power and capacity is sought. 
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• The absence of a heat exchanger in a directly heated reactor provides with more 

space for the dimension enlargement of storage granules and thus enables the 

movement of the bed after cycling. 

The results described in this dissertation are the base for the development of a pilot 

plant in which a 5-kW directly heated reactor is expected to cycle 100 kg of storage 

granules in a continuous mode. Although the continuous cycling of the storage 

granules is a significant challenge, the author expects that the realisation of a 

continuous mode is feasible by applying specific procedures to avoid the fluidisation 

of the bed of granules and technical solutions in the granules transport and control of 

particle matter emissions. Finally, the storage granules can be subject of further 

development to improve the storage density and at the same time extend the 

stabilisation effect.
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