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Abstract  

Reversible gas-solid reactions could offer relevant technological contributions to an energy system 

predominantly based on renewable energy. However, our current understanding of this technology is 

mainly based on fundamental material research and generic application concepts. Therefore, the first 

part of this work summarizes the current state of knowledge in order to identify unique advantages 

that could arise from reversible gas-solid reactions for energy storage and conversion. Starting with a 

technological differentiation between various reversible processes used for energy storage, a 

classification of different reactor designs and a generic approach for thermal integration and 

necessary reaction gas supply, three main directions are derived that currently seem most promising 

to transfer the specific properties of gas-solid reactions to technical systems: (1) open configurations 

to reduce system complexity, (2) utilization of available pressure differences to adjust the reaction 

temperature and (3) combination of abundant materials with the intrinsic possibility of lossless 

storage. Based on these considerations, the second part of this work summarizes our approach to 

transfer material properties to technical systems, e.g. by developing storages that utilize oxygen from 

air, by taking advantage of the pressure dependency of the reaction temperature of metal hydrides 

and salt hydrates or by combining the long-term energy storage possibility with abundant and cost-

efficient reactants such as calcium oxide and water. 

 

Zusammenfassung 

Reversible Gas-Feststoff-Reaktionen könnten zentrale technologische Beiträge in einem zukünftigen 

erneuerbaren Energiesystem leisten. Unser aktuelles Verständnis basiert jedoch noch im 

Wesentlichen auf Materialuntersuchungen und generischen Anwendungskonzepten. Daher fasst der 

erste Teil der vorliegenden Arbeit den aktuellen Stand des Wissens zusammen und identifiziert dabei 

mögliche einzigartige Vorteile die aus der Nutzung von reversiblen Gas-Feststoff-Reaktionen zur 

Energiespeicherung und –wandlung entstehen können. Dabei werden, ausgehend von einer 

technologischen Unterscheidung der reversiblen chemischen Prozesse, einer Einteilung der 

unterschiedlichen Reaktorkonzepte sowie generischen Überlegungen zur notwendigen 

Gasversorgung, drei grundsätzliche Ansätze abgeleitet. Aus heutiger Sicht sind diese: (1) offene 

Systeme zur Reduktion der Anlagenkomplexität, (2) Nutzung vorhandener Druckdifferenzen zur 

Anpassung der Reaktionstemperatur und (3) die Kombination des intrinsischen Vorteils der 

verlustfreien Speicherung mit gut verfügbaren Materialen. Auf der Grundlage dieser Überlegungen, 

werden im zweiten Teil unsere Arbeiten zum Transfer spezifischer Materialeigenschaften in 

technische Systeme zusammengefasst. Diese basieren beispielsweise auf offenen Systemen die mit 

Luftsauerstoff reagieren, einer Ausnutzung der Druckabhängigkeit der Reaktionstemperatur von 

Metallhydriden und Salzhydraten oder einer Kombination aus Langzeit-Energiespeicherung mit den 

sehr gut verfügbaren und kostengünstigen Reaktanten Kalziumoxid und Wasser. 

  



  



Contents  

 

 

Abstract / Zusammenfassung 

1. Introduction and fundamentals ...................................................................................................... 7 

2. Generic considerations .................................................................................................................. 12 

2.1. Storage material: Thermochemical process .......................................................................... 12 

2.1.1. Gas-Gas reactions: Mixture of reaction products and educts ....................................... 13 

2.1.2. Ad- and Absorption processes: Graduate charging ....................................................... 14 

2.1.3. Gas-Solid reactions: Distinct equilibrium ...................................................................... 16 

2.2. Thermochemical system: Process integration ...................................................................... 18 

2.2.1. Closed systems .............................................................................................................. 18 

2.2.2. Open systems ................................................................................................................ 21 

2.3. Key component: Thermochemical reactor ............................................................................ 23 

2.3.1. Rate of reaction and thermal power of the reactor ...................................................... 23 

2.3.2. Reactor concepts ........................................................................................................... 25 

3. Own research and main results ..................................................................................................... 29 

3.1. Utilizing available gases / Open operation ............................................................................ 29 

3.1.1. Open to ambient ........................................................................................................... 29 

3.1.2. Open to a technical system ........................................................................................... 32 

3.2. Utilizing pressure dependency / Thermal upgrade ............................................................... 37 

3.2.1. Open system to utilize existing pressure difference ..................................................... 38 

3.2.2. Closed system for waste heat utilization ...................................................................... 40 

3.3. Utilizing abundantly available materials / Storage capacity at low cost ............................... 43 

4. Summary and conclusion .............................................................................................................. 48 

5. References ..................................................................................................................................... 50 

6. Own publications used for this work ............................................................................................. 57 

 

 

 



 



7 

1. Introduction and fundamentals 

 

Our current energy system is able to cover basically all relevant aspects of energy demand. It is 

reliable, the consumption of energy is comparably cheap and it is resilient since the sources are 

reasonably diverse. However, our current concept of energy supply lacks of at least two important 

aspects in the context of sustainability: the first one is related to the eventual depletion of all fossil 

energy resources that currently form the backbone of our energy supply; the second one is related to 

the idea of utilizing the surrounding as allegedly infinite sink for e.g. exhaust gases from combustion 

processes, waste materials from mining or low grade thermal energy from power plants etc. 

In this context, the reduction of primary energy consumption on one side and the transition to fossil-

free energy supply on the other side are widely seen as key factors for a transformation into a 

sustainable energy system of the future where closed material cycles are basically driven by solar 

energy. The first factor is highly divers and generally summarized as increase in efficiency. It aims for 

a combination of improving conversion processes, e.g. taking advantage of highly efficient traction in 

electrified vehicles, and minimizing unnecessary losses, e.g. reducing wasted thermal energy of 

industrial processes or improving building insulation. The second factor is comparably clear and is 

based on a subsequent reduction of energy generation based on fossil resources substituted by an 

increasing utilization of renewably available energies - if necessary in combination with storage 

technologies to preserve our reliable energy supply. 

Consequently, besides the collection of renewable energy, its storage and efficient conversion to 

effective energy can be seen as main technological challenges for a sustainable energy system of the 

future. However, taking our effective energy needs into consideration and comparing them to our 

currently invested primary energy1, it becomes obvious that a direct or linear transition from fossil to 

renewable energy supply seems at present unlikely leaving space - and need - for new, innovative 

emerging technologies.  

Reversible chemical reactions between a solid and gaseous reactant, in the following abbreviated as 

gas-solid reactions, could form the basis for such emerging technologies. These systems are 

increasingly discussed and investigated not only in the context of energy storage but also in context 

of thermal energy conversion [e.g. 1-5]. However, since our understanding of these systems is so far 

mainly based on fundamental material research and generic concepts, their potential contribution to 

our future energy supply can be hardly evaluated. Therefore, this work aims to summarize the 

specific potential of gas-solid reactions for energy storage and conversion, analyze their limitations 

and finally tries to contribute to the transfer of specific and unique properties on material level to 

promising technical systems.   

                                                           
1 Primary Energy Consumption in Germany, 2017: ca. 13.550 PJ, of which around 13 % was supplied by 
renewable energies (main fractions: biomass 54 %; wind energy 22 %; photovoltaic 10 %) [6] 
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The operation of a gas-solid reaction is based on the idea to use thermal energy as input to drive an 

endothermic decomposition reaction. Thereby a gaseous component is released and the thermal 

energy is transferred into a chemical potential. Figure 1 shows the schematic principle of this 

endothermic decomposition. In case of a subsequent separation of the reaction products (A and B) 

the chemical reaction allows directly for an – in principle – infinite storage time of the associated 

heat of reaction (∆H).  

 

 

Figure 1:  Schematic of an endothermic decomposition of a solid compound (AB) into a solid (A) and 

a gaseous (B) product  

 

However, since the endothermic decomposition proceeds at a certain temperature, the fractions of 

thermal energy stored as sensible heat in the material masses have to be considered and depend 

mainly on the operation temperature and the heat capacity of the involved materials. For example, 

for low temperature thermochemical energy storage the sensible thermal losses can be very small 

and potentially neglected. So, in this case the reaction products can be cooled down and simply 

stored at ambient conditions. For higher storage temperatures however, the sensible thermal energy 

accounts for a higher fraction of the total energy and has to be taken into account – if a utilization is 

not possible, the storage products have to be insulated (comparable to thermophysical storages) in 

order to avoid respective thermal losses.  

By recombining the reaction products, the exothermic backward reaction allows the release of the 

chemically stored thermal energy – basically on demand. This is schematically shown in Figure 2.  

 

 

Figure 2:  Schematic of an exothermic (re-)combination of a solid (A) and a gaseous (B) educt into 

the solid compound AB  

 

Combining Figure 1 and Figure 2, it becomes clear that the gas-solid reaction can be either used as 

intermediate sink for thermal energy (Figure 1) or as sink for the gaseous reaction partner, e.g. 
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hydrogen (Figure 2). Due to the presupposed reversibility of this generic process, it is obvious that 

the exchange of thermal energy is directly linked to an exchange of the gaseous reaction partner. 

Various reactions that allow for this exchange are reported in recent literature, ranging from 

extensive material screenings [7-12] to experimental investigations on material and small laboratory 

scales [13-31].  

Assuming a simplified theoretical set-up where the generic reaction of Figure 1 and 2 is contained 

within variable boundaries, four cases can be distinguished (compare Figure 3):  

 

 

Figure 3:  Schematic of a gas-solid reaction within four generic boundaries: a) adiabatic and closed, 

b) adiabatic and open, c) diathermic and closed, d) open boundaries  

 

Case 1 – adiabatic and closed boundaries (Figure 3a, equilibrium): The system is in equilibrium which 

means that pressure and temperature are constant according to the thermodynamic characteristic of 

the reaction (details see chapter 2). 

Case 2 – adiabatic, but open boundaries (Figure 3b, temperature change): The gaseous reaction 

partner can enter or leave the system. A supply of the gaseous reaction partner leads to an 

exothermal answer of the reaction and consequently to a temperature increase (or vice versa). The 

final (equilibrium) temperature is directly linked to the applied gas pressure and the thermodynamic 

characteristic of the reaction. 
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Case 3 – diathermic, but closed boundaries (Figure 3c, pressure change): Thermal energy can pass 

the boundaries which leads to a dissociation and consequently to a pressure increase. With 

increasing temperature of the solid, the pressure increases until the temperature of the material 

reaches the temperature of the external heat source.  

Case 4 – open boundaries (Figure 3d, storage mode): In this case, reaction gas and thermal energy 

can be exchanged. Consequently, the reaction in Figure 1 (or Figure 2) is not self-limited and will 

continue until complete conversion is reached. 

Following the schematic of Figure 3, a simplified reactor has to be partially open to utilize the full 

capacity of the reversible chemical reaction, compare case 4.2 As a direct consequence, any 

thermochemical approach has to fit not only to a temperature but also to a pressure boundary 

condition. This clearly differentiates the thermochemical approaches from thermophysical 

approaches to store thermal energy. Up to now, a few demonstration systems with prototype 

character that are based on thermochemical gas-solid reactions have been reported in literature [32-

37]. However, the associated supply (or removal) of the reaction gas – under realistic boundary 

conditions – might have a severe impact on the practicability and/or the efficiency of such 

thermochemical systems. Due to this generic reason, thermochemical energy storages or especially 

thermochemical systems dedicated to specific applications are more complex in comparison to 

thermophysical storages based on sensible or latent thermal energy.  

Concluding above considerations and the state of the art of gas-solid reactions and related technical 

systems for energy storage and conversion, three major aspects can be identified that are crucial for 

the transition from a thermochemical process (basically the forward and backward reaction) to a 

thermochemical system.  

 

 

Figure 4:  Schematic principle of a thermochemical system   

 

                                                           
2 An exemption could be an artificial (chemical) heat capacity of a diathermic thermochemical system, e.g. as 

small spheres. Patent application (Linder, M. et al. (2015), DE102015108095A1, Germany)    
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Obviously, the thermochemical process has to be understood and taken into account. Different types 

of thermochemical processes (Fig. 4: principle) that are – in general – summarized as 

thermochemical heat storages possess important application relevant differences, such as e.g. 

storage temperature as a function of conversion. Besides that, the necessity of a gaseous reactant 

demands a proper integration and utilization of the reaction gas (Fig. 4: integration). Since the gas 

handling does not only affect the storage density of the system, but also its efficiency it is crucial and 

has to be adapted for any intended application. Finally, the component that connects the 

thermochemical process with the intended application is the thermochemical reactor (Fig. 4: 

reactor). The reactor defines, on one side, the dynamics of the thermochemical system as it has to 

ensure sufficient heat and mass transfer. On the other side, the reactor converts a gas supply into a 

release of thermal energy and vice versa.  

Chapter 2 of this work (Generic considerations) focusses on these three major aspects of a 

thermochemical system in more detail. The main intention is to summarize the state of the art of 

gas-solid reactions for energy storage and conversion and derive specific aspects of reversible gas-

solid reactions that could be transferred to and utilized in technical systems.  

Some of these specific aspects – on material level – are: 

• Long-term storage possibility; due to the separation of reactants and the associated storage 

at ambient temperature without thermal losses  

• High storage densities; due to the involved thermochemical process 

• Possibility to combine heat and/or cold storage 

• Heat release ‘on-demand’; due to the controllability of the backward reaction  

• Possibility to transform heat (thermal upgrade) 

• Use of cheap and widely available materials 

Chapter 3 of this work (Own research and main results) gives an overview of our approaches to 

transfer these specific aspects into technical systems and summarizes the main results. Besides open 

thermochemical systems that are able to utilize available gases and even pressure differences, the 

distinct correlation of reaction temperature and gas pressure opens new combinations of thermal 

energy storages and heat pumps, including heat transformation processes. And finally, abundantly 

available materials such as quick lime (based on natural lime stone) or some salt hydrates (e.g. based 

on Carnallite or CaCl2) are available at low cost and with low environmental footprint and might be 

therefore promising candidates for e.g. future long-term storage solutions.  

Chapter 4 (Summary and Outlook) concludes the main aspects of this work and aims to indicate 

future research directions for the transfer of specific material properties of gas-solid reactions to 

technical systems for energy storage and conversion. 
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2. Generic considerations 

 

This chapter aims to introduce the three important aspects of gas-solid reactions. Since any potential 

specific advantage of a thermochemical system is based on material properties, the chapter starts 

with the definition of the thermochemical process itself. The second part refers to the integration of 

the thermochemical process into different generic systems, whereas the last part deals with the 

thermochemical reactor as crucial component.  

 

2.1.  Storage material: Thermochemical process 

 

Gibb’s free energy can be used to describe the necessity of a gaseous reactant for thermochemical 

energy storages - especially for reversible systems with associated high enthalpies per mol of 

reactant. The following equation states that for a given temperature (T), the chemical potential 

(Gibbs free energy) of the reversible reaction at equilibrium is zero: 

 

0 =  ∆𝐺 =  ∆𝐻 −  𝑇∆𝑆    (1) 

 

However, as long as the system is in thermodynamic equilibrium, neither a charging nor a discharging 

of the storage is possible. According to Figure 1, for a thermal charging of the thermochemical 

storage, the equilibrium has to be disturbed in such a way that the dissociation reaction proceeds. 

This can be reached either by a supply of thermal energy or by reducing the concentration of the 

products (or one of the products). On the other hand, the thermal discharging of the thermochemical 

storage demands a supply of the educts and/or a removal of the heat of the thermochemical process 

(compare Figure 2).  

Based on Equation (1), for a given temperature (T), the enthalpy change (ΔH) is directly proportional 

to the entropy change (ΔS). Thus, a large entropy change promises a high reaction enthalpy of the 

thermochemical process. Since volume changes are associated with a large change in entropy, a 

charging of a thermochemical system is generally combined with a release of a gaseous compound or 

product and vice versa. Even though a few potential applications exist that utilize the heat of 

involved thermochemical processes without a gaseous phase3, thermochemical reaction systems can 

be generally classified by the state of the second involved reaction partner – these are consequently 

gas-liquid, gas-gas or gas-solid thermochemical processes.  

                                                           
3 E.g. one way solid-liquid thermochemical systems for instantaneous heat release (www.barocook.eu)  

http://www.barocook.eu/


13 

A general introduction to thermochemical energy storage based on gas-solid reactions was given in 

the previous chapter. It was concluded that during an endothermic dissociation, thermal energy is 

transferred to a chemical potential and can be recovered by the exothermal backward process. Even 

though this generic description can be applied for gas-solid, gas-liquid and gas-gas reactions, it does 

not reflect the specific characteristics of each storage principle that can be utilized for 

thermochemical energy storage. Whereas the state of conversion of gas-gas reactions or sorption 

processes has a direct impact on the temperature of the reaction (due to different reasons), 

reversible gas-solid reactions follow an equilibrium line that allows for a complete conversion at a 

specific given pressure/temperature condition. Therefore, in the following chapter a general 

characterization is given that focuses briefly on the most important operation differences between 

the different thermochemical processes.  

 

2.1.1. Gas-Gas reactions: Mixture of reaction products and educts 

The main characteristic of gas-gas reactions for thermochemical heat storage is the mixture of 

gaseous reaction products and educts during the respective cycle. So, an easy separation of the 

reactants is not possible. This affects on one side the operation strategy of the storage system since a 

spontaneous recombination has to be avoided during the storage phase, e.g. by the absence of a 

catalyst and/or low storage temperatures. On the other side, it has also a crucial impact on the 

storage temperatures.  

 

 

Figure 5:  Schematic Gas-Gas Reaction: Reachable converted fraction depends on the available 

temperature level 
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The correlation between the converted fraction (concentration of the reaction product) and the 

equilibrium temperature of the reaction for a gas-gas reaction is schematically shown in Figure 5. It is 

obvious that the extent of converted fraction is equal to the stored thermal energy which – according 

to Figure 5 - depends directly on the maximum temperature that can be reached during the charging 

process. For the backward reaction the correlation is comparable – the lower the discharging 

temperature, the larger is the fraction of converted reaction partners. Therefore, in order to reach 

high converted fractions, a thermochemical heat storage based on gas-gas reactions requires a 

temperature operation range.  

Examples of thermochemical systems based on a gas-gas reaction are reversible dissociations of 

ammonia or methane [38, 39]. For thermal energy storage, the ammonia-based thermochemical 

energy storage offers an intrinsic advantage: If the system is operated above the saturation pressure 

of ammonia, it is possible to easily separate a large fraction of ammonia from its dissociation 

products (nitrogen and hydrogen) by condensation [40]. Besides the application as thermal energy 

store, so-called ‘chemical heat pipe’ configurations of reversible gas-gas reaction offer the possibility 

of a long distance transfer of high temperature thermal energy with minimal losses [41]. A chemical 

heat pipe based on steam methane reforming was intensively investigated in the context of high 

temperature (nuclear) reactors [39].  

 

2.1.2. Ad- and Absorption processes: Graduate charging   

Even though ad- or absorption processes do not involve a chemical reaction, the systems that are 

based on these principles are often included in the expression ‘thermochemical energy storage’. 

Besides liquid sorption systems (such as e.g. LiBr-H2O), the most prominent systems are based on 

silica gels or zeolites and use water vapor as gaseous reactant. Even though the reactants can be 

easily separated (supply or removal of water vapor), the storage density of a given system also 

increases with increased charging temperature and/or decreased discharging temperature. This is 

comparable to the gas-gas reactions mentioned above, even if the underlying reason is different.  

The schematic of a sorption process is shown in Figure 6. The isosteres, shown as straight lines, refer 

to different states of charge that are characteristic for sorption processes since e.g. a thermal 

discharging corresponds to a gradual ‘filling’ of e.g. available surface area or pore volumes, 

respectively. Therefore, for a given pressure, the amount of adsorbed reaction gas increases with 

decreasing temperature. Thus, for a given gas pressure the ‘conversion’ of these thermochemical 

storage systems increases with increasing temperature differences between charging in discharging.  

As a consequence, sorption based thermochemical energy storages demand a temperature (or 

pressure) difference between charging and discharging and - for a given system - its extend is directly 

correlated to the stored energy. The same coherences are valid for absorption processes of gas-liquid 

systems, in this case due to dilution effects. 
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Figure 6:  Schematic sorption processes: The state of charging depends for a given temperature on 

the available pressure or vice versa 

 

Thermochemical systems based on ad- and absorption processes are commercially available, mainly 

as continuously operated thermally driven heat pumps. In these cases a temperature swing of the 

solid sorption material is externally induced which leads to a pressure swing of the gaseous reactant. 

If two processes are alternatingly coupled, a continuous mass flux of the reactant is obtained. 

Depending on the peak-to-peak amplitude of the temperature swing, the mass flux can be combined 

with a pressure increase – this process is comparable to conventional mechanical compression but 

with thermal energy as energy input. In state of the art sorption systems the gaseous reactant is 

condensable and used as working fluid for thermally driven heat pumps or cooling systems, e.g. for 

solar cooling or waste heat recovery [42, 43]. Gas-solid sorption systems for thermal energy storage 

are still in research state [44]4. As mentioned above, ideal conditions for this type of storages allow 

for a temperature difference between charging and discharging and require longer storage periods. 

This could be on side realized by the transport of thermal energy from a source (e.g. industrial waste 

heat) to a nearby sink [e.g. 45]. Additionally, a widely addressed potential application is the 

decentralized seasonal storage to cover the heat demand in winter. One major research and 

development aspect of this technology is related to the temperature difference between discharging 

in winter (as low as acceptable) and charging in summer (as high as possible with cost-effective solar 

thermal collectors). However, the environmental impact of manufacturing the material and the 

system has to be taken carefully into account – especially if the benchmark is sensible storage in non-

pressurized water tanks [46]. 

                                                           
4 Exemptions are based on unique features, e.g.: Dish washer (combination of drying and heating of air, 

https://www.siemens-home.bsh-group.com.au/inspiration/innovation/highlights/zeolith) and  

beer keg (cooling on demand, http://www.tucher.de/unsere-biere/unser-sortiment/unser-coolkeg/) 

 

https://www.siemens-home.bsh-group.com.au/inspiration/innovation/highlights/zeolith
http://www.tucher.de/unsere-biere/unser-sortiment/unser-coolkeg/
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2.1.3. Gas-Solid reactions: Distinct equilibrium  

Gas-solid reactions are in general comparable to adsorption processes since the reactants can also be 

easily separated. However, in contrast to the above described graduate filling, one distinct 

equilibrium line separates the charged state from the discharged one. This is due to a formation of a 

new chemical compound (e.g. formation of a metal hydroxide by the chemical reaction of a metal 

oxide and water vapor).  

The schematic principle of such a gas-solid reaction is shown in Figure 7 using a specific phase 

diagram for a better visualization of the associated pressure. This so called van’t Hoff plot separates 

the thermally charged state (below) from the discharged state (above the line). Therefore, for a given 

reaction gas pressure, a complete conversion corresponding to the maximum storage capacity of the 

respective stage is possible at one distinct temperature. Analogies can be drawn to the condensation 

of a gas (at a constant pressure) or to the solidification of a liquid.  

 

 

Figure 7:  Schematic gas-solid reaction: Distinct equilibrium line separates the charged from the 

discharged state. As a consequence, for any given temperature/pressure combination 

above the line, the system is completely (thermally) discharged and vice versa  

 

This theoretical coherence can be limited by effects like hysteresis (difference between formation 

and dissociation or kinetic limitations) or intermediate steps that can occur e.g. during hydration of 

some salts. However, due to this coherence, the discharging temperature for the full capacity of the 

thermochemical storage can be almost equal to the charging temperature. Gas-solid reactions are 

therefore especially interesting if e.g. distinct temperature levels are required or pressure differences 

can be used to upgrade thermal energy. This offers on one side promising applications such as 

combinations of heat pumps and thermal energy storage in one unit. On the other side, this distinct 

correlation is related to structural changes of the reacting solid. These might have direct impact on 
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the bulk structure and is one of the reasons why most of the thermochemical systems based on gas-

solid reactions for energy storage and conversion are still in research state and have not left 

laboratory scales yet. Exemptions are chemisorption processes such as metal hydrides for e.g. 

hydrogen storage [47]. 

Additionally, the distinct equilibrium line imposes another challenge for the technical application of 

gas-solid reactions: The respective required temperature has to be reached in any case – in contrast 

to the above described systems, a gradual charging leading to a predictable lower performance (if 

the nominal temperature is not reached) is not possible. Either the temperature level is sufficiently 

high or the storage system doesn’t work at all. Consequently, reversible gas-solid reactions have to 

perfectly match the required temperature condition of the intended application. According to 

Figure 8, this could be achieved by changing the pressure of the gaseous reactant. However, this 

option depends highly on the integration possibilities into the intended application. A logical 

approach to overcome this issue can be derived from Equation (1) and is shown in Figure 8. As the 

related equilibrium temperature for a given pressure increases with increasing specific reaction 

enthalpy, different reacting solids can be chosen for the same gaseous reactant (e.g. water vapor, 

forming hydroxide phases) [48]. Thereby the thermodynamic equilibrium of the gas-solid reaction 

based on a given reaction gas, e.g. water vapor, can be to a certain extent adapted to the intended 

application. One emerging research field in this context is the chemical modification of the reacting 

solid with the future goal to precisely tailor its thermodynamic equilibrium with the respective 

gaseous reactant [e.g. 24]. 

 

 

Figure 8:  Adaptation possibilities of gas-solid reactions: Impact of a pressure change on the 

associated equilibrium temperature (arrows) and impact of the involved heat of reaction 

(dashed lines for solid reactant with lower ∆H) 
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It is rather obvious that above used general classification is only possible for the sake of certain 

impreciseness. For instance, in case of the above mentioned interstitial metal hydrides 

(chemisorption process), a strict classification is not possible since the reaction behavior depends 

highly on the chosen solid or alloy [49]. Moreover, by means of specifically tailored storage materials 

adapted to the respective gaseous reaction partner, the temperature dependency of the state of 

charge of sorption materials can be drastically reduced [50]. And finally, whether the specific 

differences of gas-solid processes to other thermochemical systems are important or not depends a 

lot on the intended application.  

 

2.2.  Thermochemical system: Process integration 

 

The development of a thermochemical system does not only depend on the respective material 

properties, e.g. energy density, heat capacity or heat of reaction, but does also highly depend on the 

intended process. A proper integration strategy has to consider the supply and removal of the 

gaseous reactant and thereby finally defines whether a thermochemical system can offer some of 

the above mentioned advantages. In this context two general operation principles for 

thermochemical systems can be distinguished. 

In a closed thermochemical system only thermal energy is exchanged with the respective process. 

Therefore, the released reaction partner has to be handled internally. In case the reactant(s) has to 

be stored in gaseous state, high storage densities can only be reached if the reactant is compressed. 

If a condensable gas (e.g. H2O) is used as reaction partner, the required compression work can be 

substituted by thermal energy – which has to be available at the respective temperature level and 

during the process of thermal discharging. On the other hand, an open thermochemical system 

exchanges not only thermal energy but also its reaction partner – either with the ambient or with the 

respective process. In this case very high storage densities can be reached but challenges like e.g. 

potential side reactions with impurities or the ensured availability of the reaction partner have to be 

considered.  In this chapter both options are briefly discussed. 

 

2.2.1. Closed systems 

The general schematics of closed thermochemical systems for thermal energy storage are shown in 

Figure 9. In this case both reaction partners need to be taken into account and a second container is 

necessary. However, since one reaction partner is gaseous and consequently possess a rather low 

density, additional measures are necessary to reach high storage densities of the system. 

For this purpose, three different cases can be distinguished that are schematically given in Figure 9. 

The first option is the compression of the reaction partner (Figure 9a). The released reactant(s) from 

the charging process flows through a compression unit and is later stored in a vessel at a certain 
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pressure. For the compression, additional energy is required that has to be taken into account – 

especially since mechanical energy is necessary to operate the thermal energy storage.  

Obviously, the compression work is partially available as potential energy in the storage vessel. 

Therefore, a re-utilization to a certain extend is possible – either by increasing the discharge 

temperature of the thermochemical storage (compare chapter 1.2) or by an expansion unit that 

partially recovers the mechanical energy.   

Another option is to utilize a condensable gas, e.g. water vapor (Figure 9b). In this case, the gaseous 

reaction partner is released during the charging at the respective temperature and transferred to a 

connected condensation unit. If this condensation unit operates at temperatures below the 

condensation temperature the gaseous reaction partner automatically condenses, thereby drastically 

increasing its density. In order to operate at a constant pressure, the released enthalpy of 

condensation has to be removed. On the other hand, since the discharge process of the thermal 

energy storage demands a gaseous partner, the enthalpy of evaporation has to be supplied by an 

evaporation unit. So, the system operates actually between two temperature levels and both 

thermal energy fluxes have to be taken into account. Since this closed system can be in principle 

operated with all gases that are condensable at technically reasonable conditions, besides water 

vapor reactions e.g. also ammonia or CO2 based reactions are possible if the operation pressure is 

adjusted to the respective temperature boundaries. Additionally, also systems combining approach 

(a) and (b) are possible.    

Comparable to the condensation process, also a second reaction can be used to offer a sink for the 

gaseous reactant (Figure 9c). In this case, two reactors with two adapted reaction systems that 

operate at the same gas pressure but at different temperatures are necessary. This configuration is 

mainly investigated with coupled metal-hydrogen or salt-ammonia based reactions [51-53]. These 

concepts demand a couple of reacting solids with two different thermochemical properties that have 

to fit to the intended application. The occurring heat fluxes are comparable to case (b), but the 

systems complexity might be higher since at least two reactors are necessary. 
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Figure 9:  Schematics of closed thermochemical systems: a) compression of reaction gas, e.g. 

hydrogen or carbon dioxide; b) condensable reaction gases, e.g. water vapor or ammonia; 

c) coupled reactions, e.g. metal alloys and hydrogen or salts and ammonia. Greyish arrows 

indicate thermal energy, black arrow indicates mechanical energy 

 

As mentioned above, case (b) and (c) are always operated between two heat fluxes (greyish lines). 

So, these thermochemical systems are also basic configurations for chemical heat pumps. The only 

difference might be related to the power and capacity level of the respective reactor. While a 

thermochemical energy store is rather operated as batch process which addresses a certain storage 

capacity, the chemical heat pump operates quasi-continuously by two alternating processes and has 

to reach a certain power level. However, the relevant similarity is the operation between two heat 

fluxes that occur at different temperature levels. 

For closed thermochemical energy storages using a second heat flux (case (b) and case (c)), three 

operation strategies can be distinguished that are shown in Figure 10 5.     

 

                                                           
5 In these examples the exothermic process during discharging is considered as ‘useful’ effect which is the case 

for thermochemical ‘heat’ storage. Obviously, in case of thermochemical ‘cold’ storage the respective 

endothermic process would be considered as useful effect. However, the integration aspects are comparable. 
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(1) The second energy flux is used as additional benefit. In this case the endothermic process 

during discharge (e.g. evaporation of the reaction gas) is used as ‘cold’ storage. These 

systems therefore combine heat and cold storages and demand consequently a higher 

integration effort. The main challenge is to meet the actual required temperature level for 

both effects as well as for both cases – charging and discharging.  

(2) The ambient is used as basis. In this case thermochemical systems are designed to utilize the 

ambient as heat sink and heat source for condensation or evaporation, respectively. The 

main challenge is related to the variable temperature boundary condition (e.g. 

winter/summer).  

(3) The thermochemical system is designed to reuse the low grade thermal energy available 

within the process (e.g. generally released via cooling towers). In this case the thermal 

energy is not released to the ambient but used to supply the gaseous reaction partner (e.g. 

for evaporation). The thermochemical reaction than releases high grade thermal energy that 

can be used to generate mechanical energy (e.g. Honigmann process, details in [54]). 

 

 

Figure 10:  Operation principles of closed thermochemical energy storages (discharging case with 

exothermic process as primary ‘useful’ effect)  

 

2.2.2. Open systems 

Whereas closed systems do not exchange any mass with the process or the ambient, open reaction 

systems are based on the idea that the complexity of the system can be reduced if also an exchange 

of the reaction partner is possible.  

Two general principles of open thermochemical systems are shown in Figure 11. In Figure 11a, the 

open thermochemical system is assumed as particular process that exchanges its gaseous reaction 
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partner e.g. with the ambient and additionally thermal energy with the respective application. In this 

case only systems based on water vapor (humidity) or oxygen are possible since the ambient is used 

as sink and source. Due to the very small concentration of CO2 in ambient air, CO2 based reactions 

are theoretically possible but might require additional measures to increase the availability, 

especially for the thermal discharging. Since the gaseous reaction partner does not have to be stored, 

the storage density of the thermochemical storage system is clearly increased. However, additional 

questions like poisoning of the storage material by side reactions (e.g. carbonation) or the 

guaranteed availability of a sufficient concentration of the gaseous reaction partner (e.g. water vapor 

in winter season) arise. 

 

 

Figure 11:  Schematics of open thermochemical systems: a) utilization of gases available in ambient 

air; b) utilization of gases already used in processes. Greyish arrows indicate thermal 

energy 

 

The second option is only possible if the reaction system fits into the intended process since in this 

case the thermochemical system is directly integrated, compare Figure 11b. Obviously, again the 

storage density can be increased and also only one reactor is necessary. But additionally, even if the 

integration effort is higher, the quality of the reaction gas as well as its availability is known and 

projectable. One interesting advantage might be the utilization of available concentration or pressure 

differences that can be directly transferred into temperature differences, e.g. for cooling or thermal 

upgrading purposes. This type of system is only possible if the reaction gas is already available in the 

process, e.g. water vapor in industrial processes or hydrogen gas in hydrogen-fueled cars. 
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2.3. Key component: Thermochemical reactor 

 

The thermochemical reactor is the crucial component of every thermochemical system since it 

connects the respective thermochemical process on one side and the intended application with its 

specific requirements on the other side.    

The storage reactor has to ensure an excellent distribution of the gaseous reaction partner as well as 

an excellent heat transfer between the thermochemical process and the respective heat transfer 

fluid. In case of gas-solid or gas-liquid reactions, it has to guarantee a separation of the reactants in 

order to prevent, e.g. a discharge of the solid material. Additionally, depending on the chosen 

reaction system, also high pressures and/or temperatures can occur that might demand also certain 

measures. Finally, the respective application requirements such as charging or discharging power and 

capacity have to be reached and determine main design parameters of the reactor. But in contrast to 

thermophysical storages, like sensible or latent heat storage, the reachable thermal power does not 

only depend on the heat transfer from the heat transfer fluid to the storage material and the heat 

distribution inside, but also on the rate of reaction of the respective thermochemical process. 

 

2.3.1. Rate of reaction and thermal power of the reactor 

Thermodynamic data of the respective reaction systems can be found in literature and are in general 

reliable. Based on these data, theoretically suitable reactions for a specific application can be found 

and unsuitable systems can be excluded. However, the final applicability of any thermochemical 

system depends on the reachable rate of reaction of the material at the respective conditions.  

Therefore, in order to identify possible reaction systems for thermochemical heat storage, a detailed 

analysis of the respective rate of reaction at application relevant temperatures and pressures is 

necessary. In general, the rate of reaction (𝑑𝑥 ⁄ 𝑑𝑡) can be described by following generic equation 

that takes three different dependencies into account: 

 

    𝑑𝑥
𝑑𝑡⁄ = 𝑓(𝑇) ∙ 𝑓(𝑝, 𝑝𝑒𝑞) ∙ 𝑓(𝑥)    (2) 

 

(1) Temperature dependency: 𝑓(𝑇) 

For a given reaction system, a temperature increase leads in principle to an accelerated rate 

of reaction (Arrhenius’ dependency).  

(2) Equilibrium dependency: 𝑓(𝑝, 𝑝𝑒𝑞) 

The thermochemical process can only proceed until the equilibrium is reached. For gas-solid 

reactions, this equilibrium dependency can be described by an experimentally determined 

correlation between the locally available gas pressure (p) and the known equilibrium 
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pressure at the local temperature (peq). Due to this dependency on the equilibrium, 

thermochemical systems based on gas-solid reactions are self-limiting and the available 

pressure level directly determines the reaction temperature.  

(3) Dependency on the reaction mechanism: 𝑓(𝑥) 

The third dependency summarizes possible reaction mechanisms and takes into account that 

the reached state of conversion has an additional impact on the further reaction. Examples 

are the deceleration of the chemical reaction towards full conversion, a slow but exponential 

rate of reaction at low conversion or the combination of both leading to a sigmoidal shape.   

 

A proper determination of the rate of reaction and its mathematical description is generally complex. 

A practical approach in order to determine the application relevant rate of reaction is the 

experimental analysis at (almost) ideal conditions. For gas-solid reactions, these would be isothermal 

conditions with constant pressure that are not influenced by any transfer processes. Based on such 

an experimental configuration, a set of experiments in the relevant temperature and pressure 

boundaries can be performed to analyze main dependencies and a general applicability. Depending 

on the experimental set-up and the measurement principle, additional thermal ballast (inert 

material) can be used to decrease the thermal power density and thereby improve isothermal 

conditions. 

In contrast to these experiments with (almost) ideal boundary conditions, the reactor of any later 

application is always limited by heat transfer and/or the distribution of the reaction gas. Both 

influence the reaction since they lead to a deviation between the values given by the application that 

are available at the reactor boundary and the local values where the reaction actually proceeds. This 

overlap of heat and mass transfer in combination with the respective rate of reaction of the material 

is schematically shown in Figure 12 for the exothermic reaction inside a gas-solid reactor and a 

schematic rate of reaction of the reacting material.  

The heat transfer from the reacting solid (heat source marked as black rectangle) to the heat transfer 

fluid depends on thermophysical parameters, like thermal conductivity of the bulk material in 

combination with geometrical constraints like e.g. surface area or distance. Regarding the mass 

transfer, the heat source (black rectangle) actually ‘consumes’ the gaseous reaction partner and can 

consequently be seen as sink for the gaseous reactant. The respective mass transfer, in this case from 

the inlet on top, also depends on thermophysical parameters, mainly permeability of the respective 

gas through the powder bulk in combination with the distance to the rectangle.  
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Figure 12:  Schematic of transfer processes within the reactor. Shown example: gas-solid reaction 

(black rectangle) with schematic reaction mechanism (first order, right diagram), gas 

supply from top (unfilled arrow) and heat release to the left (greyish arrow) 

 

Both transfer processes are driven by a gradient. The heat transfer demands a temperature 

difference between the reaction temperature (black rectangle) and the heat transfer fluid. Since this 

temperature gradient directly reduces the useful discharge temperature it has to be minimized. At 

the same time the mass transfer is driven by a pressure gradient. This gradient affects the required 

reaction gas pressure that has to be supplied by the process. As described above, the availability of a 

certain gas pressure is directly linked to the integration strategy of the storage and since it affects in 

most cases the storage efficiency it has to be minimized as well.    

Therefore, the development of a reactor that is optimized with respect to the required thermal 

power, the required storage capacity, the necessary rate of reaction of the storage material, the 

required temperature level and the acceptable gradients for the transfer processes, requires 

excellent knowledge of all involved parameters. 

 

2.3.2. Reactor concepts 

In order to optimize thermochemical reactors, the above described correlation between specific rate 

of reaction, local availability of reaction partner and local temperature need to be addressed. Even 

though the variety of specific reactor designs is almost infinite, the following section aims to 

summaries generic concepts that have a direct impact on the operation of a thermochemical system.  

 

Direct and indirect approaches 

Comparable to sensible thermal energy storages, the heat transfer for gas-solid reactions can be 

realized by an internal heat exchanger that is surrounded by the storage material (compare e.g. 

storages based on concrete [55]) or without internal heat exchanger (compare regenerator type 
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storages, e.g. [56-58]). In contrast to these non-reacting storages, a direct concept of a 

thermochemical storage requires not only a direct contact with the heat transfer fluid but also with 

the gaseous reactant, compare Figure 13.  

 

 

Figure 13:  Schematic of direct (left) and indirect (right) concepts for gas-solid reactions. Greyish 

arrows indicate thermal energy; black outline indicates gaseous reaction partner 

 

The main advantage of a direct concept is the possibility to avoid (or drastically reduce) limitations by 

heat conduction since the whole reaction material is in direct contact with the heat transfer fluid. 

Additionally, in case of a fluidization, the conditions for the thermochemical reaction are excellent 

leading to theoretically very high power densities. However, especially in case of gas-solid reactions, 

the bulk material is generally a fine powder which consequently leads to pressure drops along the 

length of the bed or tends to form agglomerates and channels that hinder a homogenous operation 

of the reactor. Additionally, the direct reactor concept demands either an excess of reaction gas or a 

gaseous heat transfer fluid that is mixed with the reaction gas. Therefore, a separate adjustment of 

the reaction gas pressure or high concentrations of reaction gas are difficult to realize. Especially if a 

surplus of reaction gas is required to serve as heat transfer fluid, the system integration becomes 

critical, since the reaction gas has to be supplied at the nominal operation pressure of the fluidized 

bed (e.g. evaporation at elevated temperatures). 

On the other side, indirect concepts demand high efforts to support the heat transfer through the 

bulk of the reaction material. These additional measures can be internal fins, heat transfer matrices 

or foams to increase the effective thermal conductivity, a pelletizing of the reaction material with 

heat transporting additives, e.g. expanded natural graphite, or the utilization of a fluidized bed with 

internal heat exchanger. The main advantage of all indirect concepts is the possibility to separately 

adjust the reaction gas pressure and e.g. the flow rate of the heat transfer fluid.    

The choice of a reactor concept therefore depends on the properties of the storage material, the 

possibility to modify the material but also to a large extend on the intended application. 
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Systems with fixed or moved thermochemical material 

So far, it was assumed that the storage material remains inside of the reactor and the reactor for the 

discharging process is identical to the reactor for the charging process. This basic concept is shown in 

Figure 14 as case (a). The storage material is kept in one reactor that allows for a distribution of the 

reaction partner as well as for a sufficient heat transfer. In such a reactor, the capacity of the thermal 

storage is given by its volume and the amount of material that can be filled in. In order to minimize 

the dependency of the actual power level on the state of charge, the complete reactor volume has to 

show comparable heat and mass transfer capabilities. Consequently, any increase in capacity scales 

linearly with the effort for efficient heat transfer. Therefore, this class of reactors with a fixed storage 

material is reasonable for high power applications with rather small capacities. 

 

 

Figure 14:  Schematic of thermochemical systems based on fixed (a) or moved solids (b and c): 

greyish arrows indicate heat fluxes, black arrows indicate mass transport of solid, unfilled 

arrows indicate connection for reaction partner  

 

In contrast to the reactors based on fixed storage material, case (b) allows the detachment of power 

level and storage capacity. In this case the storage material has to be moved from the reaction zone 

to the storage volume and vice versa. The reaction zone is actually equipped with the necessary heat 

and mass transfer measures in order to reach the required power level of the process. The storage 

volume (capacity) however, can be a simple container that stores the inactive storage material. So, 

on one side, this concept allows for low-cost storage solutions if high capacities are required (e.g. 

long-term or seasonal storage) since the complex reaction part can be reduced to a minimum. On the 

other side the possibility to move the reaction material is mandatory. 

The third case, shown in Figure 14c, is basically an extension of case (b). As soon as the storage 

material can be moved, it becomes possible to operate two different reaction zones. Consequently, 
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each reaction zone can be adapted to the respective boundary conditions. This is especially 

interesting if e.g. the heat transfer fluid of the heat source for charging is different to the heat 

transfer fluid of the indented heat sink. Case (c) also includes the transport of the material over 

longer distances. Even though these concepts are at present limited by the transportation efforts 

(driver, energy consumption, etc.), they could become an interesting alternative to couple heat 

sources (e.g. waste heat) with nearby heat sinks in the future.   

In general it can be concluded that a thermochemical reactor is the crucial component for every 

thermochemical system. Even though the maximum volumetric and gravimetric energy densities are 

given by the reaction material, the practically reachable values for thermochemical systems are 

highly influenced by the reactor itself. As a direct consequence the thermochemical reactor can be 

seen as a compromise between mandatory aspects for the chemical reaction (local heat and mass 

transfer), mandatory aspects for the application (e.g. power and temperature level) and aspects that 

can be or have to be optimized (e.g. energy or power density and cost). Up to know, the basic 

concepts of thermochemical reactors are derived from analogies with thermophysical storages or 

heat exchangers based on established manufacturing methods (e.g. tube bundle or plate heat 

exchangers). However, additive manufacturing could help to design improved specific reactors that 

are not only optimized for heat exchange vs. energy density (thermophysical storages) or fluid 

transfer vs. pressure drop (heat exchangers) but take into account that thermochemical systems 

require all aspects together. 
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3. Own research and main results 

 

The following chapter summarizes own published research on gas-solid reactions. The literature used 

for this part can be found in Chapter 6 and is therefore indicated by a different style of citation. As 

described above, this work is motivated by the idea of transferring specific characteristics of gas-solid 

reactions on material level to technical systems. Consequently, the first sub-chapter deals with the 

concept of open thermochemical systems that could offer high energy storage densities on system 

level since an internal gas handling is not necessary. In the second sub-chapter the distinct 

equilibrium line of gas-solid reactions described in Figure 7 is utilized to complement the storage 

option with an intrinsic heat pump effect. And finally, in order to address the discrepancy of long-

term storage and economic constraints of technical systems, gas-solid reactions based on abundantly 

available and cheap materials are investigated. Each sub-chapter starts with a short description of 

the specific characteristic (that could turn into a unique selling point for the technical system) 

followed by an extended summary of own results and a brief outlook.  

 

3.1.  Utilizing available gases / Open operation  

 

As described in chapter 1, a thermochemical system based on a gas-solid reaction is composed of at 

least two substances, a gaseous and a solid one. Even though this increases the system complexity in 

comparison to thermophysical energy storages, the pressure of the gaseous reactant offers one 

additional degree of freedom for the operation of the thermochemical system (compare Figure 8). 

One possibility to avoid additional gas handling components is based on an open operation principle. 

This open operation means that the gas-solid reaction exchanges the gaseous reaction partner, 

either with the ambient or with the technical system. In this case, some of the thermochemical 

characteristics (high energy density, lossless storage) could be utilized without the drawback of a 

rather complex system. 

 

3.1.1. Open to ambient 

Gas-solid reactions based on either a sorption process or a chemical reaction using water vapor as 

gaseous reactant are under investigation and development for seasonal storage since many years 

[59, 60]. As mentioned in Chapter 2.2.1, in closed systems the heat of evaporation to supply the 

system with water vapor has to be taken into account. Equation (1) indicates that the heat of 

reaction (or sorption) depends directly on the associated temperature. For technical systems that are 

designed for solar thermal collectors at charging temperatures of 100-160 °C, the heat of reaction (or 

sorption) can be assumed to around 60 kJ/mol – per mol H2O. Even though this calculation is rather 

rough, one can conclude that without the possibility to utilize evaporated water (or low grade 

thermal energy for evaporation, ~ 40 kJ/molH2O), the thermal energy released during discharging can 
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only be around 1/3 of the originally spent thermal energy for charging. However, if water vapor could 

be taken from the ambient, the full storage capacity of these reaction systems could be used. 

Consequently, technology development of seasonal energy storage based on a thermochemical 

process has to focus on very low water vapor pressures (< 13 mbar6) in order to be able to integrate 

low grade thermal energy.  

Another substance useable for open gas-solid reactions and available in ambient air is oxygen. In 

contrast to water vapor, the concentration of oxygen in air is rather high and independent of the 

temperature. Therefore, we have worked on the identification of suitable reaction systems for open 

thermochemical energy storage based on the reaction partner oxygen. However, since reversible 

reactions with oxygen require temperatures above 700 °C, these systems could only be used for 

applications operated at very high temperatures, e.g. power generation or high temperature process 

heat. Cobalt oxide (CoO) is one example that offers excellent thermochemical characteristics, like 

specific energy density, marginal hysteresis and good cycling stability. Therefore, it is investigated by 

research groups ranging from material characterization [14, 61, 62] to first prototypes [37, 63, 64].  

Even though CoO seems to be an excellent material for open gas-solid reactions, for technical 

systems its health and environmental issues as well as its availability cannot be neglected. Therefore, 

we have focused on an alternative material based on Manganese. As pure MnO is not cycle stable, 

we worked with Mn-Fe-Oxides and could identify the thermodynamic and kinetic properties of 

(Mn0.75Fe0.25)3O4 in the technical relevant range [65]. Additionally, we realized a lab-scale reaction 

bed and investigated its performance as open thermochemical energy storage with reactive granules 

of 1-3 mm particle size in a fixed bed (compare Figure 15).  

 

  
 

Figure 15:  Lab-scale system for open thermochemical energy storage using Oxygen as reactant. Left: 

Lab-scale test-bench for investigation of gas-solid reaction based on oxygen; right: view 

into fixed bed reactor containing reactive granules of (Mn0.75Fe0.25)3O4 [Wok_20177].   

                                                           
6 Vapor pressure of water at around 10°C 
7 Different style of citation: a copy of this paper can be found in chapter 6. 
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Even though the small lab-scale system (ca. 500 g of solid material) was operated above 900 °C (with 

the associated challenge of thermal losses), it was possible to investigate its performance in detail 

and demonstrate its general suitability for high temperature thermal energy storage [Wok_2017]. 

Due to the high operation temperature in combination with a rather large hysteresis 

(> 100 K @ ~ 900 °C), the thermal charging of a fixed reaction bed with (MnxFe1-x)3O4 in an open 

thermochemical system is crucial and in most cases the limiting factor. Figure 16 shows a comparison 

of relevant parameters for several charging (left) and discharging (right) cycles. During thermal 

charging (Figure 16, left), the chemical reaction proceeds at an almost constant temperature of 

around 980 °C which is close to the respective equilibrium temperature according to the local partial 

pressure of oxygen (compare temperature progression in Figure 16, left). Consequently, in order to 

reach a high heat flux from the heat transfer fluid to the chemically reacting solid, either a very high 

air temperature at the inlet or a very high mass flow is required (open system and direct reactor 

concept). Both hinders an efficient operation of this type of storage. 

 

 

Figure 16:  Exemplary results of the measurement campaign with reactive granules of 

(Mn0.75Fe0.25)3O4; left: charging cycle; right: discharging cycle [Wok_2017]. (Further details 

can be found in the original publication attached in Chapter 6.) 

 

As a consequence of these results, we currently work on a concept with two different reactors and a 

movement of the granules (compare Figure 14c), which could be used for CSP plants. In this case the 

energy for charging of the material is directly delivered from concentrated solar irradiation. The 
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material is than circulated between the receiver (thermal charging), a storage part and the 

discharging reactor. Due to the very high temperatures, the system does not only use the chemically 

stored thermal energy but also the sensible heat which could lead to high energy storage densities. 

We were able to show that the addition of ZrO to (Mn0.7Fe0.3)2O3 granules drastically improves the 

material properties for such a system since this addition stabilizes the granules in terms of 

mechanical stress, agglomeration, thermal shock and cycling [66]. Utilizing these material 

improvements, we currently work on a lab-scale reactor based on a counter-current heat exchanger 

between air and reactive particles in order to analyze the temperature distribution, the necessary 

rate of reaction for different power levels as well as the maximum reachable conversion.    

 

3.1.2. Open to a technical system  

Besides the utilization of available reaction gases from the ambient to reduce system complexity, 

another approach is to utilize process gases (e.g. hydrogen or water vapor) for thermochemical 

systems (compare Figure 11b). During the last years, we have focused on two different concepts 

based on the reaction partner hydrogen with two different benefits. The first one addresses the 

preheating of components in hydrogen systems, e.g. to prevent a cold start of the fuel cell, and is 

based on interstitial metal hydrides. The second one utilizes the possibility to store hydrogen in a 

comparably compact system at moderate pressures and temperatures (solid state hydrogen storage).    

 

Preheating of fuel cells 

The necessity for preheating of fuel cells depends in general on the type of fuel cell and its nominal 

operating temperature. For PEM fuel cells degradation and consequently reduced life time can be a 

severe issue and could result from frost start of fuel cells at very low temperatures. However, as soon 

as the fuel cell has reached its nominal operating temperature, the fuel cell generates thermal 

energy that could be partially used for heating purposes but the majority has to be released to 

ambient as waste heat. This offers the possibility to integrate a thermochemical system based on 

metal hydrides that stores part of the thermal energy originally wasted during nominal operation. 

During thermal charging, hydrogen is released which can be immediately consumed by the fuel cell. 

So, the chemical potential can be stored – without losses – to support the subsequent cold-start. In 

order to pre-heat the fuel cell, hydrogen has to be delivered to the metal hydride which generates 

thermal energy and thereby closes the charging/discharging cycle.   

As hydrogen is used as reaction partner of a reversible gas-solid reaction, it is not consumed and can 

be completely converted by the fuel cell. However, as the need for cold start support increases with 

decreasing ambient temperature, this mandatory request for technical application seems 

contradictory to Arrhenius’ law that describes a tendency of decreasing reaction rates with 

decreasing temperature. We could show that the utilization of interstitial metal hydrides as reaction 
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material8 offers sufficient high reaction rates at technically relevant boundary conditions down to -

20 °C [Koe_2019].  

Based on these findings materials, we have developed a proof of concept in the laboratory 

demonstrating that currently a thermal power of up to 5 kW per kg of metal hydride can be reached 

and transferred to the heat transfer fluid [Die_2017]. This is only possible if an excellent heat transfer 

between metal hydride and heat transfer fluid is ensured which demands a sophisticated reactor 

design. As continuation of these results on material level, new design possibilities based on additive 

manufacturing technology might lead to further enhanced reactor designs especially regarding the 

internal distribution of reaction gas and thermal energy.  

 

Hydrogen storage  

The thermochemical storage of hydrogen offers – in principle – a compact and safe possibility to 

store hydrogen at moderate pressures and temperatures. However, according to Figure 1 and Figure 

2, the chemical storage of hydrogen in a thermochemical system is always related to an exchange of 

thermal energy. Due to the associated heat of reaction, a release of hydrogen is only possible if the 

required thermal energy is supplied with sufficient heat flux and at the required temperature. 

In case of interstitial metal hydrides operating close to ambient temperature, the thermal energy is in 

principle available from ambient. But in order to transfer the thermal energy efficiently to the 

reacting material, specific reactor concepts are necessary that offer sufficient hydrogen release, also 

at low state of charge. We developed a scalable hydrogen storage module based on an interstitial 

metal hydride that ensures excellent heat transfer due to the utilization of pellets with enhanced 

thermal conductivity (compare Figure 17 [Bue_2017]). This module does not require a thermal 

integration but can be operated in air at room temperature supported by small ventilators in the 

back. This is possible since the thermodynamic properties of the metal hydride fit to the respective 

boundary conditions and – at least equally important - the distribution of thermal energy inside the 

reactor is enhanced by means of graphite containing pellets. The respective pellets were developed 

together with the institute IFAM (Fraunhofer-Gesellschaft) and tested for more than 1000 cycles in a 

specifically designed and fully automated test rig [67]. 

Figure 18 gives exemplary measurement results for cycle 1 and 38. We could show that this design is 

scalable and can be charged and discharged with nominal hydrogen flow to an overall conversion of 

around 90 %. 

 

                                                           
8 Chemisorption as exemption of gas-solid reactions: Very fast conversion rates at low temperatures but – 

depending on the composition – a thermodynamic characteristic can be comparable to a chemical reaction 

(distinct correlation between gas pressure and reaction temperature) or to adsorption processes (reaction 

temperature depends additionally on state of charge) 
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Figure 17:  Solid state hydrogen storage with simplified thermal integration; left: Thermochemical 

reactor for hydrogen storage based on interstitial metal hydrides. Right: Due to specific 

material properties in combination with excellent heat transfer, ambient can be used as 

heat source and sink [Bue_2017] 

 

 

Figure 18:  Mass flow rate (top), pressure (middle) and temperature difference (bottom) versus time 

for absorption (left) and desorption (right); Olive squares: 1st experiment, black circles: 

38th experiment [Bue_2017]. (Further details can be found in the original publication 

attached in Chapter 6.) 
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One drawback of thermochemical hydrogen storage in technical systems is related to the mass (and 

volume) of the storage material. Interstitial metal hydrides reach storage capacities of less than 

2 wt.-%. According to the current state of knowledge, the storage capacity of hydrogen storing 

materials seems to increase with increasing equilibrium temperature (compare e.g. [49]). So, on one 

side a high reaction temperature could be favorable for light-weight and compact storages. On the 

other side, the supply of thermal energy for discharging becomes difficult. Whereas for interstitial 

metal hydrides operating at ambient temperature the temperature level of waste heat of a PEM fuel 

cell is sufficiently high, at present, complex metal hydrides require higher temperatures. Therefore, 

we worked on ‘combination reactors’ with the idea of combining two thermochemical reactions in 

order to minimize technical drawbacks and limitations.  

Especially for automotive systems, the application requirements differ with the driving cycle. After 

the critical cold start, sufficient thermal energy is available for discharging the solid state hydrogen 

storage. For HT-PEM fuel cells, operating at around 160-180 °C, we have demonstrated that a 

thermal coupling with a complex hydride (NaAlH4) is possible [68]. However, even though, the 

complex hydride NaAlH4 and a HT-PEM fuel cell can be thermally coupled, the storage material does 

not react at room temperature. Consequently, in order to be able to charge the thermochemical 

storage with hydrogen, a certain minimum temperature is required to initiate the exothermal 

chemical reaction. From this point on the generated thermal energy has to be released to the 

ambient. For this purpose, we developed an innovative storage module consisting of an interstitial 

and a complex metal hydride [Bue_2014a, Bue_2014_b]9. Its principle design is based on a tubular 

reactor concept with an internal gas permeable layer that forms an inner and outer part for the two 

different solids (compare Figure 19).  

 

 
 

Figure 19:  Combination reactor for hydrogen storage with internal preheater; left: schematic 

preheating process (orange area: high reactivity of metal hydride, blue area: high 

reactivity of complex hydride); right: picture of lab-scale reactor for model validation 

[Bue_2014a]. (Further details can be found in the original publication attached in  

Chapter 6.) 

                                                           
9 The material used in this case: 2 LiNH2 – 1.1.MgH2 – 0.1LiBH4 – 3 wt.-% ZrCoH3, supplied by KIT, Karlsruhe 
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Comparable to the above described preheating concept, for the inner part of the hydrogen store a 

specific interstitial metal hydride was chosen that releases its heat of reaction at a suitable 

temperature in order to preheat the surrounding complex hydride (Figure 19, left: Transition from 

point 1 to point 3) until a sufficiently high temperature is reached (point 3). From this point on the 

exothermic reaction of the complex hydride (outer part) proceeds and has to be cooled (tube wall) in 

order to reach maximum conversion. The effect of this internal preheater is shown in Figure 20: 

whereas the initiation of the charging reaction without metal hydride (left) takes around 10 min, the 

charging with metal hydride starts almost immediately (right). The simulation is based on an 

intensive study of specific material properties [Bue_2014c] and was used for the technical up-scaling. 

Starting from the proof of concept shown in Figure 19, this system has been realized within a 

European project10 in 1 kW scale (2 kWh), thermally coupled to a HT-PEM and operated in an IVECO 

Daily as auxiliary power unit (APU) [69].  

 

  

Figure 20: Exemplary results of combination reactor; left: Experiment without internal metal 

hydride. Experimental (symbols) and simulated (lines) temperature profiles; right: 

Experiment with internal metal hydride working as preheater [Bue_2014a]. (Further 

details can be found in the original publication attached in Chapter 6.) 

 

This work shows that not all of the technical requirements have to be met on material level (in this 

case: slow reaction rates for charging and discharging at low temperatures), but that a proper 

integration and reactor design still could lead to technically relevant systems. Based on this first 

concept and the validated model, we worked on an optimum configuration including enhancement 

of thermal conductivity and internal heat exchangers [Bho_2015]. Even though the interstitial metal 

hydride also supports the dynamics of the hydrogen release [Bue_2015], as long as the thermal 

                                                           
10 SSH2S: Fuel Cell Coupled Solid State Hydrogen Storage Tank (Grant agreement no. 256653) 
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energy for hydrogen release has to be delivered by the connected fuel cell, the choice of solid 

hydrogen storage materials remains limited by thermodynamics [70].  

In order to overcome this issue we started to work on a combination of a hydrogen storing material 

with a thermal energy storage material [Bho_2016]. In this case, the thermal energy released during 

the exothermic hydrogen uptake is transferred to an integrated thermochemical energy storage and 

stored by the endothermic dissociation, in our example dehydration of Mg(OH)2. The basic operation 

principle of such an adiabatic reactor is shown in Figure 21.  

 

  

 

Figure 21:  Schematic principle of adiabatic solid state hydrogen storage; left: Absorption of H2 

/Dehydration/Condensation; right: Desorption of H2 /Hydration /Evaporation [Bho_2016]. 

(Further details and explanations can be found in the original publication attached in 

Chapter 6.) 

 

This concept seems possible since both gas-solid reactions proceed at constant temperature 

(compare Figure 7). For the release of hydrogen, the required thermal energy at the required high 

temperature level can be delivered by the thermochemical energy storage. The thermal energy for 

evaporation of water could be taken from the exhaust of the fuel cell since the required temperature 

level for evaporation is low. We could show that this combination could offer high storage densities 

[71], especially favorable for e.g. long distance hauls or trains. Additionally, it might be interesting 

since abundantly available materials, e.g. Mg, could be used as reactants on both sides. Its technical 

realization as proof-of-principle in lab-scale is currently ongoing. 

 

 

3.2.  Utilizing pressure dependency / Thermal upgrade 

 

The correlation of gas pressure and reaction (or sorption) temperature offers unique application 

possibilities. One approach of thermally driven compression that has been already commercialized is 

based on an adsorption process, e.g. of water vapor. Comparable to conventional compression heat 
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pumps, the useful effect is generated on the side of the physical phase change 

(evaporation/condensation) but the pressure difference is, in contrast to conventional mechanical 

compression, maintained by two alternating sorption processes. In this system, thermal energy at a 

certain temperature is used as input to desorb water vapor at a certain pressure - at the same time, a 

second reactor is cooled to ambient to absorb water vapor at a low pressure. Due to the dependency 

on the state of charge (compare Figure 6), the temperature of the sorption process cannot be 

constant if a certain gas pressure has to be maintained.   

For gas-solid reaction this behavior is different: the distinct correlation between gas pressure and 

corresponding temperature – in principle independent of the state of conversion - offers an 

additional application possibility. Since the temperature of the reaction can be constant for the 

whole conversion, also the reaction side can be used to generate a useful thermal effect. Using 

coupled reactors with two different interstitial metal hydrides, thermally driven heat pumps, cooling 

systems or heat transformers have been realized. An overview of the technological development 

with interstitial metal hydrides can be found e.g. in [51]. Besides metal hydrides, also salts reacting 

with ammonia were used [52, 53]. However, the drawback of these systems is that for a continuous 

operation four reactors are required. Especially if the required piping is taken into account, the 

system’s periphery becomes complex (valves and pumps) which - up to know - hinders a technical 

application.  

Based on these considerations on the state of the art, we addressed two main approaches: The first 

one is based on the idea of utilizing an existing pressure difference of a gas stream in order to drive a 

heat pump effect (open system). The second one is based on the concept of adsorption heat pumps 

(coupling of reactor and evaporator/condenser) but uses the water side for thermally driven 

compression and the reaction side as useful thermal effect (closed system).  

 

3.2.1. Open system to utilize existing pressure difference 

In order to reach a sufficiently high energy density of the gaseous energy carrier hydrogen, it has to 

be compressed, up to 350 or 700 bar depending on the application. However, the compression work 

necessary to reach these pressures accounts for around 15 % of the energy content of the 

compressed hydrogen (referred to the lower heating value) [72]. As long as the hydrogen pressure is 

conventionally throttled down to the required supply pressure for the fuel cell the originally spent 

compression work is wasted. Consequently, by substituting the conventional throttle by a system 

that generates effective energy for onboard utilization not only the efficiency of the overall system 

would be increased. As a direct consequence also the onboard available energy for traction could be 

increased leading to longer driving ranges. 

Following the considerations above, we developed a thermochemical system based on interstitial 

metal hydrides that utilizes this onboard available pressure difference to generate a temperature 

difference [73]. Consequently, as soon as hydrogen is consumed by the fuel cell (hydrogen mass 

flow), this system operates as heat pump for an associated heat flux that can support either the 
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cabin heating or its cooling. Figure 22 shows the basic idea of such a system operated at 

temperatures above ambient during hydrogen uptake from the tank and at a lower temperature for 

cooling purposes during hydrogen release to the fuel cell. For a continuous operation, two 

alternating reactors are necessary (analog to commercial pressure swing adsorption). 

 

 

Figure 22:  Schematic of an open thermochemical system to utilize the onboard available pressure 

difference of hydrogen, adapted from [Wec_2017]; HC = half cycle, MeH = metal hydride 

 

In contrast to thermochemical energy storage, the main specific value to characterize this conversion 

system is its weight (or mass) specific thermal power. Consequently, the rather low storage capacity 

of interstitial metal hydrides can be compensated by their generally very fast reaction rates – if the 

reaction bed allows for fast conversion. Therefore, we developed and investigated a reactor design 

based on commercially available plate heat exchangers with excellent thermal contact between the 

reactive metal hydride bulk and a heat transfer fluid [Wec_2017]. The reactor and one exemplary 

result for its reaction dynamics is shown in Figure 23.  

 

  

Figure 23:  Plate reactor for open metal hydride cooling system; left: principle design based on 

modified plate heat exchanger; right: results of the reference experiment for endothermic 

desorption [Wec_2017]. (Further details can be found in the original publication attached 

in Chapter 6.) 
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Based on the plate reactor design, a complete conversion is possible within 120 s. Even if this value 

depends highly on the applied temperature condition, the respective process (ab- or desorption) and 

the intended conversion, we could show that for relevant operating conditions, an average specific 

power density of more than 1 kW per kg of metal hydride can be reached. Obviously, as indicated in 

Figure 22, a continuously operated system consists of two identical reactors that are alternatingly 

either connected to the hydrogen tank or to the fuel cell. So, according to Figure 23, right, the half-

cycle time could be theoretically reduced to 60 s (or less) in order to increase the weight specific 

performance. However, since the whole reactor, including active metal hydride and passive reactor 

mass, has to change its temperature between every half-cycle, an incomplete conversion reduces the 

efficiency of the system. Consequently, any optimization of the reactor has to find a trade-off 

between the passive mass of the reactor (which is almost proportional to the heat exchanging 

surface) and the specific thermal power that can be reached at nominal operation conditions. In any 

case, due to thermodynamic limitations (compare Equation (1)), the thermal power that can be 

generated by the open thermochemical system is in the range of around 20 % of the electric power 

that is generated by the fuel cell. Consequently, such systems would have to be combined with 

additional measures to increase the efficiency of onboard thermal management. 

An integrated system has to fulfill two mandatory boundaries: (1) the required supply pressure of the 

fuel cell has to be ensured and (2) at the same time the required cooling temperature has to be 

reached. Based on these considerations we are currently connecting a 2 kWth module to a fuel cell 

system (including pressure tank) in order to investigate the performance of a coupled system in 

laboratory under realistic boundary conditions. One approach is to develop an integrated system that 

delivers electrical energy, hot thermal energy (fuel cell) as well as cold thermal energy from the open 

thermochemical system. This APU (auxiliary power unit) could be used as additional emission-free 

energy source for future e-mobility since it is able to deliver all relevant energy fluxes onboard 

including heat and cold for thermal comfort.  

 

3.2.2. Closed system for waste heat utilization  

Thermal energy that cannot be used is generally considered as waste heat (or wasted thermal 

energy). The generic reasons that lead to this waste of thermal energy are either related to time or to 

the quality of the thermal energy (temperature level). Whereas thermophysical energy storages can 

address the time dependency, a heat pump is required to increase the temperature of the heat flux. 

According to Figure 8, gas-solid reactions can address both issues in one system. In this case, a waste 

heat flux, e.g. a hot gas stream, is used to charge the thermochemical system. Due to the constant 

temperature of dehydration, the hot gas leaves the reactor at a temperature close to the reaction 

temperature. Consequently, the temperature of the gas stream is still high enough to be used in an 

evaporator connected in series to the reactor. Due to the cascading concept, thermal energy is 

available for charging of the gas-solid reaction and to supply the reaction partner at an elevated 

pressure. We have demonstrated this operation principle of a heat transformer based on CaCl2 as 
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batch in 1 kW laboratory scale. The schematic flow sheet and the test bench without insulation are 

shown in Figure 24 [Ric_2016].  

 

  

 

Figure 24: Thermochemical heat transformation; left: schematic of a closed heat transformer with 

evaporation/condensation [Ric_2016]; main components: (1) Reactor, (2) 

Evaporator/Condenser (Further instrumentation details can be found in in the original 

publication attached in Chapter 6.); right: the test bench without insulation of tube 

bundle heat exchanger/reactor 

 

We could show that this operation principle based on salt hydrates is feasible and that depending on 

the design of the reactor, either thermal energy storage with integrated thermal upgrade 

(discontinuous operation) or a continuous operation (2 alternating couples) is possible. Besides the 

operation as closed system (compare Figure 24), we also developed an open operation that is based 

on the idea of utilizing waste steam [Bou_2016]. Depending on the integration, the reaction material 

CaCl2 can be operated between 100 °C and 180 °C and is therefore in principle suitable for the 

temperature range most interesting for industrial waste heat. However, due to a three step reaction 

within this temperature range, either the temperature lift or the amount of conversion per cycle is 

limited [74]. This effect is shown in Figure 25 for both reactions. Especially during discharging 

(bottom), the three reaction steps (HI-HIII) can be clearly identified. An additional challenge we’ve 

identified in this work is related to the low permeability of the powder bulk that especially at low 

pressures (during charging) leads to significant pressure drops. Consequently, only short distances for 

mass transfer of the reaction partner can be allowed.  
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Figure 25:  Exemplary results of heat transformation based on CaCl2; top: Dehydration reaction of 

calcium chloride dihydrate at 130 °C with fixed gas channels; bottom: Hydration of 

calcium chloride at a temperature of 165 °C and a vapor pressure of 100 kPa [Ric_2016]. 

(Further details can be found in the original publication attached in Chapter 6.) 

 

As shown in Figure 8, the described system configuration can be adapted to different materials that 

react with water vapor in order to meet certain application boundaries. We have performed an 

extensive screening of potentially available materials and have identified SrBr2 as interesting reaction 

system for a slightly higher temperature range (150 °C – 250 °C) [Ric_2018]. In contrast to CaCl2, it 

possesses only one reaction step in the relevant temperature/pressure range. So, a complete 

conversion could be combined with a maximum temperature lift.  

Ongoing material characterization is aimed to identify the apparent reaction rate of the reaction 

system at technical relevant boundary conditions and the investigation of the changes in bulk 

structure after continuous cycling. Besides material aspects, we currently work on a realization of a 

scalable reactor concept. This concept is adapted from thermophysical energy storage based on 

phase change materials (PCM) [75]. The main idea is to use extruded aluminum fins in order to 

enhance the heat transfer from the reaction bulk to the heat transfer fluid. Additionally, for gas-solid 

reactions, this finned tube is contained inside a filter material in order to prevent a discharge of 

reaction material. Based on these tubes a tube bundle reactor can be realized with gas distribution 

on the shell side for minimal gas transfer resistance. 



43 

3.3. Utilizing abundantly available materials / Storage capacity at low 

cost 

 

In general a technical unit to characterize the capacity of a storage material is either specific in terms 

of weight or volume [e.g. kWh/m3 or Wh/g etc.]. As long as comparable boundary conditions (e.g. 

applied temperature, realistic porosity, etc.) are applied, this specific value can be used for a direct 

comparison between different materials. However, since in any case of a material related storage 

application (such as gas-solid reaction) the amount of stored energy scales linearly with the 

necessary mass of storage material, its availability, its cost as well as its environmental footprint are 

important parameters and have to be taken into account. Consequently, naturally available materials 

or materials currently treated as waste materials could offer interesting combined advantages, e.g. 

high storage capacity at low material cost. This chapter summarizes our work on the potential 

utilization of such materials for energy storage and currently identified limitations.  

Some of our work was dedicated to analyze waste materials for a potential utilization in 

thermochemical systems. Whereas CaCl2 is a byproduct of the production of sodium carbonate 

(Solvay process), potassium carnallite (KCl∙MgCl2) is one of the byproducts of inorganic mining. Both 

materials can be theoretically applied for thermochemical systems using water vapor as gaseous 

reactant. However, in case of potassium carnallite, the reaction process is complex and leads to a 

drastic degradation (decomposition) at temperatures above 150 °C. We could show that the 

decomposition can be clearly reduced at temperatures below 150 °C but so far the degradation 

mechanisms are not fully understood and consequently the material cannot be seen as cycle stable 

[Gut_2018]. CaCl2 in contrast shows an excellent chemical reversibility in the applied temperature 

and pressure range [74]. The material was therefore chosen for the investigation of thermal upgrade 

driven by waste heat (compare Figure 25). However, due to the subsequent reaction steps during 

hydration and dehydration its applicability for thermal upgrade is reduced.  

Even though its raw material cannot be seen as waste, in terms of availability and cost limestone 

(CaCO3) and quick lime (CaO) are probably the most interesting materials. Consequently, 

experimental investigations in the context of thermal energy storage were already published in 1979 

by Rosemary et al. [76]. Quick lime could be applied in thermochemical systems using CO2 (forming 

CaCO3) or using water vapor (forming Ca(OH)2) as gaseous reactants. Our work focusses on the latter 

one due to the possibility to condense the reaction partner at moderate pressures in combination 

with a slightly lower reaction temperature of around 500 °C. Commercially available Ca(OH)2 is 

generally a fine powder which tends to agglomerate during cycling. As a results, the bulk properties 

of unmodified Ca(OH)2 are not stable over reaction cycles. Therefore, a crucial challenge for the 

technical utilization of Ca(OH)2 is related to the changing bulk structure leading to two potential 

approaches: either the material has to be modified in order to stabilize its bulk structure or the 

reactor has to be able to handle changing bulk properties. 
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Following the first approach, we have investigated the addition of nanostructured additives in order 

to stabilize the particle size and prevent agglomeration [77]. These additives are generally used as 

flow aids to handle powder in pharmaceutic and food technology. We could show that by the 

addition of nanostructured SiO2 the agglomeration tendency was clearly reduced [78]. Even if the 

SiO2 is not stable with CaO and forms calcium silicate phases, these new compounds seem to serve as 

inhibitor for agglomeration and can therefore help to stabilize the bulk in its original fine grained 

form. Besides the approach of stabilizing the particle size, we currently also address the 

encapsulation of the material by gas-permeable clay.  

Following the second approach we’ve developed an indirect reactor concept in 10 kW scale and 

brought it into operation to investigate and understand a technical scale storage based on 25 kg of 

Ca(OH)2 [79]. Due to the low thermal conductivity of the bulk (ca. 0.1 W/mK), the reactor design was 

based on a plate heat exchanger concept leaving a 20 mm distance for the reactive bulks (compare 

Figure 26, middle and right).  

 

   

Figure 26:  Plate heat exchanger for thermochemical energy storage based on Ca(OH)2 in 10 kW 

scale; left: integration and instrumentation with opened lid; middle: material as supplied 

[79]; right: material after 10 cycles [78]  

 

As shown in Figure 26, left, water vapor could enter and leave from a connection in the lid and was 

distributed through a channel on top of the reaction bed. The reactor was connected to a 

condensing/evaporating unit and was heated/cooled by hot air (inside the plates, connection see 

Figure 26, left). Even though the material structure clearly changed (compare Figure 26, middle and 

right), the dynamics of the reactor was not affected with cycles. This can be explained as long as the 

reaction progress is dominated by heat transfer. Even if in this case the gas distribution is not 

homogenous inside the bulk, it is sufficient all over the bulk to transfer the required reaction partner. 

That might change with increasing power level (due to the associated higher demand of reactant).  
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The theoretical operation temperature of this material is in the range of 400 to 600 °C (and above, 

depending on the applied gas pressure). So, in principle the temperature is high enough to drive a 

steam cycle for power generation. As described above (compare Figure 10, c), an integration of the 

gaseous reactant is mandatory in order to realize a thermochemical system. In case of Ca(OH)2, the 

heat of reaction is around 105 kJ/mol, whereas the required thermal energy for evaporation of water 

is around 40 kJ/mol. Consequently, if the evaporation energy has to be delivered by the heat of 

reaction, the overall energetic efficiency of the thermochemical storage cannot exceed around 60 %. 

However, if the thermal energy for evaporation of water is supplied at 45 °C (0.1 bar water vapor 

pressures) the thermochemical reaction releases thermal energy at around 450 °C. Therefore, for 

power generation, the different temperature levels have to be taken into account and a purely 

energetic balance is misleading (compare Figure 10, c). 

In order to understand the operational window of such thermochemical storages for power 

generation, we developed a second but smaller indirect reactor [Sch_2017a].  The main idea was to 

exclude – as far as possible - any limitation due the heat and mass transport but still operate it as 

technical system in the relevant temperature and pressure range. For this purpose the reactor was 

designed with large filter areas and consequently short penetration distances for water vapor. 

Additionally, this reactor was installed into a pressure vessel in order to allow for an investigation of 

the reaction in technical scale at high (up to 6 bar) as well as low pressures (less than 0.1 bar). A 

picture and a schematic drawing including instrumentation plan is shown in Figure 27. 

 

  
 

Figure 27: Closed reactor concept to investigate the operational window of Ca(OH)2; left: reaction 

bed with large filter surface; right: schematic drawing of the reactor including 

instrumentation [Sch_2017a]. (Further details can be found in the original publication 

attached in Chapter 6.) 

 

Based on a series of experiments with this reactor varying temperature and pressure conditions, we 

were able to draw an operational window for unmodified quick lime (CaO) reacting with water vapor 
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at technically relevant time scales, technically reasonable pressures and corresponding 

temperatures. Two exemplary experimental results of these experiments are shown in Figure 28. 

Whereas the discharging reaction reaches its theoretical equilibrium of 600 °C at the given pressure 

(Figure 28, right), a clear distance between the theoretical equilibrium and the temperature plateau 

during charging occurs (Figure 28, left). As a consequence, for the operation of such a 

thermochemical system not only the necessary temperature gradient for transport of thermal energy 

has to be taken into account but also the required distance from the equilibrium temperature. The 

second one seems to be an effect related to the reaction rate of the material that is especially 

relevant at pressures below 50 kPa. 

 

 

Figure 28:  Exemplary experimental results of CaO reacting with water vapor at different boundary 

conditions; left: charging process (Dehydration experiment at 10 kPa and an air inlet 

temperature of 560 °C [Sch_2017a]; right: discharging process (Hydration experiment at 

470 kPa and a starting temperature of 500 °C) [Sch_2017b]. (Further details can be found 

in the original publication attached in Chapter 6.) 

 

As according to Figure 10c, gas-solid reactions can be used between an endothermic and exothermic 

process, we studied the combination of a thermochemical energy storage based on quick lime in 

combination with a Clausius-Rankine Cycle for power generation. We could show that an integration 

concept is possible that utilizes low pressure steam of the power block to drive the exothermic 

reaction. In this case, the thermochemical storage process reaches up to 87 % efficiency – without 

integrating the heat of condensation of water vapor during charging [Sch_2017b]. However, the 
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study also showed that an integration strategy leading to an efficient operation for power generation 

is technically complex.  

Based on our research, we can conclude that hydration of quick lime offers high storage capacity at 

very low material cost. The reaction is fast and does not degrade with continuous cycling. As long as 

the reaction partners are separated and not exposed to CO2, the thermal energy is stored as chemical 

potential without time dependent losses. So, in general this gas-solid reaction offers the potential of 

cost efficient long-term storage, e.g. in order to address seasonal fluctuations.  

Therefore we currently work on technical solutions for thermochemical energy storage based on 

quick lime to separate the complex and costly heat exchanger (reactor) from the simple storage 

(container), compare Figure 14. Especially in the context of an energy system that will be primarily 

based on renewable electricity, the dehydration of Ca(OH)2 could transfer surplus electricity, e.g. 

during summer, into winter periods for renewable heating. In contrast to reaction systems operated 

at lower temperature (resulting in lower heat of reaction, compare Equation (1)), also liquid water 

could be used as reactant for the discharging process which makes this thermochemical system 

independent of ambient condition (humidity and/or temperature). However, any detachment of 

power and storage capacity requires a movement of the reactive particles, so controlling or handling 

of changing bulk structures of quick lime during reaction remain the dominating challenges for this 

technology. 
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4. Summary and conclusion 

 

The ongoing transition of our energy system from bankable but finite to fluctuating but renewable 

energy sources is challenging and leaves space – and need – for new, innovative storage 

technologies. This is especially relevant with increasing share of renewable energy supply and if 

besides electricity also thermal energy consumption and mobility are taken into account. In this 

context the utilization of gas-solid reactions offers various application possibilities for energy storage 

and conversion. However, as outlined in the first part of this work, thermochemical energy storage 

and specifically gas-solid reactions are also characterized by a complex and demanding reactor 

geometry as well as the need for proper system integration. Since the state of the art of gas-solid 

reactions is mainly based on principle material research and theoretical system description and 

analyses, we focused our work on the transition of specific material properties to lab-scale systems in 

order to better understand if and to what extent unique features of reversible gas-solid reactions 

could contribute to a future energy system. 

Consequently, based on a generic analysis of the three dominating aspects for technical systems- 

reaction process, system integration and reactor design – we have derived following three 

approaches that offer the possibility to use specific properties of gas-solid reactions in technical 

applications for energy storage or conversion.  

1) In order to minimize the complexity of the thermochemical system, especially the supply of 

gaseous reactant, open gas-solid reactions have been addressed. These systems could either 

utilize available reaction gases from air or any other available reaction gas in a technical 

system, e.g. hydrogen in fuel cell driven cars.  

2) The distinct correlation of gas pressure and reaction temperature allows for an integrated 

heat pump effect. This additional effect was utilized in open systems to transfer an available 

pressure difference into a temperature difference or by means of thermal compression in 

closed systems. In both cases, it has been shown that the underlying principle can either be 

used for discontinuous thermal energy storage or for continuous systems, e.g. for thermal 

upgrade.   

3) Some materials that can be used for thermochemical energy storage are abundantly 

available, e.g. CaO, or are even treated as waste materials (e.g. Carnallite or CaCl2). This could 

lead to attractive synergies of specific properties, e.g. lossless energy storage in combination 

with low material cost. Especially the reaction system CaO with water vapor seems therefore 

be very promising for long-term decoupling of renewable energy supply and actual demand.  

The main challenges and current technological obstacles that can be derived from our recent work 

are related to the intrinsic characteristic of the reversible gas-solid reactions themselves. Especially 

the structural changes of the primary particles related to the chemical phase transition during 

reaction propagate with cycles towards larger scales and end up in currently non-predictable 

anisotropic bulk properties. Whereas the impact of the transfer of the gaseous reactant through the 
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reaction bed depends highly on the used gases and pressure conditions, the thermal conductivity of 

the reacting bulk is generally low and in most of the cases determines the reachable power level. 

Depending on the intended application in combination with the related reactor design and chosen 

material, these structural changes during cycling can either be acceptable, could hinder a 

technological application or can even improve the performance of the thermochemical system – in 

any case, at present they cannot be controlled or predicted. 

As a conclusion, future research and development aspects for reversible gas-solid reactions are on 

one side related to reactor designs that are adapted to the technical process and at the same time 

capable of handling the reactive bulks. In this context, the increased design flexibility offered by 

additive manufacturing processes might open new possibilities. Besides that, a better understanding 

of the fundamental and intrinsic mechanisms related to the structural changes of reactive bulks is 

equally important since it could lead to strategies to control or even adapt the reacting solid 

material. Combining both aspects, the transfer of promising material properties to technical systems 

could lead to new applications in the context of energy storage and conversion - of which some first 

steps might be discussed in this work. 
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a b s t r a c t

Thermochemical energy storage (TCS) based on gas–solid reactions constitutes a promising concept to
develop efficient storage solutions with higher energy densities compared to widely investigated sensible
and latent thermal energy storage systems. Specifically for high temperature applications multivalent
metal oxides represent an interesting storage material, undergoing a reversible redox reaction with oxy-
gen. Due to the inherently high working temperatures such a TCS system could potentially be imple-
mented in future generation concentrated solar power (CSP) plants with central receiver technology, in
order to increase the total plant efficiency and ensure the dispatchability of power generation.
In this work an experimental test rig with a lab-scale tube reactor has been developed to analyze a

packed bed of granular manganese-iron oxide storage material regarding heat and mass transport effects
coupled with the chemical reaction. For this purpose manganese-iron oxide with a Fe/Mn molar ratio of
1:3 has been selected as a suitable reference material, which can be prepared from abundant, economical
and nonhazardous rawmaterials. Consequently, in the context of this work the TCS technology is system-
atically approached based on the reference metal oxide in the temperature range between 800 �C and
1040 �C in order to derive the main influencing aspects of this storage concept.
Experimental results showed the development of characteristic temperature profiles along the bed

height, which proved to be dependent on the thermodynamic properties as well as kinetic behavior of
the redox reaction. It was demonstrated that bed temperatures could be stabilized due to the proceeding
redox reaction in dynamic charging and discharging operation modes. Parametric studies have been car-
ried out to examine the influence of different operating parameters on thermal charging and discharging
and to analyze the main limitations affecting the reaction progress. Finally, cycling experiments of the
material in the lab-scale reactor exhibited no reactivity degradation over 17 cycles, verifying the compa-
rability of the experimental results obtained from the conducted parametric studies. Analysis and com-
parison of the raw and cycled material, however, indicated signs of material alterations due to sintering
processes.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Thermal energy storage (TES) in high temperature applications
becomes increasingly important with the expansion of renewable
energy sources. The implementation of TES systems in concen-
trated solar power (CSP) plants for instance is crucial to facilitate
the dispatchability of power generation. The unfavorable intermit-
tency of solar energy can only be overcome by decoupling the solar
energy supply during sunshine hours and the electricity demand,
in order to bridge short-term deficiencies during cloud passage

and extend electricity production into the nighttime hours (Gil
et al., 2010; Liu et al., 2016; Zhang et al., 2016).

The comparatively new concept of thermochemical energy stor-
age (TCS) is based on the utilization of the enthalpy of reversible
gas–solid reactions to convert thermal energy to chemical energy,
which offers great potential for the development of efficient stor-
age solutions with higher energy densities compared to sensible
and latent TES systems (Kuravi et al., 2013; Pardo et al., 2014). Cur-
rent research for high temperature storage applications from
600 �C up to even 1100 �C is focused on multivalent metal oxides,
capable of undergoing reversible reduction–oxidation (redox) reac-
tions to store thermal energy in the form of the reaction enthalpy
DRh according to the following pathway:
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Charging : 2 MexOy ðsÞ þ DR h ! 2 MexOy�1 ðsÞ þ O2 ðgÞ ð1Þ

Discharging : 2 MexOy�1 ðsÞ þ O2 ðgÞ ! 2 MexOy ðsÞ þ DR h ð2Þ
Promising metal oxides exhibit the intrinsic advantage to react

reversibly with oxygen (O2) at high temperatures, which allows to
employ ambient air simultaneously as heat transfer fluid (HTF) and
carrier of the reaction gas O2. Thermal energy supplied by the HTF
is used to drive the endothermic reduction under the release of O2,
accounting for the thermal charging step of the storage material
(1). Recombination of the reduced metal oxide and O2 (from ambi-
ent air) leads to the exothermic oxidation, representing the ther-
mal discharging step by the complete recovery of thermal energy
(2). Consequently, there is no need for intermediate storage of
the reactant gas, which is highly beneficial for future system inte-
gration. The implementation of a metal oxide storage reactor into a
plant could thus be realized in the form of an open-loop system. In
addition, the use of air as HTF allows to work with higher HTF tem-
peratures up to and beyond 1000 �C, which renders redox reactions
especially interesting for TCS in central receiver CSP plants, e.g.
with a future generation of volumetric air receivers (Ávila-Marín,
2011; Ho, 2017).

High temperature thermochemical energy storage implicates a
high degree of thermal energy stored as sensible heat due to the
high working temperatures of the system, naturally temperatures
above the reduction temperature in the charging stage. Corre-
spondingly, this amount of thermal energy constitutes one of the
most important intrinsic aspects of this TCS technology and cannot
be neglected in the storage process and overall system examina-
tion. On this account also ‘‘hybrid storage” or ‘‘combined storage”
concepts using sensible and thermochemical energy storage simul-
taneously have been suggested (Ströhle et al., 2016; Tescari et al.,
2014). An experimental test of a small-scale cascaded configura-
tion of cordierite honeycombs and foams coated with Co3O4 and
Mn2O3 has been reported in this regard (Agrafiotis et al., 2016a).

Established high temperature regenerator-type storage systems
merely based on sensible energy storage, working with a gaseous
heat transfer medium and a stationary solid storage medium such

as ceramic or rocks, offer great potential to be adapted to the envis-
aged ‘‘hybrid storage” concepts. Implementing a high temperature
TCS zone in a packed bed storage unit would favorably facilitate an
increase in volumetric and gravimetric storage densities, whereas a
low temperature cooling section employing low cost inert materi-
als would result in cost savings (Ströhle et al., 2016). Fig. 1 illus-
trates the characteristic operating method of such a hybrid
storage system.

During the charging process the HTF – hot air from the solar
receiver – enters the storage tank from the top and flows down-
ward (a), which leads to the formation of a characteristic temper-
ature profile along the filling height. The direction of the flow is
reversed in the subsequent stage of storage discharging to enter

Nomenclature

Abbreviations
B cubic bixbyite phase (Mn,Fe)2O3

CLOU chemical-looping with oxygen uncoupling
CSP concentrated solar power
HTF heat transfer fluid
Me metal
MFC mass flow controller
N2 nitrogen
O2 oxygen
redox reaction reduction–oxidation reaction
S cubic spinel phase b-(Mn,Fe)3O4

SEM scanning electron microscopy
STA simultaneous thermal analysis
TCS thermochemical energy storage
TES thermal energy storage

Symbols
cp,g specific heat capacity of gas phase (J/(kg K))
CHTF = cp,g�dmg/dt heat capacity rate of HTF (W/K)
DHg,max maximum possible enthalpy change of HTF flow (J)
DRh specific reaction enthalpy (kJ/kg)

m mass (kg)
n molar amount (mol)
_n molar reaction rate (mol/s)
pO2 oxygen partial pressure (kPa)
r volume concentration (%)
T temperature (K)
# temperature, thermocouple (�C)
X reaction conversion (mol/mol)

Subscripts
0 initial value
c charging
d discharging
g gaseous
in inlet
max maximum
out outlet
Ox oxidation
Red reduction
rxn reaction
s solid

Fig. 1. Schematic description of a potential regenerator-type storage with thermo-
chemical storage material, allowing the exploitation of the sensible heat and the
heat of reaction due to a temperature stratification along the bed height: Thermal
charging (a) and thermal discharging (b).
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the tank at the bottom (b), being the cold end of the storage. This
counter-flowmode generally provides to maintain an axial thermal
stratification inside the packed bed, when thermal energy is trans-
ferred to and extracted from the storage (Zanganeh et al., 2012;
Zunft et al., 2011). It is therefore comprehensible, that the position-
ing of the reactive TCS material is only reasonable in the hot upper
part of the storage tank, where temperature operating conditions
allow the reduction to take place. The integration of a potential
hybrid TES system with a packed bed reactor into a CSP plant
can be realized in the form of a parallel configuration of the TES
system and the power block, taking advantage of the axial thermal
stratification in the packed bed to exploit the stored sensible heat
as well (Ströhle et al., 2016). The illustrated concept of a
regenerator-type storage system with a metal oxide TCS topping
serves as motivation for the fundamental research presented in
this work. Our studies have a generic approach and are therefore
independent of any assumed source of the HTF air or the operation
principle.

The current state of the scientific knowledge shows that most
examinations on redox reactions have been carried out by means
of thermal analysis of small sample masses mostly on the mg-
scale to survey the reversibility, cycling stability as well thermody-
namic and kinetic behavior of storage materials. In consideration of
the projected technical application the individual reaction steps –
reduction and oxidation – need to be thermodynamically favored
in the relevant temperature and pressure range depending on the
prevailing process conditions. Several research groups focused on
the screening of diverse redox couples regarding their TCS applica-
bility, identifying BaO2/BaO, Co3O4/CoO, Mn2O3/Mn3O4 and CuO/
Cu2O as the most promising in the temperature range of 700–
1100 �C at ambient pressure (Agrafiotis et al., 2014, 2016b, André
et al., 2016; Block and Schmücker, 2016; Wong, 2011; Wong
et al., 2010). Among those, pure manganese oxide with an energy
density of �202 J/g Mn2O3 constitutes a suitable storage material,
which particularly fulfills the essential requirements on a storage
material for large-scale applications to be nonhazardous, abundant
in nature as well as low-priced, in contrast to other storage mate-
rials such as cobalt oxide (Carrillo et al., 2014; Karagiannakis et al.,
2014; Wong, 2011). Even though the equilibrium temperature of
902 �C in air (Barin and Platzki, 1995) is favorable within the
desired temperature range, the redox reaction of Mn2O3/Mn3O4

exhibits a distinctive thermal hysteresis. This characteristic behav-
ior – most pronounced for manganese oxide – implies a strong dis-
advantageous decoupling of the forward and reverse reaction.
Furthermore, cycling stability is not given, as re-oxidation rates
appear to decrease continuously in the course of consecutive cycles
(Block and Schmücker, 2016; Carrillo et al., 2014; Wong, 2011).

Recent studies have shown, that those drawbacks can be over-
come by the incorporation of iron cations into manganese oxide. In
particular binary oxides with molar ratios Fe/Mn of 1:4 (Carrillo
et al., 2015, 2016) and 1:2 (Block and Schmücker, 2016) exhibit
improved TCS properties, such as higher re-oxidation rates
and better cycling stability (75 cycles carried out with molar ratio
Fe/Mn of 1:4). Enthalpies of 219 J/g and 233 J/g were measured for
the reduction step in air, respectively. Further, the pronounced
thermal hysteresis measured for the redox pair Mn2O3/Mn3O4

could be narrowed (Block and Schmücker, 2016; Carrillo et al.,
2015). Based on these data, a technical grade manganese-iron
oxide with a Fe/Mn molar ratio of 1:3 has been selected as a suit-
able reference material for lab-scale experiments in the current
work. In chemical-looping with oxygen uncoupling (CLOU) – a
novel method for CO2 capturing during combustion of fuels –
spray-dried manganese-iron oxide with the same Fe/Mn molar
ratio has been tested with respect to its oxygen carrier properties
under CLOU conditions (Azimi et al., 2013). For this composition
reported phase diagrams of the manganese oxide – iron oxide sys-

tem in air indicate the cubic bixbyite (Mn,Fe)2O3 (B) to be the ther-
modynamically stable phase at low temperatures and the cubic
spinel b-(Mn,Fe)3O4 (S) to be the stable phase at high temperatures
(Crum et al., 2009; Kjellqvist and Selleby, 2010; Wickham, 1969).
Hence, the following redox reaction is expected upon changing
the temperature and/or oxygen partial pressure (pO2):

6 ðMn0:75Fe0:25Þ2O3 ðsÞ þ DR h�4 ðMn0:75Fe0:25Þ3O4 ðsÞ þ O2 ð3Þ
A detailed characterization of this redox reaction with respect

to thermodynamic and kinetic properties was performed by means
of thermal analysis in an associated paper (Wokon et al., 2017).
Due to a thermal hysteresis yet present under practical dynamic
measuring conditions, technically relevant pO2-T dependences
have been experimentally derived by means of simultaneous ther-
mal analysis (STA) measurements, giving temperature thresholds
of �981.8 �C for the reduction and �920.4 �C for the oxidation
onset in atmospheric air. It has to be noted, that particularly the
oxidation step is subject to severe kinetic limitations, inhibiting
the reaction in a temperature range nearby the equilibrium state
(Wokon et al., 2017).

In contrast to thermal analysis a larger experiment is able to
give information about the superimposed effects of heat and mass
transport processes coupled with the chemical reaction. Up to date
only few reactor types and storage concepts for high temperature
TCS using metal oxides have been reported in the literature, mainly
focusing on a principal demonstration of the storage feasibility.

In this context directly irradiated rotary kilns were investigated
with regard to on-sun reduction and off-sun oxidation of the redox
pairs Co3O4/CoO (Neises et al., 2012) and CuO/Cu2O (Alonso et al.,
2015) in a batch operation. It was concluded, that with the pre-
sented setups a measurement of the actual sample temperature
during the reaction could not be performed inside the reaction
chamber. This is why fundamental relationships between the reac-
tion temperature and oxygen release/uptake under the prevailing
conditions could not be assessed.

Furthermore, only few TCS concepts have been described,
where air utilized as HTF directly flows through the bulk of the
reactive metal oxide storage material both for thermal charging
and discharging. Those range from a small quartz glass tube reactor
using Co3O4 as well as MnO2-10%Fe2O3 in powder form (Wong,
2011; Wong et al., 2010), a lab-scale packed bed/fluidized bed
reactor concept (Álvarez de Miguel et al., 2016, 2014), small-
scale compact monolithic reactor/heat exchanger concepts using
either extruded cobalt/cobaltous oxide honeycombs or cordierite
honeycombs and foams coated with Co3O4 or Mn2O3 (Agrafiotis
et al., 2016a; Karagiannakis et al., 2016), to a first pilot-scale ther-
mochemical storage unit based on Co3O4/CoO coated cordierite
honeycomb structures as storage medium (Tescari et al., 2017).
Although the concept could be validated in the latter case, the
measurement of the O2 concentration turned out to be unreliable
in the pilot-scale system, which is why the reaction conversion
could only be calculated based on the estimated thermal energy
stored in the system.

It can be summarized that up to date little work has been done
with respect to generic fundamental investigations on the under-
standing of the redox reaction behavior of metal oxides during
charging and discharging, taking the arising change of the O2 con-
centration in the gas phase (HTF) and observed reaction tempera-
tures into account. The influence of essential operating
parameters on the thermal behavior and performance of a directly
permeated high temperature TCS reactor has not yet been
addressed based on an experimental parametric study. Therefore,
in this work a test rig with a lab-scale tube reactor has been
designed to systematically analyze the redox reaction of granular
metal oxides in a packed bed (~500 g of storage material)
with direct contact heat transfer using air as HTF and carrier of
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the reaction gas O2. The identification of determining aspects for
the metal oxide based TCS technology in an appropriate scale rep-
resents the main focus of this work, in order to provide the techno-
logically relevant directions for further storagematerial and storage
system development.

2. Material and methods

2.1. Material

Granular manganese-iron oxide used in this study was prepared
by means of a build-up granulation technique, which was per-
formed by VITO (Mol, Belgium). In the process technical grade
powders of Mn3O4 (Trimanox, Chemalloy) and Fe2O3 (98% metals
basis, Alfa Aesar) were mixed with a Fe/Mn molar ratio of 1:3,
which corresponds to a Fe2O3:Mn3O4 mass ratio of 25.9:74.1. The
mixed material was sieved in the dry state to obtain a particle size
fraction from 1.15 mm to 3.15 mm prior to calcination. Heat treat-
ment for 4 h at 1025 �C and subsequent cooling down in air yielded
the targeted combinedmanganese-iron oxide (solid state reaction),
denoted (Mn0.75Fe0.25)2O3 in the following. A second heat treat-
ment step for 4 h at 1050 �C in air had the purpose to ensure ade-
quate mechanical strength and increase the cycling stability of the
material. Due to shrinkage of the granulated particles upon heat
treatment a particle size range of about 1–3 mm was obtained
for the experimental study. The detailed preparation method is
described in an associated paper on a thermodynamic and kinetic
analysis of this technical grade storage material (Wokon et al.,
2017). The minimum particle size of �1 mmwas chosen to prevent
fluidization under the applied measurement conditions as well as
to minimize parasitic losses due to the occurrence of lower pres-
sure drops over the bed in contrast to powder material. The max-
imum particle size of �3 mm has been defined to minimize the
influence of potential boundary effects on the fluid flow at the tube
wall as well as to ensure comparable reactivity between small and
large particles (exclusion of internal diffusion resistance within lar-
ger particles). An X-ray powder diffraction pattern of the binary
oxide in the oxidized state is presented in Section 3.4, indicating
the material to be of single phase cubic bixbyite structure
(Mn0.75Fe0.25)2O3.

Thermal analysis of the material revealed an average weight
loss of about 3.181% in the reduction step, which is lower than
the expected weight loss of 3.368% given by the stoichiometry of
the reaction in Eq. (3). Based on this observation about 94.4% of
the technical grade redox material is considered reactive, the
remaining 5.6% inert. Consequently, for the examinations in this
work a weight loss of �3.181% is adopted as complete conversion
of the reaction.

2.2. Reactor and test rig

A packed bed configuration has been chosen for the storage
reactor, in order to analyze the main influencing facets and demon-
strate the heat effect of the TCS concept based on redox reactions.
In comparison to continuous concepts with a moving reaction
material, a large impact of mechanical stress on the behavior of
reactive particles can be widely excluded. Thus, a tube reactor for
a directly permeated packed bed of granules has been designed
and implemented in lab-scale. Air simultaneously serves as HTF
and carrier of the reactant O2. In this regard a direct contact heat
transfer between the gas phase and the solid metal oxide storage
material is facilitated. This can be referred to as a directly heated
(charging) and cooled (discharging) reactor concept for TCS. An
additional high temperature heat exchanger is therefore not neces-
sary. Typically, in the charging stage of a technical scale

regenerator-type storage system the HTF flow enters the storage
from the top, whereas the direction of the flow is reversed in the
discharging stage. It has to be noted, that charging as well as dis-
charging in the current work is realized by means of an air flow
passing through the reactor solely from the bottom to the top, so
that a fairly uniform initial bed temperature serves as starting
point and final point of each experiment, respectively. Conse-
quently, an axial thermal stratification along the bed height is
not formed and was also not in the focus of this study.

The reactor tube made of nickel-based alloy 2.4856 (Inconel
625) has an inner diameter of 54.3 mm with a wall thickness of
2.9 mm. The actual reaction chamber containing the reactive
packed bed of metal oxide granules, as shown in Fig. 2 (left), has
a total height of 195 mm. Sheath thermocouples (Nicrobell� sheath
alloy) of type N with an insulated measuring point were imple-
mented for all temperature measurements in the experimental
setup. The tolerance of the class 1 thermocouples amounts to
±0.004 � |0| in the range of 375–1000 �C. Four thermocouples
(£ = 1 mm) are positioned in the center along the axis of the
packed bed (Fig. 2, left) with a height of 10 mm (01), 50 mm (02),
90 mm (03) and 130 mm (04) above a gas distribution disc (fused
silica frit, porosity P1), in order to measure the reaction progress
in terms of a temperature front along the bed height. Along the axis
the radial heat flows have the lowest influence on the reaction
temperatures, owing to the intrinsically low thermal conductivity
of the granular metal oxide bed. In order to measure the gas tem-
perature at the inlet of the reactor (0g,in), a thermocouple
(£ = 1.5 mm) was installed about 10 mm below the perforated
plate holding the packed bed. The gas temperature at the outlet
is monitored with a thermocouple (£ = 1 mm) positioned approx-
imately 10 mm above the packed bed (0g,out). The reaction chamber
is capped with a filter (fused silica frit, porosity P1) to retain pos-
sibly abraded metal oxide particles inside the chamber. The posi-
tion of the reaction chamber within the experimental setup is
shown in Fig. 2 (middle).

Fig. 3 illustrates the process flowsheet of the test rig, which has
been designed to survey a TCS reactor based on metal oxides. An
in-house developed electrical gas heater (2) is integrated into the
reactor unit below the reaction chamber (1) in order to heat air
or other compositions of O2 and N2 to the desired temperature
for the experiments. The reactor tube is encased by a vertically
arranged tube furnace (3), which is used to assist the gas heater
and heat up the reaction bed as well as to minimize thermal losses
to the ambience.

According to the prospective application oil-free, dry and fil-
tered ambient air is used, which is provided by a bundle of com-
pressed air (DIN EN 12021). Gas flow rates and the composition
of mixtures of nitrogen 5.0 and oxygen 4.8 are adjusted by means
of (4) three mass flow controllers (MFCs for Air/N2 in the range of
0.8–40 NL/min, MFC for O2 in the range of 0.1–5 NL/min, all
exhibiting an accuracy of ±0.5% of reading plus ±0.1% of full scale,
Bronkhorst HI-TEC). A gas mixing chamber (5) provides homoge-
neous mixing of O2 and N2 in the case of cooling in atmospheres
of reduced oxygen content. The maximum gas flow rate is
restricted to 15 NL/min in the current experimental setup to
ensure the attainment of the desired gas temperatures at the inlet
of the packed bed.

Above the reactor tube the off-gas is cooled to about room tem-
perature with an integrated water cooler (7). Subsequently, the gas
is filtered by means of a HEPA filter. Five thermal shields consisting
of nickel-based alloy 2.4856 (Inconel 625) disks and insulation lay-
ers, respectively, are arranged between the reactor unit and the
water cooler to reduce the radiation of heat from the upper filter
of the reaction chamber towards the cooler (see Fig. 2, middle).

A gas analysis (6) with a paramagnetic oxygen measurement
(NGA-2000 MLT-2 multi-component gas analyzer with built-in
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pressure and temperature compensation, Emerson Process Man-
agement | Rosemount Analytical) is used to record the O2 concen-
tration upstream (rO2 ;in) and downstream the reactor unit
(rO2 ;out), in order to track the reaction progress and determine
the reaction conversion. The test rig is open to the fume hood dis-
missing the off-gas stream, which is why all measurement series
are conducted at atmospheric pressure.

The installation of a pressure transducer (Siemens SITRANS
P200, 0–2.5 bar g) downstream the MFCs enables the determina-
tion of the pressure drop across the packed bed of metal oxide par-

ticles at room temperature or the entire setup during the
experiments by indicating the present overpressure with a typical
error of ±6.25 mbar (±12.5 mbar max). In addition, the absolute
ambient pressure (Siemens SITRANS P200, 0–4 bar a) is monitored
to determine the corresponding pO2 at the gas outlet of the setup,
calculated based on the product of the volume fraction of oxygen in
the air flow (which equals the molar fraction of O2 in air) and the
ambient pressure in the laboratory. The entire test rig (Fig. 2, right)
is controlled and regulated by the implementation of a
programmable logic controller.

Fig. 2. Geometry of the reaction chamber with locations of thermocouples in the packed bed of metal oxide (left); position of the packed bed storage reactor integrated in a
tube furnace with additional gas/air heater below the bed (middle); experimental setup of the test rig (right).

Fig. 3. Process flowsheet of the laboratory-scale test rig: Packed bed tube reactor (1), electrical gas/air heater (2), tube furnace (3), gas supply (4), gas mixing chamber (5),
oxygen gas analyzer (6), gas cooler (7) and laboratory heat exchanger (8).
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2.3. Experimental procedure for lab-scale experiments

The reaction chamber was filled with 471.2 g of granulated
material in the oxidized state (Mn0.75Fe0.25)2O3, resulting in a bed
height of approximately 15.2 cm prior to gas flow and chemical
reaction. Thermocouple 04 is located roughly 2 cm below the top
layer of particles in the bed. The bulk density qbulk of the loose
(Mn0.75Fe0.25)2O3 granule bed is around 1.353 g/cm3. Although
the granulated material can be assigned to Geldart group D, the
possibility of fluidization can be excluded under the applied mea-
surement conditions working with granule sizes larger than 1 mm
(Geldart, 1973).

Assuming full conversion in the course of the reduction reac-
tion, a mass loss of 3.181% due to the release of oxygen can be
taken into account (see Section 2.1). This correlates to an amount
of 14.989 g (mO2 ;max) or 0.468 mol O2 (nO2 ;max) correspondingly,
which can be maximally released and taken up by the metal oxide
in the course of the redox cycle. The mass balance for O2 around
the reactor unit allows to determine the molar reaction rate of
the material in the reactor, expressed in terms of the rate of oxygen
release or uptake _nO2 ;rxn. Integration of the molar rate of reacted
oxygen over the reaction time gives the accumulative amount of
oxygen nO2 ;rxn, released during the reduction step and taken up
during the oxidation step, respectively. The corresponding reaction
conversions XRed and XOx can be derived from dividing the respec-
tive experimentally determined amount of reacted oxygen nO2 ;rxn

by the maximum amount of convertible oxygen nO2 ;max to be trans-
ferred for complete conversion.

Overall, 17 cycles are performed with a single batch of storage
material. A complete redox cycle consists of the endothermic
reduction of (Mn0.75Fe0.25)2O3 to (Mn0.75Fe0.25)3O4 and the reverse
exothermic oxidation step, also referred to as thermal charging
and discharging of the storage thereinafter. One redox cycle is car-
ried out per day, cooling down the packed bed to room tempera-
ture under a flow of air after the performance of each cycle. The
experimental procedure is described prior to the results of each
measurement series. An overview of the experimental campaign
is specified in Table 1.

In this work only selected experiments are discussed for the dis-
closure of the influencing effects on metal oxide based TCS with
direct contact heat transfer between the HTF air and the solid
inventory. Experimental conditions for a reference redox cycle
(2nd, 6th, 9th and 17th) – denoted reference experiment below –

have been defined. This cycle is performed in between the individ-
ual series of measurements studying different parameter varia-
tions, in order to examine the material regarding its cycling
stability and to ensure the comparability of the results obtained
from parameter variations.

3. Experimental results and discussion

In the first part of the study the evolution of characteristic tem-
perature profiles along the bed height is outlined and interpreted
for a typical charging and discharging process of the storage reac-
tor, respectively. In the second and third part, three parametric
studies are conducted to examine different operating parameters
influencing the behavior of a reactor with direct heat transfer,
including the mass flow rate directed through the reactor as well
as the gas inlet and initial bed temperature 0g,in = 00. It is exemplar-
ily referred to the bed temperatures 01 and 03, located axially 1 cm
and 9 cm above the gas distribution disc, for the representation of
the temperature profiles in the granular packed bed. The cycling
stability behavior of the material and packed bed properties are
addressed in the last part of this work.

3.1. Characteristics of temperature driven thermal charging and
discharging

Thermal charging is always performed by means of a tempera-
ture change to initiate the reduction. In this case the reaction can
be considered temperature driven. At first the packed bed of gran-
ules is heated up to an initial temperature of 940 �C, using a con-
stant air flow rate of 10 NL/min. The initial conditions of the
experiment – prevalent pO2 and initial temperature of the packed
bed – do not allow the reduction reaction to take place. As soon as
thermal equilibrium has been maintained for at least 20 min, the
air temperature at the inlet of the reaction chamber as well as
the tube furnace temperature are simultaneously raised to
1040 �C. The left part of Fig. 4 illustrates the reference experiment
for thermal charging, showing the gas inlet temperature (0g,in), the
temperature profiles along the height of the packed bed (01-04) and
the O2 concentration profile downstream the reaction chamber
(rO2 ;out). Point zero indicates the assignment of the temperature
increase by 100 K.

In the beginning the solid storage material is heated up along
the entire bed height due to the storage of sensible heat. The ther-

Table 1
Measuring plan for thermal charging (reduction) and discharging (oxidation) both performed in air.

Reduction Oxidation

Cycle No.a _VAir / (NL/min) 0g,in = 0Furnace / �C Initiation 0g,in = 0Furnace / �C

(1) 10 940? 1040 2% O2 ? Air 00 = 0g,in = 850
2 10 940? 1040 2% O2 ? Air 00 = 0g,in = 850
3 10 940? 1040 2% O2 ? Air 00 = 0g,in = 825
4 10 940? 1040 1% O2 ? Air 00 = 0g,in = 800
5 10 940? 1040 2% O2 ? Air 00 = 0g,in = 875
6 10 940? 1040 2% O2 ? Air 00 = 0g,in = 850
7 15 940? 1040 2% O2 ? Air 00 = 0g,in = 825
8 5 940? 1040 2% O2 ? Air 00 = 0g,in = 825
9 10 940? 1040 2% O2 ? Air 00 = 0g,in = 850

(10) 10 940? 1040 – �5 K/min: 1040? 400b

11 10 940? 1040 – �5 K/min: 1040? 400
(12) 10 940? 1040 – �3.5 K/min: 1040? 400
(13) 5 940? 1040 – �3.5 K/min: 1040? 400
(14) 15 940? 1040 – �3.5 K/min: 1040? 400
(15) 10 940? 1040 – �2 K/min: 1040? 400
(16) 10 940? 1040 – �2 K/min: 1040? 400
17 10 940? 1040 2% O2 ? Air 00 = 0g,in = 850

a Cycles in brackets are not displayed and discussed in this paper.
b Tube furnace turned off during cooling process.
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modynamic equilibrium of the redox reaction in air is being
exceeded during this phase. Faster rates of heating in the lower
part of the bed can be explained by the higher heat input via the
HTF entering at the bottom, in comparison to the thermal energy
which is introduced via the tube furnace across the tube wall along
the entire height of the bed.

Approximately 5 min after assigning the temperature increase,
the endothermic reduction of (Mn0.75Fe0.25)2O3 particles is trig-
gered in the lowest part of the bed, indicated by the beginning of
oxygen release. As soon as the reaction zone has reached the posi-
tion of the first thermocouple (01) after about 12 min, a brief tem-
perature drop to a level of about 983.5 �C can be observed due to
the absorption of thermal energy. The short reaction time and
comparatively high temperature in this region is due to the prox-
imity of 01 to the bottom of the bed, where heat input by the enter-
ing air is more intense. As soon as (Mn0.75Fe0.25)2O3 has been
converted to (Mn0.75Fe0.25)3O4 in the lower part, temperature 01
begins to rise up to 1040 �C owing to the storage of sensible heat.
All bed temperatures show small signs of an initial overheating
effect prior to the beginning of the reduction.

In contrast to the region of thermocouple 01 in the lower part,
the storage material in the middle and upper part of the bed exhi-
bits the formation of fairly constant temperature plateaus for
longer periods. In the process thermal energy is absorbed due to
the advance of the endothermic reduction, preventing the granules
from further heating up. The lowest temperature plateaus are
observed in the middle part for 02 and 03, which amount to about
978.5 �C. This value is in good accordance with the experimentally
determined (STA) temperature threshold for the reduction onset in
air (Wokon et al., 2017), as described above. Overall, the reaction
proceeds at temperature plateaus close to the equilibrium, where
only slow reaction rates can be attained. Based on those low tem-
perature levels and long duration of the reaction in this region, it

can be assumed, that the reduction step is mainly limited by heat
transfer into the packed bed.

Input of thermal energy by means of the HTF entering at the
bottom leads to the development of a pronounced temperature
front gradually travelling in flow direction through the packed
bed. The front indicates the termination of the reaction in a certain
part of the bed, followed by sensible heating up to 1040 �C. The
charging stage is completed after a total time of 124.7 min, once
the O2 concentration at the outlet has returned to the baseline level
and temperatures along the bed height have reached constant val-
ues close to 1040 �C. As heat losses appear to be higher in the upper
region of the bed, 04 has only reached a value somewhat lower
than 1040 �C at the end of the experiment. The period of O2-
release accounts for only 120.9 min. The reaction reaches nearly
complete conversion of about 99.5% (Fig. 4, bottom left), calculated
based on the released amount of O2.

A typical storage discharging experiment conducted with
decreasing temperature is illustrated on the right hand side of
Fig. 4. The packed bed is cooled down with a constant cooling rate
of the gas inlet temperature of 5 K/min at 10 NL/min air. This mode
is subsequently denoted dynamic operation mode for thermal dis-
charging and allows to study the redox reactivity under fairly con-
trolled conditions. In order to ascertain that consistent boundary
conditions can be achieved, equal cooling rates are adjusted for
the air inlet and tube furnace temperature. A rate of 5 K/min con-
stitutes the maximum possible cooling rate to challenge the mate-
rial appropriately, but still control the HTF inlet temperature at a
constant rate in this work.

At first the sensible part of stored energy is extracted and the
packed bed therefore cooled down along the bed height. The ther-
modynamic equilibrium of the redox reaction in air is being
exceeded during this cooling phase. The reaction onset in the low-
est part of the bed is indicated by the recorded oxygen uptake. It

Fig. 4. Progress of the charging stage 6 (Mn0.75Fe0.25)2O3 ? 4 (Mn0.75Fe0.25)3O4 + O2 upon increase of air inlet and tube furnace temperature from 940 �C to 1040 �C (reference
experiment) and excerpt of the discharging stage 4 (Mn0.75Fe0.25)3O4 + O2 ? 6 (Mn0.75Fe0.25)2O3 with a cooling rate of air inlet and tube furnace temperature of 5 K/min, both
at 10 NL/min air (11th redox cycle).
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can be observed, that the (Mn0.75Fe0.25)3O4 oxidation is initiated in
sequence along the axis throughout the discharging period. All bed
temperatures show small signs of initial undercooling prior to the
beginning of the oxidation, followed by a small temperature
increase of 1.5–2 �C. This phenomenon can be ascribed to the
energy necessary to overcome the activation energy barrier for
nucleation, hence initiating nucleation and subsequent crystal
growth. The rather short temperature plateau of 01 is again a con-
sequence of the high cooling capacity of the entering HTF at this
stage, while the granular particles above are still subject to sensible
heat extraction. All temperature profiles exhibit steady tempera-
tures over periods of up to 15 min. This clearly accentuates the
possibility to stabilize bed temperatures due to the release of the
heat of reaction, while the gas inlet and tube furnace temperature
are constantly declining at 5 K/min. The levels of ‘‘self-adjusted”
temperature plateaus are in the range of 912–915 �C, which are
also fairly consistent with the experimentally determined (STA)
temperature threshold for the oxidation onset in air (Wokon
et al., 2017), as described above.

The oxidation reaction is completed after about 69.3 min, once
the O2 concentration at the outlet has risen to the baseline level. A
total conversion of about 99.4% was identified based on the
absorbed amount of O2 (Fig. 4, bottom right). Overall, the duration
of the oxidation step is significantly shorter than the corresponding
reduction step. This can be explained by the evidently larger tem-
perature gradient between the HTF at the inlet and the solid tem-
peratures in the process of the oxidation reaction, eventually
increasing the rate of heat removal.

Fig. 4 discloses the appearance of the above-mentioned thermal
hysteresis, which amounts to roughly 63.5 �C in this case, ther-
mally decoupling the reduction and oxidation step under techni-
cally relevant experimental conditions. Further assessment of the
oxidation step via thermal analysis revealed, that the oxidation is
primarily subject to kinetic limitations closer to the equilibrium,
which distinctive behavior is further addressed in an associated
paper on the thermodynamic and kinetic characteristics of this
technical grade material (Wokon et al., 2017).

3.2. Temperature driven thermal charging: Flow rate variation

The utilization of air as HTF and purge gas to take up oxygen
during the reduction has a strong impact on the chemical reaction
in a directly permeated storage reactor. The heat capacity rate
CHTF = cp,g�dmg/dt resulting from the adjusted HTF flow rate gener-
ally constitutes the most important parameter to regulate the heat
input and attainable thermal power level of a storage reactor.
Therefore, the influence of different air flow rates on the reactor
behavior is examined more closely. The packed bed is heated up
to a 940 �C at an air flow rate of 5 NL/min, 10 NL/min or 15 NL/
min, respectively. As soon as thermal equilibrium has been held
for at least 20 min, the setpoints of the air inlet temperature (0g,
in) as well as the tube furnace temperature are simultaneously
increased to 1040 �C. The pO2 at ambient conditions amounts to
�21.2 kPa. Fig. 5 illustrates the experimental results of the charg-
ing experiments. Point zero marks the assignment of the tempera-
ture increase by 100 K. Generally, the rate of sensible heating turns
out to be somewhat slower in the case of the lowest flow rate.
About 4–6 min after assigning the temperature increase, the equi-
librium condition of the redox reaction in air has already been
exceeded for particles in the lowest part of the bed. Oxygen is
released due to the initiation of the (Mn0.75Fe0.25)2O3 reduction.
According to the adjusted mass flow rates, the O2 concentration
profiles reflect the expected changes owing to the evolution of
O2. The highest change with a maximum of �23.8% O2 was
detected for 5 NL/min, whereas the flow rate of 15 NL/min yields
the lowest change with a maximum of �22.0% O2.

Temperatures 01 in the lower part of the bed are generally
higher, as the incoming air flow at high temperature leads to a
stronger heating effect. Since part of the thermal energy trans-
ported by the fluid flow has already been utilized to dissociate
(Mn0.75Fe0.25)2O3 and heat up the reduced material in the bottom
part, only a lower temperature difference between fluid and solid
is available in the upper part of the bed. Consequently, heat trans-
fer in the upper part is lower, leading to higher reaction times and
longer periods of fairly constant temperature plateaus, clarified by
03 in Fig. 5. With rising air flow rate this plateau becomes shorter.
Higher gas velocities entail an enhancement of the heat transfer
coefficient between gas and solid phase. Moreover, the adjustment
of higher mass flow rates also implies higher heat capacity rates
CHTF, causing higher thermal power input. The transfer of thermal
energy from the HTF to the solid hence increases, which provokes
an accelerated reaction progress. All registered temperature levels
(between �978.5 �C and �983 �C) during the proceeding reduction
reaction are in the range of the technically relevant temperature
threshold of �981.7 �C for the reduction onset, calculated at a
pO2 of 21.2 kPa based on the experimentally determined pO2-T cor-
relation, which has been briefly described in Section 1 (Wokon
et al., 2017).

In summary, the variation of the adjusted mass flow rate has a
significant impact on the charging time. This can be well distin-
guished by means of the O2 evolution curves as well as the length
of the temperature plateaus, also reflected in the offset of the
respective sensible heating curves after completion of the reaction
at the position of sensor 03. Complete conversion within the feasi-

Fig. 5. Flow rate variation in storage charging step 6 (Mn0.75Fe0.25)2O3 ? 4 (Mn0.75-
Fe0.25)3O4 + O2 performed by increasing the air inlet and tube furnace temperature
from 940 �C to 1040 �C: 5 NL/min, 10 NL/min and 15 NL/min air.
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ble accuracy of the evaluation was achieved in all experiments. The
total reaction time from the beginning of the temperature increase
until the end of O2 release amounts to �138.0 min (5 NL/min),
�127.6 min (10 NL/min) and �116.3 min (15 NL/min). As
expected, the highest maximum reaction rate has been reached
in the case of 15 NL/min. Correspondingly, the experiments at
10 NL/min and 5 NL/min yielded lower maximum reaction rates.
For the charging stage the conclusion can be drawn, that thermal
power input by means of the HTF as well as heat transferred from
the tube wall to the solid storage material are the limiting factors
under the applied operating conditions, the latter also attributed to
the intrinsically poor thermal conductivity of metal oxides. Besides
higher HTF mass flow rates, demonstrated in this section, a raise of
the charging temperature generally leads to higher reaction rates
and thus enhanced charging performance as well.

3.3. Thermal discharging at constant gas inlet temperature

Significant factors determining the reactor discharging behavior
comprise the particle reaction rate, heat transfer, mass transport of
O2 as well as the maximum possible enthalpy difference DHg,max of
the HTF flow between reactor inlet and outlet. Compared to the
dynamic mode of operation for thermal discharging, described in
Section 3.1, an alternative approach enables to study the release
of thermal energy at a constant gas inlet temperature (defined
boundary condition), inducing the reaction by means of a sudden
change of the pO2. In this case the reaction can be considered pres-
sure driven. An operation mode with constant boundary conditions
at the inlet of the packed bed – along with a uniform initial bed
temperature as starting point – constitutes an effective way to
investigate the influence of various gas inlet 0g,in and initial bed
temperatures 00 as well as different HTF mass flow rates on the
specified macroscopic parameters.

3.3.1. Flow rate variation
According to the variation of the air flow rate in the preceding

charging stage (see Section 3.2) the influence of different heat
capacity rates CHTF on the reaction performance along with heat
and mass transfer effects is also surveyed in the exothermic oxida-
tion step, adjusting the air flow rate through the reactor to 5 NL/
min, 10 NL/min and 15 NL/min, respectively. After the reduction
step the packed bed of granular (Mn0.75Fe0.25)3O4 is cooled down
to an arbitrarily chosen gas inlet and initial bed temperature of
825 �C under a flow of 2% O2 in N2 at the respective flow rate for
the reaction, since the atmosphere with reduced O2 concentration
inhibits the initiation of the oxidation. Once thermal equilibrium
has been reached and maintained in the packed bed over a period
of at least 20 min, the experiments are triggered by switching the
gas flow to air, which corresponds to an abrupt elevation of the pO2

from �2.0 kPa to �21.2 kPa (referred to ambient conditions at the
gas outlet). The air inlet (0g,in, not shown) as well as the tube fur-
nace temperature are held at 825 �C throughout the entire period
of the corresponding experiment. Results of the thermal discharg-
ing of the storage are illustrated in Fig. 6, the gas change indicated
by the point of origin. The experiments clearly reveal the superim-
position of different phenomena in terms of the particle reaction
rate as well as heat and mass transfer effects. In the following
the impact of individual phenomenon on the discharging progres-
sion will be discussed.

The oxidation reactions are immediately initiated, since the pre-
vailing conditions in the reactor thermodynamically favor the oxi-
dized phase (Mn0.75Fe0.25)2O3. Oxygen is taken up. At 10 NL/min
and 15 NL/min all bed temperatures – indicated by 01 and 03 –
show an instantaneous increase due to the release of the heat of
reaction, causing a self-heating effect of the material. The presence
of a strong driving force owing to the high degree of undercooling

of the granular particles becomes evident, when the gas flow is
switched to air. Remarkably, 50% conversion has already been
reached after �4.2 min (15 NL/min) and �5 min (10 NL/min), with
the largest part of the released heat of reaction reflected in the sen-
sible heating of the packed bed.

In accordance with the variation of air mass flow rates in the
reduction step (see Section 3.2) similar results regarding heat
transfer effects could be observed. Higher gas velocities due to ris-
ing gas flow rates generally lead to increased heat transfer coeffi-
cients between the solid particles and the gas phase. Moreover,
higher mass flow rates imply enhanced heat capacity rates CHTF,
enabling to absorb a larger amount of thermal energy. This can
be recognized by an acceleration of the reaction progress with
higher air flow rates, as transfer of thermal energy from the react-
ing solid to the HTF is enhanced. At 15 NL/min the period of O2

release is already over after �48.2 min, whereas in the case of
5 NL/min the reaction proceeds only very slowly towards the
end, reached at roughly 69.5 min. The maximum reaction rate,
which can be derived from the O2 concentration depicted in
Fig. 6, decreases significantly with smaller flow rates. The overall
discharging stage is completed, once the O2 concentration at the
outlet has reached a stable level – indicating the presence of pure
air – and the initial thermal equilibrium within the packed bed has
been resumed shortly after.

In all three cases the lowest temperature increase along with
the fastest extraction of thermal energy via the HTF was registered
by the sensor 01 for the material close to the inlet of the packed
bed, where the granular material experiences the strongest initial

Fig. 6. Flow rate variation in storage discharging step 4 (Mn0.75Fe0.25)3O4 + O2 ? 6
(Mn0.75Fe0.25)2O3 with initial bed 00 and constant air inlet temperatures 0g,in of
825 �C: 5 NL/min, 10 NL/min and 15 NL/min air.
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cooling effect due to the HTF entering the reactor at 825 �C. As
expected, the most intense cooling effect emerges in the experi-
ment with 15 NL/min. The conclusion can be drawn, that in the
bottom part of the bed the reaction rate of the redox reaction poses
the limiting factor.

In all experiments the temperatures in the middle and upper
part of the bed reveal the largest temperature rise, reaching levels
closer to the equilibrium, where the reaction rate decreases enor-
mously. At this point the reaction mainly proceeds, as soon as
the material experiences sufficient cooling by the HTF, slowly
extracting the released thermal energy. This is reflected in the
propagation of a temperature front from the bottom to the top.
Maximum temperatures could always be observed within the ini-
tial 10–15 min of the reaction for 02 in the middle of the packed
bed (02 not shown). It can be assumed that in the region of 02
the HTF has already been heated up to its maximum possible tem-
perature during the initial phase of the discharging step, which is
why no more thermal energy can be transferred to and dissipated
by the HTF in this case.

A maximum bed temperature of �934 �C was registered for 02
in the case of 15 NL/min. In comparison, the technically relevant
pO2-T correlation for the oxidation onset – experimentally derived
by means of STA measurements in the cooling phase of the reduced
material – gives a temperature threshold of �920 �C at a pO2 of
21.2 kPa (air) though (Wokon et al., 2017). Moreover, the ‘‘self-
adjusted” temperature plateaus (912–915 �C) in the dynamic dis-
charging mode described above turned out to be lower as well.
As a particular degree of undercooling needs to be attained to ini-
tiate the reaction by thermal activation of nucleation, the oxidation
reaction is generally subject to severe kinetic restrictions in those
dynamic modes of continuous cooling down under air. This occur-
rence has been elaborately addressed in the associated paper
(Wokon et al., 2017). In contrast, there seem to be no apparent lim-
itations in the case of the strongly undercooled state of the reduced
phase at 825 �C in the current runs. This is why in the presented
study the reaction in air is able to reach temperatures closer to
the equilibrium, therefore leading to packed bed temperatures
somewhat higher than the temperatures calculated from the
experimentally derived pO2-T dependency of the oxidation onset,
irrespective of the locally lower O2 concentration in the bed due
to the O2 uptake on the one hand as well as the somewhat
increased local pO2 due to the pressure drop over the entire exper-
imental setup on the other hand.

It is particularly exceptional in this measurement series that the
highest bed temperatures are reached for 15 NL/min, the experi-
ment with the highest cooling capacity of the HTF. This occurrence
can be directly ascribed to the open-loop storage operation with air
as HTF, supplying the reactant O2: In general, the local minimum of
the recorded O2 concentration shortly after the initiation of the
reaction denotes the point, where the highest reaction rate and
thus the highest rate of heat release occurs, respectively. In the
experiment applying a gas flow rate of 15 NL/min, providing the
highest molar amount of O2 for the reaction, the O2 concentration
shortly drops down to 7.1% due to the uptake of O2. A value of 5.6%
O2 is reached for 10 NL/min. At a flow rate of 5 NL/min, however,
the O2 concentration even drops down to 4.4%, held for the longest
time in comparison to the experiments at higher flow rates. In this
case the O2 concentration in the bulk phase is not sufficient for the
oxidation reaction to proceed with higher reaction rates. Thus, at a
flow rate of 5 NL/min a spreading of the temperatures at different
levels as well as different temperature maxima can be found along
the bed height. The reaction does not take place immediately over
the entire height of the packed bed, which becomes apparent in
Fig. 6 (see 01 versus 03 within the initial 15 min). On the one hand,
01 close to the reactor inlet shows an abrupt increase, while on the
other hand, temperature 03 towards the upper part exhibits a

delayed temperature rise. This might be attributed to an O2-
depletion in the initial phase of the reaction, since most of the
available O2 is taken up in the bottom part of the packed bed, lead-
ing to the presence of a lower O2 concentration in the upper region
of the bed. As a result, at 5 NL/min reduced O2 availability implies a
reduced pO2 and thus a decrease of the particle reaction rate
according to the pO2-T dependency of the reaction.

In summary, the discharging performance at the lowest flow
rate of 5 NL/min is mainly dominated by a decreased reaction rate
due to a shortened availability of O2 as well as by diminished heat
transfer and heat transport capabilities, both effects eventually
accounting for an elongated cooling process and longer reaction
times at fairly constant temperature levels (see 03) compared to
the experiments at higher flow rates. In contrast, higher thermal
power output owing to the highest reaction performance can be
accomplished in the experiment at 15 NL/min air (Fig. 6). As the
HTF and source of O2 are directly coupled in this open operation
principle using air, the mutual interaction between the attainable
thermal power level and the particle reaction rate has to be
accounted for in future engineering and operation of a TCS reactor.

3.3.2. Temperature variation
A variation of the gas inlet temperature also represents a prac-

tical method to study the reaction performance in the discharging
step, directly affecting the heat transfer and the maximum possible
enthalpy change of the HTF flow from the inlet to the outlet of the
packed bed. Four cycles at different air inlet 0g,in and initial bed
temperatures 00 were carried out, adjusting values between
800 �C and 875 �C in a step size of 25 �C, respectively. All experi-
ments are performed under air at �21.2 kPa (referred to ambient
conditions) with a constant flow rate of 10 NL/min. In the case of
800 �C a cooling atmosphere of 1% O2 ensures the prevention of a
premature re-oxidation prior to the initiation of the oxidation by
switching to air. A cooling atmosphere of 2% O2 has been chosen
for 825 �C, 850 �C and 875 �C. All temperatures can be assigned
to the range closer to the equilibrium in air, which is characterized
by decreasing reaction rates with rising temperature (Wokon et al.,
2017). As soon as thermal equilibrium has been kept up for at least
20 min, the reactions are initiated by means of an increase of the
pO2 to �21.2 kPa (referred to ambient conditions at the gas outlet).
Fig. 7 shows the experimental results in terms of reaction conver-
sion and temperatures. Rapid sensible heating of the packed bed
indicates a fast self-heating effect ascribed to the release of chem-
ically stored energy. Foremost, a large part of released energy is
absorbed by the material itself, owing to the limitation by the CHTF,
respectively.

In all cases the most intense convective cooling could be
observed in the bottom part of the packed bed close to the gas
inlet, as 01 in Fig. 7 (bottom) shows the lowest temperature rise.
This clarifies the influence of direct heat transfer from the solid
particles to the HTF to dissipate the released heat of reaction.
The evolution of the bed temperatures in the proximity to the
gas inlet illustrates effectively, that higher temperatures closer to
the equilibrium condition cannot emerge, if the rate of heat
removal by the HTF is larger than the rate of heat release due to
the chemical reaction. In other words, the heat of reaction cannot
compensate for the maximum possible enthalpy change of the
gas between the inlet condition and conditions closer to the equi-
librium. Consequently, the lowest maximum temperature of 01 –
moreover kept up for the shortest period – was recorded for a
gas inlet temperature of 800 �C, as the corresponding gas flow
exhibits the highest possible cooling capacity in this series of mea-
surement. On that account, it can be stated that only for this com-
paratively more intense cooling conditions, the reaction rate of the
granular material constitutes a limiting factor in the bottom area of
the packed bed.
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Different bed temperature maxima are attained depending on
the air inlet and initial bed temperature. The experiment at
825 �C revealed the highest bed temperatures at every measuring
point along the axis in comparison to the other measurement con-
ditions. In the course of each experiment the reaction rate strongly
decreases, once particle temperatures closer to the equilibrium of
the reaction have been reached. As described in the previous sec-
tion, the highest temperature in the bed was always observed for
02 (not displayed).

At the lowest air inlet and initial bed temperature of 800 �C the
material experiences both the largest initial undercooling upon
switching to air, implying a strong driving force for the phase tran-
sition, and the highest cooling effect via the HTF. Gas entering the
reactor at lower temperatures has a higher potential capacity to
absorb thermal energy due to a higher possible driving tempera-
ture gradient DT between the HTF, entering the reaction chamber
at 800 �C in this case, and the solid temperatures reached during
the reaction. Due to the initially high reaction rates at 800 �C the
released thermal energy primarily leads to the sensible heating
of the particles within the initial phase of the experiment, as the
heat capacity rate of the HTF is limiting. Higher reaction conversion
was observed in this phase compared to experiments at elevated
temperatures. It can be viewed in Fig. 7 (top) that 50% conversion
has already been reached after �4.2 min in the case of 800 �C, in
contrast to a reaction period of 18.7 min in the case of 875 �C.
The end of the O2 uptake is thereby already registered after about
46.7 min at 800 �C, which marks the shortest period within all con-
ducted experimental runs. For comparison the overall reaction

time at 875 �C amounts to about 117.9 min. Overall, full conversion
has been reached in all cases.

In summary, a decrease of the air inlet temperature (and initial
bed temperature) in the investigated range yields an accelerated
reaction process owing to an enhanced cooling effect, which leads
to a higher dissipation of the released heat of reaction by the HTF
and therefore higher discharging performance. On this account the
maximum possible enthalpy change of the adjusted gas flow
between the inlet and outlet of the packed bed constitutes the lim-
iting factor in the examined temperature operating range. Conse-
quently, the thermal power output can generally be controlled by
defining the HTF inlet temperature and mass flow rate.

3.4. Cycling test and material characterization

In general, a thermochemical storage material can only be
implemented on a larger scale, if it exhibits the ability to maintain
its integrity over repeated cycling, both physically and chemically.
Cycling stability is considered a key feature of a TCS material,
implying the progress of a reversible redox reaction over innumer-
ous cycles without degradation of the material reactivity owing to
microstructural changes, which could be caused by phase changes
or sintering effects. Furthermore, the mechanical stability of the
particles – characterized by low particle attrition and high crush-
ing strength – should be sustained. Especially sintering effects
can be more pronounced in larger sample masses and may influ-
ence the performance of a packed bed. Macroscopic effects, such
as potential channeling, might also impair the redox behavior of
the packed bed on the whole. However, cycling data on the basis
of a packed bed of �471 g of granular (Mn0.75Fe0.25)2O3 material
has not been available so far. For that purpose a total of 17 redox
cycles have been performed on a larger scale. A reference redox
cycle was repeated four times (2nd, 6th, 9th and 17th cycle) under
identical experimental conditions in between the carrying out of
different parameter studies, most of which have been presented
above. In the scope of the parametric studies this allows to verify
the comparability of the experiments among each other. Addition-
ally, the cycled material can be further analyzed and compared to
the original material.

The results of the temperature driven charging steps are dis-
played in Fig. 8 (left). We can assert that the heating-up period
of the material – prior to the reaction onset – remained constant
for all cycles, demonstrating good repeatability. During the course
of the endothermic reaction a value of �982 �C could be observed
for the level of the temperature plateau 03 in the 2nd cycle,
whereas the temperature dropped to �979 �C in the 9th and to
�976 �C in the 17th cycle, closer to the equilibrium temperature.
Temperature 01 indicates the same trend. Accordingly, the O2 evo-
lution onset was registered somewhat earlier in the 17th cycle. The
progress of the O2 evolution curves in the 9th and 17th cycle
reveals a slight tendency towards faster reaction rates and some-
what shorter reaction times, also indicated by the conversion
curves in Fig. 8 (left). The overall reaction time in terms of O2

release took �122.5 min in the 2nd cycle, whereas a duration of
�118.5 min could be determined for the 17th cycle.

In all reference charging experiments complete conversion has
been achieved within the possible accuracy of the evaluation.
Overall, the packed bed did not exhibit any reactivity deterioration
during the reduction step, which is why the diffusion of O2 out of
the material during the phase transition does not seem to become
a limiting factor.

The right hand side of Fig. 8 shows the experimental results of
the subsequent discharging steps at a constant air inlet and initial
bed temperature of 850 �C, assigning a change of the pO2 to initiate
the reaction. For simplification the preceding cooling phase in 2%
O2 atmosphere is not depicted. The highest O2 uptake rate in the

Fig. 7. Temperature variation in storage discharging step 4 (Mn0.75Fe0.25)3O4 +
O2 ? 6 (Mn0.75Fe0.25)2O3 at 10 NL/min air: initial bed and constant air inlet
temperatures 00 = 0g,in of 800 �C, 825 �C, 850 �C and 875 �C.
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initial phase of the reaction was observed for the 17th cycle, which
also yielded the highest temperature values in the packed bed,
depicted in Fig. 8 (right). 01 close to the gas inlet was about 6 �C
and 03 in the middle of the packed bed about 3 �C higher compared
to the fresh material in the 2nd cycle.

Analogous to the reduction step the temperature profiles occur
to be slightly different in the last cycle, indicating potential
changes in the packed bed behavior. The overall reaction time in
terms of O2 uptake amounts to�78 min on average. As the reaction
proceeds very slowly towards the end, 95% conversion has already
been reached approximately �49 min after initiation of the reac-
tion, respectively. Within the accuracy of the evaluation complete
conversion has been obtained throughout all reference discharging
experiments. The low conversion of 97.5% calculated for the 17th
cycle is considered a runaway value, since the storage material
was recovered in the fully oxidized state upon emptying the reac-
tion chamber.

We conclude that a continuance of the redox reactivity over
several cycles can be verified for the packed of granular
manganese-iron oxide. It is important to note, that the experi-
ments do not allow conclusions to be drawn about the intrinsic
cycling stability of the storage material though, owing to this rela-
tively small number of total cycles conducted as well as the scale of
�500 g of storage material. However, the results constitute valu-
able data, as only scarce information can be found for the redox
behavior of larger sample masses with regard to TCS.

When the reaction chamber was opened after 17 cycles, indica-
tions of channeling effects were not observed. For illustration pur-
poses the view onto the loose packed bed of granulate just after
filling of the reactor tube is presented in Fig. 9 (left), the view onto
the bed after cycling looks alike. However, only granules in the

upper part of the packed bed showed free outflow upon turning
the opened reactor tube. Material in the lower part of the bed
formed larger agglomerates imbedding the sheath thermocouples.
Hence, the granular material still tends to agglomerate due to
occurring sintering effects. Agglomerated granules after cycling
for 17 times are depicted on the right of Fig. 9.

The agglomerates are not hard and can thus easily be broken
apart into single granules with the exertion of low force. In conse-
quence of these sintering processes the gas flow behavior and pre-
sent flow distribution within the packed bed cannot be precisely
predicted. That is why a reasonably homogeneous gas flow through
the packed bed might not have been thoroughly ensured through-
out the series of experiments.

As described in Section 2.1 granular particles were prepared in
the size range of 1–3 mm. However, the employed particles are
irregularly shaped due to the preparation process, which can be
clearly seen in Fig. 9. The mean particle size was evaluated by
means of an image analysis based on the open source image pro-
cessing program ImageJ. In the process two-dimensional particle
images were recorded, so that the projected area of the particles
can be determined for further analyses. For the determination of
the mean particle size, only single granules – no agglomerates –
have been taken into account. Therefor the existing agglomerates
have been broken apart. The particle size distribution of the cycled
material demonstrates a slight shift to smaller mean particle sizes
in comparison to the raw material. The mean equivalent particle
diameter of the raw material amounts to 2.13 ± 0.56 mm, whereas
a value of 1.74 ± 0.51 mm was identified for the cycled material.
This corroborates the physical impression of the granular particles,
which seem to turn considerably more brittle and fracturable upon
cycling. The slight change in granule size might be attributed to an

Fig. 8. Cycling test over 17 redox cycles at 10 NL/min air: Progress of thermal charging, 6 (Mn0.75Fe0.25)2O3 ? 4 (Mn0.75Fe0.25)3O4 + O2, conducted by means of an increase of
the air inlet and tube furnace temperature from 940 �C to 1040 �C (left); progress of thermal discharging, 4 (Mn0.75Fe0.25)3O4 + O2 ? 6 (Mn0.75Fe0.25)2O3, conducted at a
constant air inlet and tube furnace temperature of 850 �C (right).
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alteration of the physical material characteristics due to the high
temperature exposition on the one hand, or even provoked by
the chemical stress due to cycling on the other hand. A spalling
of material has been observed, causing increased powder forma-
tion, which can be seen in the top right corner of Fig. 9 (right).
The granules also experienced slight mechanical impacts during
the emptying process of the reactor tube, which might have led
to particle breakage as well. Consequently, it cannot be completely
excluded, that the reason for the slight reduction in mean granule
size was also attributed to the emptying of the reactor tube or the
breakup of the agglomerates.

Prior to cycling, the pressure drop solely over the packed bed
amounted to �1.52 kPa measured at 30 NL/min of air at ambient
temperature. However, after 17 redox cycles an air flow rate of
30 NL/min at room temperature yields a total pressure drop of
�3.97 kPa over the bed (typical accuracy of pressure transducer
±0.625 kPa). The observed trend of a slight increase in pressure
drop upon cycling might be explained by the above-mentioned
appearance of some smaller particles, blocking open pathways
for the fluid flow and eventually increasing the pressure drop over
the packed bed somewhat. Consequently, although the change in
pressure drop upon cycling is not significant, a modification of
the granular particle arrangement and especially its interaction
forces can be affirmed.

A phase analysis was performed by X-ray powder diffractome-
try (Bruker D8 Advance instrument using Cu-Ka1,2 radiation) to
identify the crystalline phase composition and compare the raw
material with the cycled material, both present in the oxidized
state. The diffraction patterns in Fig. 10 indicate a cubic Mn2O3

crystal phase (bixbyite phase; ICDD PDF-2, #41-1442) with the

crystal space group Ia�3 for both samples, which is consistent with
phase diagrams in the literature (Crum et al., 2009; Kjellqvist and
Selleby, 2010; Wickham, 1969). A hematite phase, which would
still indicate the presence of the raw material Fe2O3, cannot be
observed.

In general, the cubic FeMnO3 crystal structure (bimetallic bix-
byite phase; ICDD PDF-2, #75-0894; space group Ia�3) exhibits vir-
tually the same peak positions with a peak displacement by only
�0.02� (2H). Thus, it has to be noted that merely based on the lat-
tice parameters a differentiation between the bixbyite phase
Mn2O3 and bixbyite structure (Mn,Fe)2O3 is not possible. X-ray flu-
orescence spectroscopy revealed the average elemental composi-
tion of the granules, yielding molar fractions of 30.13% Mn,
10.09% Fe, 0.37% Al, 0.36% Si, 0.07% Mg, 0.03% Ca, <0.03% Na,
<0.02% K, <0.01% Ti, <0.01% Cr and 58.89% O. Thus, a Fe/Mn molar
ratio of 1:3 can be verified. We can draw the conclusion that the X-
ray diffraction patterns of the samples in Fig. 10 do not differ from
each other, both disclosing a single phase crystal structure corre-
sponding to a (Mn,Fe)2O3 structure with molar fractions of 75%
Mn and 25% Fe, referred to as (Mn0.75Fe0.25)2O3 phase.

Scanning electron microscopy (SEM) was performed using a
Zeiss Ultra 55 instrument in order to analyze the microstructure
of the material. On the one hand, the performed redox cycles did
not disclose a significant macroscopic effect on the cycling stability
in terms of the reactivity in the lab-scale reactor. On the other
hand, a comparison of the SEM images of the starting material
and the cycled material in Fig. 11 (a) and (c), showing the topview
of the granulate surface respectively, reveals a considerable change
of the microstructural morphology over the course of the
redox cycles. While the rawmaterial features a finer structure with

Fig. 9. View of manganese-iron oxide granulate in the reaction chamber prior to cycling, along with arrangement of thermocouples measuring the gas temperature above the
packed bed (left); agglomerated material after cycling in air (17 redox cycles) upon cleanout of the reactor tube (right).

Fig. 10. X-ray diffraction patterns of manganese-iron oxide: raw material (bottom) and cycled material (top).
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irregularly shaped individual grains (a), the micrograph of the
material cycled 17 times in the lab-scale reactor exhibits clearly
larger, coherent bulk structures (c). Those can directly be attribu-
ted to strong sintering effects induced by the long exposition to
high-temperature conditions up to 1040 �C during cycling. The for-
mation of larger bulk structures and sintering necks upon cycling
might have caused a more homogeneous temperature distribution
inside the packed bed, eventually leading to the observed slight
change in the reactivity of the packed bed (bulk reactivity), dis-
cussed above.

Moreover, Fig. 11 illustrates the polished granule cross sections
of the raw material (b) and cycled material (d). The granular parti-
cles were infiltrated with epoxy glue to stabilize the structure.
Dark areas (epoxy glue) represent the voidage of the granules.
The image of the cycled material corroborates the formation of lar-
ger bulk structures over cycling. As the solid fraction (grey areas)
per image section is fairly similar in both cases, the granulate
porosity appears to be essentially unchanged after 17 redox cycles.
Overall, the microstructural alterations seem to have an impact on
the mechanical properties and integrity of the material, which sup-
ports the above-described indications of material embrittlement
upon cycling in the reactor.

As the described reference cycles were performed for compar-
ison over the course of merely 17 cycles in total, the information
regarding the long-term trend of sustained reactivity of larger sam-
ple masses is only limited though. Extended studies over numerous
cycles of (Mn0.75Fe0.25)2O3/(Mn0.75Fe0.25)3O4 need to be performed
in the future. Furthermore, a preconditioning of the storage mate-
rial in the form of repetitive thermal cycling in the furnace is rec-
ommended prior to use in lab-scale experiments, in order to reach
stable conditions with regard to microstructure and reactivity.

In view of advanced reactor concepts continuous TCS reactors
have the potential to facilitate an enhancement of the gravimetric
energy storage density of the TES system in comparison to batch
reactors with stationary storage material, since continuous con-
cepts allow a larger amount of storage material to fully react. A
moving bed reactor operated in a countercurrent flow of the metal
oxide storage material and the HTF air represents a promising con-

cept (Ströhle et al., 2016). However, as the storage material has to
withstand increased mechanical stress induced by the transporta-
tion, the preparation of mechanically more stable granules needs
to be achieved. Moreover, a continuous reactor concept also allows
a decoupling of the envisaged thermal power – determined by the
size and operating conditions of the TCS reactor – from the energy
storage capacity (amount of storage material), which approach
would be essential for an efficient upscaling to industrial scale.

4. Conclusions

The reversible redox reaction of a granular technical grade
manganese-iron oxide has been systematically investigated for
TCS by means of a packed bed tube reactor on lab-scale. The exper-
imental results successfully demonstrate the general feasibility of
the redox reaction based storage concept with direct contact heat
transfer and open-loop operation using air as HTF. The main atten-
tion is centered on the influence of essential operating parameters
on the storage characteristics, which has been analyzed by means
of several parametric studies, arriving at the following conclusions:

� The proceeding redox reactions disclosed the development of
distinct temperature profiles with the formation of temperature
plateaus and a temperature front travelling in flow direction
through the packed bed, characteristic for exploiting the heat
effect of reversible reactions for TCS, respectively. The temper-
ature plateaus proved to be highly dependent on the thermody-
namic properties as well as kinetic behavior of the redox
reaction. The experiments revealed that the advancing reactions
are mainly limited due to the rate of heat input (thermal charg-
ing) and the rate of heat dissipation (thermal discharging) by
the HTF under the applied operating conditions in the lab-
scale reactor.

� Thermal charging/discharging investigations under constantly
increasing/decreasing air inlet temperature demonstrated the
feasibility to stabilize bed temperatures due to the proceeding
redox reaction with absorption/release of thermal energy. This
characteristic TCS behavior leads to an extended charging/dis-

Fig. 11. Scanning electron micrographs: Granulate surface and microsection of manganese-iron oxide as prepared (a and b) as well as after 17 cycles (c and d), both samples
being in the oxidized state; SEM images (b) and (d) show polished cross sections of the granules with epoxy glue (dark areas) and solid particle fraction (grey areas); working
distances of 7.9 mm (a) 8.0 mm (b and c) and 7.8 mm (d); acceleration voltage of 5.0 kV.
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charging period in contrast to established sensible TES systems
and allows the continuance of a fairly steady storage discharg-
ing temperature over an extended period.

� The dual function of air as HTF and O2-carrier, removing or sup-
plying the reactant O2 respectively, has a direct impact on the
prevailing O2 concentration and therefore the oxygen partial
pressure in the reactor. Changes of the O2 concentration due
to the proceeding reaction both influence the pO2-dependent
reaction rate as well as reaction temperature, and affect the
heat capacity rate CHTF of the HTF. Those phenomena need to
be taken into account in the future design and operation of
redox reaction based thermochemical storage reactors with
direct contact heat transfer using air as HTF.

� The forward and reverse reaction has been examined by means
of a reference cycle performed in between the outlined para-
metric studies, yielding no degradation of the material reactiv-
ity over 17 cycles. Hence, the material exhibits good cycling
stability, which has been considered sufficient for the compara-
bility of the experimental results obtained from the conducted
parametric studies. On a microstructural level, though, sintering
phenomena resulted in an alteration of the microstructure, in
turn leading to a lack of mechanical strength of the granules
upon cycling.

We can conclude from the current study, that heat transport
poses the most essential factor for storage operation under the
applied conditions in contrast to the reaction rate. In general,
higher heat capacity rates are necessary to achieve high thermal
power levels for a storage operation on a technically relevant scale.
As the heat capacity rate CHTF is rather low in the presented study,
the influence of significantly higher heat capacity rates on the reac-
tion rate and performance of a TCS reactor based on the redox reac-
tion of metal oxides needs to be investigated in future work.
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a b s t r a c t

Metal hydrides promise great potential for thermal applications in vehicles due to their fast

reaction rates even at low temperature. However, almost no detailed data is known in

literature about thermochemical equilibria and reaction rates of metal hydrides below 0 �C,

which, though, is crucial for the low working temperature levels in vehicle applications.

Therefore, this work presents a precise experimental set-up to measure characteristics

of metal hydrides in the temperature range of �30 to 200 �C and a pressure range of

0.1 mbare100 bar. LaNi4.85Al0.15 and Hydralloy C5 were characterized. The first pressure

concentration-isotherms for both materials below 0 �C are published. LaNi4.85Al0.15 shows

an equilibrium pressure down to 55 mbar for desorption and 120 mbar for absorption at

mid-plateau and �20 �C. C5 reacts between 580 mbar for desorption and 1.6 bar for ab-

sorption at �30 �C at mid-plateau.

For LaNi4.85Al0.15, additionally reaction rate coefficients down to �20 �C were measured

and compared to values of LaNi5 for the effect of Al-substitution. The reaction rate coef-

ficient of LaNi4.85Al0.15 at �20 �C is 0.0018 s�1. The obtained data is discussed against the

background of preheating applications in fuel cell and conventional vehicles.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Cold start is a severe problem for vehicle drives such as in-

ternal combustion engines (ICE) or fuel cells (FC).

The challenge for ICEs are the emissions at low tempera-

tures until the designated temperature of around 100 �C is

reached. During the cold start phase neither the combustion

process nor the exhaust gas treatment work sufficiently. Due

to wall quenching in the cylinder and low combustion tem-

peratures, the amount of pollutants is increased. Therefore, in

these first couple of minutes, a great portion of all pollutants

of the whole ride are produced. E.g. Cipollone et al. [2] state

that around 60% of harmful substances are produced during

cold start. Even up to 80% of some pollutant species are

associated with cold start according to Reiter and Kockelman

[3]. Cold start emissions include mainly nitrogen oxides, hy-

drocarbons (CH4 and other HC) and volatile organic com-

pounds. Faster heat-up would reduce the emissions

drastically [4e9].

Fuel cells face the challenge of degradation at tempera-

tures below freezing point. If a proton exchange membrane

fuel cell (PEMFC) is operated below 0 �C, the produced water

might freeze and form an ice layer, which prevents gas flow

and the expansion in volume can cause mechanical stress

that leads to a shortened life time of the fuel cell. An
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E-mail addresses: mila.koelbig@dlr.de, mila.dieterich@dlr.de (M. K€olbig).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 4 8 7 8e4 8 8 8

https://doi.org/10.1016/j.ijhydene.2018.12.116
0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

mailto:mila.koelbig@dlr.de
mailto:mila.dieterich@dlr.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2018.12.116&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2018.12.116
https://doi.org/10.1016/j.ijhydene.2018.12.116
https://doi.org/10.1016/j.ijhydene.2018.12.116


application in vehicles therefore requires water management

at low temperatures. Today, one state of the art start-up

enhancement uses a positive temperature coefficient (PTC)

heater run by electrical energy, which is itself very valuable at

low temperatures and additionally might reduce the driving

range. Preheating using surplus energy would increase the

efficiency substantially [10e13].

In both cases, waste heat at operation temperature level is

available later on in the driving cycle. This time shift is the

point of application considered in this work. With the help of

thermal energy storage, the surplus energy can be made

available for preheating at cold start. This way, besides

emission reduction and efficiency increase, the component

operation life could be prolonged.

The challenge is the usage of low level waste heat in a

small storage able to provide heat within seconds or few mi-

nutes. The thermochemical reaction of metal hydrides with

hydrogen has the potential to meet these requirements. Metal

hydrides are metal alloys reacting exo-/endothermally with

hydrogen according to equation (1) [14]. Besides storage ap-

plications, they receive increasing attention for thermal ap-

plications due to their very fast reaction, even at low

temperatures.

MHx þ y
2
H2$MHxþy þ DRH (1)

One important characteristic is the separation of hydrogen

and the metal hydride, e.g. by a valve. This prevents the

reverse reaction and the thermal energy can be stored as long

as desired. The recombination generates heat and leads to a

temperature increase of the solid material. Therefore, the

storage can cool down to ambient temperature with no insu-

lation required and generate the heat when needed. Another

great advantage to sensible or phase change thermal storage

is energy generation on demand and the higher energy den-

sity at a given temperature level.

In order to use metal hydrides for vehicle preheating, two

characteristics of the reaction have to be known: the ther-

mochemical equilibrium according to thermodynamics as

well as the reaction rate that is dominated by intrinsic mate-

rial properties. These terms are specified in the following.

The absorption of hydrogen in metal hydrides forms

different phases. During the transition from a to the b-phase

(called aþb-phase), much hydrogen can be absorbed by the

solid metal leading to a comparatively low increase of the

associated equilibrium pressure. This plateau represents the

region which can be used most readily for metal hydride ap-

plications. This characteristic is described by pressure

concentration-isotherms (PCIs). The pressure increases with

increasing hydrogen conversion

�
u ¼ mH2

mMH
� 100

�
. Real metal

hydrides show a hysteresis between absorption and desorp-

tion. From these PCIs, the plateau region is used to describe

the equilibrium between gas pressure and metal hydride

temperature in a van't Hoff-plot.

The overall reaction rate is influenced by the reaction

mechanism, the materials' rate coefficient as well as by the

distance to the thermodynamic equilibrium. Besides valid

descriptions of these influences, precise measurements

allowing unimpeded gas flow and optimal heat transfer for

almost isothermal conditions are essential to the determina-

tion of the reaction rate. Details on the reaction mechanism

are given e.g. in Refs. [15,16]. Due to the very fast reaction of

the materials considered here, precise measurements require

a mature concept for the reactor and the experimental con-

ditions. Details about the approach in this paper are given in

the experimental section.

Two operation designs - an open systemwith single reaction

inFCvehiclesandaclosedsystemwithcoupled reactions inICEs

e can be considered, as presented and discussed in Refs. [17,18].

Since the reaction partner of metal hydrides is hydrogen, a

metal hydride preheater for a FC vehicle consists of one

reactor containing the heat generating material and can be

directly integrated into the hydrogen infrastructure. Hydrogen

is supplied for preheating from the vehicle's hydrogen tank

and desorbed by waste heat during regeneration and con-

verted into electricity in the FC. Hence, no hydrogen is

consumed. Such a system is considered open and reacts in a

single reaction of the heat generating material.

An ICE vehicle doesn't have a hydrogen infrastructure.

Hence, the hydrogen has to be supplied by another hydrogen

supplying metal hydride in a second reactor. During

discharge, the hydrogen supplyingmaterial desorbs hydrogen

Abbreviations

A pre-exponential factor s�1

d diameter mm

Ea activation energy kJ/mol

eq equilibrium

f factor between end and equilibrium

pressure

f(p) pressure dependence function

f(x) reaction mechanism function

FC fuel cell

H2 hydrogen

(Hydralloy) C5 investigated material (for hydrogen

supply) (Ti0.95Zr0.05Mn1.46V0.45Fe0.09)

ICE internal combustion engine

k rate coefficient s�1

LaNi4.85Al0.15 investigated material (for

preheating)

m mass g

MH metal hydride

mpl plateau slope of PCI wt.-%�1

NPDM normalized pressure dependence

method [1]

P pressure bar

PCI pressure concentration-isotherm

PEMFC proton exchange membrane fuel

cell

R gas constant, R ¼ 8.314 J/(mol K) J/(mol K)

S Sieverts' volume l

T temperature �C
t time s

tr tube right

V volume L
_V volume flow mlN/min

VFC volume flow control

x hydrogen conversion

DRH reaction enthalpy kJ/mol

DRS reaction entropy J/(mol K)

u hydrogen conversion wt.-%
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at a higher equilibrium pressure leading to an immediate ab-

sorption by the heat generating material. Waste heat during

regeneration leads to a higher equilibriumpressure of the heat

generatingmaterial and consequently recharges the hydrogen

supplying material. This system is closed and consists of two

strongly interdepended, coupled reactions of two different

metal hydrides exchanging hydrogen.

The chosen materials are LaNi4.85Al0.15 as heat generating

material and Hydralloy C51 (Ti0.95Zr0.05Mn1.46V0.45Fe0.09) as

hydrogen supplying material for the coupled reactions in the

closed system. The latter was also used by Weckerle et al. [19]

for high thermal power air conditioning. Based on extrapola-

tion of so far known PCI data to lower temperature, the ma-

terials should fit well the restricting boundary conditions of

the preheating application at winter temperatures between

�20 and 20 �C.Waste heat levels are considered to be between

90 and 130 �C for ICEs (closed system) and 60 �C for FCs (open

system). The pressure level was limited to 30 bar due to me-

chanical stresses on potential reactor designs.

The knowledge of the thermochemical equilibrium and the

reaction of the considered materials is crucial in order to

predict the potential of the thermal power output in particular

of the coupled reactions, understand the reactions responds

and identify relevant influencing factors on both the reaction

itself and design parameters for the system. However, little is

known about the material properties of metal hydrides below

0 �C in general and almost nothing has been published for the

selected materials.

Regarding the thermodynamic properties of LaNi4.85Al0.15,

only five publications could be found on pressure

concentration-isotherms in a temperature range between 25

and 110 �C [20e24]. This is also true for C5, for which only few

publications in a temperature range between 0 and 100 �C are

available [25e27]. The data is shown in a van't Hoff plot in

Fig. 1, left, including in grey the range of interest for the pre-

sented application. A similar picture arises for kinetic prop-

erties. For LaNi4.85Al0.15, very little data exists [22,28].

Furthermore, the investigated temperature levels are far

above the range considered here and little information about

the experiments and isothermal conditions is provided. More

over even different equations have been used to derive the

reaction rate. Therefore, this data can't be used for predictions

of the material behavior down to �20 �C. In order to narrow

the range for the characteristics of LaNi4.85Al0.15, literature

data of a comparable alloy, LaNi5, is also considered. However,

the effect of aluminum substitution on the reaction rate is

discussed controversy in literature. Whereas some authors

state a decreasing effect on the intrinsic kinetics, such as

[29e31], others suggest an increasing effect, e.g. Refs.

[22,28,32,33]. The results of this work will be discussed against

this background.

For C5, only one single publication could be found on ki-

netic investigations. The work of Skripnyuk and Ron [27]

presented results down to a temperature of �20 �C and is

used as a reference in this work. All kinetic data available is

given Fig. 1, right.

As can be seen from this literature review, no data on the

thermodynamic equilibrium below 0 �C exists for both mate-

rials and no reliable kinetic data for LaNi4.85Al0.15 can be used.

However, as this is crucial for the preheating application in

vehicles, this data is obtained in this work.

For this purpose a precise experimental set-up is devel-

oped. Great care was taken to realize high precision and to

exclude measurement errors and impacts of reactor or

experimental design. Pressure concentration-isotherms (PCIs)

are measured in a temperature range between �30 and 130 �C
for both materials and reaction rate coefficients in the range

between �20 and 40 �C are obtained for LaNi4.85Al0.15. Finally,

the data is discussed regarding the suitability of the materials

for the considered preheating application in vehicles.

Experimental

This section provides details about the methods of charac-

terization, the test bench and the reactors as well as the

analysis and the experimental design.

Method

PCI measurements require experiments very close to equi-

librium. They can be measured either statically or

dynamically.

Fig. 1 e Available thermodynamic (left) [20e27] and kinetic data (right) [22,27,28] for LaNi4.85Al0.15 and C5.

1 Hydralloy C-materials are AB2 type hydride alloys numbered
according to their percentage of other A-components than tita-
nium. Therefore, Ti0.95Zr0.05Mn1.46V0.45Fe0.09 e the material used
in this study e is called Hydralloy C5® and is referred to as ‘C5’ in
this work.
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The static measurement provides hydrogen to thematerial

and allows sufficient time to reach equilibrium at the set

temperature. Theses measurement steps are repeated several

times, each step leading to one point of the PCI, until full

conversion is reached. This type of measurement was per-

formed extensively in literature, see e.g. Refs. [20,26,31,34,35].

Usually, little information is given about the testing proced-

ure, such as the amount and pressure of hydrogen added or

the resulting temperature peak inside the material. This,

however, might influence the results, as mentioned by

Friedlmeier et al. [36].

The dynamic method is rarely used in literature, e.g. by

Muthukumar et al. [37]. During a dynamic measurement,

hydrogen is supplied continuously resulting in continuous

measurement values for the PCI. However, for such a mea-

surement, the equilibrium state is disturbed at any time so the

experimental variables have to be chosen with care [36]. This

requires a considerable effort for the reactor design and

experiment parameters. The heat management of the reactor

has to be sufficient in order to ensure almost isothermal

conditions and, thus, relate the results to the intended set

temperature. The experiment has to be performed at such low

hydrogen flow rates, that the material remains very close to

equilibrium during reaction. If the flow rate is too high, the

measurement is controlled by heat transfer rather than by the

equilibrium of the reaction. This leads to pressure values

presumably too high or low for absorption and desorption,

respectively. Therefore, the mass flow and temperature

change have to be examined intensively to ensure appropriate

measurements.

This work uses the dynamic method. To ensure accurate

results, the equilibrium state and (almost) isothermal condi-

tions are considered carefully and the results are compared to

literature values at available temperatures.

The measurement procedure to determine the reaction

rate coefficient has to exclude limitations of the reaction other

than the kinetics in order to yield correct results. In particular

for the fast reaction rates of the materials considered in this

work, careful considerations have to ensure correct mea-

surements. If in particular heat flow limitations are under-

estimated, reported results can divergent greatly, as discussed

e.g. by Goodell and Rudman [38]. The normalized pressure

dependence method (NPDM) suggested by Ron [1] is used to

determine the kinetic values. The following conditions are

suggested there:

� Temperature change of the material should be limited to ±
1 K, e.g. by the thermal ballast method

� Mass transfer of hydrogen through the reaction bed should

be high so the gas transport does not limit the reaction

� A reaction order or mechanism must be defined

� Within the considered temperature range, the reaction

process has to obey the Arrhenius temperature

dependence

� The hydrogen should be converted within the plateau re-

gion (aþb region)

The restriction on the maximal temperature change is

strict compared to other work. Rudman [39], for example,

discusses a temperature change of ± 10 K. In order to be able to

refer the derived rate coefficient to one temperature, the

maximal temperature change allowed in this work is ± 3 K.

Test bench and reactor design

A test benchwasdesigned and brought into operation as shown

in Fig. 2. The left hand side depicts the layout of the benchwith

several hydrogen reservoirs (Sieverts' volumes, S1-S3) for flex-

ible measurement of different probe masses. The range of the

volume flow control (VFC) is small (0.5 … 25 mlN/min) to allow

the approach of the equilibrium state during PCI measure-

ments. A bypass (Vtr2 and Vtr3) allows fast pressure change for

measurements of the kinetic rate coefficient. The temperature

of the material is set by a thermostatic bath (�30 … 200 �C).
More details on themeasurement equipment and accuracy

are given in the supplementary material in Table A-1 and in

Ref. [18].

For near equilibrium PCImeasurements, the reactor design

has to allow sufficient heat and mass transfer in order to

ensure reaction at constant temperature. Due to the small

volume flow rates, an inner tube diameter of 9 mm satisfies

this requirement, at the same time realizing enough sample

mass to generate measurement values well above the mea-

surement precision. The temperature change inside the

reactor was measured by a thermocouple type K at the center

of the tube, approx. 13 mm above the lower end of the reactor.

The design limited the change of temperature of the material

to less than 3 K at all times for all measurements, see details in

Ref. [18]. The used reactor is shown in Fig. 3, left. The stainless

steel tube (dout ¼ 12 mm) had a length of approx. 100 mm. A

hand valve protects the material at installation. A filter with a

pore size of 0.5 mm was added to prevent the powder material

from moving. A sample mass of 10.63 g of LaNi4.85Al0.15 and

6.20 g of C5 has been used.

Due to the fast reaction, for the reaction rate measure-

ments, aluminum powder with a particle diameter below

160 mm is used as thermal ballast to disperse the heat of re-

action quickly. The diameter, on the one hand, is considered

to be small enough to mix well with the metal hydride of a

diameter of approx. 5 mmand, on the other hand, large enough

for small pressure losses to allow good gas transfer ability

through the bed. Additionally, relatively high pressure during

the experiments of up to 20 bar further enhances the gas

transport. This, however, might lead to the complete forma-

tion of the b-phase. This effect can be minimized by consid-

ering measurements only until 80% are transformed, related

to the overall conversion. Different expressions for the reac-

tion mechanism have been calculated for the experiments

and the reaction of first order was found to fit all results [18].

Two charges were investigated, both prepared the same

way. The total sample mass of 21 g contained a metal hydride

mass of 0.38 g of LaNi4.85Al0.15 and an aluminum mass of

20.62 g (factor of 55). Themixture was inserted into a stainless

steel tube with an inner diameter of 9 mm (dout ¼ 12 mm). The

temperature of thematerial wasmeasured by a thermocouple

type K at a height of approx. 10mm from the bottom. A picture

of the reactor is given on the right hand side of Fig. 3. This

design allowed a small temperature change of below 3 K for all

experiments, which is shown in the supplementary material

in Figure A-1.
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Analysis

Pressure concentration-isotherm (PCI)
The value of interest for PCI measurements is the equilibrium

pressure as function of hydrogen conversion and reaction

temperature. The conversion of each measurement step is

derived from the pressure drop in the Sieverts' volume. The

yield conversion value is related to the measured equilibrium

pressure in the metal hydride reactor. Due to the constant

mass flow during the dynamic measurement, the pressure

change in the reactor already shows the typical shape of a PCI.

An exemplary measurement result is shown in the

supplementary material in Figure A-2.

For absorption, the hydrogen conversion is calculated from

the pressure change in the Sieverts' volume, taking the tem-

poral change of the temperatures in all volumes into account.

Desorption is controlled and measured by the volume flow

control. For balancing, the sum of its values every 0.5 s would

lead to lower accuracy. However, the material has to desorb

the same amount as was absorbed, because during the next

absorption process, the same hydrogen conversion value was

reached (without additional desorption). Therefore, the

hydrogen conversion during desorption is normalized by

fitting the overall released hydrogen to the value for the ab-

sorption. The ideal gas law was used, because the compress-

ibility factor of hydrogen at the considered temperatures and

pressures of below 1.03 [40] is negligible. Details on the cal-

culations are given in the supplementary material “Analysis“.

Only the plateau of the PCI is of importance when consid-

ering equilibrium properties for thermal applications, because

here, the vast majority of hydrogen is converted and the

pressure only changes slightly with conversion. The plateau

slopempl for each PCI curvewas determined by using equation

(2).

mpl ¼
d
�
ln peq

p0

�
du

������
umid

(2)

The equilibrium states for each temperature and both ab-

sorption and desorption was determined from the PCI curves.

The temperature dependent van't Hoff equation (3) can be

fitted to these values resulting in values for the reaction

enthalpy DRH and entropy DRS [14,41].

ln

�
peq

p0

�
¼ �DRH

R T
þ DRS

R
(3)

For LaNi4.85Al0.15, 11 experiments were conducted in a

temperature range between�20 and 130 �C and 5 experiments

were conducted for C5 in a temperature between �30 and

35 �C. The experiments were designed to find the maximal

hydrogen flow rate for near equilibrium approach. For the

large temperature range of the experiments with

LaNi4.85Al0.15, here, a flow rate at a medium temperature level

was additionally determined. More details on the experiments

Fig. 2 e Layout and Picture of the characterization test bench.

Fig. 3 e Reactor for dynamic pressure concentration-

isotherm measurements (left) and reactor for reaction rate

measurements (right).
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conducted are given in detail in Table A-3 of the

supplementary material.

Reaction rate coefficient
Themeasuredvalue is thepressuredrop,whichcorrelates to the

hydrogen conversion, over time. An exemplarymeasurement is

shown in the supplementary material in Figure A-3. The corre-

lation between the hydrogen conversion over time vx
vt during the

measurement and the desired temperature dependent rate co-

efficient kðTÞ is given in equation (4). The pressure dependence

function fðpÞ is interpreted differently in literature, leading to a

large discrepancy between the results, as was pointed out by

Ron in Ref. [1]. As a consequence, he proposes a normalization

method (normalized pressure dependence method, NPDM),

allowing good comparison of different experimental set-ups.

Therefore, this work follows this method with the pressure

dependence function as given in equation (5). The reaction

mechanism fðxÞ has to describe the rate controlling step

correctly in order to yield a correct rate coefficient. Although

there is no consensus in literature on the precise hydrogenation

process [18], fortunately, for fast reactions, the measurement

analysis of the reaction rate allows an approximation of the

correctly reflected characteristics of the pressure dependence

and mechanism functions. This can be ensured by using the

ratio of their antiderivatives (cf. equation (7)). Here, all results

have to coincide with one line and the slope corresponds to the

rate coefficient. If this is the case, then thepressure dependence

and mechanism are reflected correctly and the rate coefficient

can be derived. Different expressions have been calculated for

the experiments in this work and the reaction mechanism of

first order asgiven inequation (6) [1,42],was found to be suitable

for all results. Figure A-4 of the supplementary material shows

the fit of equation (7) to an exemplary experiment. With exper-

imental results at varied temperatures, the explicit equation for

the temperature dependent Arrhenius term for the rate coeffi-

cient can be derived. It is given in equation (8) and leads to the

pre-exponential factorA ins�1 and theactivationenergyEa inkJ/

mol.

vx
vt

¼ kðTÞ$fðpÞ$fðxÞ (4)

fðpÞ ¼

���peq � p
���

peq
(5)

fðxÞ ¼ 1� x (6)

FðxÞ
fðpÞ ¼

�lnð1� xÞ$peq���peq � p
��� ¼ kðTÞ$t (7)

kðTÞ ¼ A exp

�
� Ea

RT

�
(8)

For the calculation, the transformed fraction, the equilib-

rium pressure atmaterial temperature and the pressure in the

reactor over time are needed.

The following assumptions are made for the analysis:

� The temperature of the Sieverts' volume is assumed to stay

constant for the whole reaction time

� Due to the very short reaction time, the hydrogen supplied

from the Sieverts' volume is assumed to stay at its tem-

perature rather than to adopt reactor temperature

The equilibrium pressure is calculated at the set temper-

ature of the material using the results of the PCI measure-

ments. Since the plateau slope of LaNi4.85Al0.15 is very small, it

is neglected in this calculation.

With two different charges, 12 experiments were per-

formed in total in a temperature range between�20 and 40 �C.
Details are given in Table 2 in the result section.

Experimental design and repeatability

The experiments were designed in order to fit the boundary

conditions of the described preheating application in vehi-

cles and to exclude errors due to the order of experiments.

Several experiments were repeated during the experi-

mental phase to exclude changes of the material or be-

tween the different charges. The results show no effect of

these considered parameters. For all experiments, accurate

pressure sensors for the according pressure ranges were

used.

For the PCI measurements, different hydrogen flow rates

were investigated in order to identify the conditions that allow

for measurements as close as possible to the equilibrium

while taking the least time possible. LaNi4.85Al0.15 was inves-

tigated between�20 and 130 �C and C5 between�30 and 35 �C.
Details are given in Table A-3 in the supplementary material.

For the reaction rate measurements, LaNi4.85Al0.15 was

investigated in a temperature range between �20 and 40 �C.
For extensive measurements, different end pressures after

full conversion were investigated. They relate to different

factors f between end pressure and equilibrium pressure at

the given temperature according to equation (9):

f ¼ pendðxendÞ
peqðTMHÞ (9)

The investigated factors ranged between 2 and 57. For all

factors, similar rate coefficients were obtained. Therefore we

conclude that gas transport was sufficient for all investigated

pressures. Details are given in Table 2 in the result section.

The repeatability of all experiments was excellent. For the

PCI measurements, repeated experiments as well as results

for different hydrogen flow rates and the chosen values are

given in the supplementary material in Figure A-5. Figure A-6

shows repeated experiments for the rate coefficient mea-

surements and their agreement.

Results and discussion

The aim of this work was to develop a precise experimental

set-up for metal hydride characterization and to provide

thermodynamic and kinetic properties for two different metal

hydrides suitable for vehicle applications below 0 �C. The

presented test bench is able to characterize metal hydrides in

a large temperature and pressure range at high precision.

In this section, first the results of the PCI measurements

are presented. Comparison to literature at the same
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temperature allows evaluation of the quality of the results.

Then, themeasurements can be extended to lower, previously

not investigated temperatures. From the obtained PCIs, the

van't Hoff-plots and the values for reaction enthalpy and en-

tropy are derived.

The reaction rate measurements for LaNi4.85Al0.15 are pre-

sented and the pre-exponential factor and the activation en-

ergy are derived. The results are compared to measurement

for LaNi5 from literature in order to evaluate the effect of the

Al-substitution.

Finally, the obtained properties are discussed regarding the

considered vehicle application.

Results on PCI measurements

In Fig. 4, the PCI measurement results for both materials are

compared to literature data at the respective temperature. As

can be seen, there is good agreement between the data. Some

deviations can be identified at the beginning of absorption and

desorption, however, the largest variations occur between the

different literature values for C5. Overall, all values show close

agreement, in particular the level of the plateaus for both

absorption and desorption agree well. Therefore, the expan-

sion to lower temperatures and pressures promises reliable

results.

The final PCI results for both materials are given in Fig. 5.

To our knowledge, they represent the first publication of

thermodynamic values at temperatures below 25 �C and 0 �C
for LaNi4.85Al0.15 and C5, respectively. They allow precise

description of the equilibrium state down to �20 �C for

LaNi4.85Al0.15 and�30 �C for C5 and hence extend the available

data for both absorption and desorption to lower tempera-

tures. For details on the used experiments, refer to Table A-3

in the supplementary material. The upper part of Fig. 5

shows the results for LaNi4.85Al0.15. The PCIs are given on the

left hand side. The van't Hoff-plot on the right hand side is

derived for 10, 50 and 90% of hydrogen conversion for both

absorption and desorption. It can be observed that the mate-

rial exhibits a very small plateau slope and small hysteresis

compared to other metal hydrides. At �20 �C, LaNi4.85Al0.15
shows an equilibrium pressure of 55 mbar for desorption and

120 mbar for absorption at mid-plateau.

The lower part of Fig. 5 shows the results for C5. Although

the experiments have been conducted with great care and

possible effects of the analysis were looked at intensively (see

Ref. [18]), the overall hydrogen conversion shows slightly

smaller values for decreased temperatures. This behavior

does not coincide with reported general metal hydride prop-

erties, from which one would expect an increase of the

plateau at lower temperatures. The reason for this deviation is

unclear. However, the resulting pressure level of the aþb-

phase is not affected but allows precise description of themid-

plateau. Hence, the curves were aligned at 50% conversion

and these values were used for the evaluation of the van't
Hoff-plot. C5 reacts between 580 mbar for desorption and

1.6 bar for absorption at �30 �C at mid-plateau.

From the van't Hoff-plots on the right hand side of Fig. 5,

the reaction enthalpy and entropy were derived. Additionally,

the PCI plateau slope at the middle of the plateau ɷmid is

deduced. The values are given in Table 1. The very small value

for the plateau slope of LaNi4.85Al0.15 of 0.004 wt.-%�1 un-

derlines the close horizontal shape of this plateau. For C5, the

slope with values between 0.53 and 0.72 wt.-%�1 shows a

considerably steeper course, which is typical for many Ti-Zr-

Mn alloys.

Results on reaction rate coefficient measurements

The reaction rate of LaNi4.85Al0.15 was investigated in the

range of �20 to 40 �C. The resulting reaction rate coefficient

are depicted in Fig. 6 and all values, together with measure-

ment specifications, are given in Table 2. The rate coefficient

values for C5 from Ref. [27] are also included in the figure. The

Table 1 e Reaction enthalpy, entropy and plateau slope for LaNi4.85Al0.15 and C5.

LaNi4.85Al0.15

x DRH DRHmean DRS DRSmean mpl Dmid

in % in kJ/mol in kJ/mol in J/(mol K) in J/(mol K) in wt.-%�1 in wt.-%

absorption 10 31.54 31.0 105.05 104.9 0.004 0.65

50 31.08 105.10

90 30.47 104.66

desorption 10 33.98 33.8 109.08 109.9

50 33.70 109.41

90 33.76 111.27

C5

absorption 50 22.69 97.20 0.723 1.0

desorption 50 27.83 109.90 0.534

Table 2 e Results of all reaction rate experiments.

No. of exp. T in �C p-sensor pend in bar factor f k in 1/s

I-4 �20 pR;5 0.24 2 0.00148

I-1 0.8 7 7.08861E-4

II-7 7.16806E-4

I-3 1.5 13 5.56077E-4

II-1 4.2 35 0.00159

II-5 0.00136

II-6 0 3.5 10 0.00911

II-2 pR;40 20 57 0.00469

I-2a 20 pR;5 4.2 5 e

II-3 0.02057

II-4 pR;40 20 22 0.01828

II-8 40 20 10 0.04887

a Excluded due to unreasonable results.
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rate coefficients for LaNi4.85Al0.15 are clearly below the values

for C5. However, they still showhigh values compared to other

metal hydrides, e.g. the reaction rate coefficient of

LaNi4.85Al0.15 at �20 �C is 0.0018 s�1. Hence hydrogen

conversion to a value of 90% would take around 8.5 min2. The

Fig. 4 e Comparison of results of LaNi4.85Al0.15 to literature [21,23] (left) and C5 to literature [25e27] (right).

Fig. 5 e PCI measurements (left) and resulting Van't Hoff plot (right) for absorption (solid) and desorption (dashed) for

LaNi4.85Al0.15 and for C5.

2 At isothermal conditions and if only the reaction rate coeffi-
cient would determine the time.
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reaction rate at 20 �C increases to 0.019 s�1, leading to less

than 1 min for complete conversionb.

From the values for the reaction rate coefficient, the

Arrhenius equation (8) can be used to derive the pre-

exponential factor and the activation energy. For

LaNi4.85Al0.15 the values are A ¼ 53;726 s�1 and Ea ¼
36;202 J

mol. Therefore, the resulting Arrhenius term is as fol-

lows (10):

kðTÞ ¼ 5:4$1041
s
$exp

 
�36:2 kJ

mol

RT

!
(10)

The effect of the substitution of nickel by aluminum on the

reaction rates is discussed controversy in literature. Although,

even for the well investigates LaNi5, publications don't agree
on the exact rate coefficients for this material, showing the

difficulty of these measurements such as isothermal condi-

tions, a range can be defined and compared to the findings of

this work for LaNi4.85Al0.15, see Fig. 7. As can be seen, the slope

of the line for LaNi4.85Al0.15 is similar to the literature values

for LaNi5, however, at a higher level. For example at 20 �C, the

reaction rate of LaNi4.85Al0.15 is higher by a factor of around 2.

Hence, it can be stated, at least for the investigated derivative,

that the small aluminum content enhances the reaction rates.

Discussion in the context of vehicle application

In order to provide sufficient thermal energy for the vehicle

component, of course much more material is required than

for the characterization measurements. In order to provide

sufficient thermal energy for preheating of e.g. 1 l of engine oil

(in smaller circuit for cold start), 1 kg of material has to be

considered for a temperature rise of 35 K. Therefore, large

scale effects such as gas or heat transport limitations will

occur. Hence, the chosen pair for the closed system and the

heat generatingmaterial for the open systemhave to allow for

temperature and pressure losses aswell as for non-isothermal

conditions and the system still has to work.

For the closed system in an ICE vehicle, the chosen mate-

rial pair shows promising characteristics in this regard. In

Fig. 8, the temperature boundary conditions are given together

with the thermochemical equilibrium and reaction rates of

the metal hydrides.

On the left hand side, the regeneration temperature level

between 90 and 130 �C applied to LaNi4.85Al0.15 shows the

resulting temperature level of absorption in C5 between 10

and 50 �C. According to the derived data, this absorption heat

can always be released to the ambient. At elevated ambient

temperatures, higher regeneration temperatures are required.

Thismatches the experimental observation in Ref. [17], where,

including temperature and pressure losses, a temperature

difference between regeneration and ambient level of at least

110 K was necessary. During discharge, a theoretical temper-

ature level between 20 and 70 �C can be reached for

preheating.

Due to non-isothermal conditions, the materials will

change their temperature during reaction, as indicated in

Fig. 8, right. For the heat generating material, this leads to a

temperature increase which is beneficial for the reaction rate.

A temperature increase from �20 �C by 10 K leads to an in-

crease in the reaction rate coefficient by a factor of around 2,

leading to full conversion within 5 min instead of 9 minb. In

contrast, for the hydrogen supplying material, desorption will

lead to temperature decrease. For example, a decrease of 10 K

from �20 �C leads to a decrease of the reaction rate coefficient

by a factor of 2 and the time for full conversion is prolonged

from half a minute to around one minuteb. However, since

this is still very fast, the temperature decrease will most likely

allow for sufficiently fast reaction.

For the open system in a FC vehicle, the heat generating

material LaNi4.85Al0.15 meets the requirements as well. Ab-

sorption at 1 bar and higher from the hydrogen storage tank

leads to absorption temperature levels significantly above

freezing point. Regeneration at 60 �C from FC waste heat

leads to a desorption pressure above 2 bar and hence the

hydrogen can be converted in the FC [17]. As for the closed

Fig. 6 e Rate coefficients for LaNi4.85Al0.15 for all performed

experiments and for C5 [27].

Fig. 7 e Rate coefficient for LaNi4.85Al0.15 compared to LaNi5
[22,27,28].
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system, the absorption heat also leads to a temperature in-

crease and hence the reaction rate increases (self-accelera-

tion). Higher pressures than in the closed system are possible

and lead to even higher equilibrium temperatures and re-

action rates.

Therefore, the material properties satisfy the vehicle

requirements at the considered boundary conditions.

However, in particular for the closed system, scale up ef-

fects might require higher temperature differences than

suggest by the intrinsic material properties (PCI) and non-

isothermal conditions might lead to limitations in

extreme cases.

Conclusion

Almost no data is known in literature about equilibrium

pressures and reaction rates of metal hydrides below 0 �C.
However, for thermal applications in vehicles operated in

winter conditions, this knowledge is crucial. This work pre-

sents a precise experimental set-up to measure characteris-

tics of metal hydrides in the temperature range of �30 to

200 �C and a pressure range of 0.1 mbare100 bar. Pressure

concentration-isotherms for LaNi4.85Al0.15 and C5

(Ti0.95Zr0.05Mn1.46V0.45Fe0.09) and reaction rate coefficients for

LaNi4.85Al0.15 were measured in the temperature and pressure

range necessary for vehicle preheating applications.

The first PCIs for both materials below 0 �C were published

here. For LaNi4.85Al0.15, reaction rate coefficients down to

�20 �C were measured for the first time and compared to

values of LaNi5 for the effect of nickel-substitution by

aluminum. Only now, the characteristics of the material can

be described in the necessary range for vehicle applications.

LaNi4.85Al0.15 shows an equilibrium pressure down to 55 mbar

for desorption and 120 mbar for absorption at mid-plateau at

�20 �C. C5 reacts between 580 mbar for desorption and 1.6 bar

for absorption at �30 �C at mid-plateau.

Beneficial for the application, the rate coefficient results for

LaNi4.85Al0.15 show high values even at �20 �C of 0.0018 s�1.

Compared to LaNi5, the aluminum addition in LaNi4.85Al0.15

leads to increased reaction rates. C5 shows even higher

values, namely by a factor of more than 10 even at �20 �C.
However, in vehicle applications a sufficient amount of

heat needs to be stored. This required increase in mass of

material will lead to gas and heat transport limitations. Hence,

experiments in large scale have to show the up-scale limita-

tion factors of thematerial pair in the considered applications.

First measurements have been performed by the authors and

published in Ref. [17]. Together with the complementary data

presented here, preheating units that reduce automotive cold-

start issues can be developed.

Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2018.12.116.
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a b s t r a c t

Many vehicle components operate at temperatures above ambient conditions. At cold

start, most of the pollutants are produced and lifespan is reduced. Thermochemical energy

storage with high power density could prevent these disadvantages. In order to investigate

achievable power densities of a thermochemical energy storage at technically relevant

boundary conditions, a laboratory scale device using metal hydrides (LaNi4.85Al0.15 and C5®)

is designed and preheating operation modes (open and closed) are analyzed. The impact of

the ambient temperature (from �20 to þ20 �C), a s well as other influencing factors on the

thermal power output such as heat transfer flow rate, regeneration temperature and

pressure conditions are investigated. The experiments proved the suitability of the reactor

design and material selection for the considered application boundary conditions. For the

coupled reaction (closed system), the ambient temperature has the greatest influence on

the thermal power with decreasing values for lower temperatures. Here, values between

0.6 kW/kgMH at ambient temperature of �20 �C and 1.6 kW/kgMH at 20 �C, at otherwise same

conditions, were reached. If hydrogen can be supplied from a pressure tank (open system),

the supply pressure in relation to equilibrium pressure at the considered ambient tem-

perature has to be large enough for high thermal power. At �20 �C, 1.4 kW/kgMH at a supply

pressure of 1.5 bar and 5.4 kW/kgMH at a hydrogen pressure of 10 bar were reached.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Many vehicle components operate at temperatures above

ambient conditions. At cold start, especially at winter tem-

peratures of �20 �C and below, most of the pollutants are

produced and lifespan is reduced. This is described here in

more detail for combustion drives and fuel cells.

Conventional engines are designed for temperatures

around 100 �C. Starting at ambient temperatures neither the

combustion process nor the exhaust gas treatment work

sufficiently until operation temperature is reached. In these

first couple of minutes, 60e80% of all pollutants of the whole

driving cycle are produced [1,2]. As combustion engines

become more and more efficient, waste heat is reduced and

this leads to a prolonged cold start phase andmore pollutants.
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If the components are preheated, a large amount of the pol-

lutants can be prevented.

Even in fuel cell driven vehicles, water produced in fuel

cells would freeze below zero degrees. The ice layer prevents

gas flow and the expansion in volume can cause mechanical

destruction of the fuel cell [3e6]. Therefore, fuel cells are dried

before shut down. When restarting, the membrane has to be

wetted which requires temperatures above freezing point. So

the fuel cell needs to be preheated to temperatures above 0 �C
in order to avoid degradation and prolonging life time

significantly.

Therefore, both combustion engines as well as fuel cells

require preheating for long service life and reduced exhaust

emissions. Since in both cases thermal energy is available

later during the driving cycle, thermal energy storages are a

suitable option to overcome the described problem. A high

energy density of the application, including both storage

material and containment, is of importance, because the

thermal storage adds weight to the vehicle. A promising op-

tion is a thermochemical energy storage system, due to the

high energy density at limited temperature conditions and its

long-term storage possibility. Here, a gas reacts with a solid

and absorption heat is released. If heat is supplied to the

storage material, the gas is released while heat is absorbed.

This relation between solid temperature and gas pressure is

described in the Van't Hoff equation [7]:

ln
�
peq

�
¼ �DH

RT
þ DS

R
(1)

Where peq is the equilibrium pressure of the gas, DH is the

reaction enthalpy, R is the universal gas constant, T is the

absolute temperature of the solid and DS is the reaction en-

tropy. By controlling the chemical reaction, generating heat on

demand and controlling the temperature and power of the

released thermal energy is possible.

This study focuses on the investigation of metal hydrides

for high power thermal energy storage systems. In this case, a

metal alloy forms a hydride phase by chemisorption of

hydrogen. Originally metal hydrides were investigated as

hydrogen storage materials [8e10]. But because they release

and absorb heat during reaction, more and more in-

vestigations deal with thermal applications such as e.g. ther-

mally driven heat pumps [11e20]. Consequently, the available

data in literature deals mainly with temperatures above

freezing point. However, the intended application in this

paper e the pre-heating of components e addresses also

automotive applications with respective temperature condi-

tions for both metal hydrides down to �20 �C. Since according

to Arrhenius the reaction rate decreases at lower tempera-

tures, themost important but so far hardly investigated aspect

is related to the technically achievable power densities of

metal hydrides at these boundary conditions. The systems

developed in this work are designed for the following two

generic applications:

a) Combustion engines e coupled reaction as a closed sys-

tem. At nominal operation the combustion engine releases

around 2/3 of the energy as heat [21] and consequently

cooling is needed. This thermal energy can be stored in a

thermochemical energy storage consisting of two reactors

with different metal hydrides. The thermal energy leads to

a desorption of hydrogen in one of the reactors. The

released hydrogen is stored in the second reactor. This

closed system doesn't require any exchange of hydrogen

with the surrounding, but works only by absorbing and

releasing heat. If the back reaction is prevented, e.g. by a

separating valve, the chemically stored thermal energy can

be released at the next cold start by opening the valve to

preheat the respective component.

b) Fuel cellse hydrogen supply from tank as an open system.

The potential energy stored in the hydrogen pressure tank,

e.g. around 15% of the overall energy stored at 900 bar [22],

is currently throttled on board and therefore lost. By con-

ducting hydrogen at higher pressure onto a metal hydride,

heat can be produced, e.g. to preheat the fuel cell. For

regeneration, the waste heat of the fuel cell can be used to

regenerate the thermochemical storage. In this open sys-

tem, a combination of thermal energy from the fuel cell

and the potential energy of the hydrogen tank is used to

run the system. The hydrogen itself is not consumed since

it is desorbed during regeneration and can be converted to

electricity in the fuel cell.

Both applications (open and closed system) have in com-

mon that the chemical potential of the thermochemical en-

ergy storage is used to generate thermal energy when it is

needed. Depending on the type of propulsion, the regenera-

tion of the storages differs. However, the underlying challenge

can be summarized to the requirement of high thermal power

Nomenclature

cp heat capacity
_m mass flow

P thermal power

p pressure

Q overall heat

R universal gas constant

T temperature

x hydrogen conversion

DH reaction enthalpy

DS reaction entropy

Subscripts

300 sec after 300 s

600 sec after 600 s

amb at ambient level

eq equilibrium state

fc fuel cell

H2 hydrogen

heat produced heat level

HTF heat transfer fluid

in at inlet of reactor

MH metal hydride

out at outlet of reactor

reg regeneration level

storage hydrogen storage material

tank at tank level

waste waste heat source
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densities at technically relevant boundary conditions. Even

though it is generally assumed that the chemisorption of

metal hydrides possess very fast reaction rates [23,24] until

now, little data exists of metal hydride characteristics at very

low temperatures. Moreover, experimental data of coupled

reactions at relevant scale and at temperatures below freezing

point is not available in literature. Therefore, this aspect is

explicitly addressed and investigated in this work. For this

purpose, a test bench is designed to investigate the influ-

encing factors on high thermal power at vehicle temperature

boundary conditions down to �20 �C for two different opera-

tion principles (combustion engines and fuel cells). Appro-

priate materials are selected and reactors are designed. In

order to investigate the various influencing aspects, the mass

flow of the heat transfer fluid (HTF), the ambient temperature,

the regeneration conditions for the closed system as well as

the supply pressure for the open system are varied. The

experimental results are presented and discussed in the

following.

Methodology and experimental details

The investigated systems are designed to produce heat at very

low temperatures. Therefore, temperatures ranging from

�20 �C toþ20 �Cwere set as ambient conditions. Both systems

are able to operate even at lower ambient temperatures,

although this might affect the achievable temperature level of

preheating. In the following section the two operation designs

of the closed and open system are described as well as their

possible application in vehicles including temperature and

pressure boundary conditions for the material selection.

Then, the test bench, the reactor design and themeasured and

calculated values are described. At the end, the experimental

design and varied parameters are discussed.

Operation design

In the closed system hydrogen has to be stored in a second

reactor containing a metal hydride with different thermody-

namics. At the same (ambient) temperature, different equi-

librium pressures result in the reactors separated by a valve.

When the valve is opened, hydrogen flows from the “storage

reactor” to the “heat generating reactor”. It is absorbed here,

producing heat and maintaining the pressure difference be-

tween the reactors. Hence, the other metal hydride desorbs

hydrogen. This process continues until the storing reactor

cannot desorb or the heat reactor cannot absorb hydrogen

anymore. To regenerate, waste heat is provided to the heat

reactor causing the pressure to rise, while the storage reactor

is maintained at ambient temperature. This causes a pressure

difference in the other direction and hydrogen flows back into

the storage reactor. Once all hydrogen is exchanged, the valve

is closed and the heat reactor is allowed to cool to ambient

temperature. No insulation is needed.When thermal energy is

needed, the valve is opened and heat is produced from

ambient temperature independent of the storage time

without losses of the thermochemical energy.

The system design for this closed system is inspired by

general vehicle applications to investigate the potential under

relevant boundary conditions. However, it doesn't claim to be

a mature component considering all aspects for vehicle inte-

gration.Waste heat in combustion engines occurs for example

in the cooling circuit or the engine lubricant. At cold start,

increasing the temperature of the cooling circuit increases the

temperature of the engine, too. This leads to less wall

quenching in the cylinder and higher combustion tempera-

tures which decreases the amount of pollutants like unburned

hydrocarbons and carbon oxide [25,26]. This also leads to

faster heating and functionality of the catalytic converter.

Preheating of the engine lubricant has a similar effect. In

addition, its viscosity decreases exponentially with tempera-

ture [27]. Every single Kelvin of increased temperature leads to

less mechanical stress on the oil, leading to better lubrication

properties and longer lifetime of the oil and the engine.

The assumed vehicle temperature boundary conditions for

closed system in this work are as follows:

� Tamb ¼ �20e20 �C
� Twaste ¼ Treg ¼ 90e130 �C
� Theat: subject of investigation

The equilibrium pressure boundary conditions for the reac-

tion material are the following:

� pstorage > pheat at the same temperature

� pheat(Treg) > pstorage(Tamb)

where pstorage refers to the “storage reactor“ and pheat to the

“heat producing reactor“.

In contrast to the closed system, the open system works

with hydrogen from the infrastructure of the car. Heat is

producedwhen hydrogen is conducted from the tank onto the

metal hydride. To desorb the hydrogen and hence store

thermal energy, the waste heat of the fuel cell is used. The

released hydrogen is consumed by the fuel cell.

In order to be able to directly use the infrastructure of a fuel

cell vehicle and to provide heat even at low tank level, the

supply pressure was assumed to be at 10 bar and below. A

polymer electrolyte fuel cell (PEFC, old: proton exchange

membrane (PEM) fuel cell) works at hydrogen pressures of

around 1e3 bar and temperatures between 60 and 80 �C [28]

which can be used as regeneration heat for the thermal en-

ergy storage. Experimental constrains limited the release of

hydrogen at pressures above 1 bar. However, this does not

affect the general investigation, but needs to be taken into

account for a later integration.

Consequently, the vehicle boundary conditions for the

open system in this work are the following:

� Tamb ¼ �20e20 �C
� Twaste ¼ Treg ¼ 60e80 �C
� Theat � 20 K (to reach at least 0 �C)
� ptank ¼ 1.5e10 bar

� pfc ¼ 1 bar

The equilibrium pressure boundary conditions for the reac-

tion material are:
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� pheat(Treg) > pfc
� pheat ¼ 3e20 bar

� Theat (pheat) � 0 �C

Material selection

For the material selection, the described boundary conditions

are indicated in a Van't Hoff plot in Fig. 1. The suitedmaterials

are LaNi4.85Al0.15 from WholeWin (China) for the heat pro-

ducing side and Hydralloy C5® (Ti0.95Zr0.05Mn1.56V0.46Fe0.09)

from GfE Metalle und Materialien GmbH (Germany) for the

hydrogen storage side in the closed system. Their thermody-

namics are included in Fig. 1. This theoretical consideration

does not take pressure losses etc. into account. The blue areas

indicate the conditions for heat production (closed: ambient

temperature, open: supply pressure from tank), the red areas

the regeneration temperature and the orange areas show the

temperature range of the produced heat. In the closed system

(Fig. 1, left), the ambient temperature determines the

hydrogen pressure for heat production. If C5 desorbs

hydrogen at �20 �C the resulting pressure leads to heat pro-

duction of around 25 �C if absorbed onto LaNi4.85Al0.15 (indi-

cated by the lower solid orange arrow). The desorption

pressure of C5 at 20 �C leads to an absorption temperature of

75 �C of LaNi4.85Al0.15 (upper solid orange arrow). Hence, heat

can be produced theoretically between 25 and 75 �C. At

regeneration temperature of 130 �C, the pressure of desorbed

hydrogen from LaNi4.85Al0.15 results in an absorption heat at

50 �C in the “storage reactor“ (C5®) which can be dissipated to

ambient (upper dotted orange arrow). At temperatures of 90 �C
the absorption heat of C5 can only be dissipated at ambient

temperatures below 10 �C (lower dotted orange arrow). Com-

plete regeneration might therefore not be possible in all cases

for the closed system which is investigated in 3.2.

The material in the open system (Fig. 1, right) can produce

heat at a temperature level between 40 and 90 �C at the given

supply pressure range. Since the hydrogen gas is taken from

the hydrogen tank, this is independent of the ambient tem-

perature. For desorbing hydrogen at pressures above 1 bar,

regeneration temperatures of above 30 �C are necessary. The

selected materials have fast kinetics and in theory fit the

boundary conditions quite well. The actual suitability is

shown in the following results.

Test bench and experimental procedure

Micro tube bundle heat exchangers were chosen as reactors

since they allow for high power applications due to the large

surface area per volume. A drawing is given in Fig. 2. Metal

hydride powder is located on the shell side, the heat transfer

fluid (HTF) flows through the tubes. As the system works at

pressures close to ambient or below, a gap at the top of the

horizontal reactors is ensured to simplify the distribution of

the hydrogen gas (clipped baffle plates). Commercially avail-

able heat exchangers by Exergy Heat Transfer Solutions

(Model # 00256-06with clipped baffles) are used to realize high

thermal power. They consist of 91 tubes with an outer diam-

eter of 2.4 mm and 508 mm of length, a total diameter of

41 mm and a maximal distance to the tubes of 1.15 mm. The

reactors were filled with the corresponding amount of mate-

rial so both can store about the same amount of hydrogen. The

“heat generating reactor” (reactor 1) contains 960 g of

LaNi4.85Al0.15 (x z 1.0 wt.-%) and the “storage reactor” (reactor

2) contains 615 g Hydralloy C5® (x z 1.5 wt.-%).

A test bench is designed to investigate the system. It is able

to mimic the required temperatures with the help of a heat

Fig. 1 e Van't Hoff Plot of LaNi4.85Al0.15 [29] and Hydralloy C5® [30] including temperature and pressure boundary conditions

for the closed (left) and open (right) system.

Fig. 2 e Metal hydride reactor in detail.
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transfer fluid, supply hydrogen and measure and log the

required data. Fig. 3 shows a picture of the two reactors inte-

grated into the test bench (left) and a schematic drawing

including thermostatic baths, measurement positions of the

acquired data and valves (right). Both reactors are shown as in

the closed system. For the open system, only reactor 1 was

operated.

The temperatures of the HTF are measured by resistance

thermometer (Pt100 according to DIN EN 60751), the mass

flows are measured by Coriolis mass flow meters (measure-

ment range set to 0e1000 kg/h, measurement uncertainty of

±0.10/0.15% RD for reactor 1/2, respectively) and the pressure

is measured by a piezoresistive pressure sensor (measure-

ment range of 0e40 barabs, measurement uncertainty of

±0.4 bar). The hydrogen volume flow ismeasured by a gas flow

meter (measurement range of 0e100 lN/min extendable to 130

lN/min, measurement uncertainty of ± (0.5% Rd þ 0.1% FS)).

The used heat transfer fluid is SilOil M40.165/220.10 by Huber

K€altemaschienenbau AG (Germany). Its thermal capacity was

measured at our institute with the differential scanning

calorimetry method and is given as

cp:HTF

�
J
gK

�
¼ 0:0013 T ½�C� þ 1:6718. The accuracy of the mea-

surement is ±10%. The most important value is the thermal

power actually transferred to the heat transfer fluid. This is

calculated by the temperature difference of the HTF before

(THTF;in) and after (THTF;out) flowing through the reactor, the

mass flow ( _mHTF) and the thermal capacity of the HTF (cp;HTF).

The thermal power in W is calculated according to the

following equation:

P ¼ _mHTF cp;HTF
�
THTF;out � THTF;in

�
(2)

The overall heat in J released by the system is calculated by

integrating the thermalpowerover timeasgiven inEquation (3).

Q ¼
Z t

t¼0

P dt (3)

By knowing the mass of metal hydride and the reaction

enthalpy the hydrogen conversion can be calculated in wt.-%

by Equation (4):

x ¼ mH2

mMH
$100 (4)

TheabsorptionenthalpyofLaNi4.85Al0.15 is 31.6kJ/molH2 [29].

An experiment consists of two half-cycles: regeneration

and heat production. For regeneration, the thermostat

tempering reactor 1 is set to the given regeneration tempera-

ture. The regeneration temperature of the open system was

set to 130 �C in analogy to the reference experiment of the

closed system for better comparison. While the regeneration

pressure of the closed system is set by keeping reactor 2 to

ambient temperature, reactor 1 in the open system desorbs

against ambient pressure. As soon as all temperatures are at

steady-state, the valve either to reactor 2 (closed system) or to

the ambient at ambient pressure (open system) is opened. The

regeneration is over as soon as the pressure value is at steady-

state. Then the valve is closed and reactor 1 is also tempered

to ambient temperature. The heat production experiment can

start when all temperatures are at the simulated ambient

temperature (e.g. �20 �C) in steady-state. The valve is opened

to either reactor 2 (closed system) or the hydrogen gas cylinder

via a mechanical pressure regulator (open system).

For the initial filling of the closed system with hydrogen,

reactor 2 was tempered to 10 �C and provided with hydrogen

at pressure of 20.8 bar until equilibrium was reached. Reactor

1 was evacuated at 50 �C for 0.5 h.

Different parameters were varied in order to investigate

their influence on the thermal power output. The experiments

were conducted in a mixed order and some were repeated to

minimize systematic errors. The ambient temperature, the

mass flow of the HTF and the supply pressure for the open

system or regeneration temperature for the closed system,

respectively, were varied. The variation ranges are given in

Table 1 in the section “General discussion”.

Results and discussion

Repeatability

One reference experiment for both systems was repeated

several times throughout the experimental period in order to

Fig. 3 e Test bench design with photo (left) and scheme (right).
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check whether there are errors in the measurement itself or

changes inside the material over time. The results in terms of

pressure course, thermal power and hydrogen conversion are

shown in Fig. 4.

For the closed system (Fig. 4, left) the reference experiment

is performed at ambient temperature of �20 �C, regenerated
with at waste heat temperature of 130 �C and a HTFmass flow

of 250 kg/h. The course of the pressure and the thermal power

are very similar. In experiment 2 (green solid line) a little

higher peak value of 0.62 kW is reached compared to 0.58 and

0.56 kW of the other two experiments (10 and 16), but it is still

within the same range. The integration of the reached power

level over the measurement duration leads to similar courses

and end values for the hydrogen conversion. Therefore, it can

be stated that no changes occurred in the material and inside

the reactor and thus the experiments are repeatable.

The reference experiment for the open system (Fig. 4, right)

is conducted at�20 �C, a HTFmass flow of 250 kg/h and supply

pressure of 1.6 bar. Again, the pressure course is very similar

for each experiment. The measured peak thermal power

values are between 1.34 and 1.43 kW. This variance is small

and the curves still lie close together. Nevertheless, it causes a

difference in the hydrogen conversion, which is obtained by

integrating the thermal power over time. Since no general

trend can be observed, it shows rather the sensitivity of the

system to operation conditions. Still, since no significant

changes in the material and the reactor are observed, the

experiments with the open system are repeatable.

Closed system

For the closed system, the regeneration temperature, mass

flow of the HTF and ambient temperature were varied in order

to investigate their influence on the thermal peak and average

power. The endothermal desorption in reactor 2 (storage

reactor) causes a temperature decrease which leads to an

additional cooling power. Its value is a little smaller than the

one of the heating power due to the smaller desorption

Fig. 4 e Repeatability for closed (left; green solid 2nd cycle, red dashed 10th cycle, black dotted 16th cycle) and open system

(right; green solid 17th cycle, red dashed 24th cycle, black dotted 26th cycle). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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enthalpy of C5® (€AH ¼ 28.4 kJ/molH2 [30]). Nonetheless, this

cooling power could probably be utilized for cooling purposes

(e.g. air-conditioning) - in any case it needs to be taken into

account for system integration.

For ambient temperature of �20 �C and 0 �C the regenera-

tion temperature was varied between 90 and 130 �C. In all

cases the HTF mass flow was set to 250 kg/h. The resulting

thermal power and hydrogen conversion are shown in Fig. 5.

For ambient temperature of �20 �C (Fig. 5 (a)), there is no

significant difference evident in the course of both the ther-

mal power and hydrogen conversion. The peak values for

thermal power and hydrogen conversion at ambient temper-

ature of �20 �C are 0.58 kW and 1.06 wt.-% at regeneration

temperature of 90 �C and 0.58 kW and 1.10 wt.-% at 130 �C. For
ambient temperature of 0 �C (Fig. 5 (b)) the course of thermal

power and hydrogen conversion for regeneration tempera-

tures of 110 and 130 �C are very similar. The thermal power

curves for regeneration temperature for 90 �C reach lower

peak values and decrease earlier and the hydrogen conversion

reaches a smaller end value indicating the 90 �C might not be

sufficient for complete regeneration. For ambient temperature

of 0 �C the peak values are 1.05, 1.08 and 1.09 kW with 0.84,

1.07 and 1.10 wt.-% of exchanged hydrogen at regeneration

temperatures of 90, 110 and 130 �C, respectively.
The experimental results show the following. At �20 �C, a

regeneration temperature of 90 �C or a temperature difference

of 110 K is sufficient since increasing the regeneration tem-

perature doesn't have an impact on the thermal power. At 0 �C
a regeneration temperature of 110 �C is necessary to reach the

highest thermal power values. Further increase doesn't
improve thermal power. Therefore a certain temperature

difference independent of ambient temperature has to be

exceeded for complete regeneration, in the present case this

value is around 110 K. A further increase doesn't have any

positive impact on the performance of the storage. The

required difference is actually determined by the chosen

metal hydride pair. Their distance in the Van't Hoff-plot (see

Fig. 1) defines the required temperature difference to reach a

higher pressure in reactor 1 than in reactor 2 for regeneration.

For the application in vehicles, this means that in winter, a

lower waste heat temperature from the engine for regenera-

tion is sufficient for a complete regeneration as compared to

summer conditions.

Besides the regeneration temperature, themass flow of the

HTF was varied between 150 and 250 kg/h for ambient tem-

perature of �20 �C and between 150 and 425 kg/h for ambient

temperature of 20 �C. The resulting thermal power and

hydrogen conversion are shown in Fig. 6. At an ambient

temperature of �20 �C (Fig. 6 (a)) no deviation is evident in

thermal power or hydrogen conversion and the thermal

power reaches peak values of about 0.6 kW. At ambient tem-

perature of 20 �C (Fig. 6 (b)) the peak thermal power of reactor 1

increases from 1.2 KW for 150 kg/h to 1.5 kW for 250 kg/h and

reaches the highest values of 1.7 kW for a HTF flowof 425 kg/h.

The hydrogen conversion curve is steeper for higher HTFmass

flows but all reach the similar end value of about 1 wt.-%.

The following conclusions can be drawn from these

experimental findings. The overall hydrogen conversion is

independent of the HTF mass flow in the investigated ranges.

Only the development over time at low mass flow rates and

high ambient temperatures show small sensitivity. In general

the mass flow seems to have an influence on the thermal

power at higher ambient temperatures where thermal power

values are comparably high (indicating a limitation due to the

test facility). At �20 �C the peak thermal power of 0.6 kW can

be conducted sufficiently by HTF mass flow of 150 kg/h. At

20 �C the power increases significantly with the mass flow,

indicating an influence of the HTF mass flow on the overall

heat transfer in the reactor at high thermal power values.

Because the high thermal power is obviously ensured by the

other influence factors (especially reaction rate), its value

reached by the metal hydride couple operated at moderate

temperatures might still be increased. However, for low tem-

perature, the power density of the closed system seems to be

intrinsically limited. This is discussed further in the section

“Comparison of open and closed system”.

In Fig. 7, the pressure gradient, the thermal power of

reactor 1 and the hydrogen conversion is given for experi-

ments with varying ambient temperature (Treg ¼ 130 �C,
250 kg/h mass flow of HTF). The pressure drops considerably

with decreasing ambient temperature. At 20 �C the peak

Fig. 5 e Closed system e Variation of regeneration

temperature at ambient temperature of (a) ¡20 �C and (b)

0 �C.
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pressure value is 2.5 bar, at 0 �C it is around 1 bar and at�20 �C
it is around 400mbar with a peak value of 614mbar after 321 s.

A strong dependency on the ambient temperature is evident

both in the thermal power and in the course of hydrogen

conversion. Correspondingly, the peak values of thermal

power increase from 0.58 kW for �20 �C ambient temperature

to 1.1 kW at 0 �C to 1.55 kW for 20 �C. The end value of

hydrogen conversion at 600 s is comparable for all experi-

ments (1.10, 1.10 and 1.03 wt.-% for �20, 0 and 20 �C, respec-
tively). The maximal temperature rise of the HTF was 5 K at

�20 �C and 12 K at 20 �C. These experiments were additionally

conducted for different values for regeneration temperature

and HTFmass flow (see Table 1). In all cases the results follow

the trend described here.

As in the closed system the same ambient temperature

applies to reactor 1 and to reactor 2, the pressure of the pro-

vided hydrogen changes as well. Therefore, both equilibrium

pressures in the reactors decrease with ambient temperature.

Even though, the pressure difference between the reactors

doesn't change much for the different ambient temperatures,

the operation pressure of the system drops below 1 bar at

�20 �C. This might limit the mass transfer in the system and

therefore the reaction. Another possibility might be reduced

reaction kinetics of either one of the materials at lower tem-

peratures. This point is discussed further in the section

“Comparison of open and closed system” at the comparison of

the open and the closed system.

In the following, the open system is investigated where e

in contrary to the experiments with the closed system e the

supply pressure is independent from the ambient tempera-

ture since it can be taken at a constant pressure from the

hydrogen tank.

Open system

For the open system the influence of the supply pressure, the

HTF mass flow and the ambient temperature on the thermal

power were investigated by systematic variation of the

experimental conditions.

The supply pressure was varied between 1.5 and 10.0 bar

for an ambient temperature of �20 �C and between 1.5 and

2.9 bar for an ambient temperature of 0 �C. The resulting

thermal power and hydrogen conversion are shown in Fig. 8.

Fig. 6 e Closed system e Variation of mass flow of heat

transfer fluid at ambient temperature of (a) ¡20 �C and (b)

20 �C.

Fig. 7 e Closed System e Variation of ambient temperature.
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For both simulated ambient temperatures the thermal power

increases significantly with supply pressure both in slope and

peak value. The reached peak values for �20 �C are 1.39 kW at

1.5 bar, 2.56 kWat 3 bar and 5.14 kW at 10 bar, respectively. For

0 �C they are 1.02 kW at 1.5 bar and 2.11 kW at 2.9 bar,

respectively. The hydrogen conversion increases faster, rea-

ches higher values and the heat production stops conse-

quently earlier with increasing supply pressure. The maximal

temperature increase of the HTF at �20 �C was 12 K at 1.5 bar

and 43 K at 10 bar.

Since in the open system the supply pressure can be

adjusted independently from the ambient temperature, an

increasing supply pressure increases intrinsically the distance

to the equilibrium pressure of the material in reactor 1. This

explains the increase in thermal power. Another effect could

be that the mass transfer limitation through the bed (as

mentioned in 2.3) decreases with increasing pressure.

The mass flow of HTF was varied, too. Here, no significant

trend was obvious. For peak values it is referred to Table 1 in

the section “General discussion”.

The ambient temperature was varied between �20 and

20 �C for a supply pressure of 3 bar and between �20 and 0 �C

for a supply pressure of 1.5 bar. For all experiments the HTF

mass flow was 250 kg/h. The results of thermal power and

hydrogen conversion are given in Fig. 9. The trends are the

same for both supply pressures. The thermal power de-

creases with higher ambient temperature and the time of

heat supply increases. The peak values for 3 bar are 2.56, 2.11

and 1.51 kW for �20, 0 and 20 �C, respectively, and 1.39 and

1.02 kW for �20 and 0 �C, respectively, for 1.5 bar. A similar

trend is evident in the hydrogen conversion. For higher

ambient temperatures the slope decreases and it takes more

time to reach the final value. Once the reaction is over, the

final values of the hydrogen conversion are very similar for

each supply pressure value.

At a first glance, these findings of decreasing thermal

power at increasing temperature seem to be in contradiction

to Arrhenius's law. However, since the supply pressure is fixed

a decrease of the reaction temperature leads to a higher dis-

tance to the equilibrium pressure. Therefore, it can be stated

for this set-up that the distance to the equilibrium has a

stronger impact on thermal power than the ambient tem-

perature itself.

Comparison of open and closed system

The comparison of open and closed system under same con-

ditions is challenging due to the different courses of the sys-

tem pressure. However, in order to be able to investigate the

influence of reactor 2, a comparison of pressure, hydrogen

flow into reactor 1 and thermal power are given in Fig. 10 as a

function of the ambient temperature.

At an ambient temperature of 20 �C (Fig. 10, left) the supply

pressure for the open system was set to 3 bar which causes a

similar pressure at 30 s as in the closed system (Even though

the initial pressure in the closed system is 14 bar). The course

of the pressure after 30 s is very different. However, the

resulting thermal power is similar, at least at the beginning

and reaches similar peak values with slightly higher value for

the closed system (1.54 kW) than for the open system

(1.51 kW). The thermal power of the closed system decreases

slightly faster.

At ambient temperature of 0 �C (Fig. 10, middle) the supply

pressure for the open system was set to 1.5 bar (the initial

pressure in the closed system was 7.9 bar). Even though the

thermal power of the closed system increases faster the gen-

eral trend is comparable between the open and closed system.

The hydrogen volume flow is similar but decreases again

slightly faster for the closed system.

At ambient temperature of �20 �C (Fig. 10, right) the supply

pressure for the open system was set to 1.5 bar (the initial

pressure in the closed system was 4.3 bar). The pressure in-

creases faster for the open system and reaches its maximal

value of 1.4 bar after 600 s not changing significantly after

300 s. In the closed system the pressure is rather constantwith

a slow increase to a maximal value of 0.6 bar after around

340 s before it drops again. The hydrogen flow increases

steeply for both systems and reaches a peak value of 77 lN/min

for the closed and 65 lN/min for the open system. The very

sharp peak at the beginning of the experiment with the closed

system is due to the equalization of the gas pressure inside the

void fraction. The most interesting point of the comparison

Fig. 8 e Open system e Variation of pressure for ambient

temperature of (a) ¡20 �C and (b) 0 �C.
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Fig. 9 e Open System e Variation of ambient temperature with supply pressure of 3 bar (left) and 1.5 bar (right).

Fig. 10 e Comparison of open (dashed black) and closed (solid red) system for ambient temperature of 20 �C (left), 0 �C
(middle) and ¡20 �C (right). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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can be observed after this equalization when it decreases

quickly to a value of only around 20 lN/min and continues to

decrease parallel to the thermal power until the end of the

experiment.

From these comparisons it can be concluded that for

temperatures of 20 �C and 0 �C similar hydrogen flow and

pressure courses lead to similar thermal power generation.

Obviously, the open system could be adjusted to even higher

power levels e due to the additional degree of freedom that

comes with the independency of the supply pressure from

the ambient temperature. However, the results for �20 �C
show totally different curves of hydrogen flow and thermal

power. In the closed system after the first seconds the

hydrogen flow is much lower, leading to smaller pressure

and thermal power values. Therefore, the limited thermal

power in the closed system seems to be caused by the

limited reaction rate of the metal hydride in reactor 2 at

�20 �C and low pressure. Since these types of metal hy-

drides are in general supposed to possess very fast reaction

kinetics [24] this finding has to be confirmed in future work

on reaction rate measurements at these temperature and

pressure conditions.

General discussion

A summary of all experiments, including the boundary con-

ditions, thermal power, thermal energy and hydrogen con-

version for the closed and open system is given in Table 1. The

probable error for the thermal power was ±10.6% with a

standard deviation of 0.5%. High thermal power could be

shown for both systems even though the open system is able

to reach clearly higher values. In order to generalize the

findings, the values are normalized and given per kg metal

hydride. The closed system reached values between 0.6 kW/

kgMH at ambient temperature of �20 �C and 1.6 kW/kgMH at

20 �C, at otherwise same conditions. The open system reached

1.4 kW/kgMH at �20 �C and supply pressure of 1.5 bar and

5.4 kW/kgMH at �20 �C and 10 bar.

Table 1 e Thermal power, thermal energy and conversion for different boundary conditions.
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It is obvious that the investigations were performed with

comparably heavy reactors of 2.09 kg. The ratio of mass of

metal hydride to mass of reactor are 1: 2.2 for reactor 1 and 1:

3.4 for reactor 2. However, the given experimental values

include the thermal mass and temperature change of the

materials, containing reactors and HTF. Still high values are

achieved, because of the high thermal energy density of the

material, therefore showing high potential especially for mo-

bile applications. In general, due to the “switchable” operation

principle, it can be suggested to integrate the reactingmaterial

directly into the respective component. In this case, the

additional heat transfer with a HTF can be avoided and the full

thermal power is available at the point of demand.

In order to compare the results with the state of the art, the

best comparable work in literature to the best of our knowl-

edge, is discussed in the following.

Little work is found in literature for preheating fuel cells

with the help of metal hydrides. Docter et al. [31] published a

patent considering metal hydrides to shorten cold-start

phase. TiFe is proposed for the application at temperatures

between �30 �C and 50 �C. Unfortunately no experimental

data is provided. Brack [32] investigated LaNi4.1Al0.52Mn0.38

designed for direct integration into a high temperature PEM

fuel cell operating at clearly higher temperatures (100e170 �C).
The maximal thermal power output reached 5.7 kW/kgMH

which is comparable to the power density reached in this

work.

Some work was presented in literature concerning coupled

metal hydride reactions. Fang et al. [33] investigated coupled

catalyzed MgH2 e TiV0.62Mn1.5 for heating and cooling of cabins

in electric vehicles. Some boundary conditions differ to the

presented study (regeneration temperature level of 270 �C,
material partly combined with expanded natural graphite,

ambient temperature of 20 �C) which limits comparability. The

resulting thermal peak power of 320 W occurs only after about

2 min which limits the applicability for quick ramp-up or start-

up applications. Aswin et al. [16] considered coupled metal

hydrides in the temperature range of 30e80 �C. The work fo-

cuses on the simulation of coupled reactions and shows the

possible fast reaction rates but no experimentswere conducted.

The present work could experimentally show high thermal

power densities of metal hydrides under automotive bound-

ary conditions both for the open and coupled reactions.

Therefore, the presented principle canmeet the requirements

for the considered applications in vehicles. In order to un-

derstand the observed limitations in more detail, in particular

for coupled chemical reaction at low temperatures and pres-

sures, further research is necessary. Detailed material char-

acterizations at these conditions are therefore planned as

subsequent work.

Conclusions

In this paper metal hydrides as candidates for thermo-

chemical energy storage were investigated with regard to

providing their high thermal power for preheating e.g.

vehicle components applications. To shorten the cold

start phase considerably, high thermal power is needed.

Operation designs for open and closed systems were

developed, materials selected and reactors and a test bench

built to investigate influence factors on the thermal power.

LaNi4.85Al0.15 was used for the heat producing side and

Hydralloy C5® was used for the hydrogen storage side in the

closed system. Main unique features are investigations of

the closed system with coupled chemical reactions, tem-

peratures down to �20 �C and relevant scale for vehicle

applications. The mass flow of the heat transfer fluid (varied

range 150e425 kg/h), the regeneration conditions for the

closed system (90e130 �C) and the supply pressure for the

open system (1.5e10 bar) as well as the ambient tempera-

ture (�20e20 �C) were varied.

� It was found that for the closed system, a certain temper-

ature difference has to be reached for complete regenera-

tion. Since this might already limit the integration

possibilities, further increase of the distance of the ther-

modynamic values of the metal hydrides (distance in Van't
Hoff plot, see Fig. 1) is not advantageous. The closed system

reached values between 0.6 kW/kgMH at ambient tem-

perature of �20 �C and 1.6 kW/kgMH at 20 �C, at otherwise

same conditions.

� In the open system, the ambient temperature is of impor-

tance only in relation to the available supply pressure. The

distance of the supply pressure to the pressure equilibrium

of the chosen material at the highest considered ambient

temperature has to be large enough. The open system

reached 1.4 kW/kgMH at �20 �C and supply pressure of

1.5 bar and 5.4 kW/kgMH at �20 �C and 10 bar. Therefore,

for the open system, the material selection for the given

boundary conditions is most important.

� For the heat production with thermochemical systems the

ambient temperature has the biggest influence. For the

closed system the thermal power directly correlates with

the ambient temperature. This might be attributed to

limitations of desorption kinetics at low temperatures, but

need to be confirmed in subsequent analysis. The open

system can bypass this restriction, because it has an

additional degree of freedom in the hydrogen pressure.

Hence, depending on the chosen material and supply

pressure, higher thermal power can be reached.

Acknowledgments

Our thanks go to Christian Brack and Mei Chin Pang for their

supportive work as well as to Alexander Bonk and Stephanie

Kraft for the measurement of the heat capacity of the HTF.

r e f e r e n c e s

[1] Reiter MS, Kockelman KM. The problem of cold starts: a
closer look at mobile source emissions levels. Transp Res
Part D Transp Environ 2016;43:123e32. http://dx.doi.org/
10.1016/j.trd.2015.12.012.

[2] Cipollone R, Di Battista D, Mauriello M. Effects of oil warm up
acceleration on the fuel consumption of reciprocating
internal combustion engines. Energy Procedia 2015;82:1e8.
http://dx.doi.org/10.1016/j.egypro.2015.11.870.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 1 4 6 9e1 1 4 8 111480

http://dx.doi.org/10.1016/j.trd.2015.12.012
http://dx.doi.org/10.1016/j.trd.2015.12.012
http://dx.doi.org/10.1016/j.egypro.2015.11.870
http://dx.doi.org/10.1016/j.ijhydene.2017.03.024
http://dx.doi.org/10.1016/j.ijhydene.2017.03.024


[3] Mishler J, Wang Y, Mukherjee PP, Mukundan R, Borup RL.
Subfreezing operation of polymer electrolyte fuel cells: ice
formation and cell performance loss. Electrochim Acta
2012;65:127e33. http://dx.doi.org/10.1016/
j.electacta.2012.01.020.

[4] Santamaria A, Tang HY, Park JW, Park GG, Sohn YJ. 3D
neutron tomography of a polymer electrolyte membrane fuel
cell under sub-zero conditions. Int J Hydrogen Energy
2012;37:10836e43. http://dx.doi.org/10.1016/
j.ijhydene.2012.04.093.

[5] Lim SJ, Park GG, Park JS, Sohn YJ, Yim SD, Yang TH, et al.
Investigation of freeze/thaw durability in polymer electrolyte
fuel cells. Int J Hydrogen Energy 2010;35:13111e7. http://
dx.doi.org/10.1016/j.ijhydene.2010.04.079.

[6] Lin R, Lin X, Weng Y, Ren Y. Evolution of thermal drifting
during and after cold start of proton exchange membrane
fuel cell by segmented cell technology. Int J Hydrogen Energy
2015;40:7370e81. http://dx.doi.org/10.1016/
j.ijhydene.2015.04.045.

[7] Neveu P, Castaing J. Solid-gas chemical heat pumps: field
of application and performance of the internal heat of
reaction recovery process. Heat Recover Syst CHP
1993:13.

[8] Srinivasa Murthy S. Heat and mass transfer in solid state
hydrogen storage: a review. J Heat Transf 2012;134:31020.
http://dx.doi.org/10.1115/1.4005156.

[9] Mazzucco A, Dornheim M, Sloth M, Jensen TR, Jensen JO,
Rokni M. Bed geometries, fueling strategies and optimization
of heat exchanger designs in metal hydride storage systems
for automotive applications: a review. Int J Hydrogen Energy
2014;39:17054e74. http://dx.doi.org/10.1016/
j.ijhydene.2014.08.047.

[10] Zhang J, Fisher TS, Ramachandran PV, Gore JP, Mudawar I. A
review of heat transfer issues in hydrogen storage
technologies. J Heat Transf 2005;127:1391. http://dx.doi.org/
10.1115/1.2098875.

[11] Muthukumar P, Groll M. Metal hydride based heating and
cooling systems: a review. Int J Hydrogen Energy
2010;35:3817e31. http://dx.doi.org/10.1016/
j.ijhydene.2010.01.115.

[12] Bhuiya MMH, Kumar A, Kim KJ. Metal hydrides in
engineering systems, processes, and devices: a review of
non-storage applications. Int J Hydrogen Energy 2015. http://
dx.doi.org/10.1016/j.ijhydene.2014.12.009.

[13] Linder M, Mertz R, Laurien E. Experimental results of a
compact thermally driven cooling system based on metal
hydrides. Int J Hydrogen Energy 2010;35:7623e32. http://
dx.doi.org/10.1016/j.ijhydene.2010.04.184.

[14] Park I-S, Kim J-K, Kim KJ, Zhang J, Park C, Gawlik K.
Investigation of coupled AB5 type high-power metal hydride
reactors. Int J Hydrogen Energy 2009;34:5770e7. http://
dx.doi.org/10.1016/j.ijhydene.2009.05.012.

[15] Imoto T, Yonesaki T, Fujitani S, Yonezu I, Hiro N, Nasako K,
et al. Development of an F-class refrigeration system using
hydrogen-absorbing alloys. Int J Hydrogen Energy
1996;21:451e5. http://dx.doi.org/10.1016/0360-3199(95)
00106-9.

[16] Aswin N, Dutta P, Murthy SS. Screening of metal hydride
pairs for closed thermal energy storage systems. Appl Therm
Eng 2016. http://dx.doi.org/10.1016/
j.applthermaleng.2016.04.129.

[17] Sharma VK, Anil Kumar E, Srinivasa Murthy S. Influence of
dynamic operating conditions on the performance of metal
hydride based solid sorption cooling systems. Int J Hydrogen

Energy 2015;40:1108e15. http://dx.doi.org/10.1016/
j.ijhydene.2014.11.084.

[18] Yasuda N, Tsuchiya T, Okinaka N, Akiyama T. Application of
metal hydride sheet to thermally driven cooling system. Int J
Hydrogen Energy 2013:1e8. http://dx.doi.org/10.1016/
j.ijhydene.2013.04.011.

[19] Ni J, Liu H. Experimental research on refrigeration
characteristics of a metal hydride heat pump in auto air-
conditioning. Int J Hydrogen Energy 2007;32:2567e72. http://
dx.doi.org/10.1016/j.ijhydene.2006.09.038.

[20] Dehouche Z, de Jong W, Willers E, Isselhorst A, Groll M.
Modelling and simulation of heating/air-conditioning
systems using the multi-hydride-thermal-wave concept.
Appl Therm Eng 1998;18:457e80. http://dx.doi.org/10.1016/
S1359-4311(97)00043-4.

[21] Jadhao JS, Thombare DG. Review on exhaust gas heat
recovery for I.C. Engine. Certif Int J Eng Innov Technol
2013;2:2277e3754.

[22] Klell M. Handbook of hydrogen storage. Chapter 1 storage of
hydrogen in the pure form. Wiley-VCH Verlag GmbH & Co.
KGaA; 2010. http://dx.doi.org/10.1002/9783527629800.ch1.

[23] Muthukumar P, Satheesh A, Linder M, Mertz R, Groll M.
Studies on hydriding kinetics of some La-based metal
hydride alloys. Int J Hydrogen Energy 2009;34:7253e62. http://
dx.doi.org/10.1016/j.ijhydene.2009.06.075.

[24] Skripnyuk V, Ron M. Hydrogen desorption kinetics in
intermetallic compounds C2, C5 and C5 with Laves phase
structure. Int J Hydrogen Energy 2003;28:303e9. http://
dx.doi.org/10.1016/S0360-3199(02)00081-2.

[25] Rizvi SQA. A comprehensive review of lubricant chemistry,
technology, selection, and design. ASTM International; 2009.

[26] Lee D-W, Johnson J, Lv J, Novak K, Zeitsman J. Comparisons
between vehicular emissions from real-world in-use testing
and EPA moves estimation 2012;7.

[27] Klamann D. Lubricants and related products e synthesis,
properties, applications, international standards. Verlag
Chemie GmbH; 1984.

[28] Mitzel J, Gülzow E, Kabza A, Hunger J, Araya SS, Piela P, et al.
Identification of critical parameters for PEMFC stack
performance characterization and control strategies for
reliable and comparable stack benchmarking. Int J Hydrogen
Energy 2016;41:21415e26. http://dx.doi.org/10.1016/
j.ijhydene.2016.08.065.

[29] Selvam PK, Muthukumar P, Linder M, Mertz R, Kulenovic R.
Measurement of thermochemical properties of some metal
hydrides e titanium (Ti), misch metal (Mm) and lanthanum
(La) based alloys. Int J Hydrogen Energy 2013;38:5288e301.
http://dx.doi.org/10.1016/j.ijhydene.2013.02.009.

[30] Herbrig K, R€ontzsch L, Pohlmann C, Weißg€arber T, Kieback B.
Hydrogen storage systems based on hydrideegraphite
composites: computer simulation and experimental
validation. Int J Hydrogen Energy 2013;38:7026e36. http://
dx.doi.org/10.1016/j.ijhydene.2013.03.104.

[31] Docter A, Frank G, Konrad G, Lamm A, Mueller JT. Fuel cell
and method for cold-starting such a fuel cell. 2008. US 2008/
0102327 A1.

[32] Brack C. Entwicklung, Konstruktion und Fertigung eines
Vorheizers für Hochtemperatur-Polymerelektrolytmembarn-
Brennstoffzellen-Systeme auf der Basis von Metallhydriden.
Hochschule Zwickau; 2011.

[33] Fang ZZ, Zhou C, Fan P, Udell KS, Bowman RC, Vajo JJ, et al.
Metal hydrides based high energy density thermal battery. J
Alloys Compd 2015. http://dx.doi.org/10.1016/
j.jallcom.2014.12.260.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 1 4 6 9e1 1 4 8 1 11481

http://dx.doi.org/10.1016/j.electacta.2012.01.020
http://dx.doi.org/10.1016/j.electacta.2012.01.020
http://dx.doi.org/10.1016/j.ijhydene.2012.04.093
http://dx.doi.org/10.1016/j.ijhydene.2012.04.093
http://dx.doi.org/10.1016/j.ijhydene.2010.04.079
http://dx.doi.org/10.1016/j.ijhydene.2010.04.079
http://dx.doi.org/10.1016/j.ijhydene.2015.04.045
http://dx.doi.org/10.1016/j.ijhydene.2015.04.045
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref7
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref7
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref7
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref7
http://dx.doi.org/10.1115/1.4005156
http://dx.doi.org/10.1016/j.ijhydene.2014.08.047
http://dx.doi.org/10.1016/j.ijhydene.2014.08.047
http://dx.doi.org/10.1115/1.2098875
http://dx.doi.org/10.1115/1.2098875
http://dx.doi.org/10.1016/j.ijhydene.2010.01.115
http://dx.doi.org/10.1016/j.ijhydene.2010.01.115
http://dx.doi.org/10.1016/j.ijhydene.2014.12.009
http://dx.doi.org/10.1016/j.ijhydene.2014.12.009
http://dx.doi.org/10.1016/j.ijhydene.2010.04.184
http://dx.doi.org/10.1016/j.ijhydene.2010.04.184
http://dx.doi.org/10.1016/j.ijhydene.2009.05.012
http://dx.doi.org/10.1016/j.ijhydene.2009.05.012
http://dx.doi.org/10.1016/0360-3199(95)00106-9
http://dx.doi.org/10.1016/0360-3199(95)00106-9
http://dx.doi.org/10.1016/j.applthermaleng.2016.04.129
http://dx.doi.org/10.1016/j.applthermaleng.2016.04.129
http://dx.doi.org/10.1016/j.ijhydene.2014.11.084
http://dx.doi.org/10.1016/j.ijhydene.2014.11.084
http://dx.doi.org/10.1016/j.ijhydene.2013.04.011
http://dx.doi.org/10.1016/j.ijhydene.2013.04.011
http://dx.doi.org/10.1016/j.ijhydene.2006.09.038
http://dx.doi.org/10.1016/j.ijhydene.2006.09.038
http://dx.doi.org/10.1016/S1359-4311(97)00043-4
http://dx.doi.org/10.1016/S1359-4311(97)00043-4
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref21
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref21
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref21
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref21
http://dx.doi.org/10.1002/9783527629800.ch1
http://dx.doi.org/10.1016/j.ijhydene.2009.06.075
http://dx.doi.org/10.1016/j.ijhydene.2009.06.075
http://dx.doi.org/10.1016/S0360-3199(02)00081-2
http://dx.doi.org/10.1016/S0360-3199(02)00081-2
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref25
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref25
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref26
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref26
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref26
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref27
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref27
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref27
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref27
http://dx.doi.org/10.1016/j.ijhydene.2016.08.065
http://dx.doi.org/10.1016/j.ijhydene.2016.08.065
http://dx.doi.org/10.1016/j.ijhydene.2013.02.009
http://dx.doi.org/10.1016/j.ijhydene.2013.03.104
http://dx.doi.org/10.1016/j.ijhydene.2013.03.104
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref31
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref31
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref31
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref32
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref32
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref32
http://refhub.elsevier.com/S0360-3199(17)30884-4/sref32
http://dx.doi.org/10.1016/j.jallcom.2014.12.260
http://dx.doi.org/10.1016/j.jallcom.2014.12.260
http://dx.doi.org/10.1016/j.ijhydene.2017.03.024
http://dx.doi.org/10.1016/j.ijhydene.2017.03.024


Standardized hydrogen storage module with high utilization factor
based on metal hydride-graphite composites

Inga Bürger a, *, Mila Dieterich a, Carsten Pohlmann b, 1, Lars R€ontzsch b, Marc Linder a

a German Aerospace Center (DLR) - Institute of Engineering Thermodynamics, Thermal Process Technology, Pfaffenwaldring 38 e 40, 70569 Stuttgart,
Germany
b Fraunhofer Institute for Manufacturing Technology and Advanced Materials IFAM, Branch Lab Dresden, Winterbergstraße 28, 01277 Dresden, Germany

h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Standardized reactor design for sta-
tionary metal hydride hydrogen
storage.

� Metal hydride-graphite composites
for compact system with low tem-
perature gradient.

� Utilization factor of 93% reached at
relevant charging conditions.

� System scalability to higher loads.
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a b s t r a c t

In view of hydrogen based backup power systems or small-scale power2gas units, hydrogen storages
based on metal hydrides offer a safe and reliable solution. By using Hydralloy C5 as suitable hydride
forming alloy, the present tank design guarantees very simple operating conditions: pressures between
4 bar and 30 bar, temperatures between 15 �C and 40 �C and minimal efforts for thermal management in
combination with fast and constant charging and discharging capabilities. The modular tank consists of 4
layers with 5 reactor tubes each that are filled with metal hydride-graphite composites of a diameter of
21 mm. Experiments show that each layer of this tank is able to desorb the desired amount of hydrogen
for a fuel cell operation at electrical power of 160 Wel for 100 min reaching a utilization factor of 93% of
the stored hydrogen at RC. Furthermore, the experimental results of modularity, increasing loads and the
electric air ventilation are presented.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Increasing availability of devices that convert renewable energy
into electricity like photovoltaic modules or wind turbines create
the need for energy buffers in order to match energy availability

and energy needs. For remote or decentralized power supply, one
promising option is to convert electricity to chemical energy in
form of hydrogen gas [1]. This allows a separate dimensioning of
power and capacity, immense cyclic use without degradation as
well as different options to re-use the energy on demand. An
example of such a system is depicted in Fig. 1. In this case, the
surplus electricity converted from a fluctuating renewable energy
source is used for hydrogen production by an electrolyzer. This
hydrogen is then stored in a buffer tank and can be later used for
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different energy services such as electricity and heat via fuel cells,
heat for cooking via catalytic burners and potentially also mobility.

Suitable electrolyzer and fuel cell power demands for private
domestic applications range between 600 W and 1.2 kW, and
already exist on the market.2 As hydrogen buffer tank for such
systems usually either a high-pressure tank, which requires a
hydrogen compressor, or a low-pressure tank is used, which re-
quires a lot of free space.3 In addition, pressure tanks especially at
high pressures bear safety risks when bursting. Metal hydrides can
lower these risks dramatically due to the chemical absorption of
hydrogen inside of the solid metal. Additionally, suitable metal
hydrides prove cycling stabilities in the five-figure range [2,3].
Consequently, hydrogen can be stored with highest volumetric
densities (up to 150 g-H2 per liter) at rather low pressures and an
inherent safety aspect: The corresponding exo-/endothermic stor-
age reaction between the metal (Me) and the hydrogen (H2) to a
metal hydride (MeH) can be written as

Meþ 1
2
H24MeH þ DRH: (1)

As the desorption of hydrogen is an endothermal process, any
unintentional release of hydrogen is immediately decelerated due
to the heat demand for desorption. However, at the same time the
involved heat of reaction is most challenging when designing a
metal hydride hydrogen storage. Overcoming this drawback, a
simple and standardized storage design combining the advantages
of metal hydrides - safe, low volume, low pressure, little mainte-
nance, no compressor - with improved thermal transfer is proposed
in this paper.

In the literature, several studies have been published focusing
on metal hydride buffer tanks for stationary applications.

For example, magnesium hydride-based storage tanks are
intensively studied, as this material shows very high storage ca-
pacities of up to 7.7 wt% [4]. Due to their high operating tempera-
ture, these materials require a rather complex heat management
based on a process integration [5] or e.g. the combination with a
phase change material to preserve the associated thermal energy
[6].

The advantages of metal hydrides working near ambient con-
ditions for this buffer storage application is discussed by Hagstorm
[7]. In this paper, it is emphasized that for the selection of a suitable
material a small hysteresis as well as a flat plateau of the PCI curve
are crucial, leading to the suggestion of LmNi(1)4 (JMC5) or
Hydralloy C15 (GfE6).

Lototskyy et al. also designed metal hydride reactors using an
AB2-type material as fuel cell supply tanks [8]. In that paper, the
effect of different hydrogen desorption rates is discussed as well as

the influence of liquid or air heat transfer on the overall perfor-
mance, and for the charging process very fast rates are assumed. A
similar study has been performed by Capurso et al. using Hydralloy
C5 powder material in 0.5 L containers as hydrogen storage for an
urban concept car [9].

Bossi et al. tested a setupwhere a LaNi5 based storage reactor for
6000 NL7 hydrogen is coupled to a fuel cell fluid for stationary back-
up systems [10], and Nakano et al. studied in the project THEUS a
metal hydride tank that is integrated as buffer tank between an
electrolyzer and a fuel cell [11]. In both cases, the hydride tank is
integrated into a water based cooling/heating system, which leads
to a rather complex tank design and overall system.

Furthermore, Liu et al. designed a new overall fuel cell -metal
hydride hydrogen storage design for stationary applications [12].
This system show advantages for the air-cooled fuel cell due to a
more direct heat management, however, in this case the capacity of
the tank is linked to the size of the fuel cell.

Summarizing the experience of the given references, the focus
of the present metal hydride tank has been on a standardized
system design with a very low complexity of the thermal man-
agement. Therefore, the following points have been considered.

� A suitable low temperature metal hydride material with a low
hysteresis has been chosen that can store and release hydrogen
under the applying conditions of room temperature between 10
and 40 �C. Thus, no further system integration with e.g. fuel cell
or water management was required.

� The power of the electrolyzer and the fuel cell were assumed to
be in a similar range, thus, charging and discharging rates are
similar with similar effects on the reactor design.

� The pure hydride material has been mixed with expanded
natural graphite (ENG) and compressed to metal hydride-
graphite composites (MHC) to improve the radial thermal con-
ductivity. Thus, the final storage system is based on tubes with
comparatively large diameter and aluminum foam on the
outside to improve heat transfer and requires only simple air
ventilation at low power.

For demonstration, a tank based on 4 layers with 5 tubes each,
that are filled with in total 6 kg of Hydralloy C5® based MHC, has
been built. The storage reactor has been designed in such away that
each layer is able to supply sufficient hydrogen to generate an
electric power of 160W by a fuel cell for more than 100min. For the
evaluation of the performance, a utilization factor has been defined
that refers to the ratio between the “mass of hydrogen released/
stored with relevant flow rates” and the “maximum mass of
hydrogen that can be discharged/charged” at the corresponding
operation conditions. The final goal was to show that with the
presented reactor utilization factors of more than 90% can be
reached.

In this paper, first, the general system layout based on Hydralloy

Fig. 1. Scheme of a hydrogen-based power2gas system to store surplus electrical power.

2 E.g., www.actaspa.com.
3 E.g., www.heliocentris.com.
4 Lm ¼ La-rich misch metal.
5 Japan Metals & Chemicals Co. Ltd.
6 Gesellschaft für Elektrometallurgie mbH. 7 NL ¼ normal liter at 0 �C and 1.103 bar.
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C5® is described and the effect of the usage of MHCs with enhanced
heat conductivity is presented. Then, details on the final tank and
the test rig are given before the experimental results are shown
concluding that this system is able to store and provide hydrogen at
the required rate. Finally, the results of varying flow rates and air
ventilation are presented and a summary and evaluation of the
total system is discussed.

2. System layout

As mentioned in the introduction, for hydrogen storage in metal
hydride systems, usually an intense thermal management is
required. For the present setup, the first measure to reduce the
complexity of the system is the implementation of a material that
can store (absorb) and release (desorb) hydrogen under ambient
conditions (between 15 �C and 40 �C). Thus, in contrast to other
proposed systems [11] no further heating or cooling integration is
required.

The material that has been chosen is known as Hydralloy C5
(AB2-type metal hydride) and has been widely studied in the
literature. It is stable during cycling as powder [2,13] and in form of
MHC [14,15]. Additionally, it can be filled into tanks in the unac-
tivated statewithout inert-gas measures and can easily be activated
inside the final tank [9]. Furthermore, the kinetics of the material
are fast, i.e. absorption and desorption proceed in the relevant
temperature and pressure range in less than 30 s [16], and its
hysteresis as well as plateau slope are moderate [9,17]. Fig. 2 shows
the Van't Hoff plot for this material indicating 20%, 50% and 80%
transformed fraction for absorption and desorption, respectively.
The arrows indicate the operational conditions for this system.

For absorption, a hydrogen supply pressure of 30 bar is assumed,
as this corresponds to a reasonable pressure provided by an elec-
trolyzer without a complementary compressor.8 Thus, if room
temperature of 15 �Ce40 �C is assumed, there is still a temperature
difference of 10 K to the equilibrium of 80% transformed fraction for

absorption that can be used to remove the heat efficiently. As
several typical fuel cells operate with back pressures between
ambient and 200 mbar backpressure and as the expected pressure
difference to the inlet pressure is only few 10s of mbar, for
desorption [18], it is assumed that 4 bar correspond to a reasonable
operation pressure. As can be seen in Fig. 2, the equilibrium tem-
perature at 4 bar is 5 �C, thus in this case there is a temperature
difference of 10 K to provide the heat to the storage tank.

In short, it can be stated that this material fulfills the thermo-
dynamic requirements for a metal hydride hydrogen storage
allowing for a quite simple thermal management as mentioned in
the introduction.

Next to the selection of a suitable material, also for the reactor
design two aspects were considered to keep the complexity of the
system low: First, air was chosen as easy to handle heat transfer
fluid that is also non-toxic and abundant. Second, the design of the
reactor focused on a reduced amount of reactor wall material in
comparison to the metal hydride material. Therefore, the applying
loads and suitable heat transfer measures were analyzed for the
design.

In most studies on metal hydride tanks, the thermal manage-
ment of metal hydride reactions is difficult due to fast reaction rates
and large amounts of thermal energy that have to be removed. E.g.
in a recent study by Lototsky et al. on a hydrogen storage tank for
forklifts [19], it is necessary to remove continuously ~ 9,2 kW
during 15 min in order to fill the tank with 0.91 kg of hydrogen.
Reducing the refueling time to the required values of less than
5min for automotive applications will further increase the required
cooling power. In order to handle these high heat fluxes e espe-
cially in combination with a relatively low thermal conductivity of
metal hydride beds of only approximately 1 W(mK)�1 [20] e

several options to enhance the heat transfer have been discussed in
the literature extending the heat transfer area with fins, foams etc.
[21,22], or minimizing the distance to the heat transfer surface by
reactor design [23] as well as introducing a heat transfer secondary
phase, e.g. graphite, into the storage material [24].

Even though the thermal loads of the present application are
lower, the utilization of one of thesewell-studiedmeasuresemetal
hydride-graphite composites e can still contribute significantly to
the simple system layout and a reduction in overall reactor mass.
This will be shown in the following basic calculation for the tem-
perature decrease in a tubular reactor for powdery and pelletized
metal hydride material.

For this calculation it is necessary to know the thermal loads
that will apply during operation. Furthermore, the maximum
temperature decrease that still allows a continuous operation has
to be considered. If these values are known, themaximumdiameter
of a tubular reactor using a given material can be calculated [25]. In
Table 1, the basic conditions for the reference case as well as the
layout of the present system are summarized. For the desired
continuous electrical power of 160 Wel per layer, a hydrogen mass
flow rate of 2.7 10�3 g s�1 is required (assuming hfc ¼ 0.5). In order
to release this amount of hydrogen, with a reaction enthalpy of
DRH¼ 28.4 kJ mol�1, 38Wof thermal energy have to be provided to
the material. Thus, for a continuous supply of 100 min, at least
1.35 kg of powdery Hydralloy material (corresponding to 1.42 kg of
Hydralloy-based MHC including ENG) is required. Assuming an
inner diameter of the tube of 21mm, the total reactor length for the
powder material is 1.95 m whereas only 1.05 m is required for the
compacted MHC. As the resulting thermal power density of the
MHC is about 2 times higher than the thermal power density of the
powder, it is obvious that the MHC help to make the storage system
more compact. However, for the MHC it is more difficult to supply
the heat of reaction due to the smaller surface area. In order to
show this for the present example, the temperature profile has
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Fig. 2. Van't hoff plot of Hydralloy C5 [17], and operation conditions for the present
reactor design.

8 E.g., www.actaspa.com.
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been calculated for MHC pellets and powder (Table 1).
Assuming a cylindrical shapewith a constant temperature at the

outside wall and a homogeneous heat sink due to the reaction
(assumed to be independent of temperature), the occurring tem-
perature decrease at the center of the tube can be calculated with:

DT ¼ 1
4l

S$R2 (2)

where S is the volumetric heat sink density during the desorption
reaction in Wm�3, l is the heat conductivity of the material in
W(mK)�1 and R is the radius of the tube in m.

Due to the strong influence of the thermal conductivity, the
temperature drop in the powder bed is a factor 5 higher than for the
MHC material (see graph in Table 1) e despite the clearly higher
power density in the MHC. Thus, the advantage of MHC for a
compact system is based on three facts: The material is more
compact, thus a smaller volume has to be covered by external steel
walls. The increased thermal conductivity enables tubes with much
larger diameters while still showing homogenous reaction, and a
higher temperature gradient to a simple heat transfer fluid like air
is acceptable. Especially the homogeneous reaction profile, that
appears when pellets are used, is important as it also leads to a very
homogeneous charging state of the material. Thus, basically all
material in the reactor reacts at the same time and a high value of
the utilization factor for the stored hydrogen can be achieved.

So far it has been shown that due to their high thermal con-
ductivity, the MHC show a very homogeneous temperature profile
inside of the tube although their power density is quite high (see
also graph in Table 1). Thus, the performance during the desorption
process is assumed to be very good although tubes with a diameter
of 21 mm are used. However, even though the low ratio of outside
surface to volume is good for the reduction of steel, this low ratio
aggravates the heat transfer from the surface to the air. For the
present setup, aluminum foam is used at the outside of the tubes
resulting in a heat transfer coefficient of approximately
150 W m�2 K�1. Thus, the temperature drop from the air to the
center of theMHC is dominated by a DTa¼ 3.78 K from the air to the
steel wall, while inside of the MHC the temperature gradient of DTi

~0.33 K can almost be neglected. This temperature difference of
~4.1 K is acceptable for the present system, as the distance of the
operational temperature to the equilibrium temperature is more
than 10 K, as mentioned above.

In summary it can be stated that with Hydralloy-based MHC a
simple and compact hydrogen storage system could be designed as
this material can operate at ambient conditions. Due to the utili-
zation of MHC with a high thermal conductivity, the required ho-
mogeneous temperature and transformed fraction distribution can
be achieved in tubes with an inner diameter of 21 mm.

3. Experimental details

In this Section, first details on the MHC are given, then the
reactor design is shown and finally the test rig is presented.

3.1. Metal hydride-graphite composites

The hydride material that has been used for the MHC is
Hydralloy C5. To improve heat transfer properties, 5 wt% of ENG
were added to Hydralloy powder particles of approx. 10 mm and the
mixture was compressed to composites (so-called MHC) at a
pressure of 75 MPa with a diameter (D) to height (H) ratio of
approximately 1.5. After compaction, a hole was drilled in the
center of eachMHC pellet in order to enable sufficient gas transport
in axial direction. Then, the MHC pellets were filled under ambient
conditions into the reactor tubes using few pieces of polyurethane
foam as spacer material between the pellets to buffer the volume
expansion of the MHCs [26]. In our previous work [14], it has been
shown that similar composites were geometrically stable for over
1000 cycles with a thermal conductivity of the cycled material in
the range of 10 W m�1 K�1.

3.2. Reactor design

Table 2 shows a picture of the final reactor consisting of 20
stainless steel tubes with an outer diameter of 25 mm, 2 mm wall
thickness and a length of about 34 cm. For the overall design, the
standardized dimensions of standard 19 inch rags have been

Table 1
Summary of properties for powder or MHC material as well as calculated design parameters (materials properties taken from Ref. [17]).

Hydralloy® powder
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Hydralloy®-based MHC
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T 
in

 °
C

R in mm

ΔTi

Req. power in Wel per layer 160 160
r in kg m�3 2000 4040
l in W m�1 K�1 1 9.9
m in kg 1.35 1.42
L in m 1.95 1.01
Q/A in W m�2 295 567
Q/V in kW m�3 56.3 108.3
DTi in K 1.55 0.30
DTa in K 1.96 3.78
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considered according to the basic idea to combine a fuel cell,
standardized modular hydrogen storage and optionally an elec-
trolyzer in one rag. Thus, the outer dimensions of the storage tank
were 261 � 444 � 458 mm.

In order to enhance the heat transfer to air at the outside
surface of the tubes, aluminum foam has been attached to the
tubes using an adhesive paste. In addition, four small ventilators
with a required electric output of 8 Wel were used to blow air
through the foam. This prototype consists of 4 layers with 5 tubes
each that can be operated separately. Furthermore, gas filters, a
pressure sensor, an overpressure valve and 3 thermocouples were
integrated.

It is obvious that the weight of this system with approx. 30 kg
was still too heavy for a 19 inch rack solution. However, it will be
possible to reduce the weight by 50%, e.g. by replacing the fittings,
as the mass of the hydride, the mass of the stainless steel tubes, and
that of the foam is only 6 kg, 6.5 kg, and 1.5 kg, respectively.

3.3. Test rig set-up

The reactor was integrated into an existing test rig (see Fig. 3)
that provides hydrogen at flow rates of up to 74.9 mg s�1 at pres-
sures up to 100 bar to simulate the electrolysis (MFC 1). Further-
more, hydrogen can be released at constant flow rates of up to
74.9 mg s�1 at pressures >10 bar using MFC 2 and at pressures
<10 bar usingMFC 3, in order to simulate the hydrogen demand of a
fuel cell. All mass flow controllers (MFC) have an accuracy of ± (0.5%

Rd þ 0.1% FS9). The pressure sensor PS1 can measure pressures up
to 160 ± 1.6 bar, and one thermocouple is integrated into the
hydrogen supply tubes. Furthermore, another pressure sensor (PS)
that is calibrated up to 40 ± 0.4 bar is integrated into the reactor.
Thermocouples (Type K) have been integrated in three represen-
tative tubes. In case the pressure inside of the reactor exceeds
38 bar, an excess valve (EV) opens and the hydrogen is released to
the hood. In order to fully desorb the reactor it is also possible to
extract the hydrogen by a vacuum pump (VP) to decrease the
pressures to 0.5 mbar.

4. Results and discussion

Preliminary to the results, in this section, the testing procedure
as well as the list of experiments is presented.

The goal of the experiments was to evaluate the capability of the
tank and to demonstrate that each layer of the reactor is able to
store or provide sufficient hydrogen for 160 Wel by an electrolyzer
or a fuel cell, over a time period of 100 min thereby utilizing about
90% of the storage capacity of the material at application relevant
conditions. Using the dimensioning described in the previous sec-
tion, this implies that - for the given charging and discharging loads
- the developed storage system operates at steady state and the
temperature at the center of the reactor tubes stays almost constant

Table 2
Photograph of storage tank demonstrator and its main features.4

Mass MHC in kg 6
Total mass in kg 30
Stored volume of H2 in m3 1
Designed load in Wel per layer 160 for 100 min, @ 4 bar back pressure
Dimensions in mm 261 � 444 � 458

9 Rd ¼ Reading, FS ¼ full scale.
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during the experiment. In the reference experiment for absorption
and desorption the pressure was changed between 4 and 30 bar at
room temperature while keeping up a flow rate of 2.6 mg s�1 for at
least 100 min per layer. For the complete storage (4 layers), these
conditions refer to an electric fuel cell power of 640Wel for 100min
(efficiency of the fuel cell: hfc ¼ 0.5).

In addition to this experiment under reference conditions (indi-
cated in the following as “RC”), experimental results for the
following conditions will be presented: separately operated layers
(modularity), increased flow rate (factor: 2, 4, 8, (16) *RC), and an
experiment without fans (effect of outside heat transfer). The ab-
sorption experiments always refer to the charging process with
hydrogen at constant flow rate from an electrolyzer, while the
desorption experiments refer to the discharging process where
hydrogen is provided to a fuel cell.

4.1. Reference conditions (RC)

The experiment for absorption and desorption at RC has been
performed as first and last experiment of 38 experiments as well as
several times in between. Fig. 4 shows the mass flow rate, the
pressure as well as the temperature difference profile for one
experiment at the beginning (olive) and the final experiment
(black) for absorption (left) and desorption (right).

As it can be seen at the top, the mass flow rate for the studied
two layers has been set to a constant value of 5.2 � 10�3 gs�1 in
order to simulate the continuous operation of an electrolyzer or a
fuel cell at 320 Wel. This flow rate could be absorbed or desorbed
from the storage for the desired 100 min. The graphs at the center
of Fig. 4 show the corresponding pressure profiles. In contrast to the
temperature signal that is at steady state (Fig. 4, bottom), the
pressure signal does not exhibit a perfectly flat plateau. This
behavior has been expected as pressure-concentration-isotherms
of the pure material also show a sloping plateau [17]. Further-
more, from Fig. 4, for absorption, the main fraction of hydrogen is
absorbed at pressures between 10 and 15 bar and for desorption
between 4 and 6.5 bar. The reason for this difference is the hys-
teresis of the material as well as the difference in the temperature.
For both experiments the initial temperature was room

temperature. However, during the exothermal absorption reaction
the temperature increases and reaches its steady state approxi-
mately 5 K above room temperature, while for the endothermal
desorption the temperature decreases by 5 K (based on ambient
temperature). Thus, according to the thermodynamics of the ma-
terial, it is reasonable that for higher temperatures a higher pres-
sure is required.

Overall it can be stated that during the reference experiment,
the behavior of the tank showed the desired steady state behavior
for 100min, thus, the stored hydrogen can be used to a large extend
(utilization factor 93%, see following section). Furthermore, during
the 38 cycles the material did not show any degradation e in
contrast e the material was rather continuously further activated.

4.2. Modularity e scale-up

After the proof of a continuous operation at steady state, for the
presented reactor it is important to show that in the modular
system the single layers operate independently. This implies that
for higher or lower required powers of electrolyzer or fuel cell and
the same operation time, the storage reactor can be scaled up or
down by simply increasing or decreasing the number of layers.
Fig. 5 presents the results for a continuous flow rate at 5.2 mg s�1

(2 � RC) for layer 1 and layer 2 (triangles), furthermore the results
for both layers at the double flow rate of 10.4 mg s�1 (2 � RC e

5.2 mg s�1/layer, squares). As the pressure (A) as well as the tem-
perature signals (B), show a very good agreement, it can be
concluded that the single layers are independent of each other, thus
the setup can be scaled up or down regarding the loads. The tem-
perature difference between the signals for layer 1 (open symbols)
and layer 2 (closed symbols) can be explained by a slightly different
position of the thermocouples inside of the reactor tubes.

4.3. Increased load and hydrogen utilization factor

As shown before, each layer of the developed hydrogen storage
reactor was able to operate at steady state for an electric load of
160Wand 100min. Furthermore, it has been shown that the design
is scalable, thus the number of layers can be adapted to the actual

Fig. 3. Test rig layout.

I. Bürger et al. / Journal of Power Sources 342 (2017) 970e979 975



load without affecting the reachable discharge state.
In this section, the effect of an increased load of the present

setup has been studied in order to reveal the limits of the present
design. Furthermore, the utilization factor of the stored hydrogen is
discussed. Fig. 6 shows the results for absorption and desorption of
2 layers with flow rates of 5.2 (RC),10.5 (2� RC), 21 (4� RC), as well
as 41.9 (8 � RC) mgs�1.

For absorption (left), the trends are as expected: The time in-
terval with constant flow rates (A) scales almost linearly with the
applied flow rate. Thus, for 2� RC 50min, for 4� RC 25min and for
8 � RC about 13 min are reached. However, in order to reach the
corresponding power loads for flow rates above 2 � RC, the tem-
perature in the reactor does not reach a steady state anymore, but it
continuously increases e indicating that heat transport is limiting
even at DT > 25 K. Corresponding to the thermodynamics of the
material, not only the temperatures inside of the material, but also
the pressures increase and for the higher rates basically no plateau
is appearing.

For the desorption process (right), even for loads with 2 � RC it
was not possible to deliver sufficient hydrogen at pressures above
4 bar. As it can be seen in Fig. 6 (A, right), the time interval with a
constant flow rate of hydrogen for 2 � RC reaches less than the
required 3000 s. This can be explained by the corresponding tem-
perature and pressure plots. As the temperature decreases by more
than 10 K (red circles), the equilibrium pressure decreases below
the required 4 bar back pressure. For higher flow rates the behavior

is even more pronounced.
Next to the discussion of the experimental observations in

Figs. 6 and 7 shows the calculated hydrogen mass absorbed (left) or
desorbed (right) during the same experiments. Using these data, it
is possible to discuss the actual utilization factor of the stored
hydrogen that has been reached at the different flow rates. As long
as the mass flow rate is constant, the evolution of the hydrogen
mass is represented with straight lines, and as soon as the mass
flow rate decreases the evolution of the absorbed/desorbed mass is
shown with dots. All values are already reduced by the amount of
hydrogen stored in the void volume of 0.90 � 10�3 m3 at the exact
experimental conditions (on average this refers to about 2 g
hydrogen).

For the experiment at RC, three repeated experiments are
shown (light grey to black). All the corresponding graphs show
exactly the same slope, and towards the end, for a higher cycling
number a slightly higher mass of hydrogen can be absorbed. This
indicates that the capacity is still slightly increasing with the cycles.
In the last experiment at RC (black), a final value of 34.6 g absorbed
hydrogen is reached at constant flow rate. This value refers to a very
good utilization factor of 93%, when at the experimental conditions
starting from 4 bar and reaching 30 bar at 25 �C a maximum
hydrogenmass of 37.3 g (1.31wt%, grey dashed line) is calculated. In
case the experiment at RC conditions is extended starting from a
pressure of 1 bar instead of 4 bar (turquoise), the absorption time is
extended by 8.8% reaching a final mass of 36.6 g of hydrogen.
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However, under these conditions a storage capacity of 1.55 wt%
resulting in 44.2 g would theoretically be feasible leading to a
utilization factor of 83%. As discussed before, for the experiments
with 2 � RC and 4 � RC, the absorption time at constant flow rate
decreases - as expected - to times of almost ½ and ¼. Therefore, it is
clear that also the utilization factor for 4� RC is only reduced to 82%
in comparison to 93% for RC.

For desorption, it could be observed that all final values are
approx. 2 g lower than for desorption. The reason for this behavior
is in the experimental setup, where in the first seconds starting at
high pressure the mass flow meter is not able to measure the cor-
rect values. Therefore, the trends are still obvious, but for the uti-
lization factor lower values are calculated. In the repeated
experiments (grey to black) the same effects as for absorption can
be observed: during cycling the amount of hydrogen increases and
for the extension to 1 bar more hydrogen is released (turquoise). In
case of an increasing flow rate of 2 � RC (red) and 4 � RC (green),
however, it is obvious that the utilization factor of the stored
hydrogen at constant flow rate is significantly decreasing and for
2 � RC and 4 � RC values of 74%, and 36%, respectively, are calcu-
lated compared to 83% at RC.

The reason in the strong decline of the utilization factor for
higher flow rates during desorption in contrast to absorption can be
explained by Fig. 2. As mentioned in the beginning, the tempera-
ture difference between the nominal operational temperature and
the equilibrium temperature was 10 K for absorption and desorp-
tion. However, in this graph, the assumption for the nominal
ambient temperature was between 15 �C and 40 �C. Since the ex-
periments were performed with ambient air at an ambient tem-
perature of around 20 �C, the absorption reaction was

thermodynamically favored at the current experimental
conditions.

At this point it can be summarized that the modular tank design
with a simple thermal management is able to combine constant
mass flow rates with a high hydrogen utilization factor e at RC. If
the load is increased to higher values, the temperature and pressure
profiles get highly dynamic and especially for desorption the load
cannot be provided until the storage reactor is fully depleted. Thus,
in case higher loads are required, a modular scale-up of the reaction
is necessary, e.g. the number of layers should be increased. How-
ever, this will not only increase the possible hydrogen loads, but
also the total amount of hydrogen stored. In case, the total amount
of hydrogen should stay constant while the loads should be
increased, it is obvious that a different design with thinner tube
diameters is required in order to decrease the heat load per surface
area.

4.4. Effect of electric fan

The last effect that has been studied is the impact of the fan on
the performance of the reactor. As mentioned in the section on the
system layout, the external heat transfer is more important for the
reactor design with thicker tubes and MHC inside.

Fig. 8 depicts the resulting temperature and pressure profiles
for the reference absorption experiment with fan (black) and
without fan (turquoise). The temperature clearly indicates that the
heat transfer between air and the tube is significantly reduced
when the fan is switched off, as the temperature continuously
decreases to less than 10 �C. After around 2400 s the pressure in
the tank reaches 4 bar (indicated by arrow) and the required mass
flow of hydrogen cannot be provided. At this time clearly no
steady state has been reached and only 10.2 g of hydrogen are
desorbed. Concluding, it can be stated that the fans are strictly
required to guarantee the desired performance. However, with
their electric power consumption of about 1.7 W per layer this
effort seems reasonable.

5. Conclusion

In the present publication a standardized metal hydride buffer
hydrogen storage reactor is presented that focusses on two aspects
for a simple system: selection of a storage material able to operate
near ambient conditions and a simple heat transfer design using
MHC as well as air as heat transfer fluid. The main objective was to
investigate the operational characteristics of such a tank with re-
gard to the utilization factor of the stored hydrogen for given
charging and discharging rates.

The reactor consists of 4 identical layers that are designed to
provide sufficient hydrogen for 100 min of fuel cell operation at
160 Wel using MHC at ambient temperatures between 10 �C and
40 �C. The experimental results demonstrate that it is possible to
operate this reactor at the load of this reference case at steady
state with a temperature difference between ambient and reaction
of approximately 5 K. Furthermore, it has been shown that the
modular system is scalable thus that single tube layers operate
independently. The effect of an increased load on the present
system for absorption and desorption is also presented using loads
that are a factor of 2, 4 and 8 higher. It is shown that for absorption
at RC a very high utilization factor of the stored hydrogen of 93%
can be achieved, that is only reduced to 89% when the flow rate is
increased to 4 � RC. For desorption at RC, a slightly lower utili-
zation factor of 83% is calculated due to the measuring setup and
due to the operating conditions this value is even reduced to 36%
for 4 � RC. Finally, the experimental results reveal that electric
fans are crucial for the overall performance as they significantly

Fig. 5. Pressure (A) and temperature difference (T1: full and T2: open symbols, B)
versus experimental time with 2 � RC and 2 layers (squares) as well as with 2 � RC and
two single layers (triangles up and triangles down).
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influence the heat transfer from the reactor tube to the air. With
30 kg the laboratory system is currently too heavy, however using
improved assembly techniques it will be possible to reduce the
weight by 50%.

Summarizing, a solid-state hydrogen storage tank with simple
design and little heat transfer effort was presented that is able to
reach high utilization factors of around 90%.

Fig. 6. Mass flow rate (A), pressure (B) and temperature difference (C) versus time for absorption (left) and desorption (right) under RC, 2 � RC, 4 � RC, and 8 � RC.
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a b s t r a c t

Complex hydride materials (CxH) are potential candidates for hydrogen storage in auto-

motive applications due to their high hydrogen storage capacities. However, the reaction

rates of these materials are rather low at temperatures below 100 �C implying negative ef-

fects on absorption performance e.g. at a fuelling station. In this paper simulated and

experimental results of a new reactor concept that can improve the dynamic reactor per-

formance are presented. This concept is based on the combination of ametal hydride (MeH)

and a CxH in one reactor, separated by a gas permeable layer. The storage capacity of

availableMeHmaterials is justw1wt.%, however, they showvery high reaction rates even at

room temperature. Thus, the idea of this concept is to combine both: the high storage ca-

pacity of the CxHmaterial and the high reaction rate of theMeHmaterial. The two reference

materials for this study are 2LiNH2e1.1MgH2e0.1LiBH4e3 wt.%ZrCoH3 (LieMgeNeH) and

LaNi4.3Al0.4Mn0.3 (MeH). In the first part, 2D simulation results are presented showing the

development of a reaction front from the core to the annulus of the tubular reactor caused by

the fast exothermal absorption reaction of the MeH material. In the second part, experi-

mental results of a 50 g lab-scale reactor and simulated scenarios are presented and used for

model validation. In the present scenario it has been possible to reduce the time to initiate

the absorption reaction from room temperature by approximately 500 s.

Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

For future fuel cell driven cars hydrogen storage still poses a

major challenge. The state of the art storage method for

conventional vehicles is realized by a pressure tank. However,

as the density of gaseous hydrogen is very low, high pressures

of up to 700 bar are required accompanied by the corre-

sponding accident risk potential [1]. One out of several alter-

native technologies to high pressure tanks is hydrogen storage

in solid state hydride materials. In these materials, gaseous

hydrogen is bonded to a solid compound, e.g. a metal (M), by a

reversible exothermic/endothermic reaction according to:

Mþ x
2
H2#MHx þ DRH (1)

The advantages of such a solid state hydride material in

comparison to the other storage options are the relatively low

pressures (<100 bar), the possibility to store hydrogen at

ambient temperatures and the reduced amount of free

* Corresponding author. Tel.: þ49 711 6862492.
E-mail address: inga.buerger@dlr.de (I. Bürger).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 7 0 3 0e7 0 4 1

http://dx.doi.org/10.1016/j.ijhydene.2014.02.070
0360-3199/Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.

mailto:inga.buerger@dlr.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2014.02.070&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2014.02.070
http://dx.doi.org/10.1016/j.ijhydene.2014.02.070
http://dx.doi.org/10.1016/j.ijhydene.2014.02.070


hydrogen, as the gaseous hydrogen is bonded to the solid by a

chemical reaction.

The existing hydridematerials for this solid state hydrogen

storage show large variations in their properties and can be

classified in different ways. For the reactor concept that is

presented in this paper, the following distinction between

metal and complex hydride materials is most convenient

(compare Table 1) [1].

1.) Metal hydride materials absorb hydrogen by an insertion

reaction. These materials are very well studied in the

literature and an important representative is e.g. LaNi5
[2,3]. The absorption reaction of these materials takes

place in the order of seconds even at room temperature

and the materials show hydrogen storage capacities

below 2 wt.%.

2.) Reversible complex hydride materials absorb hydrogen

by a chemical conversion reaction. This reaction type

enables high storage capacities of up to 18.4 wt.% [4], but

causes low reaction rates at temperatures below 100 �C
[1,5]. These materials have been studied since 1997,

when Bogdanovi�c proved the reversibility of NaAlH4

which became a major representative material for

complex hydrides [6] in the consecutive years.

For hydrogen storage applications in automotive systems a

high system gravimetric storage density of up to

0.075 kgH2
kg�1

system is crucial (see DOE requirements in Ref. [7]).

Therefore, the latter conversion reaction basedmaterials with

high theoretical storage capacities on a material level are

suitable candidates. However, their low reaction rates at

moderate temperatures and pressureswill always lead to poor

tank dynamics during absorption and desorption processes.

Thus, a new reactor design for CxH materials for automotive

applications has to focus on an improvement in the dynamic

tank behaviour in order to reach the DOE goals for the filling

time of 2.5 min for 5 kgH2
. This is a new aspect in reactor

design as for many applications and MeH materials the focus

in the reactor design was on heat or mass transfer, leading to

the development of numerous solutions, e.g. fins, foams,

heating coils [8e13] or filters [10,14,15], etc.

In this paper, a new approach to solve this problem is

presented that is based on the combination of a MeHmaterial

with a LieMgeNeHmaterial in one storage reactor. With such

a combination, the advantages of bothmaterial classes can be

used: the high storage capacity of the LieMgeNeH material

and the improved dynamic behaviour of the reactor due to the

MeHmaterial. In the literature, there is only one similar study

using a low temperature metal hydride together with mag-

nesium hydride [16]. However, in the present paper, such a

combination reactor is studied for the first time using a novel

complex hydride material and a metal hydride material in the

same reactor, thus applying the same hydrogen pressures on

both materials.

1.1. Selection of representative materials

In order to study this new concept two suitablematerials have

been selected. As the amount of available, reversible complex

hydride materials is limited, this material was defined first.

One material that has already been studied on a reactor level

is sodium Alanate [8,9,17e19]. This material theoretically ab-

sorbs 5.6 wt.% of hydrogen in two steps, however, approx.

4 wt.% reversible storage capacity are experimentally

observed, e.g. Ref. [20]. Othermaterials that are also promising

candidates are based on the basic LieMgeNeH system [21].

For example the material 2LiNH2e1.1MgH2e0.1LiBH4e3 wt.%

ZrCoH3, that has been presented by Zhang et al., reversibly

absorbs approx. 3.5e4 wt.% of hydrogen [22,23] at tempera-

tures below 200 �C. The equation for the absorption reaction of

the main LieMg-system of this material can be written ac-

cording to [24] as

2Li2MgðNHÞ2 þ 4H2/LiHþ LiNH2 þ Li2Mg2ðNHÞ3
/4LiHþ 2MgðNH2Þ2

(2)

This material has been chosen as model material for

reactor design in the present study, which is part of activities

aiming at a coupling of a storage tank to a HT-PEM fuel cell in

technically relevant scale e allowing for 2 h operation at

1 kWel. In the following, the material will be abbreviated with

LieMgeNeH material. The material has been synthesized by

KIT1 from 2LiNH2 þ MgH2 requiring a 1st metathesis reaction

to 2LiH þ Mg(NH2)2, before it can reversibly absorb and desorb

3.2 wt.% of hydrogen in w1 h. Details on this reaction, bulk

properties and the reaction rates that are required for the

model are published in Ref. [25] and summarized in Table 2.

For a suitable MeH material, the selection is much easier.

For instance, there exists a variety of alloys based on LaNi5
with different additives influencing the thermodynamics of

the material [26,27]. For the present study, LaNi4.3Al0.4Mn0.3

has been chosen as it shows suitable material properties [28].

In the following, this material will be abbreviated as MeH. It

has been purchased from Konik Industries Corporation with a

particle size of 50 mm, and the first activation procedure has

been performed at <10 bar and RT. The properties of this

material have been adapted from LaNi5 using several reaction

rate experiments (not presented here), and all values are

summarized in Table 2.

Table 1 e Summary of important characteristic properties for MeH and CxH materials [27,35].

MeH CxH

Type of reaction Insertion Conversion

Thermodynamics DRH from 30 to 40 kJ mol�1 possible DRH from 30 to 40 kJ mol�1 possible

Kinetics Seconds at RT Minutes/hours at T < 100 �C
Capacity 1e2 wt.% 2e18.4 wt.%

Availability Commercial Limited, only from research laboratories

1 KIT: Karlsruhe Institute of Technology, Institute of
Nanotechnology.
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1.2. Concept

The combination reactor concept that is presented in this

paper can be introduced based on thermodynamics and re-

action rates for the different materials. In the following, the

effects on the absorption process are discussed. For desorp-

tion, please refer to the affiliated publication [29].

Fig. 1 shows a van’t Hoff diagram including the thermo-

dynamic equilibrium line of the LieMgeNeH material with a

high potential hydrogen storage capacity of up to 11.5 wt.%

[30] (theoretical value). Furthermore, the equilibrium line of

LaNi4.3Al0.4Mn0.3 with a rather low hydrogen storage capacity

of approx. 1 wt.% is plotted. In addition to the lines for the

thermodynamic equilibrium of the two materials, Fig. 1 also

shows two shaded areas that mark the temperature and

pressure range which is required for a complete absorption

reaction of eachmaterial in a technical time frame (<120min).

The reaction of LieMgeNeH requires temperatures above

100 �C as well as pressures close to 100 bar to proceed at a

reasonable rate (light blue area), whereas the metal hydride

readily absorbs hydrogen at temperatures even as low as

room temperature and 5 bar (dark orange area).

In order to show the advantages of a storage reactor with

the combination of LieMgeNeH and the MeH material, first

the absorption behaviour of a reactor based on a pure

LieMgeNeH material is shown. At the beginning of the ab-

sorption reaction, the pressure in the reactor is about 1 bar

and the temperature is room temperature (1). By applying a

high charging pressure of approx. 70 bar the conditions for the

material in the reactor are changed to the absorbed state.

Thus the material should start to absorb hydrogen based on

thermodynamics (2). However, the reaction rate is still negli-

gible and the absorption will not proceed. Therefore, the

reactor has to be preheated externally to temperatures

Table 2 e Relevant material properties used for the simulation.

Value Units Reference

General

Temperature T K

Pressure Pg Pa

Universal gas constant < 8.314 J kg�1 K

Mass change H2 due to reaction _mR kg m�3 s�1

Porosity 3 0.55

Gas density rg Simplified

van der Waals

Heat capacity of gas cp,g 14,304 J kg�1 K�1 [36] at 24.5 �C and 1 bar

Dynamic viscosity of gas mg 10�5$9.05(T/293)0.68 Pa s [34]

Molar mass of hydrogen M 0.002 kg mol�1

MeH

Solid density rMeH,0 8200 kg m�3 [37]

Max. gravimetric H2 storage capacity wtmax 1.2126e0.0003

T[�C] �9$10�6 T[�C]2
kgH2

kgMeH
�1 exp. determined

Thermal conductivity leff,MeH 1.2 W m�1 K�1 [33]

permeability KMeH 1 10�12 m2 [38]

Specific heat capacity cp,MeH 420 J kg�1 K�1 [33]

Enthalpy of absorption reaction DRHa,MeH �35940 J molH2

�1 [37]

Entropy of absorption reaction DRSa,MeH �98.58 J molH2

�1 K�1 [37]

Arrhenius parameter for abs Aa,MeH 100 s�1 adapted from Ref. [33]

Activation energy for abs Ea,MeH 21,000 J mol�1 K�1 [33]

LieMgeNeH

Solid density rLiMgNH,0 900 kg m�3 [25]

Max. gravimetric H2 storage capacity wtmax 0.032 kgH2
kgMeH

�1 [25]

Max. gravimetric H2 storage capacity, 1st step wtmax_1step 0.33 wtmax [25]

Max. gravimetric H2 storage capacity, 2nd step wtmax_2step 0.67 wtmax [25]

Thermal conductivity leff,LiMgNH 0.35 W m�1 K�1 In the range of [39]

Permeability KLiMgNH 1$10�12 m2 Estimate

specific heat capacity cp,LiMgNH 1533 J kg�1 K�1 [40]

Enthalpy of absorption reaction DRHa,LieMgeNeH �38,000 J molH2

�1 [25]

Entropy of absorption reaction DRSa,LieMgeNeH �111 J molH2

�1 K�1 [25]

Arrhenius parameter for abs, 1st step Aa,I,LieMgeNeH 2.729$1017 s�1 [25]

Activation energy for abs, 1st step Ea,I,LieMgeNeH 164,800 J mol�1 K�1 [25]

Arrhenius parameter for abs, 2nd step Aa,II,LieMgeNeH 4.678$1014 s�1 [25]

Activation energy for abs, 2nd step Ea.II,LieMgeNeH 147,800 J mol�1 K�1 [25]

Heat transfer

Density of steel rsteel 8000 kg m�3 Thyssen Krupp, NIROSTA 4571

Thermal conductivity of steel lsteel 15 W m�1 K�1 Thyssen Krupp, NIROSTA 4571

Heat capacity of steel cp,steel 500 J kg�1 K�1 Thyssen Krupp, NIROSTA 4571

Heat transfer coefficient from steel

wall to heat transfer fluid (HTF)

hHTF 220 W m�2 K�1 exp. determined
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exceeding 100 �C in order to initiate the absorption reaction of

the LieMgeNeH material (3).

This absorption behaviourwill drastically changewhen the

LieMgeNeH material is combined with a MeH material in the

same reactor. In this case, a pressure increase will directly

result in a strong temperature increase, as the exothermic

reaction of the MeH material can already proceed at 20 �C,
(1)/(2)/(3). Thus, after few seconds the MeH material has

already absorbed hydrogen in the reactor based on the com-

bination of materials. At the same time, the MeH releases

thermal energy leading to temperatures of above 130 �C in the

reactor. This temperature is sufficient to initiate the reaction

of the LieMgeNeH, which is then able to absorb hydrogen

using its high hydrogen storage capacity. In this case it is not

necessary to provide heat externally in the beginning of the

reaction. Furthermore, the heat can be removed at a temper-

ature exceeding 100 �C, which is more convenient compared

to the heat removal for a pure MeH reaction at room tem-

perature. Thus, the thermal management of the reactor is

clearly improved.

There are two options how the two materials can be

combined in a reactor design. The first option is a direct

mixture. In this case the two materials are mixed by shaking

the two powders and filling both into the same compartment

of a reactor. For this case, the temperature increase

throughout the reactor bed is homogenous and defined by the

ratio of the two materials as well as by their thermal proper-

ties according to

DT ¼ T� Ti ¼ DRHMeHxMeHmMeH

mLieMgeNeHcp;LieMgeNeH þmMeHcp;MeH
(3)

where Ti is the initial temperature in K, DRH
MeH the reaction

enthalpy of the MeH in J mol�1
H2
, x the storage capacity in

kgH2
kg�1

material, cp the heat capacity in J kg�1 and m the mass of

each material in kg. First experiments of this direct mixture

showed that side reactions occur between the two materials

leading to a significant decrease in the reaction rate of the

MeH material (not shown here). Thus, for these materials the

direct mixing option has been excluded.

The second option is an indirect mixture. In this case, the

two materials are separated by a gas permeable separation

layer (GPSL). This GPSL divides the reactor into the core that is

filled with the MeH material, and into the annulus filled with

LieMgeNeH material. Thus, the diameter of the GPSL defines

the volumetric ratio of the two materials: εLiMgNH ¼ VLiMgNH/

Vtotal. In this case, the reaction of the LieMgeNeH material is

initiated close to the MeH material, where very high temper-

atures can be reached. As just a very small fraction of MeH

material can be sufficient to initiate the reaction of the

LieMgeNeH material, it is possible to significantly reduce the

amount of heavy and expensive MeH required, and thus

reduce the overall weight and costs of the combination

reactor.

The aim of this paper is to study such a reactor that is

based on the combination of two materials. Therefore, first a

mathematical model has been developed and simulations

have been performed to gain insight into the thermal inter-

action of both materials. Then, an experimental setup has

been designed and constructed that is used for model vali-

dation. Finally, the concept is validated by comparison of a

pure LieMgeNeH reactor with a combination reactor.

2. Methodology

2.1. Experimental setup

For model validation, several experiments have been per-

formed in a testing reactor. This reactor has an outer diameter

of 42 mm and an integrated thin GPSL with a diameter of

13.5 mm inside the tube that is fixed with a 5 mm Teflon layer

at the bottom and top of the reactor. Due to the thickness of

less than 0.5 mm, the thermal mass as well as the gas transfer

resistance of this GPSL have been neglected in the modelling.

The Teflon layers at the bottom and the top are used to

insulate the powder bed and avoid axial heat transfer effects

in the tube. For model validation, three thermocouples (Type

K) are integrated into the tube at the axial centre of the powder

bed at three different radial positions. The corresponding

thermocouple indices and positions are given in Fig. 2. The

reactor is sealed by a 1“ SAE flange using a Viton gasket as it

has to withstand pressures of up to 100 bar.

This reactor is integrated into a testing setup where the

inlet hydrogen mass flow can be varied from 0 to

30$10�6 kg s�1 and the outlet from 0 to 9$10�6 kg s�1.

Furthermore, pressures up to 150 bar can be applied and the

temperature can be controlled by a thermostatic bath to

temperatures of up to 200 �C. In order to determine the

absorbedmass of hydrogen, themass of inflowing hydrogen is

calculated by the integration of the mass flow signal by the

inlet mass flowmeter. This value is then reduced by the mass

Fig. 1 e Schematic van’t Hoff plot for MeH and LieMgeNeH

material. The lines refer to the equilibrium lines of the

reversible MeH (light orange) and LieMgeNeH (dark blue)

sorption reaction. Shaded areas indicate temperature and

pressure range where reaction rate proceeds in relevant

time frames for absorption. Arrows indicate the absorption

process in a reactor. (For interpretation of the references to

colour in this figure legend, the reader is referred to the

web version of this article.)
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of hydrogen that is stored in the defined void volume of the

reactor at the present temperature and pressure.

The details on the masses of materials and the inner

reactor geometry for the experiments are summarized in

Fig. 2. The volumetric fraction in the combination reactor for

the LieMgeNeH material, εLiMgNH ¼ VLiMgNH/Vtotal, is calcu-

lated to 0.84 and the measured gravimetric ratio mLiMgNH/

mtotal ¼ 0.45. Due to the higher volumetric H2 storage density

of the MeH material, the amount of hydrogen stored in the

combination reactor is actually exceeding the mass H2 stored

in the pure LieMgeNeH reactor by a factor of 1.3. However,

the focus of the present experiments is the validation of the

reactor concept based on the combination of materials as well

as the validation of the model equations.

2.2. Modelling

In the present paper, the software tool COMSOL Multiphysics

has been used for modelling and the following assumptions

have been applied:

� Similar to the assumptions in several models of metal

hydride reactors, the gas and solid phase are quasi-homo-

geneous, the bed porosity and the solid density are constant,

and all properties are independent of the transformed

fraction [10,13,14,18,31,32].

� For the temperature of the gas and solid phase, the com-

mon assumption of Local-Thermal-Equilibrium (LTE) has

been applied [10,13,14,18,31,32].

� Darcy flow in radial direction is implemented [14,33].

� The simplified van der Waals equation has been applied with

rg ¼ M Pg/[RTg þ (b�a/RTg)Pg], and a ¼ 0.025 Pa m6 mol�2,

b ¼ 2.66$10�5 m3 mol�1.

� Pressure work is implemented into themodel comparable to

[10,13,31], due to significant pressure gradients in the

beginning of the absorption experiments.

� The influence of inflowing hydrogen is neglected due to the

modelled geometry.

2.2.1. Model equations
The complete set of model equations consists of the rate

equations, the mass balance of the gas, and one single energy

balance for gas and solid.

The rate equations can be written as

vx
vt

¼ _mR (4)

and the according equations for _mR (in s�1) are determined in

Ref. [25] for the LieMgeNeH material (compare Table 2). For

the MeH material, 1st order rate equations from the literature

have been adapted [33], and the resulting parameters are also

summarized in Table 2.

In themass balance of the hydrogen gas, Darcy flow is used for

the description of the gas velocity V vg
�! according to

VPg ¼ �mg=K$ vg
�!; where vg

�! is the Darcy velocity that refers to

the Seepage or actual velocity Vg
�!

times the porosity:

vg
�! ¼ ε$Vg

�!
. Furthermore, K refers to the permeability and mg to

the dynamic viscosity that can be calculated as

mg ¼ c1ðT=293Þc2 [34]. Then, themass balance for the gas phase,

implementing the simplified van der Waals equation, can be

written as

ε

MRTg�
<Tg þ

�
b� a

<Tg

�
Pg

�2 vPg

vt
� ε

PgM

�
<þ aPg

<T2
g

�
�
<Tg þ

�
b� a

<Tg

�
Pg

�2 vTg

vt

� V

 
rg

K
mg

VPg

!
¼ �ð1� εÞ _mRwtmaxrs

(5)

For the energy balance of the system, convective heat transfer

of the gas phase, and heat transfer by thermal conduction in

the gas and solid phase using the effective thermal conduc-

tivity leff ¼ (1�ε)ls þ εlg are considered. Additionally, a heat

source due to the reaction as well as pressure work based on

the general volumetric thermal expansion coefficient areal
v for

real gases according to

areal
v ¼ � 1

rg

vrg

vT

����
Pg

¼ <þ aPg
<T2

<Tþ �b� a
<T
	
Pg

(6)

are implemented. Hence, assuming local thermal equilibrium

(LTE T ¼ Tg ¼ Ts,), and Darcy flow, the energy balance can be

written as

h
ð1� εÞcp;srs þ εcp;grg

i vT
vt

¼cp;grg
K
mg

VPgVT� V
�
$� �leff	VT	

� ð1� εÞ _mRrswtmaxDRH

þ avT$

 
ε

vPg

vt
� K
mg

V2Pg

! (7)

2.2.2. Geometry
The basic geometry used for the simulations in this paper is a

segment of a circle (45�) that refers to a perpendicular cut of

the reactor tube axis. Axial effects have been neglected as the

radial temperature effects caused by the reaction of the two

materials were in the focus of the present study.

The geometry used for the model validation as well as for

the simulated scenarios is shown in Fig. 3. Three domains are

modelled separately: the powder bed of the MeH (D1), the

powder bed of the LieMgeNeH (D2) and the stainless steel

wall (D3). For the stainless steel wall a simplified energy bal-

ance has been applied accounting just for heat conduction,

and the influence of the GPSL on heat or mass transport has

Fig. 2 e Left: radial positions of the three thermocouples in

the reactor as well as inserted GPSL. Tsteel is measured on

the outer surface of the steel wall. Right: details of

geometry and material masses for experiments.
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been completely neglected. In all balances, b1 and b2 refer to

symmetry boundary conditions. The mesh has been gener-

ated by the meshing function in COMSOL: 836 triangular ele-

ments have been used in the simulations formodel validation.

Further improvement in the mesh quality did not lead to an

increase in quality, while the calculation timewas approx. 40 s

for 1800 s real time.

2.2.3. Initial and boundary conditions
The applied initial and boundary conditions for the model

validationwere derived from the experimental conditions that

have been applied for the validation experiments and corre-

spond to a later application in an automotive vehicle. The ab-

sorption scenario for the present simulation and the

experiments are summarized in the following, and the corre-

sponding initial and boundary conditions are shown in Fig. 3.

Before the absorption is initiated, both materials are fully

desorbed and the temperature inside the reactor is 20 �C.
When the fuelling process is initiated, the heat transfer fluid

with a temperature of THTF,set, e.g., 130 �C is starting to circu-

late around the reactor filledwith the twomaterials, hence the

boundary condition is THTF ¼ THTF,set at t ¼ 1 s. However, for

the validation of the model, the experimentally applied flow

rate _min of hydrogen in kg s�1 is implemented as a source term

on the right hand side of themass balance of the gas, Equation

(5), in kg s�1m�3. As soon as the final pressure Pg,set is reached,

the flow rate ismodified in order tomodel the pressure control

mode of the reactor, hence a constant pressure Pg,set is set.

This switch in the boundary condition is implemented by a

step-function (a smoothed if-condition) in the model equa-

tions. Applying these conditions, the reaction inside of the

reactor is initiated and sufficient H2 is supplied in order to

control the pressure at Pset, while the temperature of the heat

transfer fluid is kept at 130 �C.

3. Results and discussion

3.1. Simulations

In the first part of the result section, 2D simulations of the

combination reactor are presented and discussed. These

simulations can be used to show the operation principle in

more detail, especially the interaction of the MeH material

with the LieMgeNeH material. For comparison, the initiation

of the LieMgeNeH reaction is analysed in a reactor with pure

LieMgeNeH as well as with the combination of both mate-

rials. For these simulations, themodel described in Section 2.2

has been simplified with regards to gas pressure and a con-

stant pressure of 70 bar has been assumed.

Fig. 4(a) shows the temperature distribution in the reactor

tube at certain points in time for the pure LieMgeNeH ma-

terial during the absorption scenario (see Section 2.2.3). In the

first 550 s, the material is heated from the outside, where the

temperature THTF ¼ 130 �C is applied. During this period, heat

is transferred from the wall to the core of the tube. Addi-

tionally the LieMgeNeH material slowly starts to absorb

hydrogen by the exothermal reaction. At approx. 550 s, the

temperature in the core of the reactor exceeds the tempera-

ture of the wall. This indicates that at this time, at the core of

the tube, the heat developed by the reaction exceeds the heat

that is removed by the heat transfer fluid. As a result, the

temperature as well as the reaction rate continuously in-

crease until at approx. 650 s the equilibrium temperature has

been reached throughout the core of the tube. The develop-

ment of the reaction of the LieMgeNeH reaction can also be

observed in the transformed fraction plots in Fig. 4(b). While

at 550 s the powder has barely absorbed, at 650 s an average

transformed fraction of approx. 30% has been reached. At

this point in time, the temperature in the bed is at equilib-

rium and the reaction is now dominated by heat transfer

limitations: the material needs to be cooled to continue its

absorption reaction which can be seen from both plots. In the

temperature plots, the hottest region is in the core of the

tube, while in the transformed fraction plot the reaction is

not yet completed in the core. Finally, after about 900 s, the

temperature in the tube has reached 130 �C. Summarizing,

when a temperature of 130 �C is applied on the steel wall of a

reactor with Geometry A, at a certain point the heat of re-

action developing inside of the reactor exceeds the heat that

is removed by the heat transfer fluid. Thus, the temperature

is increasing and the reaction is accelerating. As soon as the

reaction has reached equilibrium temperature, heat transfer

limitations dominate the reaction and in this phase of the

reaction, the temperature as well as the transformed fraction

front move from the wall to the core of the tube. Therefore,

Fig. 3 e Left: modelling geometry for combination reactor. Cut of tubular reactor and segment of circle with angle 45�

including all domains and boundaries. Right: initial and boundary conditions.
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for a complete reaction, the innermost part of the tube needs

to be cooled with a large thermal resistance through the

powder bed at the end of reaction.

In Fig. 4(c) and (d), the behaviour in the reactor with the

combination of materials and a volumetric ratio of

εLiMgNH¼ 0.85 is shown. In this case, already after 10 s, theMeH

material reaches its equilibrium temperature of >200 �C and

the heat is transferred to the LieMgeNeHmaterial close to the

MeH. In Fig. 4(d), it is also obvious that at this point in time, the

MeHmaterial has completely reacted. After 100 s, the reaction

of the LieMgeNeH is initiated close to the GPSL and the re-

action front moves from the core to the annulus (see 100 and

300 s). Similarly, the heat developed by the reaction at the core

of the tube is transferred to the outer regions, where it initi-

ates the reaction of the surrounding LieMgeNeH material.

Finally, the heat transfer fluid can remove the excess heat of

reaction close to the steel wall. After 900 s, the reaction is

completed. Concluding, it can be stated that in this case, the

reaction is internally initiated by the reaction of MeH that is

simultaneously absorbing hydrogen. Furthermore, the devel-

oped heat of reaction is heating up the annulus filled with

LieMgeNeH material, and the heat released by the last

reacting fraction is released close to the heat transfer fluid.

This implies that the temperature as well as reaction front

move from the centre to the wall of the reactor tube facili-

tating the thermal management of such a reactor.

The presented 2D simulations show a significant difference

between the absorption behaviour of a pure LieMgeNeH

reactor and a combination reactor. In the 1st case, the domi-

nating heat transfer processes take place at the surface of the

heat transferfluid (first heating than cooling). This implies that

for an improved performance the tube diameter should be

reduced in order to increase the cooling/heating influence of

the heat transfer fluid. However, considering the overall stor-

age tank design this will lead to an increase in steel mass and

consequently to a reduction in gravimetric storage density. In

the beginning of the absorption in the combination reactor, on

the other hand, the heat is releaseddirectly at the corewhere it

is required. Then, it is transferred in radial direction and canbe

removed at the end of the reaction at the outer perimeter.

Thus, the thermal performance of such a combination reactor

allows even larger diameters and consequently less steel.

Concluding this section on simulations, it has to be

mentioned that the evolution of this reaction front can vary

significantly for materials with different properties. For

example, an enhanced heat conductivity will increase heat

transport from the core to the annulus. Thus, in case the re-

action rate is not sufficiently high, the LieMgeNeH reaction

will not be initiated due to too low temperatures. The diam-

eter of the GPSL (DGPSL) also influences the absorption per-

formance.WhenDGPSL is very small, the heat of reaction of the

MeH is not sufficient to initiate the reaction. Thus, the tem-

perature at the core increases and cools down again, and the

reaction of the LieMgeNeH material is only initiated when

sufficient heat is provided from the outside heat transfer fluid.

In contrast, when DGPSL is too large, the temperature at the

core is too high and the reaction is limited by the thermody-

namic equilibrium. Besides these two examples, also heat

capacity, hydride density and heat of reaction can have a

strong influence on the evolution of the reaction front. Thus,

for a suitable reactor design, simulations based on validated

models are essential.

Fig. 4 e 2D simulation results of themodelled geometry at indicated points in time. Pure LieMgeNeH reactor: a) temperature

T, b) transformed fraction x. Combination reactor: c) temperature T, d) transformed fraction x.
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3.2. Model validation

In the second part of the results section, the presented model

equations and properties of the materials are validated.

Therefore, several experiments have been performed in the

reactor with pure LieMgeNeH and in a reactor with the same

dimensions, but including MeH material at the core. As

mentioned in Section 2.2.3, during the scenario used formodel

validation of the absorption process, several processes occur

simultaneously in the first 100e300 s. First, the external con-

ditions are applied, hence the pressure is increased from

vacuum to 70 bar in 90 s and the temperature of the heat

transfer fluid is increased in the first 600 s from 20 to 130 �C.
Additionally, the absorption reaction of both materials is

initiated leading to a steep temperature increase in the first

10e90 s from 20 �C to 240 �C as well as to a gas absorption of

approx. 1 g of H2. As all these processes superpose each other,

a model validation is quite difficult and in order to achieve the

best results the final scenario has been divided into different

steps that have been validated individually.

3.2.1. Heating up and pressurizing procedure for pure
inactive LieMgeNeH
In a first step, the reactor tube is completely filled with

LieMgeNeH material. Then, a temperature increase in the

heat transfer fluid is applied. From this experiment, the tem-

perature difference between Toil and Tsteel has been used to

determine the limiting outer heat transfer coefficient hHTF to

220 W m�1 K�1. All remaining parameters have been taken

from the literature. Then, in an extension to the previous

experiment, not only the temperature is increased in the heat

transfer fluid, but also the pressure is increased from 0 to

70 bar in 90 s. Fig. 5 shows the experimental (symbols) and

simulated (lines) data for such a heating and pressurizing

experiment, where the temperature of the outer heat transfer

fluid (blue line, :) is implemented into the simulation. From

this plot it can be seen that the temperature at T1 (centre of

reaction bed) increases right from the first seconds of the

experiment. This temperature increase can only be due to the

influence of the steep pressure increase in the first 90 s of the

experiment. The comparison with the experimental data

shows that the model is able to capture the temperature

behaviour already from the first seconds.

As the agreement between the experimental and simu-

lated data of all three thermocouples in these plots is very

good, the values for porosity, density, heat capacity and

thermal conductivity of the pure LieMgeNeH material are

confirmed. Furthermore, the agreement between simulation

and experiment for an experiment with a pure heating up

procedure in the combination reactor with both materials is

also very good (not presented). Thus, the properties for the

pure LieMgeNeH as well as for the complete reactor system

including the MeH material are validated.

3.2.2. Pure LieMgeNeH absorption reaction
In a next experiment, the same scenario as before is applied

but the LieMgeNeH material is in the desorbed state. Fig. 6

shows the experimental and simulated data for this case. In

the beginning, the temperature inside of the reactor increases

due to the temperature increase of the heat transfer fluid. At

about 100 �C, the reaction of the LieMgeNeH material is

initiated and quickly reaches equilibrium temperature. Then

the reaction continues and finally the temperatures inside the

tube cool down to the heat transfer fluid temperature. The

comparison between simulation and experiment shows that

there is a deviation between the data in the cooling process

towards the end of the experiment. As the heating up proce-

dure has been well captured, deviations in the thermal con-

ductivity and the heat transfer resistance are not likely to

cause this deviation. Furthermore, the temperature close to

the wall is captured well, while the temperature at the centre

shows the largest deviation, thus thermal losses are also not

very likely. A possible explanation for this deviation is the

accuracy of the thermodynamic data. As this data influences

Fig. 5 e Experimental (symbols) and simulated (lines)

temperature profiles with THTF (blue,:), Tsteel (turquoise,

C), T3 (green, A), T1 (red, -) during the heating-up

procedure, (compare Fig. 2). (For interpretation of the

references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 6 e Experiment with pure LieMgeNeH reactor.

Experimental (symbols) and simulated (lines) temperature

profiles with THTF (blue, :), T3 (green,A), T2 (orange,;), T1

(red, -), (compare Fig. 2). (For interpretation of the

references to colour in this figure legend, the reader is

referred to the web version of this article.)
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the equilibrium temperature as well as the enthalpy of reac-

tion, small errors can cause the deviation in the temperature

profile. However, focusing on the initial part of the experiment

that is also most important during the following combination

reactor experiments, the simulation results can be considered

sufficiently accurate for this purpose.

3.2.3. Combination reactor
In a next step, the pure LieMgeNeH material has been

removed from the reactor and the GPSL with a diameter of

13.5 mm separating the MeH material (inside) and the

LieMgeNeH material (outside), has been integrated into the

tube. When the two activated materials have been filled into

the reactor, the following two limiting cases have been

studied.

I) Combination reactor: LieMgeNeH inactive

In the first case, both materials have been fully absorbed

and then cooled down to room temperature, where only the

MeH material has been desorbed. This partial desorption of

the reactor is possible, due to the kinetic limitations of the

desorption reaction for the LieMgeNeH material at the

applied conditions. Then, the absorption reaction is initiated

by pressure and temperature increases and the MeH reaction

at the core starts immediately. As the LieMgeNeHmaterial is

still fully absorbed no further reaction occurs and the tem-

peratures decrease to the temperature of the heat transfer

fluid. Fig. 7 shows the comparison of the experimental and

simulated temperature behaviour in this case. The peak

temperature in the simulation is slightly underestimated and

during the cool-down at about 300 s the temperature decrease

is faster in the experiment compared to the simulated results,

which is analogue to the pure LieMgeNeH experiment.

However, it can be stated that the experimental and simulated

data are in good agreement.

II) Combination reactor: MeH inactive

In the next case, the MeH material is in the completely

absorbed state before the reaction is initiated, thus only the

LieMgeNeH is in the desorbed state. As soon as the temper-

ature and pressure increase are applied, the temperatures in

the reactor increase, and the temperature increase at the

centre (red, -) only due to the absorption of a small remaining

fraction of MeH. When a temperature of 100 �C is reached, in

this case, the reaction rate of the LieMgeNeH is insufficient to

reach equilibrium temperature as the inner annulus filled

with MeH acts as additional mass removing a large fraction of

the heat of reaction. Therefore, the temperature just slightly

exceeds the heat transfer fluid temperature and the reaction

proceeds very slowly. As can be seen from Fig. 8, this case is

also well captured by the model.

Therefore, besides the values for density, porosity, heat

capacity and thermal conductivity, further properties of both

materials like reaction enthalpy, storage capacity and kinetic

parameters are confirmed.

III) Combination reactor: both materials active

Finally, the experiment formodel and concept validation is

shown in Fig. 9. In this case, the complete experiment is per-

formed and both materials are fully desorbed in the begin-

ning. As predicted by the simulation, the temperature at the

centre increases very fast due to the absorption reaction of the

MeH material at the core of the tube. Then, after about 100 s,

the reaction of the LieMgeNeH material is initiated and

already after about 600 s the reaction is completed. Similarly

to the experimental cases before, the peak temperature is

slightly underestimated and the cooling process in the

experiment is faster than in the simulation. However, the

accordance between simulated and experimental data is

good, especially considering the difficult experimental

Fig. 7 e Experimental (symbols) and simulated (lines)

temperature profiles with THTF (blue, :), T3 (green, A), T2

(orange,;), T1 (red,-) in the reactor with the combination

of materials, (compare Fig. 2). Experiment with inactive

LieMgeNeH. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web

version of this article.)

Fig. 8 e Experimental (symbols) and simulated (lines)

temperature profiles with THTF (blue, :), T3 (green, A), T2

(orange,;), T1 (red,-) in the reactor with the combination

of materials, (compare Fig. 2). Experiment with inactive

MeH. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of

this article.)
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conditions: large temperature and pressure gradients are not

just applied from outside, but also developing inside of the

reactor.

So far, the experimental temperature profiles have been

shown together with the simulated data for the different

cases. In addition, Fig. 10 shows the simulated and experi-

mental data for the mass of absorbed H2 for all four cases.

These masses have been calculated from the integral value of

the cross-section geometry in COMSOL multiplied by a height

with respect to the actual mass filled into the reactor HCOMSOL

(compare Fig. 3). As seen from Fig. 10, this information is

correctly predicted by the developed model. While the ab-

sorption reaction of the pure LieMgeNeH reactor starts at

about 600 s and is completed after 800 s, the reaction in the

combination reactor is already completed after 300 s (compact

symbols). In addition to these two main experiments, Fig. 10

shows the two partial experiments in the combination

reactor (open symbols). The pure MeH reaction is completed

already after approx. 100 s, while the pure LieMgeNeH reacts

just very slowly. From the comparison between simulation

and experiment it is clear that not just the temperature pro-

files but also the masses of H2 absorbed are well captured by

the simulations.

3.2.4. Summary of model validation
One important result from the previously shown model vali-

dation steps is that the simulation and experimental data

agree very well. This means that the basic equations used as

well as the values for the properties are sufficiently accurate

and the model can be used for future reactor design simula-

tions. Furthermore, it can be emphasized that also the reactor

concept in general has been proven to positively change the

absorption performance of a pure LieMgeNeH reactor. In the

tube filled with pure LieMgeNeHmaterial it takes about 600 s

to heat thematerial up and initiate the absorption reaction. In

contrast, in the combination reactor with the same diameter

the reaction is already initiated after 50 s. Thus, the concept

actually enables the application of such a complex hydride

material, e.g., for future automotive applications using HT-

PEM fuel cells.

3.3. Discussion of the combination reactor concept

Concluding this results section, the presented reactor concept

will be discussed with respect to gravimetric and volumetric

storage densities. However, the characteristics of the concept

for the combination reactor design are summarized first:

� An indirect combination of both materials can reduce the

required amount of MeH compared to a direct mixture.

� The additional MeHmaterial is able to initiate a reaction of

the LieMgeNeHmaterial in few seconds by heating up the

powder bed to the required temperature.

� While the MeH is initiating the reaction, it is already

absorbing “reusable” hydrogen.

� The internal heat management of a reactor with two ma-

terials differs from a pure LieMgeNeH reactor: in the

combination reactor heat is developed where it is needed

and excess heat appears at the surface close to the heat

transfer fluid.

� In the combination reactor large tube diameters can be

realized without deterioration of the absorption perfor-

mance. Therefore, the length of a reactors can be signifi-

cantly reduced, while storing the same amount of

hydrogen. This is leading to an improved system storage

density as the amount of steel wall can be reduced.

These characteristics show a positive effect on the overall

absorption behaviour of a storage reactor. However, besides

the absorption performance of a storage reactor, the gravi-

metric and volumetric densities are very important properties

with respect to an automotive application.

For the reference materials used in this manuscript, the

storage capacity of the MeHmaterial is lower than the storage

Fig. 9 e : a) Experimental (symbols) and simulated (lines)

temperature profiles with THTF (blue, :), T3 (green, A), T2

(orange,;), T1 (red,-) for an absorption experiment in the

combination reactor, (compare Fig. 2). (For interpretation of

the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 10 e Experimental (symbols) and simulated (lines)

mass H2 absorbed lines vs. time. -: combination

reactor,:: pure LieMgeNeH reactor,>: inactive MeH in

combination reactor, 7 inactive LieMgeNeH in

combination reactor.
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capacity of the LieMgeNeH material. Consequently, the

addition of the MeH in the combination reactor will lead to a

decrease in overall gravimetric storage density. In the present

case, the storage capacity of the pure LieMgeNeH of 3.2 wt.%

has been reduced by the MeH to an overall storage capacity of

2.0 wt.% (based on the total mass of both materials in the

absorbed state). Looking at the volumetric hydrogen storage

density, in the present reactor, the addition of MeH has

improved the overall capacity of the LieMgeNeH material.

This is due to the relatively low powder density of the

LieMgeNeH material with just 450 kg m�3 compared to

4100 kg m�3 for the MeH. Therefore, in the present case 0.99 g

of hydrogen can be stored when both materials are imple-

mented in the reactor, while 0.81 g of hydrogen can be stored

when the reactor is filled with the pure LieMgeNeH material.

However, the LieMgeNeHmaterial can only be considered

as referencematerial for future CxHmaterials, and it has been

used for the present proof of concept due to availability. Thus,

if this storage concept will be used for other complex hydride

materials that actually show high storage capacities of up to

10 wt.% and powder material densities of over 1200 kg m�3,

the addition of MeH will always lead to a slight decrease in

gravimetric as well as volumetric density on the material

level. This decrease depends on the amount of MeH required

for the given geometry as well as on the different material

parameters, and can only be determined by detailed simula-

tions. Considering the reactor on a system level, it is not clear

how the MeH material affects the gravimetric density, as due

to the larger diameters that are possible with the combination

reactor concept, the steel mass for the system can also be

reduced. However, a tank based on pure complex hydride

material cannot simply be used in automotive applications at

all, as the slow absorption performance at low temperatures

due to the conversion reaction will not satisfy the re-

quirements. Therefore, such a tank would require, e.g., the

integration of an additional heater leading to an undesired

increase in system complexity. Thus, even a slight decrease in

storage capacity for the combination reactor might be

acceptable with regard to the possible improvements in

reactor dynamics and absorption as well as desorption

performance.

4. Conclusion

In this paper a reactor concept with a combination of a com-

plex hydride and a metal hydride has been presented. This

new concept combines the advantages of both materials: the

high storage capacities of complex hydride materials with the

high reaction rates of metal hydride materials.

This concept has been studied using two reference

materials: for the complex hydride, 2LiNH2e1.1MgH2

e0.1LiBH4e3wt.%ZrCoH3 (LieMgeNeH) has been selected and

for the metal hydride LaNi4.3Al0.4Mn0.3 (MeH). The basic ge-

ometry for the simulations and experiments has been a

tubular reactor, wherein theMeHmaterial is placed at the core

and the LieMgeNeH material in the annulus, separated by a

thin gas permeable separation layer.

First, preliminary simulations of this setup showed a

temperature front moving from the centre to the annulus and

initiating the reaction of the LieMgeNeH material. Then, a

similar scenario has been studied by experiments in 50 g lab-

scale. The results clearly showed that the reaction of the MeH

material is initiating the reaction of the LieMgeNeH material

and is thereby reducing the absorption time by 500 s. In

several steps, the multiple modelled processes that take place

simultaneously in the reactor have been validated and the

final model can be used for future reactor design simulations.

Concluding, it can be stated that with this reactor concept,

the feasibility of a CxH based hydrogen storage reactor has

been significantly improved: The absorption reaction of the

LieMgeNeH material has been initiated starting from room

temperature although the reaction rate of the pure material is

low at temperatures below 100 �C and pressures below 70 bar.
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a b s t r a c t

Hydrogen storage in complex hydrides can be a storage option in automotive applications

due to the high theoretical hydrogen storage capacities. As hydrogen is bonded by a

chemical reaction to the solid state storage material, it is just released when heat is pro-

vided. In an automotive application for complex hydrides, this heat source can possibly be

provided by the waste heat of a high temperature PEM fuel cell. However, for the appli-

cation of existing complex hydride materials the temperature level of the fuel cell at 180 �C

is still quite low leading to low desorption rates. A new reactor concept based on the

addition of a metal hydride (MeH) to a complex hydride (CxH) reactor, separated by a gas

permeable separation layer, can improve the desorption performance. In this paper, the

effects of this reactor concept on desorption performance are studied using the two

reference materials 2LiNH2e1.1MgH2e0.1LiBH4e3 wt.%ZrCoH3 and LaNi4.3Al0.4Mn0.3. First, a

model is developed and 2D simulations are performed using a driving scenario. Then, the

model is validated by experimental data that has been obtained using a w600 g lab scale

reactor. Concluding, there exist two main advantages of the combination reactor concept:

The desorption time at a pressure above the fuel cell supply pressure is extended by a

factor of 1.2, and 94 instead of 84% of the max. mass of hydrogen stored in the material can

be desorbed at technically relevant boundary conditions.

Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

State of the art fuel cell driven cars are equipped with high

pressure hydrogen storage tanks. However, the accident risk

potential of these tanks is still discussed encouraging the

research for alternative and more safe hydrogen storage so-

lutions [1]. Besides liquid hydrogen storage and cryo-

adsorption, hydrogen storage in solid state hydride materials

can be an option [2]. In thesematerials, the following chemical

reaction takes place between gaseous hydrogen and a solid

metal (M) compound:

Mþ x
2
H2#MHx þ DRH (1)

Due to this reversible chemical reaction, the amount of free

hydrogen in a solid state storage tank is small, and the stored

hydrogen is just releasedwhen heat (DRH) is provided. In future

* Corresponding author. Tel.: þ49 711 6862492.
E-mail address: inga.buerger@dlr.de (I. Bürger).
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automotiveapplicationsapossibleheat source for the releaseof

hydrogen is the waste heat of a fuel cell. For instance, for

complex hydride materials this can be a high temperature

polymerelectrolytemembrane (HT-PEM) inorder to supplyheat

at the required temperature level. Several simulated studies

already showed that the amountof heat released by the fuel cell

is sufficient to desorb the required amount of hydrogen. How-

ever, experimental studies indicated that heat losses can pose

problems [3e5]. As the fuel cell defines the constraints of such a

coupling, a suitable storage material has to desorb sufficient

hydrogen at pressures above ambient and temperatures below

180 �C. These conditions are quite challenging for the existing

complex hydride materials, especially as the reaction rates are

very lowat pressures above ambient. If thesematerials are then

integrated into a reactor, the overall performance mainly de-

pends on the intrinsic reaction rates and in contrast to heat

transfer limited metal hydride storage designs, the addition of

fins, foams, heating coils, etc. is not able to solve this funda-

mental problem for the complex hydride materials.

However, the reactor concept that is presented in this

paper and that is based on the addition of a metal hydride to a

complex hydride reactor separated by a gas permeable layer,

can improve the overall desorption performance of the tank.

The basic assumption of this concept is that on the one hand

complex hydrides in general show high storage capacities, but

rather low desorption reaction rates due to the conversion

type of the absorption/desorption reaction [1]. Metal hydrides,

on the other hand, have rather low hydrogen storage capac-

ities (w1 wt.%), however, their reaction rates are very high

even at room temperature or at pressures close to equilibrium.

Thus, in a combination reactor, both advantages are com-

bined: high storage capacities of the CxH material and high

reaction rates of the MeH material. This concept has been

developed in the framework of activities focussing on the

design and construction of a prototype reactor that can be

coupled to an HT-PEM fuel cell at technically relevant condi-

tions, i.e. allowing for 2 h operation of 1 kWel. For the ab-

sorption process of this prototype reactor, positive effects for

the charging from room temperature are presented in [6].

In the present paper, this concept is for the first time

studied for the desorption process. The focus is on the reactor

pressure during desorption and on the improved desorption

performance of the complex hydride when a metal hydride is

present in the same storage tank.

1.1. Selection of reference materials

In analogy to the study on the absorption [6],

2LiNH2e1.1MgH2e0.1LiBH4e3wt.% ZrCoH3 has been used as

CxHmaterial in the present study on desorption. In this paper,

this material will be abbreviated as LieMgeNeHmaterial. The

material has been synthesized by KIT1 from lithium amide

and magnesium hydride and it is able to absorb w3.2 wt.% of

hydrogen within 1 h at temperatures below 200 �C and desorb

at pressures above 1 bar. Thus, it is possible to desorb

hydrogen from this material below the fuel cell operating

temperature of 180 �C and at a pressure above ambient (here

1.7 bar). The desorption equation for the main LieMg-system

of this material can be written according to [7] as

4LiHþ 2MgðNH2Þ2/LiHþ LiNH2 þ Li2Mg2ðNHÞ3
/2Li2MgðNHÞ2 þ 4H2

(2)

Details on the determination of required material proper-

ties as well as on the required 1st metathesis reaction are

summarized in [8].

As referenceMeHmaterial, LaNi4.3Al0.4Mn0.3 has been used

as the equilibrium pressure of this material at room temper-

ature is below the equilibrium pressure of the LieMgeNeH

material. The material has been commercially available from

Konik Industries Corporation. For the relevant properties,

values from LaNi5 have been adapted and they are summa-

rized in Table 1.

1.2. Concept

In this section, the basic working principle of this reactor

concept is explained by thermodynamic and kinetic informa-

tion of the twomaterials that are plotted in Fig. 1. In this figure,

the equilibrium lineof theMeH (darkorange) and the reference

complex hydride material, the LieMgeNeH (light blue) mate-

rial, are given. Furthermore, the temperature and pressure

regimes that are required for a technically feasible reaction

rate of both materials are shaded in the respective colours.

The desorption procedure in a reactor with pure

LieMgeNeH proceeds as follows: In the beginning, due to the

previous charging, the pressure in the reactor is higher than

the equilibrium pressure of the material, see (1) in Fig. 1. Then

hydrogen is removed from the system and delivered by a

constant mass flow rate to, e.g., a fuel cell. As soon as the

pressure drops below the equilibriumpressure, the desorption

reaction starts and the decrease in pressure is decelerated (2).

However, as the reaction rate of the LieMgeNeH material

even at 160 �C is rather low, thematerial cannot be discharged

completely before the system pressure drops below 1.7 bar e

which is the minimum supply pressure for the used FC.

The addition of some MeH material can improve this per-

formance. As the rate of desorption for the MeH material is

high at temperatures of 160 �C, the pressure in the systemwill

not significantly drop below the equilibrium pressure of the

MeH material before this is completely discharged. Thus, the

system is kept at a pressure between the supply and the

LieMgeNeH equilibrium pressure for a longer time, and the

LieMgeNeH material can continue to desorb hydrogen at a

lowreaction rate. In this case, the requiredhydrogenmassflow

can be supplied by both, the complex as well as the metal hy-

dride. Since the equilibriumpressure of the complex hydride is

higher, thismaterial desorbsalwaysat full rate. In contrast, the

metal hydride only releases sufficient H2 to compensate if the

technically required flow rate exceeds the desorption capa-

bilities of the LieMgeNeH material. Furthermore, in case the

power of the fuel cell is significantly reduced, it is possible that

the pressure in the system increases due to desorption of the

LieMgeNeH material and the MeH material can even be

rechargedduring thesepoints in a driving cycle, see (3) in Fig. 1.

Inanalogy to theabsorptionstudy [6], there exist twooptions

tocombinethetwomaterials inonestoragereactor.Thefirst isa

1 KIT: Karlsruhe Institute of Technology, Institute of
Nanotechnology.
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direct mixture where the two powders are mixed by shaking.

The second option is an indirect mixture where the materials

are separated by a gas permeable layer (GPSL). In order to avoid

potential side reactions between the twomaterials, the second

option has been selected for the present study and the MeH

material has been placed at the core of a tubular reactor, while

the LieMgeNeHmaterial is placed in the annulus.

The aim of this paper is to study the behaviour of the new

combination reactor concept in comparison to a pure

LieMgeNeH reactor for the desorption process. Therefore,

first, simulations are preformed based on simplified scenarios

for an automotive application. Then, the presented model

equations and parameters are validated by several lab-scale

experiments.

2. Methodology

2.1. Experimental details

For the model validation of the desorption experiments, a

prototype tankmodule has been designed. The outer diameter

Table 1 e Relevant material properties used for the simulation.

Value Units Reference

General

Temperature T K

Pressure Pg Pa

Universal gas constant < 8.314 J kg�1 K

Mass change H2 due to reaction _mR kg m�3 s�1

Porosity 3 0.55

Gas density rg Simplified van der waals

Heat capacity of gas cp,g 14,304 J kg�1 K�1 [17] at 24.5 �C
and 1 bar

Dynamic viscosity of gas mg 10�5$9.05(T/293)0.68 Pa s [18]

Molar mass of hydrogen M 0.002 kg mol�1

MeH

Solid density rMeH,0 8200 kg m�3 [19]

Max. gravimetric H2 storage capacity wtmax 1.2126e0.0003 T[�C]�9$10�6 T[�C]2 kgH2
kgMeH

�1 Exp. determined

Thermal conductivity leff,MeH 1.2 W m�1 K�1 [15]

Permeability KMeH 1$10�12 m2 [20]

Specific heat capacity cp,MeH 420 J kg�1 K�1 [15]

Enthalpy of desorption reaction DRHd,MeH 42,360 J molH2

�1 [19]

Entropy of desorption reaction DRSd,MeH 110.69 J molH2

�1 K�1 [19]

Arrhenius parameter for desorption Ad,MeH 20 s�1 Adapted from [16]

Activation energy for desorption Ed,MeH 16,500 J mol�1 K�1 [16]

LieMgeNeH

Solid density rLiMgNH,0 900 kg m�3 [8]

Max. gravimetric H2 storage capacity wtmax 0.032 kgH2
kgMeH

�1 [8]

Max. gravimetric H2 storage capacity,

1st step

wtmax_1step 0.33$wtmax [8]

Max. gravimetric H2 storage capacity,

2nd step

wtmax_2step 0.67$wtmax [8]

Thermal conductivity leff,LiMgNH 0.35 W m�1 K�1 In the range

of [21]

Permeability KLiMgNH 1$10�12 m2 Estimate

Specific heat capacity cp,LiMgNH 1533 J kg�1 K�1 [22]

Enthalpy of desorption reaction DRHd,LieMgeNeH 45,100 J molH2

�1 [8]

Entropy of desorption reaction DRSd,LieMgeNeH 123.9 J molH2

�1K�1 [8]

Arrhenius parameter for desorption,

1st step

Ad,I,LieMgeNeH 2.35$1012 s�1 [8]

Activation energy for desorption,

1st step

Ed,I,LieMgeNeH 131,800 J mol�1 K�1 [8]

Arrhenius parameter for desorption,

2nd step

Ad,II,LieMgeNeH 3.044$1015 s�1 [8]

Activation energy for desorption,

2nd step

Ed,II,LieMgeNeH 161,400 J mol�1 K�1 [8]

Heat transfer

Density of steel rsteel 8000 kg m�3 Thyssen Krupp,

NIROSTA 4571

Thermal conductivity of steel lsteel 15 W m�1 K�1 Thyssen Krupp,

NIROSTA 4571

Heat capacity of steel cp,steel 500 J kg�1 K�1 Thyssen Krupp,

NIROSTA 4571

Heat transfer coefficient from steel

wall to heat transfer fluid (HTF)

hHTF 600 W m�2 K�1 Exp. determined
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of the reactor tube is 42.2mmwith awall thickness of 1.65mm

and a total length of 0.7 m. In order to avoid additional weight

due to flange sealing, the tube has been welded after filling

under argon atmosphere. The inner copper tube, that is sta-

bilizing the GPSL, has an outer diameter of 14 mm and a

thickness of 1 mm (see Fig. 2). In order to monitor the tem-

perature inside of the tube, one thermocouple (Type K) is in-

tegrated at the outside of the copper tube at a distance of

40 cm from the bottom. In this module 283 g of MeH

(LaNi4.3Al0.4Mn0.3) and 283 g of LieMgeNeH (2LiNH2 1.1MgH2

0.1LiBH4 3wt.%ZrCoH3) have been filled as powderedmaterial.

The final tank that will be used for coupling with a fuel cell

consists of 12 identical modules and is therefore able to pro-

vide sufficient H2 for 2 h operation of a 1 kWel HT-PEM fuel cell.

For the present study, the single module has been inte-

grated into a testing setupwhere pressures of up to 150 bar can

be applied and theheat transfer fluid (HTF) can be controlled at

temperatures up to 200 �C. For detailed measurements, 40

thermocouples can be connected and the hydrogen can be

supplied and released by pressure or mass-flow control (up to

30$10�6 kg s�1). Themassofhydrogen that is desorbed fromthe

material is calculatedby thedifference in themassofhydrogen

released fromthe setupand themassofhydrogen releaseddue

to apressuredecrease in theknownvoidvolumeof the reactor.

2.2. Modelling

The model equations used for the simulation of the storage

reactor apply the following common assumptions from

different literature models:

� The gas and the solid phase are quasi-homogeneous, the bed

porosity and the solid density are constant, and all properties

are independent of the transformed fraction [9e14].

� Local-Thermal-Equilibrium (LTE) is assumed [9e14].

� Darcy flow in radial direction is implemented for all simu-

lations and convective heat transport is considered in the

energy balance, accordingly [10,15].

� Ideal gas is assumed for all simulations [9,11,13e15].

� Pressure work has been explicitly neglected due to small

pressure gradients during the scenarios [12,14].

� No dependence on pressure, temperature or transformed

fraction has been considered for the properties of the mate-

rials and the hydrogen gas [9e15].

2.2.1. Model equations
Analogous to [6], the model is implemented into the software

COMSOLMultiphysics and rate equations, themass balance of

the gas as well as a total energy balance are considered.

The rate equations can be written as

vx
vt

¼ _mR (3)

where _mR is given in s�1. The expressions for the two-step

desorption reaction of the LieMgeNeH material have been

Fig. 2 e Drawing of complete reactor tube.

Fig. 1 e Schematic van’t Hoff plot for MeH and LieMgeNeH

material. Lines refer to thermodynamic equilibrium lines

for the reversible sorption reaction of MeH (light orange)

and LieMgeNeH (dark blue). Shaded areas show

temperature and pressure range where the absorption and

desorption reaction of MeH and LieMgeNeH proceed in

relevant time frames. Arrows indicate desorption process

in a reactor. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web

version of this article.)
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determined in [8], and are summarized in Table 1. For theMeH

material, rate equations from a 1st order literature model ([16])

have been adapted and the according parameters are also

summarized in Table 1.

The mass balance for the gas phase is

3
M
<T

vPg

vt
� 3

PgM

<T2

vT
vt

� V

 
rg

K
mg

VPg

!
¼ �ð1� 3Þ _mRwtmaxrs (4)

where Darcy flow is used for the description of the gas velocity

V vg
�! according to

VPg ¼ �mg

K
$ vg
�! (5)

For the energy balance of the system, local thermal equilib-

rium (LTE) T ¼ Tg ¼ Ts, is assumed leading to

h
ð1� 3Þcp;srs þ 3cp;grg

i vT
vt

¼ cp;grg
K
mg

VPgVT� V
�
$� �leff�VT�

� ð1� 3Þ _mRwtmaxrsDRH (6)

The expression on the left hand side of this equation refers

to the accumulation of enthalpy in the gas as well as in the

solid phase. On the right hand side, convective heat transfer of

the gas phase, heat transfer by thermal conduction in the gas

and solid phase and a heat source due to the reaction are

accounted for. The expression for the effective heat conduc-

tivity can be calculated as

leff ¼ ð1� 3Þls þ 3lg (7)

or determined experimentally as the heat conductivity of the

hydride powder.

2.2.2. Geometry
For modelling of the geometry (see Fig. 3), axial effects have

been neglected and just a segment of a circle (45�) has been

modelled leading to symmetry conditions on b1 and b2. The

reactor ismodelledusing four domains: the stainless steelwall

(D4), the powder bed of the LieMgeNeH (D3), the copper tube

that is stabilizing theGPSL (D2), and the powderbed of theMeH

(D1), (see Fig. 3). In order to model simplified gas transport

holes in the copper tube, a porosity of 1% has been assumed.

2.2.3. Initial and boundary conditions
For the desorption experiments as well as for the simulated

scenario, the boundary conditions have been set with respect

to a driving cycle in a car (compare Fig. 3). Thus, the initial

pressure is equal to the charging pressure of the system

(70 bar in the experiments, 20 bar in the basic scenario). Then,

the pressure in the reactor decreases, as H2 is released by a

constant mass flow rate

_m ¼ rswtmaxð1� 3Þ$rreq$Atube$H (8)

where the required H2 flow rate rreq is given in s�1. Atube refers

to the perpendicular cut to the tube axis that is modelled and

the heightH is 1m. Using this definition, the pure LieMgeNeH

reactor and the combination reactor can be directly compared

with respect to the same possible operation time for the

amount of hydrogen stored in each case. A maximum opera-

tion time of 2 h is assumed and in all experiments, the

desorption process is interrupted as soon as the pressure falls

below 1.7 bar, as this is the minimum working pressure to

supply the fuel cell. During the total experiment, the tem-

perature of the HTF is kept at a constant fuel cell operating

temperature.

In the desorption experiments used for the model valida-

tion, the temperature has been varied by 5 K (165 and 170 �C)
and themass flow rate of H2 has been changed from 0.75 to 1.5

and 3$10�6 kg s�1. Furthermore, one experiment with a peri-

odic mass flow rate between 0 and 3$10�6 kg s�1 has been

performed.

3. Results and discussion

3.1. Simulations

In this first part of the results, simulations of the desorption

process are presented. Using these simulations, the interac-

tion of both materials during the desorption process can be

clarified, moreover information on the desorption progress of

the two single materials, that is not experimentally available,

can be derived.

As mentioned in Section 2.2.3, in the applied scenario the

initial pressure is 20 bar, then hydrogen is released with a

constant flow rate and the simulation is terminated as soon as

a pressure of 1.7 bar is reached. In order to discuss the influ-

ence of the MeH material on the overall reactor performance,

this scenario is calculated for pure LieMgeNeH and for the

combination reactor using the same outer tube geometry: The

Fig. 3 e Left: modelling geometry of reactor with all 4 domains. Right: summary of initial and boundary conditions during

desorption.
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diameter of the GPSL is 13.5 mm and the diameter of the

LieMgeNeH powder bed is 34 mm corresponding to a volume

fraction of 3LiMgNH ¼ VLiMgNH/Vtotal ¼ 0.85 for the LieMgeNeH

material. For simplification, in the respective simulations, any

resistance of the GPSL is neglected (only in this section). In the

following, the calculated results of pressure, temperature and

mass H2 desorbed versus time for the simulations of both

reactors are presented.

3.1.1. Pressure versus time
Fig. 4 shows the pressure versus time evolution for the

simulation of the pure LieMgeNeH reactor, including the in-

formation of the actual equilibrium pressure of the material

(depending on the average temperature). In the beginning, the

pressure is decreasing linearly due to the H2 release from the

free volume inside of the reactor (red, solid line). As soon as

the pressure falls below the equilibrium pressure of the

LieMgeNeH (grey, dashed line), the desorption reaction can

start. However, close to the equilibrium, the reaction rate of

the LieMgeNeH material is still very low due to kinetic limi-

tations. Therefore, the pressure inside the reactor cannot

follow the equilibrium pressure instantaneously. At a pres-

sure of approx. 5 bar, a plateau is formed indicating that the

desorption reaction can supply the required amount of

hydrogen. At this point in time, the driving pressure differ-

ence between the gas pressure and the equilibrium pressure

of the LieMgeNeH material is approx. 3 bar. The slight in-

crease in pressure in the beginning is due to the reaction

mechanism of the LieMgeNeH material, that shows a

sigmoidal shape for isothermal and isobaric conditions

(compare [8]). At about 6000 s, the desorption scenario for the

pure LieMgeNeH reactor is terminated as the pressure rea-

ches 1.7 bar.

In contrast, Fig. 5 shows a pressure plot for the same sce-

nario, but with the combination reactor. In this case, the

pressure (solid, red line) decreases to the equilibrium pressure

of the MeH material (dotted, grey line), and then follows this

value instantaneously. This behaviour is due to the high re-

action rates of the MeH material at the present temperatures

that are approx. two orders of magnitude higher than the re-

action rates of the LieMgeNeH material: On a material basis

themetal hydride reaction proceeds in less than 20 s, at 165 �C
and 1 bar, while the LieMgeNeHmaterial requires 3600 s for a

complete desorption, at 165 �C and static vacuum. Hence, both

materials are desorbing very close to the equilibrium pressure

of the MeH material. The LieMgeNeH desorbs H2 with a rate

possible at this pressure and temperature, and the MeH is

releasing the additionally required amount of hydrogen to

keep the pressure at the equilibrium pressure plateau. As soon

as the MeH material is fully desorbed, the pressure in the

system decreases and the desorption process is terminated.

Thus, the MeH material is able to significantly improve the

overall dynamic desorption performance of a pure

LieMgeNeH reactor as it can provide a hydrogen buffer dur-

ing peak loads due to reaction rates that are two orders of

magnitude higher than for the LieMgeNeH material.

3.1.2. Mass desorbed and temperature versus time
Fig. 6 shows the mass of H2 that is desorbed from the reactor

per m length of model reactor. The overall mass (solid line) is

linear, as H2 is removed from the system by a constant flow

rate. This value can also be calculated based on experimental

results. However, using the simulation, it is additionally

possible to determine howmuch hydrogen has been desorbed

by each material at each point in time. From this plot it is

obvious that the LieMgeNeHmaterial is able to desorb a large

fraction of the required amount of H2 up to 3600 s (dashed

line). However, in the following seconds the amount desorbed

by theMeHmaterial increases (dotted line), thus compensates

the decreasing amount of H2 that can be desorbed by the

LieMgeNeH material. In the end, the LieMgeNeH material

has released 94% of its max. H2 capacity (indicated by symbol)

in the combination reactor, while in the pure reactor just 84%

of the H2 are desorbed before the pressure falls below the fuel

cell supply pressure (not shown here).

In Fig. 7, the temperature profile inside of the reactor is

shown: TGPSL is shown as dashed line, and T1 as solid line for

Fig. 4 e Gas pressure versus time for simulations with pure

LieMgeNeH. Red solid line: Pg, grey dashed line:

Peq,LieMgeNeH.

Fig. 5 e Gas pressure versus time for simulations with

combination reactor at 165 �C. Red solid line: Pg, black

dashed line: Peq,LieMgeNeH, grey dotted line: Peq,MeH.
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the combination reactor. During the first 3600 s of the reac-

tion, the temperature in the reactor reaches a homogeneous,

approx. constant temperature and shows only a small tem-

perature difference between T1 and TGPSL. This indicates that

the LieMgeNeH material is desorbing a sufficient amount of

H2 for the required hydrogen mass flow rate. In the following

seconds, a significant temperature decrease can be observed

and T1 starts to deviate from TGPSL. This decrease aswell as the

deviation in temperature is due to an increasing fraction of the

MeHmaterial, which is additionally desorbing hydrogen at the

centre of the reactor tube. Thus, the simulated temperature

profiles support the observations in the pressure and mass

desorbed versus time plots, indicating that the MeH material

compensates the low reaction rate of the LieMgeNeH

material.

3.1.3. Discussion
From the simulation results, it is obvious that for the present

reference materials the desorption performance in the com-

bination reactor is advantageous in comparison to the pure

LieMgeNeH reactor. In case of a constant mass flow rate of

hydrogen to the fuel cell, the length of the pressure plateau is

significantly extended (fromapprox. 6000 se7400 s), as the fast

desorbingMeHmaterial is stabilizing the plateau pressure and

therefore extends the desorption time for the LieMgeNeH

material. Thus, the LieMgeNeH material is actually able to

desorb H2 to a higher extend at technically relevant conditions

in the combination reactor in comparison to the pure reactor

(94e84%).

At this point it has to be mentioned that the observed ef-

fects are not only influenced by the reaction rates of the two

materials, but also by the remaining material properties as

enthalpy of reaction, thermal conductivity, heat capacity, etc.

Furthermore, the total diameter of the reactor tube as well as

the diameter of the GPSL will influence the performance.

Thus, for the design of a suitable combination reactor, infor-

mation on the properties of thematerials as well as parameter

studies using validated model equations are essential.

3.2. Model validation

In this second part of the result section, the model equations

and parameters are experimentally validated using the

reactor described in Section 2.1. Therefore, several desorption

experiments have been performed at 165 and 170 �C and

applying hydrogenmass flow rates of 0.75, 2 and 3$10�6 kg s�1.

A flow rate of 1.5$10�6 kg s�1corresponds to the amount of H2

required for 2 h operation of a 1 kWel fuel cell (50% efficiency),

if all 12 modules are used in parallel. Furthermore, one

experiment with a periodic mass flow rate between 0 and

3$10�6 kg s�1 has been performed.

3.2.1. Varying hydrogen mass flow rate
Fig. 8 shows the simulated and experimental desorption re-

sults for the experiments at 170 �C and three different

hydrogen mass flow rates. As expected, the pressure almost

linearly decreases due to the constant mass flow rate of

hydrogen in the beginning of the procedure. Then, the

desorption reaction starts and a plateau in pressure is formed.

Corresponding to the different mass flow rates the level of the

plateau pressure varies e for low flow rates the plateau

pressure is higher. This effect is very well captured by the

model. As soon as the pressure falls below 1.7 bar, the

experiment and the simulation are terminated since the

pressure is too low for a coupling to the fuel cell. Also this

behaviour is well captured by the simulation. However, there

is a significant deviation between the model and the simula-

tion in the first seconds of the experiment, where the pressure

is in theory linearly decreasing. While in the simulation, no

hydrogen is released by the material above the equilibrium

pressure of the LieMgeNeHmaterial, in the experiment some

hydrogen is already released slowly, indicated by the devia-

tion of the pressure signal from a solid line.

In addition to the pressure versus time plots, in Fig. 9, the

temperature evolution at the position of the thermocouple is

Fig. 6 e Mass H2 desorbed in g per m of reactor length in a

simulated desorption scenario in the combination reactor.

Solid line: total desorbed H2 mass, dashed line: H2

desorbed by LieMgeNeH, dotted line: H2 desorbed by MeH,

-: max. H2 mass of LieMgeNeH, :: max. H2 mass of MeH.

Fig. 7 e Temperature versus time for a simulated

desorption scenario in the combination reactor. Solid line:

T1, dashed line: TGPSL, dotted line: THTF.
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shown. From this plot it is also obvious that in the experiment

the reaction is initiated at much higher pressures in com-

parison to the simulation. Furthermore, the level of the tem-

peratures in the simulation is slightly lower than in the

experiment. This can be for instance due to the incorrect

modelling of the exact position of the thermocouple. However,

similarly to the experiment, the simulated temperature evo-

lution first shows a plateau, before the reaction of the MeH is

increasingly desorbing H2 which leads to an enhanced tem-

perature decrease at about 4000 s.

The fact that in the simulation the reaction is initiated at

lower pressures than observed experimentally can only be

explained if the thermodynamic equilibrium of the reaction

appears actually at a higher pressure than it is assumed for

highweight fractions of hydrogen. However, for themodelling

of the reaction rate, just desorption experiments at pressures

below 6 bar have been available and for the fitting procedure

an average equilibrium pressure for the complete hydrogen

storage capacity has been assumed [8]. Hence, these model

equations cannot capture any desorption reaction at pres-

sures that are higher than the assumed average equilibrium

pressure. In order to improve these model equations, more

studies on the reaction rates even at higher pressures would

be necessary. However, as the general behaviour of the reactor

concept with the two materials is captured quite well, espe-

cially in the e for the coupling e important low pressure re-

gimes, the available data seems to be sufficient.

3.2.2. Periodic mass flow rate
In addition to the experiments with constant mass flow rate,

Fig. 10 shows the pressure and mass flow rate versus time for

the experiment at 1.5$10�6 kg s�1 and for an experiment with a

periodic hydrogen flow rate of 0 and 3$10�6 kg s�1 at 170 �C.
Analogous to the previous pressure plots, in the first seconds

of the experiments, where the pressure is slowly decreasing,

there is a constant deviation in the reaction rate between the

experiment and the simulation leading to an increasing de-

viation between the two signals. However, at pressures below

the equilibrium pressure, the simulation is capturing the

experimental behaviour verywell. This is even the case for the

experiment with the periodic flow rate, where the resulting

pressure changes can be captured by themodel. Furthermore,

Fig. 9 e Temperature versus time for the desorption

experiment at 170 �C and 1.5$10L6 kg sL1.,: temperature of

the HTF, -: temperature at r [ 0.007 mm. Line: simulation.

Fig. 8 e Pressure (opensymbols) andmassflowrate (compact

symbols) of hydrogen versus time for experiments at three

different required mass flow rates. Turqouise,6:

3$10L6 kg sL1, blue,,: 1.5$10L6 kg sL1 and black,A:

0.75$10L6 kg sL1. Lines: pressure simulations. (For

interpretationof the references to colour in thisfigure legend,

the reader is referred to the web version of this article.)

Fig. 10 e Pressure (compact symbols) andmass flow rate

(open symbols) of two desorption experiments at 170 �C.
Blue,-: constantflow rate of 1.5$10L6 kg sL1, red,�: periodic
hydrogen flow rate. Lines: pressure simulation. (For

interpretationof the references to colour in thisfigure legend,

the reader is referred to the web version of this article.)
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in Fig. 11, the desorbed mass of hydrogen versus time is

calculated for the desorption experiment and the simulation

with the periodic hydrogen mass flow rate. In this plot it can

be seen that themass of hydrogen that is actually desorbing in

the first seconds before the plateau is reached is quite small: at

2000 s less than 1 g of hydrogen has been desorbed from the

283 g of LieMgeNeH, corresponding to approx. 10% of the

total 9.1 g of hydrogen that can be stored in the LieMgeNeH

material.

Overall, the accordance between the simulated and experi-

mental results of the desorbed mass of hydrogen is very good.

Thus, thismodel can be used to provide further information on

the desorption state of the materials that cannot be extracted

from the experimental results. E.g. from the two additionally

simulated graphs in Fig. 11, corresponding to the mass des-

orbed by the MeH and desorbed by the LieMgeNeH, it is

obvious that in the first 4000 s the LieMgeNeH material is

desorbing the main part of the released hydrogen. Then, the

reaction rate is not sufficient anymore and the fraction of

hydrogen desorbed by the MeHmaterial is increasing. As soon

as theMeHmaterial is fullydepleted, thepressure in thesystem

cannot be stabilized anymore and the experiment is termi-

nated.Thus, fromthis information it is clear that theadditionof

the MeH material is actually improving the performance of a

pure LieMgeNeH reactor during the desorption process.

3.3. Discussion of the combination reactor concept

From the preliminary simulation as well as the experimental

results presented in this paper, two important points that are

characterizing the new concept for the desorption process can

be summarized:

� The desorption time in the simulated scenario is extended

from the pure LieMgeNeH scenario to the combination

reactor as the system pressure is stabilized above the fuel

cell supply pressure. In the presented case, the desorption

time is increased by a factor of 1.2.

� The transformed fraction of LieMgeNeH material is

actually higher in the combination reactor than in the

pure LieMgeNeH reactor as 94 instead of 84% can be

reached.

Thus, it is clear that in the present case, the influence of the

combination has positive effects on the overall desorption

performance of the reactor.

For future combination reactors with new CxH materials,

it can be recommended to choose a MeH material with an

even lower equilibrium pressure than the present material.

This can be advantageous as the gas pressure of the system

will always instantaneously follow this equilibrium pressure,

due to the very high reaction rates of the MeH material.

Therefore the desorption rate of the CxH material is also

improved when this pressure is very low, and as a result the

desorption efficiency of the CxH material will increase.

Furthermore, the potential recharging of the MeH material is

facilitated.

Finally, it has to bementioned that the addition of aMeH to

a future CxH material will always lead to a slight decrease in

the overall volumetric and gravimetric storage density. How-

ever, for absorption [6] as well as desorption, the combination

reactor concept has a positive effect on the dynamic reactor

performance. For example, the charging time is reduced and

the desorption time at pressures above the fuel cell supply

pressure is extended. Thus, it enables the technical applica-

tion and the utilization of the high H2 storage capacities

characterizing conversion materials.

4. Conclusions

In the present paper, the effects of a combination reactor

concept based on the addition of a MeHmaterial to a complex

hydride material reactor have been studied for the desorption

process. Preliminary 2D simulations showed that the MeH

material is improving the overall desorption performance of

the LieMgeNeH system at fuel cell relevant boundary con-

ditions. This is mainly due to the fact that the fast desorption

reaction of the MeH stabilizes the pressure in the reactor at

the equilibrium pressure of thematerial. Furthermore, several

experiments have been performed in a lab scale reactor with

283 g of eachmaterial. There is a deviation betweenmodel and

experiment, as in the experiments the material already de-

sorbs about 10% of the hydrogen at pressures well above the

assumed equilibrium pressure. However, the general accor-

dance between the simulation and the experiment has been

good, thus the model and the parameters can be considered

validated.

Finally, it can be concluded that a combination reactor

concept based on the addition of a MeH material to a CxH

material is a promising option to improve the overall

desorption performance of a pure complex hydride reactor:

The MeH material stabilizes the desorption system pressure

above the fuel cell supply pressure and hence improves tank

dynamics.

Fig. 11 e Mass of H2 desorbed by the reactor in the

experiment with periodic flow rate at 170 �C. -:

experimental data, solid line: simulated desorbed H2 mass,

dashes: simulated H2 mass desorbed by MeH, dash-dots:

simulated H2 mass desorbed by LieMgeNeH.
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a b s t r a c t

2 LiNH2e1.1MgH2e0.1 LiBH4e3wt.% ZrCoH3 is a solid state hydrogen storagematerial with a

hydrogen storage capacity of up to 5.3 wt.%. As the material shows sufficiently high

desorption rates at temperatures below 200 �C, it is used for a prototype solid state hydrogen

storage tankwithahydrogencapacity of 2kWhel that is coupled to ahigh temperature proton

exchange membrane fuel cell. In order to design an appropriate prototype reactor, model

equations for the rate of hydrogen sorption reactions are required. Therefore in the present

study, severalmaterial properties, like bulk density and thermodynamic data, aremeasured.

Furthermore, isothermal absorption and desorption experiments are performed in a tem-

perature and pressure range that is in the focus of the coupling system. Using experimental

data, two-stepmodel equations have been fitted for the hydrogen absorption and desorption

reactions. These empiricalmodel equations areable to capture theexperimentallymeasured

reaction rates and can be used for model validation of the design simulations.

Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Due to high theoretical storage densities, complex hydrides

show the potential to improve the present state of the art of

hydrogen storage for automotive applications [1]. As the

hydrogen is strongly bonded to the powdered material, the

amount of free gaseous hydrogen in equilibrium at room

temperature and pressure is small and hydrogen is just

released when external heat is provided for the endothermal

desorption reactions. In case the storage reactor is coupled to

a fuel cell (FC), the required amount of hydrogen can be

released by transfer of waste heat from the FC. This kind of

coupled system has already been studied by several simula-

tions and experiments for conventional metal hydrides, as

well as for NaAlH4 [2e4].

The present work has been developed within a framework

of activities aiming to realize a hydrogen storage tank that is

* Corresponding author. Tel.: þ49 711 6862 492.
E-mail address: inga.buerger@dlr.de (I. Bürger).
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studied in technically relevant scale, i.e. allowing for 2 h

coupled operation with a 1 kWel high temperature proton-

exchange membrane (HT-PEM) fuel cell. As for an appro-

priate tankdesignmodelling simulation tools areused, reliable

information on the properties of the selected storage material

is required, e.g., bulk density, storage capacity, thermody-

namic properties and reaction rate equations. In the present

paper, these values are summarized for the selected material.

The material that has been chosen for the prototype sys-

tem is based on the LieMgeNeH system, as these materials

release significant amounts of H2 at temperatures below the

HT-PEM fuel cell operating temperature, i.e. max. 200 �C [5].

Hence, it is possible to maintain the tank at a temperature

sufficiently high for the required hydrogen delivering rates by

simply using waste heat of the fuel cell. Although the

LieMgeNeH system has been suggested for hydrogen storage

in automotive applications previously [6], to our knowledge,

applications have not been reported yet.

While pure LieNeH stores theoretically 11.5 wt.% [7], the

partial substitution of LiH with MgH2 reduces the amount of

H2 to 5.4 wt.% [8,9]. However, this substitution significantly

reduces the thermodynamic barriers [10,11], and an experi-

mental gravimetric density of 4.6 wt.% below 200 �C can be

reached [8]. In the basic system for this study, the ratio of

lithium amide tomagnesium hydride is 2:1.1, and the reaction

of this system is reported as [8]

2LiNH2þMgH2 /|{z}
1

MgðNH2Þ2þ2LiH #|{z}
2

Li2MgðNHÞ2þ2H2 (1)

The first step (1) is an irreversible exothermic metathesis

reaction that just takes place during the first “activation“

procedure. The corresponding reaction enthalpy has been

estimated by Araújo et al. as 68.8 kJ mol�1 [12] and experi-

mentally verified by Luo [13]. The storing process corresponds

to the second reaction (2), that reversibly absorbs/desorbs

hydrogen in two steps (2a and 2b). These steps have been

verifiedby in-situneutrondiffraction [14] and canbewrittenas

PCI curves of this system show that the first step (2a) ap-

pears as a sloping region, while the second step (2b) corre-

sponds to a plateau [8].

In order to improve this basic system, different additives

have been investigated in the literature. LiBH4 seemed to

improve reaction rates and thermodynamics, when added in

small ratios [15,16]. In 2010, Zhang et al. presented a system

with 2e1.1e0.1 LiNH2eMgH2eLiBH4 and 3 wt.% ZrCoH3,

showing a theoretical hydrogen capacity of 5.6 wt.% and

experimentally observed capacities of 5.3 and 3.75 wt.% for

absorption and desorption, respectively [17]. Ulmer et al.

studied the same systemresulting in capacities of 3.5e4.2wt.%

[18]. According to Hu et al. [19], the effects of the two additives

in this basic system are different. While the addition of LiBH4

facilitates the metathesis reaction for the first cycle and

furthermore generally enhances kinetics via the formationof a

liquid intermediate phase, ZrCoH3 leads to powder pulverizing

effects. For the development of the prototype reactor, this

material has been chosen due to the acceptable storage ca-

pacity and sufficient reaction rates below 200 �C. In the

following, this material will be abbreviated as LieMgeNeH.

So far, in literature there are no model equations

describing the reaction rates of this material for absorption

and desorption, but rather qualitative comparative studies on

the reaction rates using different dopants [15,19,20]. There-

fore, in the present paper, the focus is on the determination of

simple but satisfying mathematical equations describing the

reaction rate of the absorption and desorption process of the

material in the desired pressure and temperature range.

Furthermore, thermodynamic data, as well as bulk density,

will be determined.

Experimental

Material preparation

LiNH2 (95%, SigmaeAldrich), MgH2 and LiBH4 (95%, Alfa Aesar)

were purchased, stored in the glove box and used as received

without pretreatment. ZrCoH3 was prepared from ZrCo ingot

(SAES Getters S.p.A., Italy) by exposing to 1 MPa H2 at ambient

temperature and milled before use.

The starting chemicals with a composition of 2 LiNH2e1.1

MgH2e0.1 LiBH4e3 wt.% ZrCoH3 were loaded into a 500 ml

milling vial made of stainless steel and sealed inside the glove

box. Ball milling was conducted on a Retsch PM-400 planetary

ballmill that can accommodate 4milling vials in one run. Each

vial contained 103 g of material, so that in total 412 g material

was prepared in a single batch. The milling was operated at

250 rpm in a reverse mode at the interval of 10 min/1 min for

100 h with a ball-to-powder ratio of 5.

Activation procedure

After synthesis, the material is still present in the basic form

as Lithium Amide and Magnesium Hydride with only a small

fraction reacted to Li2Mg(NH)2. Therefore, before the material

is studied for hydrogen sorption, the powder needs to be

transformed by an exothermic metathesis reaction (see Equa-

tion (1)) that causes a visible change in material colour from

dark black to light grey.

For small amounts of material this is usually done by

applying a slow heating ramp (2e5 K min�1) or just by cycling

the powder in an isothermal measurement setup. However,

for larger amounts (2 g or even kg scale for the final prototype),

it is not possible to keep the reaction bed at isothermal con-

ditions. In contrast, the reaction of thematerial is accelerating

2Li2MgðNHÞ2 þ 4H2 /|{z}
2a

LiHþ LiNH2 þ Li2Mg2ðNHÞ3 þ 3H2 /|{z}
2b

4LiHþ 2MgðNH2Þ2 (2)
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due to the heat evolution of this metathesis reaction. There-

fore, the activation of thematerial needs to be performed very

carefully for larger volumes of materials and heat removal

needs to be addressed by, e.g. heating the material up in

isothermal steps of several hours for every 10 K.

Density

As He pycnometry is a suitable method to obtain the density

of powder samples at room temperature [21], this method

has been applied to the selected LieMgeNeH material. The

He pycnometry measurements have been performed in a

home-made, well-calibrated Sieverts apparatus. Expansions

of He (purity 6.0) from a reservoir volume to the sample

holder took place five times, and the maximum pressure was

kept under 4 bar to minimize the effect of the gas

compressibility.

PCI measurements

Hydrogen sorption experiments were performed in the

0e100 bar pressure range using a volumetric instrument (PCI

instrument by Advanced Materials Corporation, Pittsburgh

PA). Ultra-pure 6.0 grade H2 was used and the powders

(about 500 mg) were transferred under nitrogen atmosphere

in the measurement cell. For all PCI measurements (per-

formed at 170, 180 and 200 �C), the sample was previously

activated by three cycles of absorption (100 bar)/desorption

(vacuum) at 150 �C. For each PCI run, new sample material

has been used.

Testing setup for measurement of reaction rates

For themeasurements of the reaction rates, a reactor has been

designed for approx. 2 g ofmaterial. Themain requirement for

this reactor has been to guarantee isothermal and isobaric

reaction conditions over the powder bed. Thus, any heat or

mass transport limitations that could affect the measured

reaction rate have been avoided. This has been realized by the

following three points [22]:

� The contact surface with the surrounding stainless steel

has been designed to be as large as possible to enhance

heat removal and avoid hot spots inside the powder bed.

� The stainless steelmass of the reactor is big enough to limit

the temperature increase to a maximum of DT ¼ 2 K inside

the stainless steel material, while taking up the total heat

of reaction of the powder.

� The amount of material inserted into the reactor has to be

adapted to absorb 0.1 g H2, leading to a sufficient mea-

surement accuracy for evaluation of conversion.

As shown in Fig. 1, the final geometry of the reactor is a

spindle with a gap of 0.5 mm. The reactor can then be filled by

screwing the spindle into the powder material. In order to

control the temperature, one thermocouple is integrated into

the reactor and placed close to the powder.

For the hydrogen sorption experiments, this reactor has

been integrated into the setup shown in Fig. 1. The general

principle of this setup is a volumetric measurement based on

the measured pressure difference in a defined reference vol-

ume before and after the experiment (Sieverts type) [23].

Before the experiment starts, in the Sieverts volume

(Vs þ Vabs þ Vdes) a certain pressure (PS4) is applied. Further-

more, the temperature in the reactor is controlled by a ther-

mostatic bath at the defined set temperature. Then, for

absorption the manual valve HV-3 is closed in order to

maintain the set pressure in the small volume Vabs. After

opening the pneumatic valve PV-2, the gas is flowing into the

reactor (VR) and the absorption reaction is initiated: On one

side of the differential pressure sensor (in Vs þ Vdes þ VR), the

pressure decreases due to the void volume of the reactor and

Fig. 1 e Left: photo of the reactor used for the reaction rate measurements consisting of container and spindle. Right: scheme

of the Sieverts type testing setup.
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due to the absorption reaction inside of the reactor until the

reaction is complete. While on the other side of the sensor in

Vabs the pressure is constant. Hence, the pressure difference

between these two volumes can be measured and it corre-

sponds to the absorbed mass of hydrogen. This pressure dif-

ference reached maximum values of 1 bar in the present

experiments, while the pressure variation between two ex-

periments was 15 bar for absorption and 3 bar for desorption.

Thus, the present experiments can be considered reasonably

isobaric. In case of desorption, the same procedure is

inversed: HV-2 is closed and the pressure is increasing in

VS þ Vabs.

Results and discussion

In the following, the results of the important properties of the

LieMgeNeH material for reactor design simulations are pre-

sented and summarized. The corresponding nomenclature is

given in Table 2.

Bulk properties

The material density is a very important property in order to

estimate the volume the material occupies in the reactor and

thus an important input parameter for the reactor design

simulations. Using the setup described in Section 2, the den-

sity of the as-milled sample has been determined to be

1.00$103 kg m�3. The sample was afterwards heated up to

500 �C at 2 �C min�1 and was kept isothermally for 8 h under

dynamic vacuum. Then, it was let to cool down to room

temperature where pycnometrymeasurements took place. Its

density in the desorbed state was 0.79$103 kg m�3. These

values are in accordance with literature values of

0.54$103 kgm�3 for the bulk density, when an open porosity of

50e60% is assumed [24].

Thermodynamic properties

As during lab-scale experiments high equilibrium tempera-

tures (220e250 �C) have been reached at pressures of 70 or

85 bar, experimental PCT measurements as well as results

from experimental lab-scale reactor have been used for the

determination of the thermodynamic parameters. PCT iso-

therms were characterized by two regions, as previously re-

ported for LiNH2eMgH2 based material see Equation (2), [8,14]:

(i) the first one, at low pressures, assigned to complex solid

state transformations from Li2Mg(NH)2 to Li2MgNxHy phases

and (ii) the second one, at higher pressures, characterized by

the gradual transformation of the previous species to

Mg(NH2)2 þ 2LiH (for more details see Ref. [25]). From the

corresponding van’t Hoff plot, the enthalpies (DRH) of the

sorption reactions are DRHabs ¼ �38 kJ mol�1
H2

and

DRHdes ¼ 45 kJ mol�1
H2
, and the entropies (DRS) of the reactions

are DRSabs ¼ �111 J mol�1
H2

K�1 and DRSdes ¼ 124 J mol�1
H2

K�1 for

absorption and desorption, respectively. These values are in

good agreement with those reported in Ref. [26].

Reaction rates

In order to simulate basic absorption or desorption scenarios in

a reactor, the reaction rate of the material is necessary. There-

fore, empirical equations for the absorption and desorption of

the present LieMgeNeHmaterial have beendeveloped and the

according results are summarized in this section.

The procedure that is used for the fitting of all rate equa-

tions is based on the assumption that the effective reaction

rate can be described by the following equation

vx
vt

¼ �A$exp

�
�Ea

<T
�
$fðPÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

k

$fðxÞ; (3)

where x is the transformed fraction, t is the time and P is the

gas pressure. The first factor on the right hand side refers to

the Arrhenius equation describing the temperature dependency

of the reaction rate, whereA is the pre-exponential factor, Ea is

the effective activation energy and < is the gas constant. The

second factor represents the thermodynamic information by a

dependency of the rate on the distance to the equilibrium

pressure. For this factor, two basic mechanisms which are

common formetal hydrides according to Refs. [27,28] or [29,30]

fðPÞ ¼
�
P� Peq

Peq

�
; or fðPÞ ¼ ln

�
P
Peq

�
(4)

have been used, where Peq is the equilibrium hydrogen pres-

sure. As indicated in Equation (3), the product of the Arrhenius

and the pressure factor is also referred to as rate coefficient k.

Table 1 e Model parameters for 1st and 2nd reaction step
of LieMgeNeH absorption (abs) and desorption (des) with
according error values as well as the R2 value for the
quality of the fit.

Value Accuracy

1st step abs Ea,abs,I in kJ mol�1 164.8 �4.6�
P�Peq;abs
Peq;abs

�
Aabs,I in kJ mol�1 2.729$1017 $e1.31 ¼ 3.71,

$e�1.31 ¼ 0.27

2nd step abs Ea,abs,II in kJ mol�1 147.8 �7.9�
P�Peq;abs
Peq;abs

�
Aa,II in kJ mol�1 4.678$1014 $e0.95 ¼ 2.59,

$e�0.95 ¼ 0.39

1st step des Ea,des,I in kJ mol�1 131.8 �7.1

ln
�
Peq;des

P

�
Ades,I in kJ mol�1 2.35$1012 $e1.92 ¼ 6.82,

$e�1.92 ¼ 0.15

2nd step des Ea,des,II in kJ mol�1 161.4 e

Ades,II in kJ mol�1 3.044$1015 e

Table 2 e Nomenclature.

A Pre-exponential factor s�1

Ea Activation energy kJ mol�1

k Rate coefficient s�1

P Gas pressure bar

P0 Standard pressure bar

Peq Gas pressure at equilibrium conditions bar

< Gas constant (8.314) J kg�1 K�1

s.v. Static vacuum (here: 5 mbar)

t Time s

T Temperature K

x Transformed fraction 1

XI Transformed fraction of 1st step 1

XII Transformed fraction of 2nd step 1
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The last factor on the right hand side of Equation (3) is a

function representing the reaction mechanism according to a

suitable model. Several different functions are possible that

represent according model concepts, e.g., reaction order,

diffusion, 2D or 3D growth, etc. [31]. In the present paper, the

focus is not on the determination of the actual mechanisms

behind the reactions as this requires more detailed informa-

tion on e.g. intermediate reaction steps or particle size. The

goal of this study is rather to find suitable mathematical de-

scriptions for the absorption and desorption reaction rate that

can be used for modelling of suitable reactors. Hence, the

following three basic mechanisms are used corresponding to

the observed decelerating, linear or sigmoidal behaviour in

the transformed fraction versus time plots:

1st order deceleratingð Þ f xð Þ ¼ 1� xð Þ: (5)

0th order linearð Þ f xð Þ ¼ 1: (6)

general AvramieErofeev ðsigmoidalÞ fðxÞ ¼ nð1� xÞ
� ½ � lnð1� xÞ�n�1

n :

(7)

For the determination of the different factors and param-

eters in Equation (3), isothermal reaction rate measurements

are performed, and the following four fitting steps summarize

the applied procedure [32]:

i. The thermodynamics of the reaction step is described

by the van’t Hoff equation.

ii. The correct reaction mechanism for the reaction rate

fðxÞ ¼ 1
k
vx
vt is determined. The mechanism is correct

when the integral value versus the time follows a

straight line, gðxÞ ¼ k$t. Then, the slope refers to the rate

coefficient k.

iii. In the next step, a correct pressure factor is determined:

For each temperature and pressure, the associated rate

coefficient k is divided by the values calculated for

differentpressure terms (seeEquation (4)). A sufficientfit

is achievedwhen the values for experiments at the same

temperature but different pressures match each other.

iv. In the last step, the activation energy Ea as well as the

pre-exponential factor A are determined. According to

ln
�

k
fðPÞ

�
¼ ln A� Ea

<
1
T, A refers to the exponent of the

value of the intersection with the ordinate, while Ea
refers to the slope times < when ln

�
k

fðPÞ
�

is plotted

versus 1/T.

This scheme is applied for the fitting procedure of all re-

action rate equations presented in the following for absorp-

tion and desorption of the LieMgeNeH material. For all

fitting procedures of the absorption and desorption data, the

minimum and maximum range of fitted values for the

transformed fraction has been set between 10 and 80%,

respectively.

Absorption reaction

The absorption experiments have been performed at three

different pressures and up to five different temperatures

� 100 bar: (100), 125, 160 �C
� 85 bar: 125, 150, 160, 170 �C
� 70 bar: (100), 125, 150 e repeat, 160, 170 �C

The first absorption experiments show good reproduc-

ibility. However, after the last experiment at 170 �C, the re-

action rate decreased significantly, probably due to material

degradation effects while the capacity remained constant. For

the determination of model equations, the experiments after

the degradation process have been excluded. The experi-

ments at 100 �C have also been removed from the fitting

procedure, as the measurements of the pressure signal have

not been significant due to very low reaction rates. For all

remaining experiments, the experimental data have been

fitted with reaction rate equations for the first 1800 s.

Furthermore, the data have been normalized referring to a

maximum H2 fraction of 3.2 wt.%. For longer timescales, the

material is still absorbing some H2. However, the reaction rate

is very low and in scale-up experiments, longer reaction times

exceed the appropriate timeframe for an absorption experi-

ment (e.g. automotive fuelling).

Fig. 2 shows all experiments performed in one plot.

Different colours indicate different pressures. It can be clearly

seen that the reaction is rather slow below 150 �C. However,

above this temperature, the rates increase rapidly with

increasing temperatures. At the highest temperature of

170 �C, the absorption of thematerial can be completed in less

than 5 min. It is very important to capture this strong tem-

perature dependency of the reaction rate correctly, as the

temperature behaviour in a lab-scale tank can be strongly

non-isothermal due to heat transfer resistance of the powder

material. Furthermore, Fig. 2 indicates that besides the strong

temperature dependency, the reaction rate also increases

with increasing hydrogen pressure.

Fig. 2 e Transformed fraction versus time for all absorption

experiments. -, , (repro): 70 bar, :: 85 bar, C: 100 bar.

Temperatures as indicated by numbers and colours (black:

125 �C, blue: 150 �C, red: 160 �C, green: 170 �C). The
horizontal line refers to the transition between 1st and 2nd

reaction step. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web

version of this article.)
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As it has been mentioned in Section 3.2 as well as in the

literature, the reaction of the presentmaterial proceeds in two

steps [8,14,25], (compare Equation (2)). The corresponding

transition zone between the two steps is indicated by the

horizontal line Fig. 2 andmarks the bend in the curves, e.g. for

the experiments at 150 �C. The normalized transformed

fraction of the first step of absorption (Xabs,I) here refers to the

first 33% of transformed fraction xabs, for the second step

(Xabs,II) to the following 67%, respectively. The mathematical

formulation of the normalization is Xabs;I ¼ xabs
0:33 for

0 � xabs � 0.33 and Xabs;II ¼ xabs�0:33
0:67 for 0.33 � xabs � 1.

In order to follow the 4-step procedure described in Section

3.3, a description of reaction thermodynamics is required. In

the present case, it is assumed that the thermodynamic data

of both steps can be described by a single van’t Hoff equation,

as experimental data are not available for a more detailed

description. Even though this is a rather strong assumption,

the resulting fits show a sufficient accuracy in the required

temperature and pressure range. This is mainly due to the fact

that all application relevant conditions are far from the ther-

modynamic equilibrium (Pset ¼ 70 bar Peq,abs < 20 bar for

T< 170 �C). Thus, this empirical approach can be used in order

to sufficiently describe the thermodynamic information in the

reaction rate equations required for reactor design simula-

tions. The according values refer to Section 3.2

ln

�
Peq

P0

�
¼ DRH

<T � DRS
< ; (8)

where P0 is the reference pressure (1 bar). Using this infor-

mation, the last three steps to fit the parameters for the

empirical rate equations can be performed for both absorption

steps.

1st Absorption step
In the first step, just one reagent (i.e. gaseous hydrogen) that is

very abundant is involved in the reaction, and the measured

transformed fraction versus time data show a linear behav-

iour (see Fig. 2). Therefore, a model with 0th reaction order has

been chosen indicated by the factor of “1”. Furthermore, an

Arrhenius-type temperature dependency as well as a de-

pendency on the thermodynamic equilibrium have been

included

vXabs;I

vt
¼ Aabs;I$exp

�
� Ea;abs;I

<T
�
$f
�
P;Peq;abs

�
$1: (9)

Due to the 0th order characteristic of the reaction, the in-

tegral equation for the transformed fraction can be written as

gðXabs;IÞ ¼ Xabs;IðtÞ ¼ k$t; (10)

where k refers to the rate coefficient

k ¼ Aabs;I$exp

�
� Ea;abs;I

<T
�
$

�
P� Peq;abs

Peq;abs

�
(11)

By fitting a straight line to the transformed fraction versus

time plot (Fig. 2), this coefficient k can be determined as the

corresponding slope. Additionally, using the second fitting

step the pressure dependency of the reaction rate is deter-

mined. In this case, the best fit can be achieved, when the

expression fðPÞ ¼
�
P�Peq;abs
Peq;abs

�
is used. The corresponding

Arrhenius plot, with the 95% confidence intervals (dotted

lines), is shown in Fig. 3. Finally, by fitting a straight line to this

data, the kinetic parameters can be determined: the slope

refers to the effective activation energy Ea,abs,I, and the inter-

section with the ordinate to the pre-exponential parameter

Aabs,I.

2nd Absorption step
The determination of the rate equation for the 2nd reaction

step is performed analogously. Fig. 2, clearly indicates that the

evolution of the transformed fraction of this reaction step

shows a decelerating behaviour. Therefore, a 1st order reac-

tion has been assumed for the mathematical description of

the reaction rate in this reaction step.

Complementing this term for the mechanism, again an

Arrhenius-type temperature behaviour and a dependency on

the thermodynamic equilibrium are included into the rate

equation

vXabs;II

vt
¼ Aabs;II$exp

�
� Ea;abs;II

<T
�
$f
�
P;Peq;abs

�
$ð1� Xabs;IIÞ: (12)

According to the 1st order mechanism, the experimental

data follow a straight line, when plotted according to the in-

tegrated rate equation

gðXabs;IIÞ ¼ � lnð1� Xabs;IIÞ ¼ k$t; (13)

The slopes of these lines again refer to the rate coefficients

k. The best fit for the pressure factor has been determined to

fðPÞ ¼
�
P�Peq;abs
Peq;abs

�
, and the according Arrhenius plot with the 95%

confidence intervals (dotted lines) is shown in Fig. 3.

The final full set of parameters for the rate equations of the

two reaction steps is given in Table 1.

Discussion
The values for the activation energy presented in Table 1 are

in the same range as literature values for the same reaction

Fig. 3 e Arrhenius plots with experimental data (symbols)

and fit with 95% confidence intervals (straight and dashed

line, respectively) for 1st and 2nd reaction step. 1st reaction

step: open symbols, 2nd reaction step: full symbols, 70 bar:

-, 85 bar: :, 100 bar: C.
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(128 kJ mol�1 [19]). However, the errors in the pre-exponential

factor, which refer to the exponent of the error in the slope of

the straight lines, are rather large. Therefore, all values pre-

sented in Table 1 should not be referred to the actual physical

properties, but to apparent values for a sufficient fit of the

effective reaction rate. Furthermore, these values are only

valid in the measured temperature and pressure range and

should therefore not be extrapolated.

Fig. 4(A) and (B) show the comparison between experi-

mental and model data for the experiments at different tem-

peratures and pressures of 70 and 85 bar, respectively.

Changes in the slope of calculated curves for xabs ¼ 0.33 are

related to the selected two-step model. Obviously, the

empirical two-step model is able to capture the temperature

and pressure behaviour very well from 125 to 170 �C. Only in

the first range of the 2nd reaction step for the experiments at

temperatures above 150 �C, the model equations underesti-

mate the experimental effects. This behaviour can be

explained by very fast reactions leading to non-perfect

isothermal conditions in the reactor and thus overestimated

reaction rates in the experiment. As a conclusion, it can be

stated that the model equations can capture the temperature

and pressure dependency of the absorption reaction rate.

Therefore, they can be implemented intomodels that are used

for tank design development, e.g. Ref. [33].

Desorption reaction

For desorption characterization, experiments have been per-

formed at three different temperatures and up to four

different starting pressures. The lowest starting pressures are

indicated with “s.v.” for static vacuum at 5 mbar.

� 155 �C: s.v. (1.33 bar)

� 165 �C: s.v. (1.14), 1.4 (2.43), 3 (4.3) bar

� 175 �C: s.v. (1.35), 1.4 (2.42), 3 (4.24), 4.5 (5.55) bar.

Resulting transformed fraction versus time plots of these

experiments are shown in Fig. 5 for the first 3600 s. For ex-

periments with very low rates, or experiments at high

desorption pressures, at the end of an experiment the tem-

perature has been set to 180 �C and the pressure to static

vacuum (5 mbar) in order to guarantee full conversion. As the

experiments have been performed in the Sieverts type appa-

ratus described in Section 2, the pressures, which have been

set in the beginning, increased by the additional hydrogen

released during the experiment due to the compressed gas in

the void fraction and due to the reaction, corresponding to

approximately 1 bar and 0.9 bar, respectively. Therefore, the

pressures set in parentheses indicate the pressure present in

the system at 0.25 transformed fraction. These values are also

used for the fit of the pressure dependency. Analogous to the

absorption experiments, the maximum gravimetric capacity

is 3.2 wt.% ðwtmax ¼ 0:032 gH2
g�1
LiMgNHÞ.

A summary of all measured transformed fraction as a

function of time is given in Fig. 5. From this plot, a clear

sigmoidal shape of the curves can be observed as well as a

very low reaction rate above 0.6e0.7 of transformed fraction.

In accordance with the modelling of the absorption reaction,

the desorption reaction is divided into two steps, where the

Fig. 4 e Experimental (symbols) and model (lines) data for

transformed fraction in both steps versus time at indicated

temperatures. (A) at 85 bar (B) at 70 bar.

Fig. 5 e Transformed fraction versus time plot for all

experimental measurements at temperatures indicated by

values and colours. s.v.: -, 1.4 bar: :, 3 bar: C, 4.5 bar:;.

(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article.)
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transformed fraction of the first step Xdes,I refers to

0 � xdes � 0.67 and for the second step Xdes,II refers to

0.67 � xdes � 1, respectively.

Similar to the procedure for the determination of the rate

equations for the absorption reaction, first a description of the

thermodynamic equilibrium is necessary. These values differ

from absorption due to a hysteresis behaviour of the reaction

system and are summarized in Section 3.2.

1st Desorption step
Due to the sigmoidal shape of the 1st reaction step, a model

with a general AvramieErofeev mechanism is used for the

mathematical description of the reaction rate in the present

publication. For the variable n the best value has been deter-

mined to 1.5. Hence, the following equation describes the

Arrhenius-type temperature dependency, the pressure factor

as well as the mechanism

vXdes;I

vt
¼ Ades;I$exp

�
� Ea;des;I

<T
�
$f
�
P;Peq;des

�
$nð1� Xdes;IÞ

$½ � lnð1� Xdes;IÞ�
n�1
n :

(14)

The integrated form of this equation is

gðXdes;IÞ ¼ ½ � lnð1� Xdes;IÞ�
1
n ¼ k$t; (15)

which is plotted in Fig. 6 as a function of time. As the plotted

data follows straight lines, the chosenmechanism sufficiently

captures this reaction step, and the according slopes refer to

the rate coefficients k. In this case, the thermodynamic

contribution to the reaction rate is well described by a loga-

rithmic pressure expression fðPÞ ¼ ln
�
Peq;des

P

�
. The correspond-

ing Arrhenius plot is shown in Fig. 7.

2nd Desorption step
For the second desorption step, the fitting procedure is diffi-

cult as the reaction rates are very low leading to unsatisfying

accuracies in the experiments. Therefore, the focus for the

empirical rate equations has been to capture the behaviour in

a very small temperature and pressure range that is most

interesting for the coupling to an HT-PEM fuel cell, i.e. 165 �C
and <3 bar.

Analogous to the 1st absorption step, for the 2nd desorption

step, a 0th order mechanism has been chosen resulting in a

factor of “1” for the mechanism

Fig. 6 e Experimental data and fit for reaction mechanism

of 1st desorption step at varying temperatures and

pressures. Initial pressures at s.v.: -, 1.4 bar: :, 3 bar: C,

4.5 bar: ;. Temperatures at 175 �C: green, 165 �C: red,
155 �C: black. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web

version of this article.)

Fig. 7 e Arrhenius plot for 1st desorption step with

experimental data (symbols) and fit (line) as well as 95%

confidence intervals (dashed line), s.v.: -, 1.4 bar: :, 3 bar:

C, 4.5 bar: ;.

Fig. 8 e Transformed fraction versus time for the 1st

reaction step of desorption. Symbols refer to experiments,

lines to model equations. Black: 155 �C, red: 165 �C, green:
175 �C. s.v.: -, 1.4 bar: :, 3 bar: C, 4.5 bar: ;. (For

interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article.)
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vXdes;II

vt
¼ Ades;II$exp

�
� Ea;des;II

<T
�
$fðPÞ$1: (16)

As mentioned in Section 3.2, the PCI diagrams of the pre-

sentmaterial show a strong sloping region [25], similarly to [8].

Therefore, the pressure factor for the 2nd desorption step

represents a dependency of the maximum weight fraction on

the final back pressure applied. With lower desorption pres-

sures, higher storage capacities can be reached. Hence, the

implemented function is

f Pð Þ ¼ 1� 0:001515
wtmax$0:33

P� 1:1 bar½ �ð Þ
� �

; (17)

which is only valid for the technically relevant boundary

condition of P < 8 bar. The according parameters for the

Arrhenius-type temperature dependency have been deter-

mined in analogy to the previous rate equations using only the

experiments starting from static vacuum (5 mbar).

The final set of parameters for both steps is shown in

Table 1.

Discussion
Fig. 8 shows the experimental and simulated data for the 1st

desorption step. From this plot it can be stated that the model

is able to capture the measured data in the relevant range of

transformed fraction quite well. Furthermore, Fig. 9 shows

experimental and simulated data for the complete desorption

reaction at 165 �C with various back pressures. These pa-

rameters refer to the technically relevant conditions during a

coupling procedure with an HT-PEM fuel cell. The agreement

between the experimental data and the simulation using the

empiricalmodel equations is acceptable. However, it has to be

emphasized, that the experimental data especially for the 2nd

desorption step have been scarce. Therefore, any extrapola-

tion to other temperatures should be avoided or checked

carefully.

Finally, it can be concluded that the given desorption

model equations are able to sufficiently describe the temper-

ature, pressure and transformed fraction behaviour of the

material in an application relevant range. Thus, the desorp-

tion model equations can be used for solid state hydrogen

storage tank design simulations, see e.g. Ref. [34].

Conclusions

Important parameters for themodelling of a hydrogen storage

reactor based on 2 LiNH2e1.1 MgH2e0.1 LiBH4e3 wt.% ZrCoH3

have been determined. For the bulk density in the absorbed

state a value of 1.00$103 kg m�3 has beenmeasured for the as-

milled sample and 0.79$103 kg m�3 for the desorbed state.

Furthermore, the enthalpy and entropy of the absorption re-

action have been determined to DRHabs ¼ �38 kJ mol�1
H2

and

DRSabs ¼ �111 J mol�1
H2

K�1, and for desorption to

DRHdes ¼ 45 kJ mol�1
H2

and DRSdes ¼ 124 J mol�1
H2

K�1,

respectively.

Regarding the rate of reactions, for absorption, a 2-step

model has been fitted to experimental data using a 0th order

model for the first and a 1st order model for the second reac-

tion step. The comparison between simulated and experi-

mental data shows a good agreement, especially for the

temperature dependence that is very important for the

simulation of strongly non-isothermal solid state hydrogen

storage tanks.

The desorption behaviour is best captured with an Avra-

mieErofeev model using n ¼ 1.5 for the first step, while for the

second step a dependency of the transformed fraction on the

equilibrium pressure has been included. Using these empir-

ical equations, the first reaction step can be captured by the

model equations over the experimentally determined tem-

perature and pressure range. However, for the second step,

the determined equations are just valid for the boundary

conditions (w165 �C and <3 bar) that occur during the

coupling to a fuel cell.

In general, the given material data enables a complete

mathematical description for the conversion of the reaction

system 2 LiNH2e1.1 MgH2e0.1 LiBH4e3 wt.% ZrCoH3 at tech-

nically relevant boundary conditions that can be used for

future tank simulation and development.
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modified Mg(NH2)2/2 LiH system for hydrogen storage.
Angew Chem Int Ed 2009;48(32):5828e32.

[27] Vyazovkin S, Burnham AK, Criado JM, Pérez-Maqueda LA,
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a b s t r a c t

A two-dimensional model investigating the hydrogen charging process in a combination

reactor filled with both LaNi4.3Al0.4Mn0.3 and 2LiNH2-1.1MgH2-0.1LiBH4-3 wt.%ZrCoH3 ma-

terials has been developed. The selected configuration is a cylindrical reactor of 32 cm of

diameter where the MeH is filled in annular tubes separated from the complex hydride bed

by a gas permeable layer. The diffusion of hydrogen towards the two storage media is

ensured by filters embedded in the middle of the MeH tubes whereas the coolant tubes are

placed in the centre of their triangular arrangement. Simulation results have shown that

the charging process depends on the MeH reaction heat required for the initiation of the

CxH reaction as well as the heat management once the complex hydride starts to store

hydrogen. High hydrogen storage rates and short refueling times can be obtained by

increasing the number of MeH and coolant tubes and ensuring an efficient heat removal at

the peripheral area of the CxH media. A refueling time of 3 min is achieved for an optimum

configuration of 49 MeH tubes and 96 coolant tubes while increasing the thermal con-

ductivity of the CxHmedia to 3.5 W/(m K). Such a result could make the identified optimum

configuration as a suitable hydrogen storage system for fuel cell forklift trucks since it

meets the requirements of this application in terms of weight and size.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

As the international community raises its ambitions to tackle

climatic and economic issues related to the use of fossil fuels,

serious efforts are devoted to the building of the hydrogen

economy. Firstly, research and development programs have

been directed to the hydrogen-fueled light duty vehicles

market. This was supported by the technical advances in fuel

cell area. Nevertheless, there remainmultiple challenges to be

overcome before the deployment of hydrogen fuel cell cars at

a commercial scale [1].

As a second step along this path, the U.S. Department of

Energy (DOE), in collaboration with the National Renewable

Energy Laboratory (NREL) and Sandia National Laboratory

(SNL) has worked to identify early adoption markets with less

stringent technical challenges than automobile sector. It has

been found that specialty vehicles, stationary back-up power

and portable applications present a huge market potential for

the near-term development of the hydrogen technology [2,3].

* Corresponding author. Tel.: þ49 711 6862 531; fax: þ49 711 6862 632.
E-mail address: maha.bhouri@dlr.de (M. Bhouri).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 6 6 2 6e6 6 3 8

http://dx.doi.org/10.1016/j.ijhydene.2015.03.060
0360-3199/Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.

mailto:maha.bhouri@dlr.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2015.03.060&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2015.03.060
http://dx.doi.org/10.1016/j.ijhydene.2015.03.060
http://dx.doi.org/10.1016/j.ijhydene.2015.03.060


For specialty vehicles, hydrogen powered fuel cell forklifts

have significant benefits over existing technologies such as

fossil fuel powered trucks and battery electric forklifts [4,5].

The most common battery used in the materials handling

applications is the lead acid battery. The related electric

forklifts are primarily designed for indoor use in order to

minimize exhausts and noise, which is mandatory in such

working environment. However, the long refueling time is the

major issue of this technology. Indeed, the time required to

change the battery is from 5 to 15 min for an automatic

operation and up to 45min for amanual one. Then, it takes 8 h

to charge the battery and the same time interval to cool it

down. This implies that a 24 h/7 days operation will require

three batteries for each forklift. Furthermore, these operations

involve the move of very heavy elements and require large

battery rooms under controlled atmosphere, with the risk of

hazardous materials presence. In addition, battery electric

forklifts suffer from a loss of productivity as the battery dis-

charges and show low performance under freezing condi-

tions. Such problems could be addressed by the transition to

the hydrogen powered fuel cell forklifts. Consequently,

several demonstration projects have been undertaken to bring

fuel cell forklifts to a commercial stage and to implement the

necessary infrastructure [6e11].

The cost of the hydrogen storage and the saving in the

refueling time are among the performance parameters being

considered during these projects. For the majority of fuel cell

forklifts tested under North American and European pilot

programs, the hydrogen is supplied at pressures of 350 and

700 bar [7,10]. This corresponds to a refueling time of less than

5 min and eliminates the time consumed by the battery

change-out. The choice of the pressurized hydrogen storage

technique is supported by the development of the related

hydrogen refueling equipment, although the infrastructure is

still expensive. Furthermore, the use of compressed gaseous

tank results in lighter hydrogen component system compared

to the lead acid battery. Hence, additional ballast is incorpo-

rated to compensate this weight loss [7].

Solid-state hydrogen storage systems, showing poor

gravimetric capacities in the case of light duty vehicles could

be a suitable choice for applications such as forklift trucks

since they provide weight, safety and low pressure-cost ben-

efits over compressed gaseous storage systems. In this

context, somemodels of fuel cell forklifts based on solid-state

hydrogen storage have already been tested or are under

development [7,11]. One of the first forklift trucks carrying

hydrogen in a metal hydride tank has been introduced in

Germany in 2000, as part of a joint project between Linde

Group and Siemens AG's Power Generation Group [7]. The

selected storage material is a titanium-based hydride with a

charging time of 10 min. Over the past few months, re-

searchers from Sandia National Laboratories and Hawaii

Hydrogen Carriers are working together on the design of a

solid-state hydrogen storage system filled with a Mischmetal-

nickel-aluminium alloy [11]. The developed reactor will be

integrated into the forklift fuel cell pack with the goal to show

the potential storage time, cost and market growth advan-

tages. Similarly, a wide variety of low-temperature metal hy-

drides extensively studied in hydrogen light duty vehicles

projects could find their applications on-board forklift trucks.

Complex hydrides have high hydrogen storage capacities

up to 10 wt.%. and could be cost competitive compared to

some metal hydrides [12]. However, their use is hindered by

their slow kinetics at practical operating conditions. Recently,

a new complex hydride reactor concept has been developed to

overcome this weakness. It is based on the combination of

LaNi4.3Al0.4Mn0.3 and LieMgeNeH materials. The investiga-

tion of the charging process has proven the possibility to

reduce the time required for the initiation of the complex

hydride reaction by 600 s while starting the loading of

hydrogen at room temperature [13]. In this paper, we inves-

tigate the capability of such a complex hydride reactor

concept to meet the requirements of fuel cell forklift appli-

cations in terms of refueling time and systemweight and size.

In the first part, the charging performance of a hydrogen

storage systemwith embedded filters, metal hydride and heat

exchanger tubes is assessed through the numerical study of

different reactor configurations. Thereafter, the weight and

volume of the final selected reservoir design are determined in

function of the fuel cell forklifts energy requirements.

Model formulation

Description of the studied configuration

In previous studies [13], the possibility of accelerating the

charging process of the complex hydride, 2LiNH2-1.1MgH2-

0.1LiBH4-3 wt.%ZrCoH3 through its combination with the

metal hydride, LaNi4.3Al0.4Mn0.3 has been proven. The studied

configuration is a 50 g tubular reactor where a gas permeable

separation layer (GPSL) ensures the indirect contact between

the two storage media: the metal hydride at the centre of the

tube, surrounded by the complex hydride. The combination

reactor, initially at room temperature, is filled with hydrogen

at 70 bar. Since the AB5 material, LaNi4.3Al0.4Mn0.3 is able to

absorb hydrogen very quickly at these ranges of temperature

and pressure, its reaction heat ensures the heat up of the

complex hydride bed to temperatures above 130 �C. Further-
more, based on the kinetics measurements of the

LieMgeNeH material at 70 bar, it has been shown that tem-

peratures above 130 �C are required for achieving high

hydrogen loading rates [14]. Accordingly, in a combination

reactor, the complex hydride charging process is initiated

without the need of external heat source integration. The

numerical investigation of the combination reactor charging

process [13] has shown that the metal hydride,

LaNi4.3Al0.4Mn0.3 reaches its saturated state after only 10 s

transferring then its reaction heat towards the complex hy-

dride media. As a result, the LieMgeNeH material starts to

absorb hydrogen in the region close to the GPSL and a reaction

front is developed from the core to the annulus of the reactor.

As the reaction proceeds, the complex hydride reaction heat is

removed by the heat transfer fluid circulating through the

reactor wall. Overall, the time required for the initiation of the

complex hydride reaction is reduced by 600 s although the

combination reactor charging process starts from room

temperature.

A subsequent study of the same configuration with

different thicknesses of the MeH and CxH materials has
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proven that the dimensions of the two storage media should

be chosen carefully in order to avoid slow CxH hydrogen

charging process due to kinetics or heat transfer limitations

[15]. A hydrogen charging time of 387 s has been achieved for a

combination reactor of 10 mm and 12.5 mm for the metal

hydride and complex hydride bed thicknesses, respectively.

The scale up of such a configuration for the storage of higher

amount of hydrogen (�1 kg H2) will result in a multi-tubular

reactor design.

In this paper, we discuss the capability of a large cylindrical

solid hydrogen storage system based on the advanced reactor

concept described above to achieve fast hydrogen loading rate

and short charging time. The motivation to select such a

configuration is to present a comparison with the large pres-

surized hydrogen cylinders used for vehicles applications, in

particular forklift trucks, in terms of refueling time as well as

weight and size requirements. Accordingly, the dimensions (a

diameter of 32 cm) of the studied reactor have been chosen

comparable to those of gaseous storage tanks studied in Refs.

[16,17].

In this context, the extensively studied configuration of the

cylindrical reactor with embedded multiple filters and heat

exchanger tubes has been selected [18e20]. Similar to the

previous studies [13], [15], the two storage media, 2LiNH2-

1.1MgH2-0.1LiBH4-3 wt.%ZrCoH3 and LaNi4.3Al0.4Mn0.3, have

been selected as reference materials and are abbreviated in

the following text as CxH and MeH. Three different designs of

the hydrogen storage system have been considered as shown

in Fig. 1.

To adapt the multiple tubes and filters configuration to the

present, the MeH material is filled into annular tubes distrib-

uted uniformly through the complex hydride bed in an

octagonal arrangement. Since the AB5 material should react

first, the hydrogen injection tubes are at the centre of the MeH

media and the hydrogen diffuses towards the complex hy-

dridematerial through the gas permeable layer separating the

two storage media. The coolant tubes are placed at the centre

of the triangle arrangement formed by the three connected

hydrogen injection tubes to remove the released CxH reaction

heat since the CxHmaterial starts to reactmainly at the region

close to the MeH media.

The optimization of the hydrogen charging process de-

pends on the amount of the metal hydride required to initiate

the CxH reaction as well as the thermal management of the

CxH reaction heat. Therefore, two alternatives are examined

in this study.

- Increasing the thickness of the MeH media, dMeH while

keeping the same number of coolant tubes, as shown in

Case 1, Fig. 1.

- Increasing the number of the MeH annular tubes while

keeping constant their thickness, dMeH. Accordingly, the

number of hydrogen injection tubes and coolant tubes is

increased as illustrated in Cases 1e3, Fig. 1.

For all the studied cases, the diameters of the large

combination reactor and the hydrogen injection tubes are

set constant whereas the one of the coolant tubes de-

creases with their increasing number. The details of the

corresponding combination reactor geometries are sum-

marized in Table 1.

Governing equations

The mathematical model describing the heat and mass

transfer in the combination reactor includes the kinetics

equations, the hydrogenmass balance and the energy balance

of the two storage media. It is developed based on the

following assumptions.

� There is a local thermal equilibrium (LTE) between theMeH

material, the CxH material and the hydrogen gas.

� The porosities of the complex and metal hydrides are

constant.

� The thermo-physical properties of the two hydride beds

are independent of the transformed fractions, the pressure

and the temperature.

� The influence of the GPSL on heat and mass transport is

neglected.

� The thermal contact resistance is neglected between the

MeH bed and the hydrogen injection tubes and the CxH bed

and the coolant tubes.

Fig. 1 e Geometries of the three studied configurations of the combination reactor with different numbers of MeH and

coolant tubes.
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� The bulk temperatures of the heat transfer fluid and the

hydrogen supplied to the bed are constant and uniform.

� The equation of state for hydrogen is given by the simpli-

fied van der Waals equation.

Kinetics equations
Reaction kinetics of both, metal and complex hydrides are

determined based on their measured hydrogen charging rates

under different conditions of temperature and pressure as

described in Ref. [14].

The transformed fractions xMeH and xCxH for the two stor-

age media are defined in function of the bed weight fractions

of stored hydrogen, wf,CxH and wf,MeH as

xMeH ¼ wf ;MeH

wf ;MeH;max
(1)

xCxH ¼ wf ;CxH

wf ;CxH;max
(2)

and their temporal evolutions are expressed by the

following equations:

� MeH material

vxMeH

vt
¼ Aa;MeH exp

�
� EA;MeH

RT

�
log

 
P

Peqa;MeH

!
� ð1� xMeHÞ (3)

� CxH material

The equilibrium pressures Peqa,CxH and Peqa,MeH are based

on the van't Hoff equation

Peqa;CxH ¼ P0exp

�
DHa;CxH

RT
� DSa;CxH

R

�
(5)

Peqa;MeH ¼ P0exp

�
DHa;MeH

RT
� DSa;MeH

R

�
(6)

Hydrogen mass balance
The density of the hydrogen gas is calculated based on the

simplified van der Waals equation

rg ¼
PMH2

½RTþ ðb� a=RTÞP� (7)

and the Darcy's law is used for the description of the

hydrogen gas velocity

v!¼ �K
mg

VP (8)

The hydrogen mass balance is given by

v
�
εrg

�
vt

þ V$
�
rg v
!� ¼ �ð1� εÞ _mR (9)

Bed energy balance
During the charging process of the two storage media, the

convective heat transfer of the gas phase, the heat transfer by

thermal conduction in gas and solid phases, the reaction heat

source and the pressurework are considered. Accordingly, the

energy equation can be written as

h
ð1� εÞCp;bedrbed þ εCp;grg

i vT
vt

¼ �Cp;grg v
!$VT� V$ð�kbedVTÞ

� ð1� εÞ _mRDHR þ avT

�
ε

vP
vt

þ v!$VP

�
(10)

_mR and av are the mass change of hydrogen and the general

volumetric thermal expansion coefficient for real gases,

respectively. They are expressed as

_mR ¼ rbedwf ;s;max
vx
vt

(11)

av ¼ � 1
rg

vrg

vT

����
P

(12)

Wall tube energy balance
The energy equation for the stainless steel wall tube is

Cp;S:SrS:S
vTS:S

vt
¼ �V$ð � kS:SVTS:SÞ (13)

Initial and boundary conditions
Initially, the MeH and CxH storage media are at a fully des-

orbed state. Their initial temperature and pressure are set to

22 �C and 1 bar.

To initiate the MeH charging process, the hydrogen pres-

sure in the injection tubes increases exponentially to 70 bar,

resulting in a pressure gradient which allows the gas to flow

from the tubes into the metal and complex hydride beds.

Table 1 e Details of the combination reactor geometries.

Case 1 Case 2 Case 3

a b c

Inner diameter of combination

reactor (cm)

32

Diameter of H2 injection

tubes (cm)

0.6

Metal hydride thickness (cm) 0.7 1.7 2.7 0.7 0.7

Diameter of coolant tubes (cm) 1.8 1.6 1.4

Coolant tube wall thickness (cm) 0.1

Number of H2 injection tubes 9 25 49

Number of coolant tubes 16 32/41 72/96

vxCxH

vt
¼

8>>>>>><
>>>>>>:

Aa;CxH;1 exp

�
� EA;CxH;1

RT

� �
P� Peqa;CxH

�
Peqa;CxH

� 0:33 0 � xCxH � 33%

Aa;CxH;2 exp

�
� EA;CxH;2

RT

� �
P� Peqa;CxH

�
Peqa;CxH

� ð1� xCxHÞ 33% � xCxH � 100%

(4)
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At the same time, a heat transfer fluid flows through the

stainless steel tubes at 130 �C. This leads first to a temperature

increase in the surrounding CxH media which promotes the

initiation of the complex hydride reaction. Thereafter, the

heat transfer fluid acts as a coolant once the CxH starts to

absorb hydrogen. It should be noted here that the coolant

temperature of 130 �C has been carefully chosen by taking into

account the compromise between the efficient cooling of the

CxH bed due to its exothermic reaction nature and the need to

maintain it at a temperature above 130 �C in order to ensure

high hydrogen loading rates as discussed in Ref. [14].

Inmost studies, an adiabatic boundary condition is applied

at the wall of the hydrogen injection tube [18], [21]. However,

an analysis conducted by Na Ranong et al. [22] revealed that

applying such a boundary condition is not appropriate since it

does not predict the cooling effect of the inlet hydrogen on the

loading behavior. In this study, this aspect is described by

applying a heat flux boundary condition at the H2 injection

tubes wall

� n!$ð � kMeHVTMeHÞ ¼ hH2

�
TH2

� TMeH

�
(14)

The reaction heat released during the charging process of

the CxHmaterial is transferred towards the heat transfer fluid

through the lateral stainless steel tube surface, whereas the

external reactor wall is thermally insulated. Thus, a heat flux

boundary condition is applied at each coolant tube wall

� n!$ð � kS:SVTS:SÞ ¼ hcoolðTcool � TS:SÞ (15)

The metal and complex hydrides properties as well as the

coolant conditions used in the mathematical model are

summarized in Table 2.

Numerical procedure

The mathematical model presented above has been validated

for a 50 g lab-scale tubular reactor [13]. Here, it is applied to the

cylindrical reactor configurations depicted in Fig. 1. The

modeled domains are taken as one-eighth of the cross sec-

tions due to symmetry considerations (45�). The commercial

finite element software, COMSOL Multiphysics®, version 4.4,

has been used to carry out the numerical study and mesh

sensitivity tests have been performed for all the studied con-

figurations especially at the complex hydride/metal hydride

Table 2 e Input data for simulations [13].

Parameter Symbol Value

LaNi4.3Al0.4Mn0.3 material (MeH)

Arrhenius parameter for abs (s�1) Aa,MeH 100

Activation energy for abs (J mol�1 K�1) EA,MeH 21,000

Enthalpy of absorption reaction (J mol�1) DHa,MeH �35,940

Entropy of absorption reaction (J mol�1 K�1) DSa,MeH �98.58

Specific heat capacity (J kg�1 K�1) Cp,MeH 420

Material density (kg m�3) rMeH 8,200

Thermal conductivity (W m�1 K�1) kMeH 1.2

Permeability (m2) K 1� 10�12

Max. gravimetric H2 storage capacity (wt.%) wf,MeH,max (1.2126�0.0003T[�C]� 9.10�6T2[�C2])/100

LieMgeNeH material (CxH)

Arrhenius parameter for abs, 1st step (s�1) Aa,CxH,1 2.729� 1017

Arrhenius parameter for abs, 2nd step (s�1) Aa,CxH,2 4.678� 1014

Activation energy for abs, 1st step (J mol�1 K�1) EA,CxH,1 164,800

Activation energy for abs, 2nd step (J mol�1 K�1) EA,CxH,2 147,800

Enthalpy of absorption reaction (J mol�1) DHa,CxH �38,000

Entropy of absorption reaction (J mol�1 K�1) DSa,CxH �111

Specific heat capacity (J kg�1 K�1) Cp,CxH 1,533

Material density (kg m�3) rCxH 900

Thermal conductivity (W m�1 K�1) kCxH 0.35

Permeability (m2) K 1� 10�12

Max. gravimetric H2 storage capacity (wt.%) wf,CxH,max 3.2

Porosity (MeH, CxH) ε 0.55

Heat transfer

Specific heat capacity of steel (J kg�1 K�1) Cp,S.S 500

Density of steel (kg m�3) rS.S 8,000

Thermal conductivity of steel (W m�1 K�1) kS.S 15

Coolant temperature (�C) Tcool 130

Heat transfer coefficient for coolant (W m�2 K�1) hcool 220

Hydrogen temperature in the injection tube (oC) TH2 22

Heat transfer coefficient for H2 in injection tubes (W m�2 K�1) hH2 50

Hydrogen gas

Coefficient, van der Waals equation (Pa m6 mol�2) a 0.025

Coefficient, van der Waals equation (m3 mol�1) b 2.66� 10�5

Molecular weight of gas (g mol�1) MH2 2.016

Gas constant (J mol�1 K�1) R 8.314

Dynamic viscosity (Pa s) mg 10�5� 9.05� (T/293)0.68

Heat capacity (J kg�1 K�1) Cp,g 14,304
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boundaries to accommodate high spatial temperature gradi-

ents during the initiation stage of the CxH reaction. As a

result, the temporal evolution of temperature and amount of

stored hydrogen related to the different selected configura-

tions are compared in order to assess the charging perfor-

mance of the combination reactor.

Results and discussion

Effect of the MeH bed thickness

As a first attempt to study the dependence of the charging

process on the amount of the metal hydride that should be

used, the configuration of a combination reactor equipped

with 9 MeH tubes and 8 coolant tubes has been selected. The

thickness of theMeH bed, dMeH is varied from 0.7 cm to 1.7 and

2.7 cm (Cases 1.aec, Table 1). The spatial evolutions of tem-

perature and transformed fraction of hydrogen at different

selected times are shown in Fig. 2.

For both metal and complex hydrides, the exothermic

charging processes are controlled by the driving forces defined

as the ratio and the difference between the charging pressure

and their equilibrium pressures, respectively (see Eqs. (3)e(6)).

If the heat of reaction is not efficiently removed, the equilib-

rium temperature can be reached implying that the equilib-

rium pressure is almost equal to the hydride bed pressure and

the uptake of hydrogen can be delayed or even stopped. In

such case, the hydriding process is thermally limited. Conse-

quently, for a charging pressure of 70 bar, the MeH and CxH

beds temperatures should not exceed the equilibrium tem-

peratures of 295 �C and 230 �C, respectively in order to ensure

fast hydrogen loading rates.

For the metal hydride bed, this thermal limitation is not

observed. Indeed, for the three studied cases, the metal

hydride reacts very fast, so that after 60 s, the MeH media is

the hottest region of the reactor with a temperature up to

250 �C and it is already saturated (xMeH ¼ 1). The MeH re-

action heat is then transferred to the CxH material initi-

ating its loading process, and a reaction front growing from

Fig. 2 e Evolution of temperature and transformed fraction of hydrogen for the first configuration with different thicknesses

of MeH tubes at selected times.
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the MeH annular tubes to the surrounding CxH area can be

observed (t ¼ 120 s).

The MeH reaction heat released during the absorption of

hydrogen is proportional to the mass of the metal hydride

introduced in the annular tubes. Thus, more heat is generated

in Case 1.c (dMeH ¼ 2.7 cm) and a larger complex hydride area

reaches or even exceeds the required kinetics temperature

(130 �C) which promotes the CxH charging process. Indeed, at

t ¼ 240 s, the hydrogen uptake is almost occurring throughout

the entire zone of the complex hydride while for Cases 1.a, b,

the temperature and the fraction of stored hydrogen continue

their slow increase mainly close to the MeH annular tubes.

At t ¼ 720 s, the CxH material reaches its equilibrium

temperature (230 �C at 70 bar) and the charging process of this

material becomes thermally limited for the three studied

cases. The hydrogen uptake is mainly occurring around the

coolant tube where the temperature is the lowest whereas it

has not even begun at the outer periphery of the reactor.

As time progresses from 720 s to 1800 s, more CxH reaction

heat is removed by the coolant and larger CxH saturated area

can be observed around the heat exchanger tube. Further-

more, there is more hydrogen uptake by the CxH material

around the injection tubes in Cases 1.a, b compared to Case 1.c

as it can be noted from the transformed fraction profile, x at

t ¼ 1800 s: a blue dashed line is added to distinguish between

the two saturated areas (xMeH and xCxH ¼ 1). This is due to the

fact that there is less MeH material introduced in the annular

tubes when dMeH decreases (0.7 cm and 1.7 cm in Cases 1.a, b

compared to 2.7 cm in Cases 1.c). Therefore, the cooling effect

of the hydrogen flowing through the injection tubes is more

pronounced in the CxH area around the MeH tubes. As a

result, the CxH temperature in this region falls below the

equilibrium temperature which promotes the CxH reaction.

For the rest of the CxH media, the large conduction path to-

wards the cooling media inhibits a fast hydriding reaction.

The time evolution of weight fractions of stored hydrogen,

wf,CxH and wf,MeH for Cases 1.a-c is presented in Fig. 3a. As

described above, the increase of the MeH bed thickness im-

proves the hydrogen storage rate at the beginning of the CxH

charging process. Thereafter, the CxH reaction rate slows

down due to the heat transfer limitation since the complex

hydride bed reaches its equilibrium temperature as seen in

Fig. 2 for the three studied cases. Thus, the peripheral area of

the complex hydride is equipped with another coolant tube

and the resulting CxH reaction rate is determined for the three

cases as shown in Fig. 3b. Cooling the peripheral area of the

complex hydride bed does not affect the initiation of its

charging process. It rather improves the thermalmanagement

of the complex hydride bed. Accordingly, a slight increase of

wf,CxH can be observed over time. The hydrogen loading rates

of the three studied cases are almost overlapping at 1800 s,

corresponding to 81% of the maximum CxH hydrogen storage

capacity, wf,CxH,max.

For the metal hydride, it is clear from the time evolution of

wf,MeH (Fig. 3a) that the material reaches its saturated state

after a few seconds of starting the absorption process. The

difference between the maximum capacities, wf,CxH,max

reached for the three studied cases is due to its dependence on

the metal hydride bed temperature (See the expression of

wf,CxH,max in Table 2).

Concluding, it can be stated that for the studied configu-

ration, the increase of the MeH bed thickness does not

significantly improve the CxH charging process, in particular

at the initiation stage where the reaction is not yet thermally

limited. On the other hand, it is worth noting that the idea of

the combination reactor concept is to use theminimum of the

metal hydride material necessary for the fast initiation of the

CxH reaction. Therefore, it would be better to keep thin the

thickness of the MeH annular tubes while increasing their

number throughout the CxH media. This is the subject of the

next section.

Effect of the number and the arrangement of MeH and
coolant tubes

As described above, the hydrogen charging process in the

combination reactor proceeds in two stages. First, the metal

hydride starts to absorb hydrogen while releasing reaction

heat which is used to initiate the charging process of the CxH.

Then, in the second stage, the uptake of H2 by the complex

hydride continues to proceed. In this case, the CxH reaction

heat should be efficiently dissipated by the cooling media.

Fig. 3 e Effect of the thickness of MeH tubes on the charging

process (a) without and (b) with additional coolant tube for

the first configuration.
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Otherwise, the temperature will reach the equilibrium,

lowering then the CxH reaction rate.

Increasing the number of MeH and coolant tubes results in

shorter conduction paths for both, metal and complex hy-

drides reaction heats. Therefore, a faster initiation stage of the

CxH reaction and a better thermal management of the CxH

bed could be expected. This is confirmed by the spatial evo-

lution of temperature and transformed fraction of hydrogen

shown in Fig. 4. The studied configurations and their

geometrical parameters are presented in Fig. 1 and Table 1,

respectively.

At 60 s in Case 3, the MeH reaction heat is distributed

almost uniformly through the CxH media that has conse-

quently reached almost everywhere the required 130 �C
minimum temperature. As a result, faster CxH reaction rate

can be observed in comparison with Cases 1.a and 2. There-

fore, it takes in this case only 120 s for the hydrogen uptake to

proceed overall the CxH media while the reaction still

continues to occur slowly for the two other cases,mainly close

to the MeH tubes.

As time progresses from 240 s to 720 s, the generated

thermal energy in Case 3 is continuously transferred towards

the cooling media. Accordingly, more CxH material is trans-

formed and reaches the saturated state. Therefore, the CxH

temperature drops back to the coolant temperature, Tcool

except for the peripheral region, where it is still close to 230 �C.
This reflects the poor heat management in this area. Cases 1.a

and 2 continue to show a poor hydrogen uptake even after

1800 s due to the heat transfer limitation.

The behavior of the combination reactor described above is

supported by the temporal evolution of the hydrogen loading

rates presented in Fig. 5. At t ¼ 120 s, the weight fraction of

stored hydrogen, wf,CxH represents 46.87%, 18.12% and 4.68%

of themaximumCxH hydrogen storage capacity,wf,CxH,max for

Cases 1.a, 2 and 3, respectively. This is almost twice the stored

fraction for Case 1.c (dMeH ¼ 2.7 cm) at the same time (see

Fig. 4 e Evolution of temperature and transformed fraction of hydrogen for the three studied configurations with different

numbers of MeH and coolant tubes at selected times.
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Fig. 3). Thus, it is clear that the third configuration is the most

advantageous for the initiation stage of the CxH charging

process. However, after 120 s, the hydrogen uptake becomes

limited by the heat transfer, which explains the slow

hydrogen loading rate and the long-time interval to fully

charge the complex hydride (1800 s). For Cases 1.a and 2, only

71% and 89% of wf,CxH,max are reached after the same time

interval due to the combined effect of kinetics and heat

transfer limitations.

The large length scale for heat transfer within the periph-

eral area of the complex hydride coupled with its low thermal

conductivity contributes to the inefficient use of the storage

media. Such problem could be addressed by cooling efficiently

the external CxH zone or/and increasing the material thermal

conductivity.

Improvement of the combination reactor charging
performance

Since the metal hydride reaches its saturated state within few

seconds of the charging process, this section is devoted to the

optimization of the hydrogen uptake by the complex hydride

and only results of CxH temperature and the related hydrogen

loading rate are presented.

Effect of adding coolant tubes in the peripheral CxH area
As a first attempt to improve the charging performance of the

combination reactor, Cases 2 and 3 (see Fig. 1) are selected and

their peripheral CxH area is equipped with coolant tubes as

shown in Fig. 6. The temporal evolution of the average

CxH bed temperature and the weight fraction of stored

hydrogen, wf,CxH are presented in the same graph.

For both cases, with and without addition of coolant tubes

in the peripheral area, the peak of the average CxH tempera-

ture is reached at the same time. From that moment, the

charging process is driven by the heat transfer and the role of

the added heat exchanger tubes comes into play to cool faster

the complex hydride. As a result, the time required to fill the

CxH media to 90% of its maximum hydrogen storage capacity

decreases from more than 1800 s to 762 s in Case 2, and from

940 s to 348 s in Case 3, respectively.

Effect of the CxH thermal conductivity
In this study, a value of 0.35 W/(m K) is used for the thermal

conductivity of the complex hydride bed. However, higher

values of kCxH (>10 W/(m K)) can be achieved by mixing the

material with expanded natural graphite and compacting it

in pellets as described in Ref. [23]. Thus, the dependence of

the CxH charging process on the thermal conductivity is

assessed and results are illustrated in Fig. 7 for the three

studied configurations (Fig. 1). Based on the temporal evolu-

tion of the average CxH bed temperature and its hydrogen

loading rate, three different behaviors of the CxH media are

reported.

In Case 1, a slight increase of the CxH thermal conductivity,

kCxH delays the initiation of the CxH reaction by approxi-

mately 900 s. This is due to the fact that the amount of the

MeH reaction heat is not enough to bring the CxHmedia to the

optimum temperature for the reaction kinetics. Indeed, ki-

netics measurements have shown that temperatures above

130 �C are required to reach high hydrogen loading rates [14].

Fig. 5 e Effect of the number of MeH and coolant tubes on

the charging process for the three studied configurations.

Fig. 6 e Effect of the addition of coolant tubes in the CxH

peripheral area on its charging process for the second and

third configurations.
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Accordingly, an increase of the CxH thermal conductivity re-

sults in an overcooling of the CxH storage media since the

MeH reaction heat is mainly conducted to the cooling media

rather than heating the CxH media up to 130 �C and the

charging process becomes limited by the kinetics.

The same trend is observed in Case 2 for higher values of

kCxH; however the initiation of the CxH charging process is

only delayed by 300 s. Thereafter, the increase of kCxH leads to

better heat management of the CxH media and the time

required to reach 90% of the maximum hydrogen storage

capacity, wf,CxH,max is decreased to 718 s for kCxH ¼ 10.5 W/

(m K). This result is comparable to the one obtained by the

addition of the coolant tubes in the CxH peripheral region

(Fig. 6). In this case, it is obvious that the CxH charging

process is compromised by both, kinetics and heat transfer

limitations.

In Case 3, the initiation of the CxH reaction is not

affected anymore by the increase of kCxH since a huge

amount of MeH reaction heat is released due to the in-

crease of the MeH annular tubes (49 MeH tubes in this case

comparable to 9 in Case 1 and 25 in Case 2, see Table 1) and

the charging process is only thermally limited. Therefore,

the increase of kCxH promotes an efficient use of the CxH

storage media and it takes about 300 s to fill the complex

hydride to 90% of its maximum hydrogen storage capacity

for kCxH ¼ 10.5 W/(m K).

Fig. 7 e Effect of the complex hydride thermal conductivity on the CxH charging process for the three studied configurations.
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Combination of the two effects
Based on the results presented above, it is clear that there is no

need for further improvement of the heat management in

Cases 1 and 2 since this leads to kinetics limitation of the CxH

charging process. Thus, the third configuration is selected

here to combine the effects of equipping the CxH peripheral

area with coolant tubes and increasing the CxH thermal

conductivity. The temporal evolution of the hydrogen loading

rate resulting from such a combination reactor is shown in

Fig. 8.

The main result is that in this case, the CxH media can be

filled to 90% of its maximum hydrogen storage capacity after

only 200 s, a time interval competitive with the one achieved

by a compressed gaseous storage system. It is interesting to

note also that there is no need to increase the thermal con-

ductivity, kCxH more than 3.5 W/(m K) and that the initiation

stage of the CxH reaction is only slightly affected by the in-

crease of this parameter.

Impact on weight and volume constraints based on the
forklift energy requirement

In order to determine the equivalence between electricity and

hydrogen, most studies covered electric forklifts including

Classes I, II and III with lift capacities ranging from 3000 lb to

20,000 lb [5]. The energy use by a forklift is evaluated consid-

ering 8 h of use per shift and a maximum of 3 shifts per day.

Results vary depending on the efficiency of the fuel cell and

the battery energy capacity used in calculations. Renquist

et al. [24] reported a hydrogen consumption of 1.75 kg/shift/

forklift as an equivalence of 35 kWh DC battery energy con-

tent/shift. Elgowainy et al. [4] used the equivalency of 15 kWh

at the wheels/fork to the consumption of 1 kg H2 per fuel cell.

Larriba et al. [5] based their calculation on a discharge battery

capacity of 80% per shift and determined the hydrogen tank

capacity to be equal to 1.8 kg H2, 1.2 kg H2 and 0.72 kg H2 for

Classes I, II and III forklifts, respectively.

In this study, the weight and volume of the hydrogen

storage system, including the metal and complex hydrides,

the hydrogen injection tubes and the stainless steel tubes, are

calculated for the three classes of the forklift trucks based on

the hydrogen tank capacities reported in Ref. [5]. Calculations

are performed for the third configuration with and without

addition of coolant tubes in the CxH peripheral area (Fig. 1 and

Table 1, Case 3). Simulation results presented in the previous

section have proven the charging performance of those con-

figurations, resulting in refueling times close or even less than

5 min. Fig. 9 illustrates their related weights and volumes

depending on the energy fuel cell forklift requirement.

McWhorter et al. [25] reported that a hydrogen system

component with a H2 fuel capacity of 2.5 kg will require a

minimum weight of 200 kg and a volume less than 230 l to

support a 10 kW fuel cell forklift vehicle. The calculated

weights and volumes of the selected configurations presented

in Fig. 9 are in line with those expectations. It should be noted

here that the mass of the lids and the external tank wall as

well as the material that could be used to improve the CxH

thermal conductivity are not included in the calculations.

Nonetheless, it is relevant to note that for the selected

configurations, the mass of the metal hydride is almost twice

themass of the complex hydride and the latter represents 66%

of the total volume of the storage system, suggesting less in-

terest to the combination of the two storage media. However,

given the refueling time of 3 min achieved by the optimum

configuration, such a complex reactor concept is attractive.

Indeed, the simulation of the sorption process for the third

configuration filled with pure LaNi4.3Al0.4Mn0.3 material and

equipped with 96 coolant tubes has shown that it takes 452 s

to reach 90% of theMeHmaximum storage capacity (the result

is not shown here), compared to 348 s and 200 s in the case of

the combination reactor with the same number of coolant

tubes, without and with improvement of the CxH thermal

conductivity (kCxH ¼ 0.35 and 3.5 W/(m K) respectively). This

loading time is achieved when the MeH reactor, initially at

room temperature of 22 �C, is charged at 70 bar and the heat

transfer fluid is flowing through the coolant tubes at 22 �Cwith

a convective heat transfer coefficient, hcool of 220 W/(m2 K).

The thermal conductivity of the MeH material is set at 1.2 W/

(m K). Although shorter loading times for both, pure MeH and

combination reactors could be expected by increasing hcool
whichmeans the increase of the coolantmass flux, this might

be an issue since more energy will be required to pump the

coolant through the heat exchanger tubes.

A better performance of the studied combination reactor

could be achieved by using the complex hydride material in

pellets form which will improve its thermal conductivity, its

density and its volumetric hydrogen capacity as discussed in

Ref. [23].

It should also be emphasized that despite the increase of

the CxH thermal conductivity (10.5 W/(m K) in Case 3 (Fig. 7)

and 3.5W/(m K) in Case 3 with the addition of coolant tubes in

the CxH peripheral area (Fig. 8)), a big number of coolant tubes

is used to ensure the efficient heat management of the CxH

bed (72 and 96 coolant tubes for the two selected cases,

respectively). As a result, the mass of the CxH material is

decreased compared to the MeH as shown in Fig. 9. The use of

radial fins could improve both, themass and volumetric ratios

Fig. 8 e Combined effects of increasing the CxH thermal

conductivity and adding coolant tubes in the CxH

peripheral area for the third configuration.
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of the CxHmedia by reducing the number of coolant tubes for

the same range of CxH thermal conductivity. Such a behavior

has been observed in the case of sodium alanate storage

systems [20] [26], and a configuration of a combination reactor

equippedwith smaller number of coolant tubes and radial fins

would be the object of a future study.

In addition, considering the growing interest to the high

temperature proton exchange fuel cells (HT-PEMFCs) oper-

ating at a temperature range of 100e200 �C [27], the proposed

complex hydride reactor concept is suitable since it allows the

use of the high thermal energy produced from HT-PEMFCs.

Conclusion

In this paper, the commercial finite element software, COM-

SOL Multiphysics has been used to optimize the charging

process of a hydrogen storage system based on the combi-

nation of LaNi4.3Al0.4Mn0.3 and LieMgeNeH materials. The

studied configuration is a large cylindrical reactor embedded

with a variable number of MeH and coolant tubes. Simulation

results have shown that increasing the number of MeH and

coolant tubes leads to better use of the storage media since it

results:

- First, in more MeH reaction heat distributed uniformly

through the CxH media which promotes the initiation

stage of the CxH reaction.

- Second, in shorter heat conduction path towards the heat

transfer fluid, ensuring an efficient heat management

during the CxH reaction.

A refueling time of 15 min has been achieved for the

configuration with 49 MeH annular tubes of 0.7 cm of thick-

ness and 72 coolant tubes of 1.4 cm of diameter. However, the

spatial distribution of the corresponding CxH temperature has

shown that the inefficient heat removal at the peripheral re-

gion of the complex hydride is responsible for the slow CxH

Fig. 9 e Weights and volumes of the optimum configurations of the combination reactor depending on the fuel cell forklifts

energy requirements.
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hydriding process. Accordingly, two effects are considered,

increasing the number of coolant tubes in this area or/and

increasing the thermal conductivity of the complex hydride.

Comparable refueling times of 5 min are obtained by consid-

ering these two effects separately whereas a charging time of

almost 3 min is achieved by combining the two effects with a

total number of 96 coolant tubes and a CxH thermal conduc-

tivity of 3.5 W/(m K).

The optimum configuration of the combination reactor

would be suitable for integration in fuel cell forklifts applica-

tions. In addition to the competitive refueling time compared

to the high pressure hydrogen storage technology, the mass

and volume of the optimum configuration are in line with the

forklift trucks requirements in terms of weight and size.
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a b s t r a c t

Hydrogen storage systems based on the combination reactor concept are promising for appli-

cation of future complex hydride materials with high storage capacities and low reaction ki-

netics at moderate operating temperatures. In such reactors, a fast reacting metal hydride is

added to a complex hydride material in a separate compartment of the tank combining the

advantages of the high storage capacity of the complex hydride with the high reaction rate of

the metal hydride. In the present publication, three issues regarding the desorption perfor-

mance of such a reactor are discussed based on analytical considerations and 1D simulations.

First, it is studiedwhether theoptimal reactordesignbasedona tubulargeometry thathasbeen

previously determined for the absorption reaction also enables satisfying desorption perfor-

mances. Itcanbeconcludedfromthecorrespondingsimulationsthatbasedonthepropertiesof

the present reference materials LaNi4.3Al0.4Mn0.7 and 2 LiNH2e1.1 MgH2e0.1LiBH4e3 wt.%

ZrCoH3, the hydrogen desorption performance of the materials in this reaction geometry is

good. Second, it is shown that besides the geometry of the reactor, also its module size is

important, as it can be crucial for the thermal management during the desorption. A meth-

odology was developed that allows to analytically determine a first estimate for the best min-

imummodule size configurationeonly basedon thedesorption rate of the basicmaterial. This

approach is confirmed by time dependent 1D simulations applying a validated model for the

reference materials. Third, the influence of a realistic periodic desorption load on the perfor-

mance of a combination reactor is studied. The results clearly show that since the addition of a

MeH material enables much smaller module sizes, it is advantageous for the thermal man-

agement of complex hydride based reactors and increases their flexibility.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

It is discussed in several scenarios of our future energy system

that hydrogen can play an important role as environmental

friendly energy carrier [1,2]. However, one bottleneck for a

closed hydrogen cycle is still the efficient storage of this

lightweight gas. Amongst others, one possibility is the utili-

zation of solid state storage materials, which is a rather safe

and long-term storage option. However, so far suitable
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materials still lead to quite heavy systems [3]. Thus, recently

the focus of the application of thesematerials has been shifted

from passenger cars to heavy duty vehicles, e.g. forklifts [4,5].

Besides classical metal hydrides (MeH) that are already

considered for real-life applications, promising solutions based

on complex hydrides (CxH) are still under investigation. These

kind of materials show improved H2 storage capacities, thus

they are in principle able to overcome the obstacle of poor

gravimetric storage density common for metal hydrides [6,7].

However, these materials usually show low reaction rates at

temperatures below 100 �C due to kinetic limitations of their

conversion reaction with hydrogen [8,9]. One possibility to use

the high storage capacities of thesematerials and to overcome

their limitation in reaction dynamics is a combination reactor

concept that has been presented by the authors before [10,11].

The idea of this concept is the combination of a fast reacting

metal hydridematerial with a slowly reacting complex hydride

material that shows a very high storage capacity. In these

previous works, this concept has been presented and dis-

cussed including amodel validation for the absorption and the

desorption processes. Based on the validated model for two

reference materials, it is now possible to investigate various

suitable tank designs. E.g., in a recent study, the absorption

process has been investigated and an optimal geometry for the

reference materials has been defined [12]. As for motive ap-

plications the fuelling of the gas has to be very fast, the ab-

sorption process is very sensitive towards reactor geometry

and material properties. Thus, it is likely that the absorption

requirements will define the overall geometry of a corre-

sponding tank. However, for technical applications, not only

the absorption process, but also the desorption process has to

be considered. The most common scenario for a desorption

process inmobile applications is the coupling to a HT-PEM fuel

cell, where the exhaust heat of the fuel cell is used in order to

supply the required heat for the desorption reaction to the

hydride storage material [13e15]. For complex hydrides the

desorption rates at fuel cell relevant pressures >1.7 bar and

temperatures (HT-PEM, 170 �C) are usually quite low. There-

fore, it is not trivial to combine high storage efficiencies (full

capacity) with fast discharging dynamics in a practical appli-

cation, e.g. due to heat management problems.

In the present paper, the main characteristics of a

desorption process as well as the resulting challenges are

discussed considering the two reference materials that have

previously been used for model validation: LaNi4.3Al0.4Mn0.7,

in the following abbreviated as MeH material, and

2LiNH2e1.1MgH2e0.1LiBH4e3wt.% ZrCoH3, in the following

abbreviated as CxH. It is obvious that with the effective stor-

age capacities of 1.2 wt.% and 3.2 wt.% for the MeH and CxH

material, a final reactor design will still not be sufficient to

fulfil the system target values of the DOE for gravimetric and

volumetric densities. However, for these two materials, vali-

dated models exist and the general principle of the combi-

nation reactor concept has been proven. Thus, thesematerials

are chosen as reference materials for the present publication.

The design of the basic reactor geometry for this study has

been taken from the previously published optimization pro-

cess of the absorption reaction [12]. Starting from this publi-

cation, it will be first checked whether this geometry is also

suitable for a generalized desorption scenario. Then in the

second part, a new aspect e the module size of a modular

hydride reactor e is discussed, since it influences the thermal

management of the reactor and thus highly affects the

desorption process (e.g., coupling to a fuel cell). In order to

clarify the wording in this manuscript, the size of a module al-

ways refers to the mass of hydride that desorbs hydrogen at the

same time. Furthermore, when the desorption rate is

mentioned it corresponds to the effective desorption reaction

rate of the pure material, while the discharging rate corre-

sponds to the discharging process of the overall tank.

Finally, in the third part, more realistic dynamic operation

scenarios are discussed. Therefore, the basic model is

extended to capture the MeH reabsorption process of

hydrogen during low load conditions.

Model formulation

Geometry

For modelling purposes, in this paper a simple axisymmetric

1D geometry has been applied that represents the cylindrical

shape of a tube-shaped reactor, compare Fig. 1 and [12]. The

metal hydride material is located in the center with a radius

rMeH¼ dMeH. In the annulus of the tube, the complex hydride is

inserted and the thickness of this layer can be varied corre-

sponding to the ratio x ¼ dCxH/dMeH. The resulting volumetric

fraction of the CxHmaterial is referred to as εCxH ¼ VCxH/Vtotal.

Both materials are separated by a gas permeable separation

layer (GPSL). As this layer consists of a thin stainless steel

mesh, the heat andmass transfer resistances at this boundary

are negligible. The thickness of the stainless steel wall dS.S
separating the hydride container from the heat transfer fluid

is considered according to the following equation [12]

dS:S ¼ 2ro
1þ 20

S
K
P y

; (1)

where ro is the external diameter of the stainless steel tube

and P is the maximum applied pressure. The remaining pa-

rameters have been taken for stainless steel 1.4571 at a

maximum temperature of 250 �C: design strength

K ¼ 186 Nmm�2, safety factor S ¼ 1.5 and the utilization factor

of the allowable design stress v ¼ 0.065. The geometries used

for simulations in this study are summarized in Table 1.

Model equations
For the presented simulations, the model is implemented into

the FEM software COMSOL Multiphysics and rate equations,

themass balance of the gas as well as the total energy balance

are considered for themetal hydride and the complex hydride

domains. For the steel wall, only an energy balance of the solid

is considered. The values for the respective properties as well

as all assumptions can be taken from the previous publica-

tion, where this model has been validated [11].

The rate equations can be written as

vX
vt

¼ rR; (2)

where X is the transformed fraction and rR is the effective

reaction rate for the materials as function of temperature and
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pressure given in s�1. The corresponding equations are sum-

marized in the following Equations (3)e(5). More details can be

found in Refs. [10,11,16].

Desorption of the CxH material (LieMgeNeH), 1st step,

0 < XI < 0.67:

rR;des;CxH;I ¼vXI

vt
¼ 2:35$1012

�
s�1

�
$exp

��131800½Jmol�1K�1�
K T

�

$1:5ð1� XIÞ½ � lnð1� XIÞ�0:33$ln
�
Peq

P

�

(3a)

Desorption of the CxH material (LieMgeNeH), 2nd step,

0.67 < XII<1:

rR;des;CxH;II ¼vXII

vt
¼ 3:044$1015

�
s�1

�
$exp

��161400½Jmol�1K�1�
K T

�

$

�
1� 0:001515

wtmax$0:33
ðP� 1:1½bar�Þ

�

(3b)

Desorption of the MeH material:

rR;des;MeH ¼vX
vt

¼ 20
�
s�1

�
$exp

��16500½Jmol�1K�1�
K T

�

$ð1� XÞ$ln
�
Peq

P

�
:

(4)

Absorption of the MeH material:

rR;abs;MeH ¼vX
vt

¼ 100
�
s�1

�
$exp

��21000½Jmol�1K�1�
K T

�
$ð1� XÞ

$

�
P� Peq

Peq

�
:

(5)

In case of “reabsorption” conditions during the desorption

reaction (see Section Simulations with varying loads), rR is

described by an IF condition: IF the systempressure is below the

desorption equilibrium pressure, the equations for rR,des,MeH are

valid. IF the system is above the absorptionequilibriumpressure

and IF already more than 1% of the transformed fraction has

been desorbed, rR is characterized by the equations for rR,abs,MeH.

When Darcy's law, VPg ¼ �m
K$vg;
�! is applied for the descrip-

tion of the gas velocity, vg
�!, the equation of the mass balance

of the gas phase in terms of gas pressure Pg is given by

ε

M
T

vPg

vt
� ε

PgM

<T2

vT
vt

� V

�
rg
K
m
VPg

�
¼ �ð1� εÞrRwtmaxrs � _mdes; (6)

where M is the molar mass of H2, < is the real gas constant, T

the temperature, rg the density of the gas, K the permeability

of the powder bed, m the viscosity of H2, ε the porosity of the

bed, wtmax the maximum hydrogen storage capacity of the

material and rs the solid density. _mdes refers to the mass of

hydrogen that is removed from the reactor, see Section Initial

and boundary conditions.

For the energy balance of the system, local thermal equilib-

rium (LTE), T ¼ Tg ¼ Ts, is assumed leading to

h
ð1� εÞcp;srs þ εcp;grg

i vT
vt

¼ cp;grg
K
m
VPgVT� V$

��leffVT
�

� ð1� εÞrRwtmaxrsDRH: (7)

The expression on the left hand side of Equation (7) refers

to the accumulation of enthalpy in the gas as well as in the

solid phasewith the heat capacity of the gas and solid cp,s/g. On

the right hand side, convective heat transfer of the gas phase,

heat transfer by thermal conduction in the powder and a heat

source due to the reaction are accounted for, where DRH is the

enthalpy of the desorption reaction. In case of “reabsorption”,

in analogy to the IF condition for the effective reaction rate

mentioned above, another IF condition has been applied on

the enthalpy of reaction.

Initial and boundary conditions
The initial condition for the temperature of the tank is given

by the constraints of a HT-PEM fuel cell, Ti ¼ Tsteel,i ¼ 170 �C,
and the initial pressure is set to Pi ¼ 20 bar. This pressure is

Fig. 1 e Scheme of the modelled 1D geometry of an axisymmetric tubular reactor.

Table 1 e Overview of the simulated geometries/scenarios.

Scenario dMeH in mm dS.S in mm x εCxH tdis in h mMeH in g per m length mCxH in g per m length

basic geometry A 10 2.0 1.25 0.80 3 10.5 12.6

B 10 2.0 1.25 0.80 2 10.5 10.1

C 10 2.0 1.25 0.80 5 10.5 16.4

variation in x D 10 1.4 0.50 0.56 3 10.5 13.6

E 10 2.7 2.00 0.89 3 10.5 11.3

F 10 4.5 4.00 0.96 3 10.5 7.5

variation in dMeH G 5 1.6 2.50 0.92 3 2.6 8.2

H 15 2.5 0.83 0.70 3 23.5 16.5
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below the fuelling pressure of 70 bar, however, as in the first

seconds H2 is only released from the void space of the reactor,

this behaviour is not relevant for the present considerations.

Furthermore, in the initial state, bothmaterials are fully in the

absorbed state.

For the energy equation, the boundary condition at the

center is a symmetry condition. At the outer surface, a heat

flux from the steel wall to the heat transfer fluid has been

assumed that is characterized by a heat transfer coefficient of

hHTF ¼ 600 Wm�2K�1, compare [11]. The most important

boundary condition during desorption experiments, however,

is given by the mass flow rate of H2 that is removed from the

system and consumed by the fuel cell. This flow rate is

implemented as a (negative) source term in the gas balance of

the system (see Equation (6)), and it causes the characteristic

decrease in system pressure that results in the endothermal

desorption reaction and the corresponding temperature

decrease. Thus, this mass flow rate is a very important vari-

able for the simulations and has to be chosen in a reasonable

way. For the present simulations, the storage capacity of the

reactor has been related to the storage discharging time in

order to be able to compare different scenarios and different

reactor designs. E.g., in the present basic case it has been

assumed that the storage capacity of theMeH and the CxH in a

reactor with a length of 1 m is deploited in 3 h. Thus, the

required desorption H2 flow rate rdes is given in s�1 as 1/

10800 s ¼ 9.26 10�5 s�1, and the resulting mass flow rate is

calculated as

_mdes ¼ rswtmaxð1� εÞ$rdes$Atube$H; (8)

where Atube refers to the perpendicular cut of tube axis that

corresponds to the geometry of the model and the height of

the reactor is defined as H ¼ 1 m. For the termination of the

simulation, the following condition has been applied: as soon

as the pressure reaches a value below 1.7 bar e the minimum

working pressure to supply the fuel cell - the simulation is

terminated. Besides simulations with a constant desorption

H2 flow rate, also simulationswith periodic H2 flow rates (thus,

varying values of the source term) have been performed, see

Section Simulations with varying loads.

Results and discussion

The general effect of the addition of a MeH material to a CxH

material in a combination reactor has already been discussed

in a previous publication [11] and can be summarized as

follows:

� The addition of the MeH to the CxH material stabilizes the

pressure in the system: As the reaction rate of the MeH is

several orders of magnitude higher than the rate of the

CxH, the pressure in the system will not fall below the

equilibrium pressure of the MeH material as long as the

MeH can desorb hydrogen.

� The efficiency of the hydrogen storage in the CxH material

is improved since, as long as the MeH is stabilizing the

pressure, the CxH material can desorb at its own

desorption rate. Thus, the MeH is only desorbing as much

H2 as to meet the demand of hydrogen for the fuel cell.

� The temperatures in the reactor decrease due to the

endothermic reaction. As theMeH is placed at the center of

the tube, where the lowest temperatures appear, this re-

gion of the reactor is efficiently used as the MeH still shows

sufficient kinetics even at low temperatures. (<150 �C).

The goal of the present publication is to study these effects

inmore detail and derive suggestions for future tank design of

similar reactors. First, the effect of varying geometries is

studied in Section Optimum reactor design for desorption,

and the optimum reactor design for absorption determined in

a previous publication is evaluated with respect to desorption

constraints. Then, in Section Discussion of minimum module

size for desorption process, the minimum module size for a

satisfying desorption performance is discussed, when the

effective reaction rates of the materials are known. This

minimummodule size is important for applications requiring

a substantial thermal management, e.g. sufficient heat

transfer at a specific temperature level, when a tank is coupled

to a HT-PEM fuel cell. Finally, the dynamic performance of a

combination reactor is studied when the H2 flow rate shows a

dynamic behaviour, and the observed effects are explained by

the effective desorption rates of the different materials, see

Section Simulations with varying loads.

Optimum reactor design for desorption

In a previously published study, an optimum geometry for a

combination reactor has been determined with respect to a

short filling time leading to a reactor with a geometry of

dMeH ¼ 10 mm and x ¼ 1.25 [12]. In this section, it is now

studied whether this radial geometry determined for absorp-

tion is also useful for the constraints that apply during

desorption operation. Therefore, starting from the optimum

absorption geometry, different geometric parameters are

varied in the following, where always a scenario with a com-

plete desorption in 3 h is considered.

Variation of the ratio x

First of all, the effect of varied values for x on the desorption

performance is studied in analogy to the absorption study [12].

Fig. 2 shows the corresponding transformed fraction plot for x

values of 0.5e4, for a discharging time of 3 h. Additionally, the

values for volumetric ratio (εCxH ¼ VCxH/Vtotal), storage capac-

ity and stored H2 per m length of reactor are summarized in

Table 1 for the different cases (A, D, E, F). In case of absorption

there exists a clear optimum regarding the minimum fuelling

time as it has been shown in a previous publication [12]. In

contrast, for the desorption process the decision on an opti-

mum is not clearly defined as there is not only one single

criterium that has to be met. For the combination reactor, the

optimal value is rather a trade-off between discharging effi-

ciency and CxH volumetric ratio. For a value of x ¼ 0.5 (green),

the discharging efficiency is very high, however, with

εCxH ¼ 0.56, the tank mainly consists of MeH material. On the

other hand, for x ¼ 4 (turquoise), the discharging efficiency is

very low as the desorption is interrupted early. Therefore, a

value of 1.25 (black), which has been the optimum for
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absorption is also suitable for the discharging process leading

to a CxH fraction of εCxH ¼ 0.8.

Variation in dMeH

Next to a variation of x, also the radius of the MeH material

dMeH at the center has been varied from 10 to 5 and 15mm, and

the optimum values for each x have been adapted from the

analogous absorption simulations. Fig. 3 shows the corre-

sponding absolute mass of hydrogen that is desorbed in each

case per m length of reactor (compare also Table 1 A, G, H).

From this plot it is obvious that in case of the reactor with

dMeH
¼ 15mm (red), the MeH dominates the combination reactor

asmore hydrogen is actually stored in theMeH (23.5 g, dashes)

than in the CxH (16.5 g, solid). In case of the 5 mm reactor

(orange) this ratio is much better with 2.6e8.2 g. However, the

total mass of H2 stored per m length of reactor is very small.

Thus, it can be concluded that for desorption a geometry using

dMeH ¼ 10 mm (black), shows a good trade off between per-

formance and stored H2 per m.

Summarizing the parameter study on the optimum reactor

geometry, it is obvious that the optimum geometry for ab-

sorption is also applicable for the desorption process.

Discussion of minimum module size for desorption process

As it has been concluded in the previous section, a reactor

design that is optimal with regards to the absorption process -

filling time - is also suitable for a general desorption scenario.

However, for the desorption process also the module size of

the overall tank can be crucial, as it will be shown in the

following.

In this section, the correlation between the effective reac-

tion rates of the materials as well as the discharging time of

the storage reactor and theminimumpossible reactormodule

size is discussed. Furthermore, it is introduced how this

module size can influence the thermal management of a

reactor during desorption operation. Asmentioned before, the

module size always refers to the mass of hydride that desorbs

hydrogen at the same time, thus it is independent of any

geometric assumption.

First, two basic scenarios are depicted in Fig. 4, in order to

explain the effects of different module sizes on the operation

procedure. In both cases, a total mass of 5 kgH2 is stored in 10

elements of the same dimensions and the reactor is operated

for 10 h until it is completely discharged:

I. In the 1st case, 5 (out of 10) elements are connected to one

module. They are heated up to the nominal operation

temperature and operated for the first 5 h. Each element is

desorbing hydrogenwith a rate of 0.1 kgH2 per h resulting in

an overall H2 discharging rate of 0.5 kgH2h
�1 of the whole

module. After 5 h, the second module has to be in opera-

tion. Therefore, the next 5 identical elements are heated up

and the same H2 flow rate is desorbed by the material in

this module. So, hydrogen has been delivered at a dis-

charging rate of 0.5 kgH2 h�1 to the fuel cell during 10 h of

operation. In this case, it is possible to use hydride mate-

rials with very low effective (desorption) reaction rates, as

the size of the two modules is rather big, and the material

Fig. 2 e Mass of H2 desorbed by the MeH material (dashes)

and the CxH material (solid line) for a desorption scenario

at 170 �C using a complete desorption in 3 h, (compare

Table 1, scenario: A, D, E, F). x varies from 0.5 (green) to 1.25

(opt, black), 2 (blue) and 4 (turquoise). (For interpretation of

the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 3 e Desorption scenario at 170 �C with x ¼ 1.25 and

dMeH varies from 5 mm (orange) to 10 mm (black) and

15 mm (red), (compare Table 1, scenario: A, G, H). Mass of

hydrogen desorbed by the MeH (dashes) and the CxH

(solid) in kg per m length of reactor. (For interpretation of

the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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in the single elements has to desorb H2 at a rather low rate.

However, this system is not very flexible concerning cold

start ability and/or heat losses, as a very big part of the

overall tank has to be heated up and kept at operation

temperature at the same time.

II. In the 2nd case, only 1 element is heated up to operation

temperature at the same time, so in this case one element

refers to one module. Thus, in this module the effective

desorption reaction rate of the materials has to be suffi-

ciently high to discharge 0.5 kgH2 h�1 for one hour. Then,

the next module is heated up and desorbs the same

amount of H2 and so on. Therefore, also in this case a

constant H2 discharging rate of 0.5 kgH2 h
�1 can be realized

while only 1module is kept at operation temperature at the

same time. This kind of configuration is advantageous

when a more flexible operation behaviour is desired,

especially considering the start-up of the system.

From these two cases it is clear that it is desirable to use the

smallest possible module size for an enhanced thermal

management allowing for a flexible operation of the tank. In

the following section, it will be discussed how the minimum

module size for a H2 storage reactor can be determined

analytically by the effective desorption reaction rate of the

material. The considered boundary conditions for these

analytical considerations are given by a HT-PEM fuel cell with

an assumed temperature of the heat transfer fluid

THTF ¼ 165e170 �C and a minimum H2 supply pressure of

0.5e1 bar and for the material properties of the two reference

materials.

Analytical considerations
For a first guess on the minimum modules size, it is sufficient

to consider only the effective reaction rates of the materials.

The corresponding procedure can be seen in a plot showing

the reaction rate versus the transformed fraction for the

considered temperatures and pressures (170 �C and 0.5e1 bar).

For the reference materials considered in this study, this kind

of plot is shown in Fig. 5 A and B. First of all, from this plot it is

clear that the reaction rates of the MeH material (B) are 2e3

orders of magnitude higher than the reaction rates of the

considered CxH material (A), see different scales. The straight

lines indicate the required rates for a complete desorption in

tdes ¼ 2, 3 or 5 h. As the effective rate of the MeH is higher than

these rates even up to a fully discharged state, it is obvious

that the MeH material can continuously desorb H2 at a high

rate. In contrast, the effective reaction rates for the CxH ma-

terial are much lower. In this case the material requires at

least 5 h for a complete discharging process, as only in this

case the reaction rate is higher than the theoretical rate for a

full conversion in 5 h (a rate of 1/(5$3600 s) ¼ 5.56 10�5 s�1).

Therefore, for this material, a desorption time of 2 or 3 h will

only lead to a H2 release from the 1st desorption step.

Thus, it can be concluded that for the MeH material, there

does not exist a minimummodule size from the point of view

of reaction rates, as even the total capacity can be released in

few seconds. However, for the CxH material, the size of the

modules should be chosen in a way that each module can

Fig. 4 e Effect of different module sizes on the flexibility of

an overall hydride tank system during desorption.

Fig. 5 e Effective reaction rates versus transformed fraction

for 165 �C and 0.5 bar (solid) or 1 bar (dashed line). A:

Reference CxH material: 2 LiNH2e1.1MgH2e0.1

LiBH4e3wt.% ZrCoH3 B: Reference MeH material:

LaNi4.3Al0.4Mn0.3.
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desorb H2 for at least 5 h in order to be able to utilize the total

capacity of the material. So, comparing Case I and II, each

module has to consist of several elements.

Besides the effective reaction rates of the materials at

isothermal and isobaric conditions, in a second step it is

useful to include more information on the actual reactor

design (tube diameters) in the considerations for the mini-

mum module size. As the reactor design will influence the

temperature profile appearing in the reactor, this will also

influence the overall reactor performance and the assumption

of isothermal conditions. E.g., for larger tube diameters the

temperature at the center will decrease due to the endo-

thermic reaction, thus, the temperature of the heat transfer

fluid will not represent the temperature of the material,

consequently the assumption of constant T and P is not valid

any more. For the case of an annular ring filled with CxH

material, the temperature decrease between the heat transfer

fluid and the temperature T2 at the GPSL, can be calculated

analytically according to the following equation [17],

assuming a constant heat flux due to the endothermal

desorption reaction of a constant H2 flow rate from the CxH

material,

THTF � T2 ¼ �ðDRHrÞCxHð1� εÞ
4leff tdis

	
r2i � d2

MeH




þ ðDRHrÞCxHð1� εÞ
2leff tdis

d2
MeHln

�
ri

dMeH

�
; (9)

where THTF and T2 are the temperatures of the heat transfer

fluid and the GPSL, DRH, rs, wtCxH, ε and leff are the reaction

enthalpy, the density, the storage capacity, the porosity and

the effective thermal conductivity, and rHTF and dMeH are the

radii of the annulus corresponding to Fig. 1. Furthermore, tdis
is the given discharging time. The calculated temperature

decreases for the optimum design determined in the absorp-

tion scenario [12] (compare Table 1, A, B, C), are 7.1 K, 4.7 K and

3.5 K for the complete desorption in 2 h, 3 h and 5 h,

respectively.

Thus, for the 3 h and 5 h desorption the temperature

decrease is not very prominent (<5 K) and it can be assumed

that the first estimation of the minimum module size using

only the effective reaction rate information at constant tem-

perature is correct.

Simulation results
The previously introduced analytical considerations showed

the challenges during desorption processes for materials with

very low effective desorption reaction rates, e.g. CxH mate-

rials. Furthermore, they showed how a first estimate on the

minimum possible module size for a combination reactor can

be obtained, based on the assumption that the CxHmaterial is

dominating the overall performance. In this section, this

initial analytical estimate is analysed in detail by a discussion

of the time dependent desorption simulations of both mate-

rials in the combination reactor as well as by a discussion of

the final mass of H2 that could be desorbed in the different

cases.

Fig. 6A shows the transformed fraction of MeH and CxH

versus time profiles for the simulated cases, where the total

stored H2 capacity is desorbed in 2 h, 3 h and 5 h (compare

Table 1, A, B, C). Regarding the geometry, the optimum ge-

ometry obtained from the 1D simulations for absorption is

considered with dCxH ¼ 10 mm and x ¼ 1.25, and the length of

one module is defined as 1 m.

The time dependent behaviour is in all three cases quite

similar and can be described as follows: in the beginning the

straight lines which indicate themass H2 desorbed by the CxH

material increase, while the dashed lines referring to the MeH

material stay at a very low level. Thus, the majority of H2 is

desorbed by the CxH material. Then, towards the end of each

scenario, the effective reaction rate of the CxH is slowing

down and the MeH material starts to desorb H2 filling the gap

to the required H2 flow rate for the fuel cell. The same effect

can be seen from Fig. 6Bwhere the temperature at the GPSL, T2

(dashes), as well as the temperature at the center, T1 (solid),

are plotted versus time for the same three cases. First, the

temperature in the center follows the equilibrium of the CxH

indicating that mainly CxH material is desorbing hydrogen.

Then, more H2 has to be desorbed by the MeH material

Fig. 6 e Desorption scenario at 170 �C using the optimal

absorption geometry and rdes for a complete desorption in

2 h (red), 3 h (black) and 5 h (blue), (compare Table 1,

scenario: A, B, C). A: Mass of H2 desorbed by the CxH (solid)

and MeH (dashes). B: Temperature T1 (solid) and T2

(dashes). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version

of this article.)
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resulting in a temperature decrease to the equilibrium tem-

perature of the MeH material, and the temperature T1 in the

center starts to vary significantly from the temperature at the

GPSL, T2.

This behaviour of the three different desorption cases is in

accordance with Fig. 5, that has been discussed above: in all

three cases, towards the termination of the simulation the

MeH is completely discharged with a wtfrac of 0.009 at 165 �C
(dashed lines), as the effective reaction rate of this material is

very high even at the applied pressures and temperature.

However, for the discharge of the CxH material different

values are obtained: in case of a dischargingwithin 2 h and 3 h,

just 2 wt.% and 2.4 wt.% can be desorbed corresponding

mainly to the 1st desorption step. Only for the case of a

desorption for 5 h the full H2 capacity of 3.2 wt.% can be

reached. Linking these findings to the general exemplary

cases in Section Analytical considerations, it is obvious that

for a discharging of the reaction in 2 or 3 h, the currently used

module size is too small to completely discharge the reactor

for the effective reaction rate of the reference materials.

Therefore, if a complete discharging is desired, either the

module size should be increased or the discharging rate

reduced (to e.g. 5 h).

Concluding this section it can be stated that the analytical

considerations and the simulated results agree very well: The

minimum discharging rate from 3 h for the complete 1st

desorption step and 5 h for a full 2nd step desorption that have

been predicted by the analytical considerations have been

confirmed in detail by the 1D simulations. For a discharging

process within 2 h, significantly less H2 could be desorbed.

Here a clear deviation from the analytical estimation is ob-

tained since it predicted a very similar behaviour to the dis-

charging within 3 h. However, in this case, the more

prominent temperature decrease - that has already been

predicted analytically - deteriorates the performance, as it can

be clearly seen from Fig. 6B.

Thus, the analytical considerations presented before can

be useful to understand the correlations between the

module size of a reactor and its desorption performance at

a given discharging rate for materials with given desorption

rates. This fact can especially be interesting for tank ap-

plications requiring a substantial thermal management, as

it is the case for coupling a solid state hydrogen storage

tank to a HT-PEM fuel cell.

Simulations with varying loads

In the previous section, it has been introduced why small

module sizes can be an important issue for technically rele-

vant storage tanks. This was done based on the assumption of

constant discharging rates. In this section, more realistic

boundary conditions, for e.g. a scenario where the tank is

coupled to a HT-PEM fuel cell, will be considered. Therefore,

besides scenarios with constant discharging rates simulating

a constant power output of the fuel cell, the behaviour of a

tank during varying loads is of high practical importance, e.g.,

in a driving scenario this can correspond to going uphill or

going downhill [18].

In order to understand the performance of a combination

reactor during dynamic loads and especially the effect of

the additional MeH, 3 different scenarios are simulated

using the basic geometry with dMeH ¼ 10 mm and x ¼ 1.25

(see Table 1, A):

� The first scenario (I) is the basic case for the optimum ge-

ometrywith a discharging time of 3 h, as it has been used in

the previous sections.

� The second scenario (II) refers to the same discharging

time, however, in this case the rate is not constant but it is

varied: for 30 s, 6 times the base load is discharged and for

the following 450 s, the load is reduced by a factor of 10 to

0.67 times the base load.

� The third scenario (III) refers again to the same discharging

time, but now the rate is varied between 30 s and 450 s from

0.53 to 8, so by a factor of 15.

Fig. 7 shows the discharging rates for the three different

cases together with the rates versus transformed fraction plot

of the CxH material at given temperature and pressure

(THTF ¼ 170 �C and P > 1.7 bar, compare Fig. 5A). From this plot

it becomes obvious that using the constant discharging rate of

Scenario I (blue straight line), the 1st desorption step of the

CxH material can in principle be fully discharged as the

required flow rate is below the possible desorption flow rate

up to 60% transformed fraction. In Scenario II, the peak rates

should be acceptable up to a transformed fraction of approx.

30%, thus in this case approx. half of the 1st desorption step

should be available for this varying load case. Finally, for

Scenario III, the peak loads exceed the possible desorption

rates of the CxH material even at very low transformed frac-

tions. Thus, in a pure CxH reactor with the present geometry

andmodule size, thematerial would not be able to keep up the

required discharging flow rate from the fuel cell even from the

beginning e even for ideal (isothermal and isobaric)

conditions.

For scenarios with varying discharging rates, the analyt-

ical considerations reflecting mainly the CxH material

desorption rates are insufficient to capture the final behav-

iour. Therefore, detailed simulations are required that take

the simultanious reactions of both materials into account.

Fig. 8 shows the results of the time dependent simulations of

the three scenarios using the optimum geometry of the

combination reactor (see Table 1, A). In Fig. 8A, the system

pressure is plotted versus time for the three scenarios.

Obviously, in Scenarios II and III, the pressure is varying

periodically due to the periodic discharging rate. The in-

tensity of this fluctuation depends on the intensity of the

different discharging rates, thus for Scenario III (green, dots)

the variations are more significant than for Scenario II (red,

dashes). Furthermore, it is obvious that in all three scenarios

the time until the experiment is interrupted is very similar.

This is surprising as the rate during peak loads in Scenario III

clearly exceeds the possible effective desorption rate of the

CxH material, see discussion above. This behaviour is due to

the additional MeHmaterial in the combination reactor and it

clearly shows the advantages on the dynamic behaviour of

such a combination reactor: even when in a scenario the

peak loads exceed the maximum desorption rates of the CxH

material, the MeH material can additionally desorb and thus

stabilize the system pressure. Furthermore, as the system
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pressure is stabilized, it is possible that in all three cases the

same amount of H2 is desorbed from both materials as it is

shown in Fig. 8B, where the mass of desorbed H2 is plotted: in

all three cases not only the MeH but also the CxH material

desorbs H2 up to the same value.

In the following, the two parallel reactions are discussed in

more detail. It will be shown that the MeHmaterial is not only

desorbing extra hydrogen during peak loads, but it is also able

to “reabsorb” hydrogen during low loads. Thus, the “buffering”

function of the MeH material is not only available once, but it

can be recharged. Fig. 9 shows a detail of the system pressure

(red) as well as the equilibrium pressures for desorption of the

CxH (black dots) and theMeH (grey dots) and for absorption for

the MeH (grey dashes) for Scenario III. From this graph it is

obvious that the system pressure never falls below the

desorption pressure of the MeH material as this is desorbing

sufficiently fast to keep a constant system pressure. Further-

more, during low load conditions the system pressure never

exceeds the absorption equilibrium pressure of the MeH ma-

terial indicating that thematerial “reabsorbs” hydrogen. Since

the system pressure is constantly below the desorption

equilibrium pressure of the CxH material, the CxH desorbs

continuously thereby also supplying hydrogen for the “reab-

sorption” in the MeH. The “reabsorption” is possible until

approx. 3600 s, then the system pressure does not reach the

required absorption pressure of the MeH anymore. The same

fact is shown in Fig. 10, where a detail of the desorbedmass H2

is plotted versus time only for the MeH material. Here, it can

be clearly seen that the desorbed mass of H2 in the MeH ma-

terial is decreasing during low loads ande during the first part

- increasing during peak loads.

In summary it can be concluded that especially Sce-

narios II and III clearly show the advantages of the combi-

nation reactor concept during a dynamic desorption

scenario: even when the required peak discharging rate

exceeds the possible effective desorption rate of the CxH

material, it is possible to show a satisfying performance on

a reactor level. Thus, as long as the required discharging

hydrogen rate can be on average supplied by the CxH ma-

terial in a given geometry and module size, even much

higher peak discharging rates can be tolerated in a combi-

nation reactor as the MeH material can desorb and reabsorb

sufficiently fast.

Coming back to the discussion on the minimum module

size, it is obvious that the addition of some MeH to the CxH

material can decrease the requiredmodule size for a pure CxH

tank and thus increase the flexibility of the tank. Especially for

the start-up phase or during mode changes in the operation,

that require a substantial thermal management, a reactor

with a suitable combination of materials can improve the

overall performance.

Conclusions

In the present publication, the desorption performance of

different configurations of a combination reactor based on a

reference metal hydride and a reference complex hydride

have been studied using analytical methods and simulations

of a 1D model using the software COMSOL.

First, a sensitivity study of the desorption performance

has been performed by varying the ratio between the MeH

and the CxH as well as the radius of the inner MeH tube

starting from the previously determined optimal absorption

geometry. Both studies indicated, that the optimal absorp-

tion geometry is also suitable for the given desorption

conditions.

Fig. 7 e Discharging rates for the three different scenarios together with the desorption rate versus the transformed fraction

of the reference CxH material. Complete desorption in 3 h (solid, blue), varying load varying by a factor of 10 between low

and high load (dash, red) and varying load varying by factor of 15 (dot, green). Arrows indicate max. possible transformed

fraction for each maximum rate. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Second, based on generic operation conditions, the influ-

ence of the module size of a reactor on the required thermal

management during operation was analysed. Then, the min-

imal module size of a reactor has been discussed when a

certain discharging time is required and the effective

desorption reaction rates characterizing the CxH material are

known. As the rates of the present referencematerial at 165 �C
and 1 bar are quite low, very large modules are required in

order to be able to deliver sufficient hydrogen. Thus, for these

materials, the thermalmanagement of the overall tank will be

challenging.

Finally, the desorption process has also been studied for

varying loads, e.g. for a load variation by a factor of 10 and 15.

In this case it was shown that the combination reactor is ad-

vantageous as the MeH material was able to buffer and reab-

sorb hydrogen during peak and low loads, respectively,

leading to smaller possible module sizes than analytically

expected. Therefore, based on the combination principle the

desorption performance on a reactor level can be better than

indicated by the effective desorption rates of the respective

CxH material.

Fig. 8 e Desorption scenario for the three different

scenarios: Complete desorption in 3 h (solid, blue), varying

load by a factor of 10 between low and high load (dash, red)

and varying load by a factor of 15 (dot, green). A: system

pressure. B: mass H2 desorbed by MeH material (turquoise,

orange, light green) and mass H2 desorbed by CxHmaterial

(blue, red and green). (For interpretation of the references

to colour in this figure legend, the reader is referred to the

web version of this article.)

Fig. 9 e Detail of Scenario II. System pressure (red, solid),

desorption equilibrium pressure of the CxH (black, dot),

desorption equilibrium pressure of the MeH (grey, dot) and

absorption equilibrium pressure of the MeH (grey, dash).

(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article.)

Fig. 10 e Detail of mass H2 desorbed by MeH material for

the desorption scenarios shown in Fig. 8. Turquoise, solid:

Scenario I, orange, dash: Scenario II, light green, dot:

Scenario III. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web

version of this article.)
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a b s t r a c t

This paper discusses the feasibility of a novel adiabatic magnesium hydride (MgH2) reactor

concept based on thermochemical heat storage. In such a concept, the heat of reaction

released during the absorption of hydrogen is stored by a thermochemical material in order

to be reused in a subsequent desorption stage. Magnesium hydroxide (Mg(OH)2) has been

selected as the suitable material for integration into the MgH2 storage system due to its

thermodynamic properties. An analytical formulation of hydrogen absorption time is used

to determine the range of the geometrical characteristics of the two storage media, their

properties and their operating conditions. The advantage of the proposed new concept is

the possibility to reduce the mass of the heat storage media by a factor of 4 compared to

phase change material, improving then the gravimetric system capacity as well as its total

cost. The second advantage is an improved flexibility of the operating pressure conditions

for MgH2 absorption reaction and Mg(OH)2 dehydration reaction that enables shorter

hydrogen absorption times by ensuring larger temperature gradients between the two

storage media.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

After decades of intensive research on metal hydrides, today,

there is a tremendous volume of data covering their properties

and application areas [1e5]. One of the traditional applications

of these materials is the storage of hydrogen for fuel cell

operation as they offer compact systems at rather low pres-

sures. However, due to their high weight, current applications

focus on heavy-duty vehicles or stationary devices.

One material that has been proposed in several publica-

tions for stationary hydrogen storage is magnesium hydride

(MgH2). This material is inexpensive and offers still high

gravimetric capacities of up to 7.6 wt.% [6]. However, the main

drawback of this material is the low system efficiency, as it

can only be operated at temperatures in the range of

300e400 �C due to thermodynamic and kinetic limitations.

Thus, in contrast to most metal hydride systems where the

focus is on a reactor designwith improved heat transfer [7], for

magnesium hydride, heat integration is the main challenge.

Furthermore, theMgH2 enthalpy of reaction corresponds to

up to 31% of the lower heating value of the absorbed hydrogen

[8]. Thus, solutions have to be found to avoid a decrease of the

system efficiency. One option is through systems where the
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magnesium hydride storage tank is coupled with a high

temperature solid oxide fuel cell (SOFC) using a diathermic

heat transfer fluid that has to be pumped [9]. Thus, the heat is

provided using the waste heat of the fuel cell by a system

integration.

In order to simplify the system complexity, previously, a

magnesium hydride reactor concept has been proposed by

Garrier et al. [8] that stores the reaction enthalpy during ab-

sorption for the subsequent desorption process in a phase-

change material (PCM). The selection criteria were based on

a stable PCM with high melting enthalpy, high thermal con-

ductivity, and a melting temperature in between the equilib-

rium temperatures of absorption and desorption, so that the

heat of reaction is conducted from one media to another due

to the presence of temperature gradient. An optimization

study has shown that the eutectic Mg69Zn28Al3 is a suitable

PCM to be integrated into the MgH2 storage system and a

large-scale magnesium hydride tank with a total hydrogen

storage capacity of 7050 Nl has been successfully built and

tested with main use for stationary applications.

In this paper, an alternative to such a PCM is presented that

stores the heat released during the hydrogen uptake in a

thermochemical material for the subsequent desorption.

Similarly to the storage of hydrogen, the thermochemical heat

storage involves reversible chemical reactions between solid

and gas, mostly water vapor. The synthesis of the solid is

exothermic, while its decomposition requires heat input [10].

In comparison to the sensible and latent heat storage

methods, thermochemical energy storage technologies offer

higher energy densities and longer-term preservation ability

for thermal energy [11]. They have gained a lot of interest for

heat pumping, heat storage, e.g. solar energy and waste heat

recovery in industrial processes [12e16].

In case of hydrogen storage based applications and to the

best of our knowledge, there has been no research performed

so far to investigate the hydrogen loading process in an

adiabatic hydrogen storage system based on the combination

of a metal hydride and a thermochemical heat storage mate-

rial. The proposed reactor design consists of an adiabatic

system where heat is exchanged internally/reversibly be-

tween magnesium hydride and a suitable thermochemical

material. Thus, the aim of this paper is (i) to discuss the

feasibility of such a new reactor concept through the identi-

fication of the suitable thermochemical storage material to be

combined with magnesium hydride, (ii) to present an analyt-

ical formulation of the hydrogen loading time, whichwould be

used as preliminary calculation tool to identify the range of

parameters for the two combined media in order to optimize

the hydrogen loading process, and finally (iii) to discuss the

competitiveness of this concept compared to the existing

technology.

Basic concept

For such a new hydrogen storage system based on the com-

bination of magnesium hydride and a thermochemical ma-

terial, the heat of reaction released by the metal hydride

during the absorption of hydrogen will be stored by the ther-

mochemical material, and it will be given back during the

desorption stage (similar to the system with PCM). The choice

of the heat storage material to be combined with the MgH2 is

based on the two materials reaction temperatures, their en-

ergy storage densities and their reaction rates. In addition, the

two materials should have good reaction reversibility and

durability, and good mass and heat transfer properties. No

toxicity, corrosion resistance, availability and low cost are also

among the criteria to be considered when selecting the ma-

terial to be combined with the magnesium hydride.

Identification of the suitable thermochemical material

Hydrogen storage media
As outlined in the introduction, magnesium hydride has been

proposed as a suitable candidate for hydrogen-based sta-

tionary applications owing to its high gravimetric capacity of

7.6 wt.%, low cost, and light weight. In addition, considerable

improvements of its kinetics and thermal properties have

been achieved in the past, so that today it is commercially

available in form of pellets with stable sorption properties and

efficient thermal conductivity [17]. Moreover, the same ma-

terial has been selected for the development of hydrogen

storage system using phase-change material to store the heat

of reaction [8]. Thus, by referring to the related study, it is

possible to compare the performance of the magnesium hy-

dride reactor based on latent heat storage and the one using

thermochemical heat storage in order to conclude about the

relevance of the new reactor concept investigated in this

study.

Magnesium hydride absorbs and desorbs hydrogen

following the reversible reaction

MgðsÞ þH2ðgÞ⇔MgH2ðsÞ þ 75 kJ mol�1
H2

(1)

The hydrogen uptake is an exothermic process and the

heat of reaction should be removed, otherwise the tempera-

ture of MgH2 media reaches the corresponding equilibrium

temperature and the absorption of hydrogen is either slowed

down or stopped. During the endothermic reaction of

hydrogen release, heat supply is required.

Thermochemical heat storage media
For thermochemical systems, the thermal energy can be

reversibly stored and released based on the following chemi-

cal reaction [10]:

Aþ B⇔CþHeat (2)

During the forward reaction, A and B are combined

together to form the product C while releasing heat. In prin-

ciple various gasesolid reactions are possible, e.g. reactions

with water vapor, CO2, ammonia or hydrogen. With heat

supply, the thermochemical material C is dissociated into

components A and B.

Salt hydrates, ammonia, hydroxides, carbonates and

metals can potentially be used for thermochemical storage

applications. Kuravi et al. [14] presented a list of these most

promising candidates with the range of their operating tem-

peratures and reaction enthalpies. As first attempt to deter-

mine the thermochemical material suitable for integration

into MgH2 storage system, our focus has been directed to
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identifying one of those heat storage media with the same

range of reaction temperature as magnesium hydride

(250 �Ce400 �C) [18]. Such a selection criteria has restricted our

choice to magnesium hydroxide, Mg(OH)2 as possible candi-

date to be combined with magnesium hydride.

The decomposition/synthesis of the Mg(OH)2 system is

based on the following reversible chemical reaction

MgðOHÞ2ðsÞ þ 81 kJ mol�1
MgðOHÞ2⇔MgOðsÞ þH2OðgÞ (3)

The charging process corresponds to the forward endo-

thermic dehydration reaction where heat is stored and mag-

nesium hydroxide is dissociated to magnesium oxide and

water vapor. The reverse exothermic hydration reaction

constitutes the thermal discharging process where heat is

released and magnesium oxide reacts with water vapor to

form magnesium hydroxide.

The “MgO/H2O/Mg(OH)2” system has mainly been investi-

gated by Kato et al. [19e23] for medium temperature chemical

heat pump applications. Their research has focused first on

the development of a new magnesium oxide material using

ultra fine oxide powder as precursor in order to improve its

durability [20]. Subsequently, the same developed material

has been used to test the performance of different packed bed

reactor configurations of MgO/Mg(OH)2 chemical heat pumps

[22,23], to study the reaction mechanism of the material

mixed with different additives such as LiCl [24], LiBr [25e27]

and CaCl2 [28,29], and to improve its thermal properties by

addition of expanded graphite [30e32]. The related results

have shown the potential of the studied material to meet the

requirements of the chemical heat storage/chemical heat

pump technology.

In the current study, the same thermodynamic and ther-

mal properties of the Mg(OH)2 investigated by Kato and co-

workers are used (i) to discuss the feasibility of a MgH2 reactor

usingMg(OH)2 as thermochemicalmaterial to store the heat of

reaction and (ii) to describe in detail the operational principle

of this new reactor concept.

To avoid any confusion between the description of

hydrogen and thermochemical systems, in the following text

the designations of absorption and desorption reactions are

used to describe hydrogen uptake and release for MgH2 sys-

tem, respectively; whereas the designations of hydration and

dehydration reactions are used to describe discharging and

charging processes for MgO/Mg(OH)2 system, respectively.

Thermodynamic considerations

The feasibility of the new MgH2 reactor concept investigated

in this study depends on the thermodynamic properties of

used hydrogen and thermochemical heat storage materials.

Based on the studies elaborated by Chaise et al. [18] and Kato

et al. [19], the equilibrium diagrams of the two studied sys-

tems are shown in Fig. 1 within the range of their operating

temperatures and pressures.

For Mg/MgH2 system, the selection of the applied pressures

during hydrogen uptake and release determines the equilib-

rium absorption and desorption temperatures to be reached

by the hydrogen storage media. Based on the experience

gained in practical operational conditions of MgH2 tanks, the

absorption and desorption pressures, Pabs and Pdes are set at

1 MPa and 0.2 MPa, respectively. This corresponds to equilib-

rium absorption and desorption temperatures, Teq,abs and

Teq,des, of 370 and 305 �C as can be seen from Fig. 1.

As described earlier, the heat of reaction released by MgH2

during its exothermic absorption reaction should be

consumed during the endothermic dehydration of Mg(OH)2.

To ensure the transfer of heat between the two media, a

temperature gradient between Mg/MgH2 and MgO/Mg(OH)2
systems is required. Specifically, the dehydration of Mg(OH)2
should occur at a temperature, Teq,dehy, lower than the ab-

sorption temperature of the magnesium hydride at 1 MPa

(Teq,dehy < Teq,abs ¼ 370 �C). As first step to assess the feasibility

of this new reactor concept, Teq,dehy is set to 340 �C, corre-
sponding to the melting temperature of the PCM used in Ref.

Fig. 1 e PressureeTemperature phase diagrams for Mg/MgH2 and MgO/Mg(OH)2 systems.
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[8]. Referring to the equilibrium diagram of MgO/Mg(OH)2
system plotted in Fig. 1, this is equivalent to Mg(OH)2 dehy-

dration pressure, Pdehy,eq of 0.8 MPa. This means that in order

to drive the thermochemical system towards the dissociation

reaction of Mg(OH)2 at this temperature level, the pressure

Pdehy should be lower than 0.8 MPa.

Indeed, referring to Kato and coworkers studies [26,28], the

Mg/Mg(OH)2 system can store heat at around 300 �C (lower

than the PCM melting temperature) under vacuum while

achieving reasonable dehydration reaction rates.

In analogy, to transfer the heat released during the

exothermic hydration of MgO towards MgH2 media desorbing

hydrogen, the hydration temperature, Teq,hyd should be higher

than the desorption temperature, Teq,des to be reached at

0.2 MPa (Thyd > Tdes ¼ 305 �C). Again, by setting Teq,hyd ¼ 340 �C,
thismeans that a hydration pressure, Phyd higher than 0.8 MPa

is required to drive the thermochemical system towards the

hydration reaction of MgO at this temperature level.

So far, the hydration reaction has only been investigated

up to a pressure of 0.4 MPa [23]. However, since reported

reaction rates are sufficiently high, the Mg/Mg(OH)2 system is

an appropriate reference system for the purpose of this

study.

Operating principle

The operating principle of the adiabaticMgH2 reactor based on

thermochemical heat storage is shown in Fig. 2. The proposed

new system consists of a reactor combining both, (Mg/MgH2)

and (Mg(OH)2/MgO) systems separated by a wall, and a water

reservoir. It has two operation modes: “Absorption of H2/

Dehydration/Condensation of H2O(g)” and “Desorption of H2/

Hydration/Evaporation of H2O(l)”.

In “Absorption of H2/Dehydration/Condensation of H2O(g)”

mode (Fig. 2(a)), the absorption and dehydration reactions of

the two storage media occur simultaneously at two different

temperature levels: hydrogen is absorbed at Teq,abs and mag-

nesium hydroxide is dehydrated by consuming the hydride

reaction heat, Qabs at lower temperature, Teq,deh. The gener-

ated water vapor is condensed at the water reservoir at Tc

while releasing condensation heat, Qc.

In “Desorption of H2/Hydration/Evaporation of H2O(l)”

mode (Fig. 2(b)), the system consists initially of magnesium

hydride and magnesium oxide. The condensed water in the

reservoir is heated up by consuming evaporation heat, Qv of

40 kJ/mol H2O. The produced vapor at Tv reacts with magne-

sium oxide and the thermochemical heat storage media

Fig. 2 e Operating principle of magnesium hydride reactor using magnesium hydroxide as heat storage media: (a)

Absorption of H2/Dehydration of Mg(OH)2/Condensation of H2O and (b) Desorption of H2/Hydration of MgO/Evaporation

of H2O.
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reaches temperature, Teq,hyd, while releasing the hydration

heat, Qhyd. Due to the temperature gradient between the

thermochemical heat storage media and hydrogen storage

media, the hydration reaction heat is conducted towards

magnesium hydride bed and the desorption of hydrogen oc-

curs at temperature, Teq,des, lower than the one reached by the

MgO bed (Teq,hyd).

In our reference case, the required heat to evaporate water

has to be provided at Tv of 170 �Ce180 �C due to the heat pump

effect of the thermochemical storage [23]. Indeed, for this

temperature range, the corresponding water vapor pressure is

between 0.824 MPa and 1.05 MPa. This will result in an equi-

librium hydration temperature, Teq,hyd greater than or equal to

340 �C (see the van't Hoff diagram in Fig. 1) which is much

higher than 305 �C, the equilibrium desorption temperature of

the MgH2 bed desorbing hydrogen at 0.2 MPa (see discussion in

the previous subsection). For the required Tv in this system, the

temperature level of the exhaust heat of a High temperature

(HT) polymer electrolyte membrane fuel cells (PEMFCs) is suf-

ficient in contrast to systemswith direct heat integration based

on SOFCs. Furthermore, depending on the choice of reaction

system, it is also possible to directly integrate the water vapor

leaving the HT-PEMFC into the thermochemical storage.

Analytical formulation

After the selection of the suitable thermochemical material to

be combined with the magnesium hydride, a first estimate of

the charging performance is presented in this section. As for

stationary applications, a hydrogen loading time of 5 h is

acceptable [8], it is assessed if the new MgH2 reactor concept

investigated in this study, could be filled with hydrogen in a

time interval of 5 h or less. This is closely related to the effi-

cient thermal management of the reaction heat released

during the hydrogen uptake: this heat should be quickly

conducted to the thermochemical heat storage media to

ensure that the temperature of the MgH2 bed does not reach

the equilibrium, resulting then in the slowdown of the

hydrogen storage process. The efficient heat transfer between

the hydrogen and heat storage media depends on these ma-

terials properties as well as the reactor design parameters.

Before performing numerical and experimental studies to

investigate the hydrogen loading process in this MgH2 reactor

based on thermochemical heat storage, the development of an

analytical expression of hydrogen absorption time is a good

approach for evaluating the performance of the selected ma-

terials and directing research efforts for possible improve-

ment of their properties. At the same time, it serves as

preliminary calculation tool to optimize hydride and ther-

mochemical materials thicknesses recognized as key design

parameters [33e35].

Marty et al. [35] developed analytical expressions of loading

times for various geometries of MgH2 reactor based on latent

heat storage and a good agreement was obtained by

comparing the calculated values to numerical and experi-

mental results. Here, the same calculation approach is

adapted to the MgH2 system based on thermochemical heat

storage in order to evaluate its related hydrogen absorption

time. The investigated reactor can be represented as a series

of rectangular cells or cylindrical tubes where MgH2 and

Mg(OH)2 beds are combined and a separation layer is used to

ensure the indirect contact between the two media. Fig. 3(a),

(b) illustrates a single cell of one rectangular and cylindrical

MgH2 and Mg(OH)2 shaped bed.

In order to describe such an adiabatic hydrogen storage

reactor based on a thermochemical system, a new analytical

equation has been formulated based on the following

assumptions:

� The heat transfer process in H2 storage media and heat

storage media is one dimensional and due only to

conduction.

� The H2 absorption reaction and the Mg(OH)2 dehydration

reaction are controlled only by heat transfer (the kinetics is

not the limiting step for the two systems, Mg/MgH2 and

MgO/Mg(OH)2).

� The hydrogen absorption front and the Mg(OH)2 dehydra-

tion front are moving into opposite directions.

� The heat released during the absorption of hydrogen in the

magnesium hydride domain at the time interval, dt and in

the elementary volume, dvMgH2
is used to dehydrate the

magnesium hydroxide at the same time interval in the

elementary volume, dvMgðOHÞ2 .
� A perfect thermal contact between H2 storage media and

heat storage media is assumed.

Rectangular geometry of Mg/MgH2 and MgO/Mg(OH)2 beds

Fig. 3(a) shows a schematic drawing of the computational

domains of Mg/MgH2 and MgO/Mg(OH)2 beds in case of one

rectangular single cell where symmetry or insulation bound-

ary conditions can be applied on both media sides.

The H2 absorption front and the Mg(OH)2 dehydration front

are moving into opposite directions. Due to the presence of a

temperature gradient between the two media, the heat of re-

action released during the absorption of hydrogen, Qabs is

conducted towards the magnesium hydroxide media and it is

stored during the Mg(OH)2 dehydration reaction. Hence,

magnesium hydride media and magnesium hydroxide media

are respectively, cooled and heated faster in the contact zones

characterized by lengths xMg and xMgðOHÞ2 as shown in Fig. 3(a).

As a result, these two zones saturate earlier than the rest of

magnesium hydride and magnesium hydroxide beds where

the respective equilibrium temperatures, Teq,abs and Teq,dehy

are reached. Once the storage of absorption heat, Qabs is

completed, the hydrogen storage media and heat storage

media are characterized by their thicknesses, LMg and LMgðOHÞ2
and the hydrogen absorption time can be expressed as [35]

tabs ¼ LMg
2
.
ð2AÞ$ð1þ l=KÞ (4)

where A ¼ lMg$MH2
ðTeq;abs � Teq;dehyÞ=ðð1� εÞrMgwtDHMgÞ is the

ratio of the sensible heat transferred between the MgH2 and

Mg(OH)2 beds and the reaction heat released during the ab-

sorption of hydrogen and l ¼ lMg=lMgðOHÞ2 is the ratio of the

thermal conductivities of the two storage media, MgH2 and

Mg(OH)2. K¼DxdehrmixrMgðOHÞ2DHMgðOHÞ2�MH2
=ðð1�εÞwtrMgDHMg�

MMgðOHÞ2 Þ is the ratio of the heat stored by the thermochemical
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material and the heat released during the absorption of

hydrogen. It is also equal to the ratio of the two bed thick-

nesses when the storage of the reaction heat is completed

(K¼LMg=LMgðOHÞ2 ).

In these expressions, Teq,abs, lMg, ε, rMg,wt and DHMg are the

equilibrium absorption temperature, the thermal conductiv-

ity, the porosity, the density, the gravimetric capacity and

the reaction enthalpy of magnesium hydride, respectively.

Teq,dehy, lMgðOHÞ2 ; rMgðOHÞ2 and DHMgðOHÞ2 are the equilibrium

dehydration temperature, the thermal conductivity, the

density and the reaction enthalpy of magnesium hydroxide,

respectively. The dehydrated fraction of water vapor is

denoted as Dxdeh. In case where Mg(OH)2 is mixed

with expanded graphite (EG) to improve its thermal conduc-

tivity, the mixing mass ratio, rmix is defined as mMgðOHÞ2=
ðmMgðOHÞ2 þmEGÞ [28].

Cylindrical geometry of Mg/MgH2 and MgO/Mg(OH)2 beds

In cylindrical geometry, magnesium hydride is introduced in

the annular region between R1 and R2 and surrounded by

magnesium hydroxide in the region between R2 and R3, as

illustrated in Fig. 3(b). The external surface of the cylindrical

tube is adiabatic. Using the same assumptions and heat

transfer description given above, the hydrogen absorption

time is [35]

tabs ¼ R2
2

�ð4AÞfcðlnc� 1Þ þ lð1þ K� cÞ½lnðð1þ K� cÞ=KÞ � 1�
þ 1þ lKg

(5)

c is defined as ðR1=R2Þ2. The expressions of A, l and K are

the same defined in case of rectangular geometry; however for

the expression of K, the complete storage of the reaction heat,

Qabs imposes the following relationship between MgH2 and

Mg(OH)2 volume: K ¼ ðR2
2 � R2

1Þ=ðR2
3 � R2

2Þ [35].

Results of the analytical formulation

In order to evaluate the hydrogen storage performance of the

newMgH2 reactor based on thermochemical heat storage, the

hydrogen absorption time is calculated for different MgH2 and

Mg(OH)2 beds geometries and thicknesses, different Mg(OH)2
properties and under different operational conditions of

pressure and temperature for both materials. The properties

of MgH2 and Mg(OH)2 used for calculations are listed in Tables

1 and 2. For magnesium hydride, calculations are performed

based on the properties of pelletized material mixed with 5%

Fig. 3 e Schematic of the used geometry in the analytical study showing the hydrogen absorption front and the Mg(OH)2
dehydration front in (a) rectangular and (b) cylindrical coordinates.

Table 1 e Properties of MgH2 used in analytical analysis
[36].

Parameter Symbol Value

Equilibrium absorption temperature (�C) Teq,abs 370

Reaction enthalpy (kJ/mol) DHMg 75

Density (kg/m3) rMg 1945

Porosity (1) ε 0.44

H2 storage capacity (%) wt 5.94

Thermal conductivity (W/(m K)) lMg 10

Molecular weight of H2 (kg/mol) MH2 0.002
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of expanded natural graphite [36]. For magnesium hydroxide,

three options are considered including composite materials

made of Mg(OH)2 and expanded graphite (EG) with an opti-

mized mixing ratio, rmix of 8/9, called EM8 and compressed

either into (1) pellet shape [31], (2) as a block to match the

dimensions of the container [32], or (3) as loose powder of pure

Mg(OH)2 filled into an aluminum matrix foam.

Dependence of the H2 absorption time on MgH2 and
Mg(OH)2 beds thicknesses

The relationship between the hydrogen absorption time and

the MgH2 and Mg(OH)2 bed thicknesses given by Equations (4)

and (5) are used to determine the range of geometrical char-

acteristics of hydrogen storage media and heat storage media

so that an absorption time of 5 h, comparable to the one

reached in the case of MgH2 based on latent heat storage,

could be achieved [8]. For these calculations, the temperatures

of MgH2 and Mg(OH)2 media are set equal to the equilibrium

temperature of MgH2 at 1 MPa and themelting temperature of

Mg69Zn28Al3, 370 �C and 340 �C, respectively. The properties of

Mg(OH)2 as EM8 pellets are used (see Table 2) and the dehy-

drated fraction of water vapor, Dxdeh is varied from 50% to

100%, since different values can be achieved depending on the

operational conditions of MgO/Mg(OH)2 system as well as its

dehydration reaction time [26].

Case of rectangular geometry of Mg/MgH2 and MgO/Mg(OH)2
beds -magnesium hydroxide as EM8 pellets
Fig. 4(a), (b) shows the evolution of the hydrogen absorption

time, tabs and the thickness of Mg(OH)2 media, LMgðOHÞ2 as

function of the dehydrated fraction of water vapor, Dxdeh
ranging from 50% to 100% for three selected thicknesses of

magnesium hydride bed, LMg ¼ 0.5 cm, 0.75 cm and 1 cm. For a

given value of Dxdeh, the increase of MgH2 bed thickness is

accompanied by a significant increase of Mg(OH)2 bed thick-

ness and H2 absorption time. This is due to the fact that more

reaction heat, Qabs is released when thicker MgH2 media is

used. As a result, more Mg(OH)2 material is required to store

this reaction heat, and due to its low thermal conductivity of

0.55 W/(m.K), the conduction of Qabs towards the magnesium

hydroxide bed is very slow, inhibiting then the fast absorption

of hydrogen.

It should also be noted that for a same thickness of MgH2

bed, higher dehydrated fractions of water vapor, Dxdeh result

in shorter hydrogen absorption times and thinner Mg(OH)2

thicknesses. Indeed, due to the endothermic nature of

Mg(OH)2 dehydration reaction, more heat is required to reach

higher dehydrated fractions of water vapor. Therefore, when

Dxdeh increases and for the same amount of reaction heat,Qabs

released by magnesium hydride, less Mg(OH)2 material is

needed. As a result, a faster extraction of this reaction heat

from MgH2 media is obtained, which explains the profiles of

tabs and LMgðOHÞ2 when Dxdeh increases.

By recalling that the hydrogen absorption time should be

competitive with the one achieved in case of MgH2 reactor

based on latent heat storage, tabs should not exceed in any

case 5 h [8]. For instance, by selecting LMg ¼ 0.75 cm as refer-

ence case, this suggests that a minimum dehydrated fraction,

Table 2 e Properties of Mg(OH)2 used in analytical analysis [16,32].

Parameter Symbol Value

EM8 Pellets EM8 Block Mg(OH)2 þ Al foam

Equilibrium dehydration temperature (�C) Teq,dehy 340

Reaction enthalpy (kJ/mol) DHMgðOHÞ2 81

Density (kg/m3)

Porosity

rMgðOHÞ2
εMgðOHÞ2

714

e

1022

e

209.32, 425.88, 638.82

90%, 80%, 70%

Dehydrated fraction of water vapor (%) Dxdeh 50e100

Mixing ratio rmix 8/9 8/9 e

Thermal conductivity (W/(m.K)) lMgðOHÞ2 0.55 1.2 11

Molecular weight of Mg(OH)2 (kg/mol) MMgðOHÞ2 0.058

Fig. 4 e Dependence of (a) the H2 absorption time and (b)

the thickness of Mg(OH)2 media on the dehydrated fraction

of water vapor, Dxdeh for three selected thicknesses of

MgH2 bed e Case of rectangular geometry.
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Dxdeh of 65% is required to reach such a goal (see the green

dashed line (in the web version) in Fig. 4(a)), and the resulting

Mg(OH)2 bed thickness is equal to 3.25 cm as shown in Fig. 4(b)

(green dotted line). Shorter hydrogen absorption times can be

expected for higher Dxdeh and thinner Mg(OH)2 bed

thicknesses.

Case of cylindrical geometry of Mg/MgH2 and MgO/Mg(OH)2
beds -magnesium hydroxide as EM8 pellets
In cylindrical geometry, the hydrogen absorption time, tabs
and the radius of Mg(OH)2 media, RMgðOHÞ2 are calculated as

function of the dehydrated fraction of water vapor, Dxdeh
ranging from 50% to 100% for three selected magnesium hy-

dride radius, RMg ¼ 1 cm, 2 cm and 3 cm while assuming a

radius of the inner tube, R1 equal to 1/4 RMg (see Fig. 3(b)). As

can be seen from Fig. 5(a), (b), the evolution of tabs and RMgðOHÞ2
are qualitatively similar to those in case of rectangular ge-

ometry (Fig. 4(a), (b)). However, for this cylindrical configura-

tion, calculation results show that the selection of a radius,

RMg of 2 cm or less can ensure the filling of the hydrogen

storage media in a time interval less than 5 h (see the green

dashed line (in the web version) in Fig. 5(a)). For example, by

setting RMg equal to 2 cm, tabs and RMgðOHÞ2 can vary from 3 to

5 h and from 3.75 cm to 5 cm, respectively, depending on the

dehydrated fraction of water vapor, Dxdeh.

Discussion and requirement for the optimization of
thermochemical storage
For both, rectangular and cylindrical geometries, hydrogen

absorption times much less than 5 h could be achieved for

very thin thicknesses of MgH2 and Mg(OH)2 media as can be

seen from Figs. 4(a) and 5(a). However, the design of MgH2

reactor based on such geometrical characteristics would

require a large number of either, rectangular cells or cylin-

drical tubes to store the amount of hydrogen required by the

targeted application. This would make the MgH2 storage sys-

tem based on Mg(OH)2 heavier and bulkier and increase its

total cost. One way to address this issue is to improve the

thermal conductivity of themagnesium hydroxide bed so that

better heat exchange between the hydrogen and heat storage

media could be achieved. This aspect is investigated in the

next section while focusing on the cylindrical geometry. The

choice of this reactor configuration allows the use ofMgH2 and

Mg(OH)2 in pelletized form while benefiting from their high

thermal conductivities in radial direction, as well as a uniform

distribution of their operating pressures.

Dependence of the H2 absorption time on Mg(OH)2 properties

Three different types of magnesium hydroxide material are

selected here to analyze and compare the effect of their den-

sities and thermal conductivities on the performance of

hydrogen absorption process. Kato et al. [32] developed a

compositematerial, named EMby drying amixture ofMg(OH)2
powder, expanded graphite (EG) and water, and took advan-

tage of its mold-ability property to propose its use as small

pellets or a block matching the dimensions of the container.

With an optimized mixing mass ratio, rmix of 8/9, this two

shaped materials are referred here as EM8 pellets and EM8

block. Despite the high thermal conductivity of EG, their

measured thermal conductivities are still low compared to the

one of MgH2 used for calculations (see Tables 1 and 2). Thus, a

third alternative is considered where loose powder of pure

Mg(OH)2 material is filled into a metal matrix foam (e.g. based

on aluminum). The properties of the considered media are

calculated based on the following expressions

rMgðOHÞ2 ;eqv ¼ εAl:foam

�
1� εMgðOHÞ2

�
rMgðOHÞ2 (6)

lMgðOHÞ2 ;eqv ¼ lAl:foam þ εAl:foamlMgðOHÞ2 (7)

while assuming a true density, porosity and thermal con-

ductivity of theMg(OH)2 powder of 2340 kg/m3, 90% and 0.1W/

(m.K), respectively [16]. The same properties of aluminum

matrix foam presented in Ref. [37] are used for the present

calculations and an effective thermal conductivity, lMgðOHÞ2 ;eqv
of 11 W/(m.K) is achieved (see Table 2), comparable to that of

magnesium hydride.

The H2 absorption times andMg(OH)2 radius of the selected

cases are calculated for a minimum dehydrated fraction of

water vapor, Dxdeh equal to 50% while setting the radius of

MgH2 tube, RMg at 2 cm. Results are illustrated in Fig. 6.

From these histograms, it is obvious that a significant

reduction of H2 absorption time is obtained with the

improvement of Mg(OH)2 thermal conductivity. By increasing

lMgðOHÞ2 by a factor of 2 and 20, it would be possible to store

Fig. 5 e Dependence of the H2 absorption time (a) and the

thickness of Mg(OH)2 media (b) on the dehydrated fraction

of water vapor, Dxdeh for three selected thicknesses of

MgH2 bed e Case of cylindrical geometry.
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hydrogen in time intervals of about 2 h and half an hour,

respectively. Better results could be even obtained for higher

dehydrated fractions, Dxdeh. Regarding the thickness of

Mg(OH)2 media, a slight decrease of RMgðOHÞ2 is obtained when

the material density is increased by 30% in case of EM8 pellets

and EM8 block (compare materials densities in Table 2).

However, the use of Mg(OH)2 as loose powder with a porosity

of 90% lowers its density to 209 kg/m3. Thus, more amount of

Mg(OH)2 material is required and its radius is almost the

double of RMgðOHÞ2 in case of EM8 block and eight times RMg. It

follows from these results that there is a trade-off between the

improvement of hydrogen absorption time and the size of the

MgH2/Mg(OH)2 combination tube if Mg(OH)2 material is filled

into an aluminum matrix foam.

Dependence on the operational conditions

In addition to the geometric characteristics and material

properties, the hydrogen absorption time also depends on the

operational conditions of pressure and temperature. For

magnesium hydride, the storage of hydrogen at a given

pressure, PH2 ;abs is accompanied by a heat release (Qabs) due to

the exothermic nature of the reaction. As a result, the hydride

bed temperature increases and reaches the equilibrium,

Teq,abs. Similarly, during the endothermic dissociation of

magnesium hydroxide, the dehydration temperature of the

packed Mg(OH)2 bed, Teq,dehy depends on the water vapor

pressure, PH2O;dehy [19]. Thus, by manipulating the hydrogen

absorption pressure and the water vapor pressure, different

temperature gradients between the hydride and hydroxide

media could be obtained. Here, the hydrogen absorption time

is calculated for Teq,abs and Teq,dehy ranging from 350 �C to

400 �C and from 270 �C to 340 �C, respectively (see Eqs. (4) and

(5)). The properties of magnesium hydroxide as EM8 pellets

with a dehydrated fraction of water vapor, Dxdeh of 50% are

used for this calculation. The radius of magnesium hydride

tube is set at 2 cm, corresponding to a magnesium hydroxide

tube radius of 4.96 cm.

Fig. 7 shows the evolution of the hydrogen absorption time

as function of the temperature gradient (Teq,abs � Teq,dehy). As

expected, it follows that larger temperature gradients be-

tween the hydrogen storagemedia and the heat storagemedia

result in shorter hydrogen absorption times. For example, by

setting Teq,dehy at 340 �C and increasing Teq,abs from 350 �C to

400 �C, the hydrogen absorption time is reduced from about

14 h to two hours and a half (see blue dotted line (in the web

version) in Fig. 7). This MgH2 equilibrium temperature range

corresponds to an absorption pressure, PH2 ;abs varying from

6.2 bar to 18 bar. However, as discussed earlier, the practical

absorption pressure, PH2 ;abs for the magnesium hydride tank

is 10 bar. Thus, it is more suitable to set the hydride temper-

ature at 370 �C and vary Teq,dehy (Curve with blue triangle

symbol (in theweb version) in Fig. 7). Kato et al. [26,28] showed

that reasonable dehydration rates and good cyclic ability at

medium-temperatures ranging from 270 �C to 300 �C and

dehydration pressures, PH2O;dehy less than 1 bar, can be ach-

ieved whenMg(OH)2 is mixed with optimized ratios of lithium

bromide (LiBr) and expanded graphite (EG). For this same

Fig. 6 e H2 absorption time (a) and Mg(OH)2 thickness (b) as

function of Mg(OH)2 material properties (Mg(OH)2 as EM8

pellets, Mg(OH)2 as EM8 Block andMg(OH)2 as loose powder

with a porosity of 90% filled in an Al matrix foam),

calculated for a dehydrated fraction of water vapor, Dxdeh of

50% and a MgH2 bed thickness of 2 cm, in case of

cylindrical geometry.

Fig. 7 e Dependence of the H2 absorption time on the

equilibrium H2 absorption temperature, Teq,abs of MgH2

system and the equilibrium dehydration temperature,

Teq,dehy of Mg(OH)2 system.
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range of Teq,dehy, a hydrogen absorption time of less than 2 h

can be achieved, which is comparable to the case of using EM8

block (compare to Fig. 6).

Considerations for hydrogen desorption process

The same analytical formulation described above for

hydrogen absorption can be used for the evaluation of

hydrogen desorption time. In this case, the desorption pres-

sure, PH2 ;des dictates the minimum temperature to be reached

in the magnesium hydride bed. For fuel cell supply applica-

tions, hydrogen should be released at pressure greater than or

equal to 1 bar, which corresponds to equilibrium desorption

temperature close to 300 �C (see MgH2 van't Hoff diagram in

Fig. 1). Accordingly, the hydration of magnesium oxide should

occur at higher temperature to ensure the transfer of its re-

action heat from the heat storage media to the hydrogen

storage media as explained in Section Thermodynamic

considerations. In other words, a water vapor pressure,

PH2O;hyd above 3.6 bar is required for the hydration of magne-

siumoxide as it can be seen from the theoretical Mg(OH)2 van't
Hoff diagram presented in Fig. 1. This pressure can, e.g., be

ensured by the heat loss of a HT-PEMFCs or even the use of

water vapor released during its operation, leading then to a

closed system.

Experiments of Kato et al. [32] on MgO hydration reaction

in EM8 block showed that at 3.61 bar, hydration was

completedwithin one hour and the reactionwas controlled by

heat transfer. However, the measured temperature of the

packed bed was approximatively 220e230 �C, which is much

lower than the one calculated from the theoretical van't Hoff

diagram at the same hydration pressure (310 �C at 3.61 bar).

Such a result suggests the presence of a hysteresis between

the hydration and dehydration reactions and further experi-

mental studies for the MgO/Mg(OH)2 material are required to

indicate which hydration pressure will be needed for the

desorption of hydrogen in an application.

Comparison with existing technology

After the general feasibility of the adiabatic hydride storage

reactor based on Magnesium hydride/Magnesium hydroxide

as well as first geometric studies have been shown, in this

section, the new system is compared to state of the art sys-

tems with regard to general system properties as well as to H2

uptake performance. As reference system, the magnesium

hydride storage reactor in combination with a PCM has been

used [8].

System characteristics

System weight
For the reference study by Garrier et al. [8], Mg69Zn28Al3 has

been used as PCM to store the heat of reaction in the MgH2

reactor developed. The choice of this eutectic metal alloy is

based on its attractive thermodynamic and thermal properties

allowing better thermal exchange with MgH2 media, so that

acceptable time intervals for hydrogen absorption and

desorption have been achieved in case of stationary applica-

tions. However, the use of Mg69Zn28Al3 results in a drastic

decrease of the gravimetric capacity of MgH2 system. Indeed,

starting with a gravimetric capacity of 6.3 wt.% for the MgH2

pellets, it is lowered to 0.315 wt.% for the whole storage sys-

tem since a mass of 126 kg of PCM is required to store/release

the heat of reaction of 9.9 kg of MgH2 pellets [8].

For the new reactor concept investigated in this study,

Mg(OH)2 is used as thermochemical heat storage media to

store the heat of reaction released during the absorption of

hydrogen. The amount of heat to be stored in Mg(OH)2
dehydration reaction is given by Qabs ¼ Dx$mMgðOHÞ2$
DHMgðOHÞ2=MMgðOHÞ2 , where Dx, mMgðOHÞ2 , MMgðOHÞ2 and DHMgðOHÞ2
are the reacted fraction of water vapor in 1, themass in kg, the

molecular weight of Mg(OH)2 in kg mol�1 and the enthalpy of

reaction in J mol�1, respectively. Based on the same mass of

MgH2 contained in the H2 storage system using latent heat

storage and its corresponding gravimetric capacity, the mass

of Mg(OH)2 required to remove the reaction heat generated

during hydrogen absorption is

mMgðOHÞ2 ¼
�
wt$mMgH2

$DHMgH2

�
MH2

���
Dx$DHMgðOHÞ2

�
MMgðOHÞ2

�

(8)

where wt, mMgH2
and DHMgH2

are the gravimetric capacity in

wt.%, the mass in kg and the enthalpy of MgH2 in J mol�1

respectively and MH2
is the molecular weight of hydrogen in

kg mol�1.

Fig. 8 e H2 absorption time (a) and Mg(OH)2 thickness (b) as

function of Mg(OH)2 porosity, calculated for a dehydrated

fractions of water vapor, Dxdeh of 50% and 80%, and a MgH2

bed thickness of 7 cm, in case of cylindrical geometry.
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Even in a worst case scenario, where only Dx ¼ 50% of the

water vapor reacts, this results in a mass, mMgðOHÞ2 of 31.6 kg

using data listed in Tables 1 and 2. This represents a quarter of

Mg69Zn28Al3 mass used in Ref. [8] and it refers to a gravimetric

capacity of still approx. 1.5 wt.%. Even though magnesium

hydride is mainly used for stationary applications where

achieving low system weight is not considered as high prior-

ity, it is obvious that the development of MgH2 reactor using

Mg(OH)2 as thermochemical storage media would result in a

considerable improvement of the gravimetric capacity of the

whole storage system.

Furthermore, it can also be noted that the overall gravi-

metric capacity of the MgH2 þ Mg(OH)2 with 1.5 wt.% is still in

the range or even better than the capacity of classical metal

hydride materials like LaNi5 with approx. 1.3 wt.% [38].

System cost
For the Mg(OH)2 material, the required mass is not only

reduced to one quarter of the mass for the PCM, but also the

cost per kg is significantly lower than for the PCM. Therefore, it

is obvious that the system cost of the presented storage

reactor is much lower. For instance, with a commercial price

of 0.2e1 $/kg [39], the storage reactor based on the Mg(OH)2
will have extramaterial costs of approx. 20 to 30 $. In contrast,

as the price of magnesium (Mg), Zinc (Zn) and aluminum (Al)

materials is approximately between 2 and 3 $/kg [40], the

material cost for the PCM storage are 250e375 $! Thus, even

though the reactor design for the Mg(OH)2 material might be

more complex, there exists a significant potential benefit of

the new adiabatic MgH2 reactor concept based on thermo-

chemical heat storage.

System reliability and complexity
When looking at the system complexity, it is obvious that the

combination of a MgH2 with the Mg(OH)2 system is more

complex than the combination with a PCM. This is mainly due

to the required water management for the Mg(OH)2 material.

However, as suggested in the operating principle, the inte-

gration with a HT-PEMFC can be sufficient to provide the

required water for hydrogen desorption.

Furthermore, it is clear that the suggested concept is on a

very low technology readiness level at the moment; however,

it could also offer an advantage in system complexity: For the

PCM, special care has to be taken to avoid cooling down below

the melting temperature when storing the heat. In contrast,

the Mg(OH)2 system can still operate, even if it was cooled

down to room temperature as the heat is stored in the

chemical reaction (with a heat capacity that is reduced by the

temperature decrease).

Flexibility of the system
Another advantage of the proposed concept is the flexibility of

the operational conditions for both, magnesium hydride and

magnesium hydroxide reactions. Indeed, for the H2 storage

system based on latent heat storage, the operation tempera-

ture of the phase change material is fixed and the driving

temperature gradient between theMgH2 and the PCMneeds to

be generated by the hydrogen storage material itself by

imposing a higher hydrogen absorption pressure than the

desorption. In case of MgH2 reactor based on thermochemical

heat storage, the thermochemical material can contribute to

the generation of different temperature gradients by varying

the condensation and evaporation temperatures, Tc and Tv,

respectively. Thus, larger driving temperature gradients be-

tween the hydrogen and heat storage media can be achieved

and more efficient use of the reaction heat is expected.

System performance

Complementing the comparison of some general character-

istics of the storage reactor, in this section the performance of

this new adiabatic hydride reactor with Mg(OH)2 is compared

to the PCM-based system from the literature using the iden-

tical geometry.

The MgH2 reactor based on latent heat storage [8] consists

of two concentric tubes filled with MgH2 and PCM and having

radius of 7 cm and 14 cm, respectively. It was filled with

hydrogen in a time interval of 5 h. Thus, the same radius of

magnesium hydride tube, RMg equal to 7 cm is selected to

recalculate the hydrogen absorption time using the equations

presented before. As with this thick inner diameter the heat

conductivity of the Mg(OH)2 material gets more and more

important, the radius of Mg(OH)2 tube has been calculated for

a case where the material is filled into an aluminum matrix

foam. Due to the low density of the Mg(OH)2 with 90% of

porosity (see Eq. (6)), this results also in a very thick radius for

this material. In order to address this problem, the Mg(OH)2
porosity, εMgðOHÞ2 is improved from 90% to 70% in the present

calculations resulting in Mg(OH)2 densities ranging from

209 kg/m3 to 638 kg/m3 for the same value of thermal con-

ductivity, lMgðOHÞ2 ;eqv equal to 11 W/(m.K).

Fig. 8 shows the resulting absorption time and Mg(OH)2
radius for two values of the dehydrated fraction of water

vapor, Dxdeh (50% and 80%). From these histograms, it can be

seen that a comparable performance of the developed MgH2

reactor based on latent heat storage could be achieved when

magnesium hydroxide has a thermal conductivity of 11 W/

(m.K) and a porosity of 70%. The corresponding density is

equivalent to that of pelletized pure Mg(OH)2 studied by Kato

et al. [32].With such properties and forDxdeh of 80%, the radius

of the Mg(OH)2 tube is equal to 14 cm, same as the radius of

PCM tube for the MgH2 tank developed by Garrier et al. [8].

From a practical perspective, it is tricky to achieve such a

density by filling the Mg(OH)2 material into an aluminum

matrix foam. However, the obtained results are useful since

they allow to determine the optimum range of density and

thermal conductivity of Mg(OH)2 media so that comparable

hydrogen storage performance to the case of MgH2 based on

latent heat storage could be achievedwhile using a lessweight

and cost thermochemical material, as discussed before.

Conclusions

In this paper, the feasibility of a new adiabatic metal hydride

reactor concept using a thermochemical heat storagematerial

to store the absorption reaction heat has been studied. Mag-

nesium hydride and magnesium hydroxide have been iden-

tified as suitable reference materials to be combined based on

their operating temperatures range. In addition, both of them
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are promising materials in terms of cost, availability and

storage capacity.

The performance of the hydrogen loading process for this

new reactor concept has been evaluated based on an analyt-

ical formulation of the hydrogen absorption time as function

of the geometrical characteristics of the two storage media,

their properties and their operating conditions. The analytical

formulation was applied for a pelletized magnesium hydride

media and three types ofmagnesiumhydroxidematerial: EM8

pellets, EM8 block and pure Mg(OH)2 filled in an aluminum

matrix foam, to determine materials and systems parameters

for different geometries and material parameters.

The main results arising from these calculations are that

short hydrogen absorption times (less than 5 h) could be ach-

ieved for a reference MgH2 pellet and thin Mg(OH)2 media

thickness, and the improvement of the thermal conductivity of

magnesiumhydroxide bed enables theuseof thickerhydrogen

andheat storagemedia for the sameabsorption time intervals.

The comparison with state of the art MgH2 tank using PCM

showed that a comparable hydrogen absorption time and

geometric characteristics could also be achieved if the effec-

tive Mg(OH)2 thermal conductivity is equal to the one of

pelletized MgH2 (~10 W/(m.K)) with a density of 638 kg/m3.

Moreover, the possibility to adjust the gas pressures inde-

pendently allows for more flexible operations. By adjusting

the water vapor pressure and the hydrogen ab- and desorp-

tion pressures, faster dynamics of the system could be

reached since higher gradient between the equilibrium tem-

peratures of the two hydrogen and thermochemical heat

storage media can be achieved.

Furthermore,with such a reactor design, the requiredmass

of Mg(OH)2 is reduced by a factor of 4 in comparison to the

mass of phase changematerial used in MgH2 reactor based on

latent heat storage. This will result in an adiabatic hydrogen

storage system of lower cost (factor 10) and higher gravimetric

capacity compared to the one using phase change material,

potentially opening then the way to its integration in appli-

cations other than stationary sector.
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Nomenclature

Materials

Al: aluminum
EG: expanded graphite
Mg/MgH2: magnesium/magnesium hydride
MgO/Mg(OH)2: magnesium oxide/magnesium hydroxide
Mg69Zn28Al3: metallic PCM

Parameters

L: thickness of layer, m
m: mass, kg
M: molecular weight, kg mol�1

P: pressure, MPa
Q: heat., kJ
rmix: mixing ratio of graphite and MgO
R: radius, m
t: time, hour
T: temperature, �C
wt: transformed weight fraction of metal hydride, %
Dx: reacted fraction of water vapor
DH: reaction enthalpy, kJ mol�1 K�1

li: thermal conductivity of component i
ε: porosity
r: density, kg m�3

Subscripts

abs: absorption
c: condensation
dehy: dehydration
des: desorption
eq: equilibrium
eqv: equivalent
e: evaporation
hy: hydration
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a b s t r a c t

In this paper a plate reactor for metal hydride applications is presented and experimentally

characterized. Through an optimized heat transfer characteristic the concept is suitable for

all metal hydride high performance systems, where short reaction times are required. The

experimental characterization using metal hydride Hydralloy® C5 reveals that very short

half-cycle times (t < 60 s) are feasible enabling small and compact systems. With regard to

the application of an open metal hydride cooling system for fuel cell vehicles and a cooling

temperature of 10 �C, single reactor experiments lead to a high specific cooling power of

1.31 kW kgMeH
�1 . In a continuous working system where thermal losses are considered, still

690 W kgMeH
�1 can be reached.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction and operation principle

Electrical and fuel cell (FC) driven vehicles are considered as

promising solutions to reduce the dependency on fossil fuels.

In these vehicles, state of the art conventional compressor

driven air-conditioning systems are the largest auxiliary

power load with a significant impact on the vehicle range [1].

For FC vehicles, Pino et al. [2] have shown an increase of

hydrogen consumption of up to 12.1% when the air-

conditioning system is in operation. Additionally, current re-

frigerants for these systems show a high GWP or are flam-

mable [3].

For this reason, innovative solutions for air-conditioning

systems that are able to minimize the discrepancy between

increased driving range and interior comfort have to be

developed. One possible approach for future air-conditioning

systems are metal hydride based cooling systems (MHCS). In

these systems the reversible reaction betweenmetal hydrides

and hydrogen is utilized. According to the reaction equation

MeðsÞ þ X
2
$H2ðgÞ#MeHXðsÞ þ DRH (1)

the absorption and desorption of hydrogen is accompanied

with a heat of formation DRH that suppliese depending on the

direction of the reaction e cold and heat for a cooling system

or a heat pump, respectively.

In Fig. 1 the operation principle of a so called open MHCS

(abbreviations according to Table 1) system is illustrated. In

this system, a metal hydride reactor is integrated between the

pressure tank and the fuel cell of a FC vehicle [4]. For an

advanced driving range of FC cars, state of the art pressure

* Corresponding author. Fax: þ49 711 6862 632.
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tanks are used where hydrogen is compressed up to 700 bar.

For this compression process up to 15.5% [5] of the heating

value of hydrogen is needed that is so far wasted, as during

operation the pressure is simply throttled down to the pres-

sure level of the fuel cell.With the open system it is possible to

reuse part of this potential energy by generating cold.

Thereby, the system operates at two pressure levels e the

absorption pressure pabs with hydrogen from the pressure

tank and the fuel cell pressure pdes. In the regeneration half-

cycle (HC), the metal hydride is initially charged with

hydrogen from the pressure tank. Since the absorption of

hydrogen is an exothermic reaction, the heat of formation is

released to the ambient (cf. conventional heat pumps) or can

be used for heating in winter months. Then, the desired

cooling effect results from the subsequent desorption of

hydrogen at the fuel cell supply pressure by absorbing heat at

low temperature in the endothermic cooling half-cycle. In

order to realise a “quasi-continuous” system, at least two

identical alternating metal hydrides reactors have to be used,

while the hydrogen from the pressure tank just passes the

reactors before it is converted in the fuel cell. Thus, the open

MHCS does not consume any hydrogen, but it simply uses part

of the potential energy that is intrinsically available on-board

in the 700 bar pressure tank.

In addition to the aforementioned openMHCS, there are so

called closed MHCS where the released hydrogen of the

cooling-half cycle is absorbed by a second metal hydride with

a lower equilibrium characteristic. The hydrogen cycle is

closed in the regeneration by a thermal compression using a

heat source. MHCS e especially thermally driven closed

MHCSs based on a coupled pair of MeHs e have been known

and explored for more than thirty years. In review papers,

Muthukumar et al. [6] and Bhuiya et al. [7] summarize the

research progress and the current state of technology. A va-

riety of systems are listed that mostly show low specific

cooling powers and large half-cycle times. E.g. Qin et al. [8]

developed an exhaust gas-driven automobile air conditioner

system using cylindrical tube reactors. Related to metal hy-

dride mass of one desorbing reactor, for the operating condi-

tions of 150 �C/30 �C/0 �C an average specific cooling power of

30.7W kgMeH
�1 with a refrigeration half-cycle time of 1300 s was

obtained. Also using cylindrical tube reactors with a central

tube for the heat transfer fluid, Ni et al. [9] investigated the

influence of the heat source temperature (115 �C, 130 �C and

150 �C) on the performance of a closedMHCS. As a result, both

the average cooling power and the coefficient of performance

(COP) increase with growing temperature. For a heat source

temperature of 150 �C an average specific cooling power of

89 W kgMeH
�1 was realized.

However, two more promising approaches are the

following: In 1984 at the department of Materials Engineering,

Technion e Israel Institute of Technology [10], a single

stage MHCS driven by the exhaust gas of a bus was

ln
 p

cooling HC
Qc

Qamb

Tc
Tamb

pdes

H2

1/T

MeH

H2pabs

regeneration HC

Fig. 1 e Operation principle of the open metal hydride

based cooling system.

Table 1 e Abbreviations and nomenclature.

Abbreviations:

COP Coefficient of performance

HC Half-cycle

HTF Heat transfer fluid

MHCS Metal hydride cooling system

NPDM Norm. pressure dependence

method

PCI Pressure-concentrations-

isotherms

SCP Specific cooling power

Nomenclature:

A Arrhenius coefficient, s�1

cp Specific heat capacity, J kg�1 K�1

Ea Activation energy, J K�1

DH Heat of formation, J mol�1

k Reaction rate constant, s�1

m Mass, kg

nH2 Desorbed hydrogen, mol

p Pressure, Pa

q Specific heat, J kgMeH
�1

_q Specific power, W kgMeH
�1

R Universal gas constant, J mol�1 K�1

r Mass ratio, e

DS Entropy of reaction, J mol�1 K�1

T Temperature, �C
t Time, s
_V Volume flow rate, m3 s�1

w Hydrogen capacity, wt.%

X Transformed fraction, e

Greek letters:

r Density, kg m�3

tTC Time constant, s

tHC Half-cycle time, s

Subscripts:

abs Absorption

amb Ambient

c Cool

des Desorption

eq Equilibrium

i Intrinsic

in Inlet

max Maximum

out Outlet

PR Plate reactor

r Mass ratio

rb Reaction bed

sys System

TB Thermostatic bath

TC Time constant

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 8 0 6 3e8 0 7 48064

http://dx.doi.org/10.1016/j.ijhydene.2017.01.066
http://dx.doi.org/10.1016/j.ijhydene.2017.01.066


developed. Upon cycling operation, a specific cooling power of

200e250 W kgMeH
�1 and a half-cycle time for complete trans-

formed fraction of 6 min for the material pair MmNi4.15Fe0.85
(porousMeH compact) and LaNi4.7Al0.3 (powder)was observed.

Using two optimized capillary tube bundle reactors and a

system with Ti0.99Zr0.01V0.43Fe0.09Cr0.05Mn1.5/Lm4.91Sn0.15, in

2010, Linder [11] realised a specific cooling power of

640 W kgMeH
�1 at operating conditions of 130 �C/28 �C/15 �C.

These specific cooling power values are promising, how-

ever, for compact and lightweight systems in automotive ap-

plications the specific cooling power (SCP) of MHCS have to be

further improved. Indeed, with regard to the intrinsicmaterial

properties ofmetal hydrides,much larger values of the SCP are

possible due to the high reaction rates and enthalpies [12]. The

observed gap between theoretically intrinsic feasible thermal

powers and experimentally proven thermal powers is mainly

due to heat transfer limitations in the reaction bed. Thus, the

challenge is to transfer the heat/cold as fast as possible with

small gradients to the desired heat transfer fluid.

This paper investigates a novel reactor design based on a

plate heat exchanger that enables high systems performances

and reduced hydrogen uptake or release times by an improved

heat transfer characteristic. Sincemetal hydrides are used in a

variety of engineeringfields, this plate reactor conceptwill also

be suitable for all applications where short reaction times are

required. Beside the aforementioned MHCS, this is particular

the case for metal hydride based heat pumps including heat

transformers and thermally driven hydrogen compressors. In

all these applications, the specific and volumetric power den-

sity mainly depends on the reactor design [13,14].

The organization of the paper is the following: First, the

requirements for a high performance metal hydride reactor

and the realized design of the plate reactor are presented in

detail. Based on this introduction, the plate reactor is experi-

mentally characterized in single reactor measurements and

the performance is compared to intrinsic kinetic data. Finally,

the plate reactor performance is evaluated with regard to

constraints applying in an open MHCS.

Reactor design and choice of metal hydride

In the following section, general restraints and requirements

of the reactor design for metal hydride high performance

systems are presented. Based on this, the plate reactor is

shown in detail and a suitable metal hydride is selected.

Reactor design

With regard to a suitable reactor design the mechanical sta-

bility as well as specified performance criteria have to be

considered. In principle, criteria that limit the performance

can be divided into four main aspects that have to be included

in the reactor design and the material selection:

� The intrinsic reaction kinetics of the selected metal

hydride.

� Hydrogen mass transfer in the reaction bed.

� Heat transfer characteristics of the reaction bed.

� Sensible mass of the overall reactor (especially for MHCS).

In Fig. 2, the impact of these potential limitations on the

transformed fraction of a metal hydride reactor and the

challenge of the reactor design for high performance systems

is exemplary illustrated for a decomposition reaction.

Thereby, the transformed fraction is defined as the ratio of the

hydrogen capacityw(t) at a time t and themaximumhydrogen

capacity wmax depending on the metal hydride. Starting from

a completely hydrogenated state, the system pressure (black

curve) as step input is reduced below the equilibrium pressure

causing a desorption of thematerial. The transformed fraction

X(t) of the hydride using the intrinsic material properties (red)

and the reaction bed dynamics (blue) are shown in the graph.

As system response for both curves, a first order reaction can

be assumed that is expressed by:

XðtÞ ¼ 1� exp

�
� t
tTC

�
(2)

The time constant tTC corresponding the required time to

reach 63.2% of the complete transformed fraction is used to

characterize the response of such a linear time-invariant, first

order system. After a time interval of t ¼ 5 tTC and a trans-

formed fraction of 99.3% the process is assumed to be

completed. This time tHC is defined as half-cycle time for a

complete transformed fraction. Comparing the schematic

transformed fraction of the intrinsic kinetic and reaction bed

dynamic in Fig. 2, both, the time constant and the half-cycle

time for a complete transformed fraction are extended

through the limitations in the reaction bed leading to a

reduced system performance.

On a material basis, literature intrinsic kinetic measure-

ments prove that very high-reaction rates and a full trans-

formed fraction can be reached within seconds. E.g., for

titanium manganese alloys, as used in this approach, a half-

cycle time of 10 s for the desorption into vacuum with a
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Fig. 2 e Schematic comparison of intrinsic kinetics (red)

and reaction bed dynamics (blue) with hydrogen pressure

(black). tTC,i: Time constant of intrinsic kinetics, tTC,rb:

Time constant of reaction bed dynamics, tHC,i: Half-cycle

time for a complete transformed fraction of intrinsic

kinetics, tHC,rb: Half-cycle time for a complete transformed

fraction of reaction bed dynamics. (For interpretation of the

references to colour in this figure legend, the reader is

referred to the web version of this article.)
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hydride temperature of 20 �C is proven [15]. Thereby a specific

cooling power for MHCS of around 20 ÷ 25 kW kgMeH
�1 is theo-

retically obtainable when thermal losses are neglected. As a

result intrinsic material limitations can be excluded when an

appropriate MeH is selected. Furthermore, mass transfer

limitations due to insufficient hydrogen transport can be

avoided when a sintered metal filter is used. By integrating

such a filter into in the gas supply of the reactor, a uniform

distribution of hydrogen in the entire hydride reaction bed can

be achieved [16].

Consequently, previously published work pointed out that

the system performance of the aforementioned MeH appli-

cations is mainly limited by heat transfer [16e18]. This in-

cludes in particular the internal heat transfer in the metal

hydride bed and the external heat transfer to the heat transfer

fluid. When the heat flow supplied (desorption) or dissipated

(absorption) is lower than the respective heat flux due to the

chemical reaction, the hydride formation or decomposition

stops and the material reaches equilibrium.

As a result the discrepancy between intrinsic kinetics and

reaction bed dynamics (see Fig. 2) is in this case mainly due to

these heat transfer limitations. According to Fourier's law the

internal heat transfer can be improved by either increasing

the thermal conductivity of the metal hydride bed (using

metal hydride compacts/inserting heat transfer enhancement

matrices) or reducing the heat transfer distance. Since metal

hydrides have a low effective heat conductivity in the range of

1.5 W m�1 K�1 [19], a small heat transfer distance in the re-

action bed leads to a reduced heat transfer resistance and an

increased system performance. However, especially with re-

gard to the application of aMHCSwhere short half-cycle times

are required, the sensible reactor mass is also a crucial

parameter for the overall system performance: A part of the

actual cooling effect of the endothermic reaction has to be

used to cool down the reactor and the metal hydride while

switching from the regeneration (temperature level Tamb) to

the cooling half-cycle (temperature level Tc). Thus, themass of

the metal hydride reactor should be reduced to a minimum

while at the same time short heat transfer distances need to

be realized.

In addition to these performance limiting aspects, a further

challenge in the reactor design is the mechanical stability of

the reactor that is partially in conflict with the aforemen-

tioned performance limiting criteria. Mechanical strains

caused by the metal hydride lead to mechanical stresses on

the reactor wall up to 90 bar [20], beside the hydrogen pressure

and the thermomechanical strains. The mechanical stresses

in the reactor depend on a variety of aspects, e.g. porosity,

cycle number and hydrogen supply and are a result of

different mechanism in the reaction bed [20e22]. Through the

phase change during absorption and desorption a cyclic

swelling and shrinking of thematerial occurs that is called the

breathing of the material [23]. In addition, during the activa-

tion procedure in the first hydrogenation cycles the material

fragments into fine powder. This decrepitation is associated

with a densification and a segregation effect with local higher

stresses at the bottom of the reactor caused through a larger

number of small grains in this section [24,25]. Thus, a

decreasing variation of hydride bed volume during hydroge-

nation and dehydrogenation occurs with increased number of

cycles. For a Ti-Cr-V þ Zr-Ni alloy as an example the bed

volume variation reaches a constant level after around 30

cycles [26].

Summarizing, the aim of an optimized reactor design for

high performance system is to achieve a maximum volu-

metric and specific power density with simultaneous exclu-

sion of reactor failure through the expansion of the metal

hydride. This implies two aspects: Short half-cycle times

through high heat transfer coefficients and the maximum

permissible amount of metal hydride in the reactor while

taking into account the mechanical strains caused by the

hydride expansion. Additionally, with respect to the thermal

losses the reactor mass should be kept to the minimum

required.

Final design
To reach short half-cycle times and to gain high perfor-

mances, in this novel approach a soldered plate heat

exchanger from VAU Thermotech GmbH & Co. KG with a one-

way flow pattern is applied. In Table 2 all reactor design pa-

rameters of the series VM15/20 are summarised. The reactor

consists of a primary and secondary side with 20 stacked

plates and a gap width of approx. 1.5 � 10�3 m (see Fig. 3).

Thereby, the metal hydride and the heat transfer fluid

(HTF) are arranged alternately in the primary and secondary

side. The small gap width enables a low thermal resistance on

themetal hydride side of the reactor. On the HTF side stamped

plates permit optimized external heat transfer and a high heat

transfer coefficient from the reactor wall to the fluid. The

connections for the HTF are S3 (inlet) and S4 (outlet), respec-

tively. The soldered plate heat exchanger is modified for the

application as metal hydride reactor by the integration of a

sintered metal filter element of 3 � 10�6 m mesh in the pri-

mary metal hydride side (connection S1). Thus, a uniform

mass transport can be realised to each metal hydride plate.

While connection S1 is applied for the hydrogen supply (ab-

sorption) and removal (desorption), connection S2 that is

closed during operation, is used for the filling of the reactor

withmetal hydride. The reactor is designed up to a pressure of

Table 2 e Plate reactor design parameters and material
properties of Hydralloy® C5.

Parameter Symbol Value

Number of plates zplate 20

Number of channels zchannel 19 (zMeH ¼ 9; zHTF ¼ 10)

Reactor dimensions l$b$h 0.202 m$0.073 m$0.066 m

Reactor mass

without connections

mR 1.6 kg

Gap width s ~1.5 � 10�3 m

Plate thickness f ~1 � 10�3 m

Max. permitted

temperature

Tmax 195 �C

Max. permitted

pressure

pmax 3 MPa

Metal hydride mass mMeH 0.353 kg

Enthalpy DHabs/DHdes �22.3 kJ mol�1/28.4 kJ

mol�1 [12]

Entropy DSabs/DSdes �95.3 kJ mol�1 K�1/

112 kJ mol�1 K�1 [12]

Hydrogen capacity wmax 1.7 wt.% [27]
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30 bar and a maximum temperature of 195 �C. Apart from the

small acquisition cost and the good volume to surface ratio of

the plate reactor, a major advantage of the concept is its

scalability. As long as the dimensions of the plates are con-

stant, heat and mass transfer remain unchanged. Therefore,

the results, e.g. half-cycle time and specific transferred power

can be scaled for bigger systems by increasing the number of

plates and the HTF flow. Besides that, by up-scaling of the

plate reactor the ratio of passive to activemass (mReactor$mMeH
�1 )

will decline. For an up-scaled identical reactor (series VM25/

60) with a total hydride bed volume of 1.2� 10�3 m�3 and a not

compacted bulk density of 2300 kg m�3 the ratio mReactor$mMeH
�1

would be 1.9. This ratio could be even decreased to 1.5 in case

of compacting the metal hydride and enhancing the bulk

density to 3500 kg m�3. In this case the metal hydride

expansion and stresses have to be accurately considered. For

exclusion of reactor failure, the present small scale plate

reactor is filled with a bulk density of 2300 kg m�3 and a safety

factor of 30% is additionally included. Thus, the reactor is fil-

led with a total metal hydride mass of 0.353 kg resulting in a

ratio mReactor$mMeH
�1 of approx. 4.5.

Choice of metal hydride

Since the plate reactor as a component of the openMHCS is in

the focus of this paper, the material selection is based on this

application. However, in general, the selection criteria

mentioned in the following can be applied for all aforemen-

tioned metal hydride high performance applications.

First, with regard to the intrinsic kinetics of the material

short half-cycle times (for MHCS below 60 s) have to be

feasible at the operating conditions. Second, the thermody-

namic or equilibrium characteristics have to suit the bound-

ary conditions of the system. Additionally, the metal hydride

should, inter alia, show a flat plateau, low hysteresis, mini-

mum degradation and a high thermal conductivity [6].

In view of an open MHCS for a sufficient cooling tempera-

ture (cf. Fig. 1) the equilibrium temperature of the metal

hydride at the desorption pressure pdes has to be clearly below

the ambient temperature. Since the ambient is used as heat

sink in the regeneration, the equilibrium temperature at the

pressure pabs has to be above the permitted ambient temper-

ature. Furthermore, for reasons of mechanical stability this

maximum operation pressure pabs is limited by the design of

the reactor. Finally, themetal hydride should have a high heat

of formation (DHdes > 28 kJ mol�1) and exhibit a high hydrogen

absorption capacity (wmax > 1.5 wt.%) for an efficient system

with a high volumetric and specific power density.

Due to its appropriate thermodynamic behaviour and

excellent intrinsic kinetics [12], Hydralloy® C5 (51 wt.% Mn,

27wt.% Ti, 15wt.%V, 3wt.% Fe, 3 wt.% Zr) is chosen as hydride

material. The results of experimentally determined pressure-

concentration-isotherms (PCI) are in good agreement with the

fit of Herbrig et al. [27] that are not shown here in detail. The

equilibrium pressure of Hydralloy® C5 at 35 �C and 15 �C are

pabs ¼ 1.61 MPa and pdes ¼ 0.45 MPa, respectively. Thematerial

properties are summarised in Table 2.

Activation and filling procedure
The Hydralloy® C5 was purchased from GfE (Gesellschaft für

Elektrometallurgie mbH), Germany. In the received condition

the material has an average particle size of 0.01e0.015 m [28].

Thematerial is activated and pre-cycled in a Swagelok sample

cylinder (304L-HDF4-1000 e proof tested at 11.7 MPa) with an

inner diameter of 0.075 m that is inserted in the test bench of

Fig. 4. The cylinder is positioned and temperature controlled

(TTB) in a thermostatic bath. A total number of 30 pre-cycles

were conducted with a duration of 90 min for each half-

cycle. While the boundary conditions for the absorption

were pabs ¼ 4 MPa and TTB ¼ 0 �C, the desorption was per-

formed at TTB ¼ 100 �C against vacuum. The pre-cycling pro-

cedure of the material leads to a fragmentation, an increased

specific surface area and a clearly reduced particle size in the

range of 1e2$10�5 m [12]. This enables a filling of the plate

reactor. Furthermore, by pre-cycling, the mechanical stress

peaks during the activation and fragmentation are reduced in

Fig. 3 e Design of the soldered plate reactor. a) Converted state with connections and insulation b) Unfilled cross-sectional

view.
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the pressure proofed Swagelok sample cylinder. After 30 cy-

cles the change of volume of the MeH is assumed to reach a

constant value caused only by the breathing of the material.

Under Argon atmosphere the pre-cycledmaterial was filled

into the plate reactor. In all nine gaps of the metal hydride

side, a consistent distribution of around 0.04 kg MeH is ob-

tained. This results in a porosity of around 80% in each plate.

Material accumulation and migration from one plate to

another is excluded by sealing of the gaps using teflon slices.

During the operation the reactor is positioned vertically and

hydrogen is supplied from the bottom. Thereby densification

and segregation at the bottom of the reactor are counteracted.

Under exclusion of a reactor failure, with the plate reactor so

far over 300 cycles have been performed.

Test bench and experimental procedure

Test bench

For the experimental validation of the novel reactor concept in

various absorption and desorption experiments, the plate

reactor is integrated into the setup shown in Fig. 4. In princi-

ple, the setup is separated in a hydrogen part and a heat

transfer fluid cycle (grey shaded) on the right hand side of the

test bench scheme. The hydrogen part consist of a reference

volume (hydrogen gas bottle with a volume of 0.05 m3), a

pressure reducing hand valve PRHV 1, a thermocouple T1 and

three pneumatic valves PV 1e3, hand valves HV 1e3 and

pressure sensors PS 1e2/VPS each.

In the heat transfer fluid cycle the reactor inlet tempera-

ture is controlled via a thermostatic bath that supplies the

required heat and cold, respectively to keep the inlet tem-

perature constant during the absorption as well as desorption

experiments. For the application as open MHCS, the heat

transfer fluid cycle simulates the ambient and cooling tem-

perature level of the regeneration and cooling half-cycle. To

determine the transferred thermal power to/from the HTF

(Huber SilOil M40.165/220.10), the volume flow rate _VHTFðtÞ and
the HTF inlet and outlet temperature (Tin and Tout) of the

reactor are measured with a turbine flowmetre FM (type: KEM

HMP 06-SC, ±2.5%) and two thermocouples of Type K (±1.5 K,

temperature difference calibrated). The instantaneously

transferred specific power is referred to the metal hydride

mass mMeH and is calculated by the following equation:

_qHTFðtÞ ¼
_VHTFðtÞ$rHTF$cp;HTF$ðTinðtÞ � ToutðtÞÞ

mMeH
(3)

According to a sign convention, negative values of the

specific power represent the absorption and positive values

the desorption.

Experimental procedure

Before each absorption experiment is initiated, the reactor is

completely discharged by a vacuum pump (valves HV 2/3 and

PV 2 open) down to a system pressure of 5 � 103 Pa at room

temperature. The desired HTF inlet temperature is set via the

thermostatic bath until steady state conditions between the

HTF inlet and outlet temperature of the reactor is obtained.

After closing PV 2, the systempressure pabs is adjustedwith

hydrogen from the reference volume and the pressure

reducing valve PRHV 1. In all presented absorption experi-

ments the charging pressure pabs is 3 MPa. By opening PV C8,

hydrogen flows from the reference volume into the hydrogen

part of the plate reactor, the exothermic reaction is initiated

and heat is transferred to the HTF depending on the boundary

conditions of the reaction. The absorbed amount of hydrogen

in themetal hydride is directly correlated to a pressure drop in

the reference volume that is detected for each instant of time

with the pressure sensor PS 1 (type: Keller LEO3, ±0.2%). Ac-

cording to this Sieverts system [29] and considering the gas

expansion in the free volume, the transformed fraction X(t) is

Fig. 4 e Schematic layout of the test bench.
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calculated using real gas behaviour with, for instance, a real

gas factor of 1.092 at a reference volume pressure of 15 MPa.

Thereby, the free volume including tubing and reactor void

volume was measured using inert gas. Due to the pressure

reducing valve PRHV 1, the Sieverts type measurement can be

combined with a constant supply pressure to the reactor.

Therefore, the complete transformed fraction was done at

constant pressure.

With the resulting transformed fraction profile, the time

constant tTC and the half-cycle time for a complete trans-

formed fraction tHC are determined for the plate reactor ac-

cording to Fig. 2. At the end of each absorption experiment the

valves PV 1/2 are closed and residual pressure pabs is released

to the ambient by opening PV 3.

As soon as steady state HTF temperature conditions at the

desired temperature are reached, PV 2 is opened and the

desorption is initiated.Thesedehydrogenationexperimentsare

performed against atmospheric pressure (pdes ¼ 1.013 � 105 Pa)

and hydrogen is released to the ambient. Since no reference

volume is inserted in the release path, for the desorption ex-

periments the transformed fraction X(t) is not measured. In

analogy to the absorption experiments before, the instant

transferred specific cooling power is calculated by using Eq. (3).

For conducting the experiments, a nominal experimental time

of 180 s is chosen for both absorption and desorption

experiments.

Experimental results

In this section, the experimental results for the plate reactor

measurements are presented. First, representative experi-

ments are shown for absorption and desorption, respectively.

Furthermore the influence of a variation of the HTF flow rate is

shown. The presented reactor design is subsequently evalu-

ated with regard to literature intrinsic kinetic measurements.

Finally, experimental data focussing on the application of the

reactor in an openMHCS are presented and recommendations

for the application are given.

Representative experiments

One representative absorption and one desorption experi-

ment is hereinafter shown for a typical inlet temperature of

Tin ¼ 20 �C and a HTF flow rate of _VHTF ¼ 7:5� 10�5 m3 s�1. For

both experiments the temperature characteristic as well as

the calculated values of the transferred thermal power are

presented. Moreover, the average transferred power for a

nominal half-cycle time of 60 s is calculated and the values of

the time constant and half-cycle time are given.

Absorption experiment
In Fig. 5, the results of the representative absorption experi-

ment for an absorption pressure of 3 MPa are shown. The

specific transferred power (blue line, left y-axis) and the HTF

temperature characteristic (green and red, right y-axis) are

illustrated in the upper diagram, whereas the course of

transformed fraction is presented in the lower graph.

At t ¼ 0, the reaction is initiated and due to the exothermic

reaction, the HTF outlet temperature Tout increases.

Furthermore, the transformed fraction of hydrogen (0.006 kgH2

total absorbed amount of hydrogen) also increases and shows

a behaviour that corresponds to the assumed first-order sys-

tem response in Fig. 2. Then, after approx. 100 s, all measured

values area again in steady state. The oscillation in the inlet

temperature of ±2 K around the set value results from the

insufficient regulation of the HTF cycle. Additionally, the

slight overshoot in transformed fraction is due to the tem-

perature change of the gas in the reference volume. The initial

gas temperature is reached again after around 120e180 s.

Using the values for the transformed fraction, for this

experiment, a time constant of tTC ¼ 8 s and a half-cycle time

of around tHC ¼ 40 s for a complete transformed fraction can

be determined. Thus, with the current design the reactor is

able to transfer the heat from the material to the HTF in the

desired time of t < 60 s.

Next to the cycle time it is also important to determine the

experimentally transferred thermal power using this reactor.

Therefore, the peak power as well as the average power is

calculated using Eq. (3). The observed maximum temperature

difference in the HTF of �15 K, results in a specific peak heat

power of _qHTF ¼ �4:9 kW kgMeH
�1. Furthermore, assuming a

nominal half-cycle time of 60 s, the average to the HTF

transferred specific power is calculated to
_q60 s ¼ 2:42 kW kgMeH

�1. When the curves for the transformed

fraction and specific power are compared, it is obvious that
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heat is still transferred to the HTF although the reaction is

completed after about 40 s. The reason for this observation is

the sensible heating of the reactor and the metal hydride

caused by the reaction. This heat is transferred to the HTF

until steady state conditions are reached after approx. 100 s

and the reactor as well as all hydride material is again at

reference temperature.

Desorption experiment
The results for the reference desorption experiment at the

same temperature and against ambient pressure

(1.013 � 105 Pa) are shown in Fig. 6. The endothermic reaction

is started by opening PV C2, causing a decline of the outlet

temperature Tout due to the removal of heat. After a time in-

terval of around 140 s no more heat is transferred from the

HTF to the metal hydride.

As mentioned before, for the desorption experiment it was

not possible to install a suitable flow metre or a reference

volume, thus the half-cycle time is determined using the HTF

temperature profiles. In analogy to the absorption reference

experiment (see Fig. 5), it is assumed that the sensible mass

leads to an extended heat transfer of around 60 s after a

complete transformed fraction is reached. Therefore, for this

desorption experiment a half-cycle time for complete trans-

formed fraction tHC of approx. 80 s can be determined. This

value is slightly longer than for the absorption reaction, as the

operation conditions are closer to the equilibrium of the ma-

terial. Using the experimentally measured maximum tem-

perature difference of DT ¼ 7.1 K, the maximum specific

cooling power can be calculated to 2.2 kWkgMeH
�1 . Furthermore,

assuming a nominal fixed half-cycle time of 60 s, the average

transferred specific cooling power removed from the HTF is

calculated to _q60 s ¼ 1:7 kW kgMeH
�1. Comparing these values

with the representative absorption experiment, it can be

noted that an extended half-cycle time leads to a reduced

transferred specific power although the heat of formation for

the desorption is larger than the heat of formation for the

absorption.

With regard to the aforementioned metal hydride high

performance systems, the representative experiments show

that high specific power densities can be realized through

short half-cycle times by applying the plate reactor concept.

Moreover, these experiments illustrated that a complete

transformed fraction is not reasonable for metal hydride high

performance applications, since the instant power and thus

the transferred average power clearly decreases with time.

Consequently, for a later application, the specific optimum of

the half-cycle time needs to be determined. For this reason, in

the following, the average transferred power is calculated for a

nominal half-cycle time of 60 s.

Variation of the HTF flow rate

The impact of the HTF flow rate on the performance of the

plate reactor is shown in Fig. 7. In all experiments the ab-

sorption pressure (pabs ¼ 3 MPa) and the inlet temperature

(Tin ¼ 30 �C) are kept constant and the HTF flow rate is varied.

The graphs show that there exists a significant influence of

the HTF flow rate on the specific peak power. While for the

reference flow rate of 7.5 � 10�5 m3 s�1 (red) the specific peak

power is �4.2 kW kgMeH
�1 , for an increased flow rate of

5.17 � 10�5 m3 s�1 (blue) and a reduced flow rate of

1.55� 10�4m3 s�1 (black), this value changes by approx. ± 30%.

Furthermore, the calculated average specific power _q60 s for

the nominal half-cycle time of 60 s varies from

�1.96 kW kgMeH
�1 to �2.36 kW kgMeH

�1 . These results show that

for the present reactor design there exists a limitation in the

external heat transfer from the fluid to the reaction bed. This

implies that in case the mass flow rate can be further

increased, even lower cycling times and higher specific

powers can be reached.

Steady state calculations with an average metal hydride

temperature of TMeH ¼ 40 �C during the absorption correspond

to these experimental results. Using the correlation of a
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Fig. 6 e Results of the reference desorption experiment for

pdes ¼ 1.013·105 Pa with Tin ¼ 20 �C (green, :), Tout (red, ;)
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references to colour in this figure legend, the reader is
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parallel plate duct without pattern [30] as an estimate, the

overall heat transfer coefficient is enhanced by 15% by

increasing the HTF flow rate from 7.5 � 10�5 m3 s�1 to

1.55 � 10�4 m3 s�1. Since the HTF flow is in the laminar range

and the metal hydride bed thickness is very small, the reactor

performance is still limited by the heat transfer to the HTF.

Additionally, the calculations show that the thermal resis-

tance of the separating wall is insignificant, since the tem-

perature decrease in the plate with the thickness of 1� 10�3 m

is below DT<0.5 K. For the calculation, the geometrical di-

mensions of the plate reactor are taken from Table 2.

Consequently, there exist two options for future applica-

tions. First, in case the highest possible rates are required, the

flow rate should be increased by implementingmore powerful

pumps or reducing the pressure drop of the complete system.

Second, in case the specific power of the present system is

sufficient for the desired application, the system can be opti-

mized in a different way: The thickness of eachmetal hydride

layer can be slightly increased which will lead to a lower

system weight and thus to an improved specific power values

on the system level.

Evaluation of the reactor concept

For the evaluation of the presented reactor concept, the plate

reactor dynamic is compared with literature intrinsic kinetic

measurements. According to Fig. 2, the limitations in the re-

action bed lead to an extended half-cycle time and reduced

specific power. In the following section amethod to assess the

performance of the metal hydride reactor in comparison to

the theoretical values based on material properties is shown.

The objective is to rate the plate reactor concept and to

identify further technical potential in the reactor develop-

ment compared to the purematerial properties that represent

the theoretical possible maximum reaction rate and thermal

power.

In order to do so, the performance of the plate reactor dy-

namic based on experimental results is compared with

intrinsic kinetic measurements of C51 from Skripnyuk et al.

[12]. This material matches the equilibrium characteristics as

well as the material composition filled into the plate reactor.

The literature kinetic experiments were carried out by

applying the thermal ballast method with material to fine Ni

powder ratios of up to 1:33 guaranteeing isothermal condi-

tions (DT ¼ ±1 �C). In order to compare the measurements of

the plate reactor with these intrinsic measurements, the

normalized pressure dependence method (NPDM) has been

used [12]. As an assumption for the reaction rate in the plate

reactor the same general equation has been adapted known

from intrinsic measurements:

dX
dt

¼ kðTÞ$fðpÞ$fðxÞ (4)

The first factor on the right side, the reaction rate constant

k(T), represents the temperature dependency of the reaction

rate according to the Arrhenius equation. In particular

through heat transfer limitations this rate constant is reduced

for the plate reactor measurements (kPR) in contrast to the

intrinsic rate constant (ki). The distance of the operating

pressure to the equilibrium is considered by a pressure

dependence function f(p). Thereby, the equilibrium pressure

peq as a function of the transformed fraction and the tem-

perature are essential to know. A first order reaction is

assumed for the factor f(x) and thus the reaction rate is

expressed by Ref. [31]:

dX
dt

¼ �A$exp

�
�Ea

RT

�
$

���p� peq

���
peq

$ð1� xÞ (5)

The integration of eq. (4) yields:

kðTÞ ¼ �lnð1� xÞ$peq���p� peq

���$t (6)

Using experimental results in the temperature range of

0e60 �C, for seven different inlet temperatures the relation-

ship between �ln(1�x)/f(p) vs. time t (t > 0) is determined for

the plate reactor. From the slope of this plot, for each inlet

temperature the effective rate constant kPR (T) is calculated at

t¼ 10 s. Since no course of transformed fraction is obtained for

the desorption, the estimation is conducted for the absorption

experiments only. The absorption pressure and the HTF flow

are kept as in the reference experiment (3 MPa and

7.5 � 10�5 m3 s�1, respectively).

For this evaluation according to the NPDM, it is initially

assumed that the metal hydride temperature corresponds to

the HTF inlet temperature. The equilibrium pressure peq(X,T)

is estimated for this HTF inlet temperature as a function of

transformed fraction by applying the fourth order PCI corre-

lation of Herbrig et al. [27]. As a result, the actual existing

performance limitations are considered by a reduced effective

rate constant kPR compared to intrinsic measurements. In the

Arrhenius plot of Fig. 8, the literature intrinsic results (blue) of
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Fig. 8 e Comparison of intrinsic kinetics and plate reactor

dynamics measurements with C5 intrinsic desorption

kinetics (blue, ;) [12], C5 intrinsic absorption kinetics

(blue, 7) [12], plate reactor absorption dynamics (black, -)

and variation of the HTF flow rate for the plate reactor

absorption dynamics (black, ▫). (For interpretation of the

references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Skrypniuk et al. are compared with those measured with the

present plate reactor (black). Additionally, the values for a

variation of the HTF flow rate according to Section 4.2 are

illustrated.

It can be noted that the effective rate constant kPR (T) shows

a linear behaviour and the values are below the intrinsic rate

ki (T). However, the results are promising compared to litera-

ture MHCS mentioned in the introduction. For the complete

system of Ron et al. [10], for instance the rate constant can be

estimated to k ¼ 0.014 for a half-cycle time of 6 min and an air

inlet temperature of 19 �C. This value is 6.5 times less

compared to the results of the present plate reactor at the

same inlet temperature. The distance of the plate reactor

values to the intrinsic reaction rates of the material illustrate

that for this material and this reactor design, it still exists a

possibility to improve the cycling time. However, this possible

improvement might be very challenging when taking into

account that the reactor needs to transfer thermal energy to a

HTF whereas the intrinsic results are obtained by means of

large quantities of thermal ballast. From Fig. 8, it is also

obvious that the ratio ki$kPR
�1 that describes the theoretical

potential declines with temperature. Whereas for a hydride

temperature of 60 �C the ratio is around ten, it is only a factor

of four for a temperature of 10 �C. This indicates that at lower

temperatures the reaction rate constant of the material be-

comes dominant.

Furthermore, based on the measurements of Section 4.2,

an increase of the HFT flow rate leads to an enhanced effective

rate constant and vice versa to a reduced rate for a reduction

of the HTF flow rate (squared symbols). However, the influ-

ence is low since in all considered cases the flow is laminar

and the change of reynolds number is comparatively small.

Additionally to the evaluation of the plate reactor concept,

the normalized pressure dependence method that is used to

evaluate plate reactor concept can be used to confirm the half-

cycle time as well as the time constant of the reference

desorption experiment. By using Eq. (6) and the resulting re-

action rates of the plate reactor according to Fig. 8, the time

constant and half-cycle time for a complete transformed

fraction can subsequently be calculated to tTC ¼ 14 s and

tHC¼ 71 s, respectively. Thereby, it is assumed that next to the

intrinsic reaction rate constants ki (T) of the applied Hydral-

loy® C5 [12], the heat transfer characteristic of the reactor are

equal for absorption and desorption. In a sufficient approxi-

mation the pressure dependence function f(p) is estimated

with the equilibrium pressure in the middle of the plateau.

This result is in good accordancewith the value of approx. 80 s

determined by using the temperature profiles.

Evaluation of the average specific power under MHCS
relevant conditions

In this section, the plate reactor is characterized with respect

to boundary conditions that appear when it is used as reactor

of an open MHCS. Corresponding to Fig. 1, in an open MHCS

the regeneration is performed at ambient temperature that is

around 25e40 �C during the operation. Additionally, for a

sufficient cooling effect the HTF inlet temperature should be

in the range of 5e15 �C. Therefore, single experimental results

with varying inlet temperature are presented and the specific

cooling power is calculated. Six experiments for both ab-

sorption and desorption were conducted, according to the

described experimental procedure in Section 3.While the inlet

temperature was varied in the range of Tin ¼ 0e40 �C, the
absorption and desorption pressure (pabs ¼ 3 MPa and

pdes ¼ 1.013$105 Pa) as well as the HTF flow rate

(7.5$10�5 m3 s�1) are kept as in the representative experi-

ments. These experiments (compare Figs. 5 and 6) illustrated

that a complete transformed fraction is not reasonable for an

open MHCS with a high performance, since the instant power

and thus the transferred average cooling power clearly de-

creases with time. Otherwise, a too short half-cycle time be-

tween switching from the cooling to the regeneration half-

cycle time would result in a more considerable influence of

thermal losses and an incomplete regeneration. For this

reason, the average specific power is calculated for a fixed

half-cycle time of 60 s that is assumed to be reasonable.

The corresponding results for the absorption (black) and

desorption (red) are shown in Fig. 9 using closed symbols. In

the chosen temperature range, a linear relationship between

the inlet temperature and the average specific power is ob-

tained. Considering the plate reactor as a component of a

MHCS, for a desired cooling temperature of Tin ¼ 10 �C an

average specific cooling power of _q60 s ¼ 1:31 kW kgMeH
�1 is

obtained in the single plate reactor experiments. However, the

performance of the MHCS is strongly dependent on the inlet

temperature. In the measured temperature range from Tin ¼ 0

to 40 �C, the specific average cooling power increases by a

factor of three. This is due to the fact that with increasing inlet

temperature both the pressure function f(p) that describes the

distance to the equilibrium and the effective reaction rate

constant kPR increase. Thus, the half-cycle time is reduced

resulting in a raise of specific average cooling power. This

temperature dependency has a smaller impact on the ab-

sorption performance. The reason is that for the absorption
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the pressure function decreases while the effective reaction

rate rises with growing temperature. This inverse effect leads

to a decline of the specific average power by just 30% in the

temperature range from 0 to 40 �C.
From the negative slope of the reaction rates vs. reciprocal

temperature (cf. Fig. 8) it can be finally identified that the

cooling half-cycle at low temperatures is defining the required

half-cycle time of an open MHCS system. For the same pres-

sure dependence function values f(p), the regeneration rate

constant kPR at an ambient temperature of 35 �C is almost

doubled compared to the desorption rate kPR at 10 �C
(kabs ¼ 0.013 to kdes ¼ 0.072).

For the coupling of the plate reactor with a fuel cell that

requires a higher working pressure than the ambient pressure

applied in the present experiments, it can be suitable to

choose a metal hydride with higher equilibrium characteris-

tics. For instance the metal hydrides C1 [18] or C2 [32] can be

mentioned that exhibit similar material composition and

intrinsic reaction kinetics, but higher equilibrium character-

istics compared to Hydralloy® C5.

Discussion of the sensible reactor mass

The performed plate reactor experiments represent the anal-

ysis of a single half-cycle of theMHCS. Thus, the values shown

in Fig. 9 as closed symbols represent the average specific

cooling power that is achieved without changing the inlet

temperature of the reactor. However, in real applications, the

absorption (regeneration) will take place at temperatures

above 30 �C and the desorption (cooling) at temperatures of

around 10 �C. Therefore, part of the thermal power has to be

used for these temperature changes that occur in the

continuous operation. In this section the influence of the

reactor design on these thermal losses is discussed.

The average specific cooling power _qc for a continuous

working MHCS is determined by the specific absorbed heat

qreaction during the duration t reduced by the thermal specific

energy losses qloss and can be calculated with the following

equation [10]:

_qc ¼
nH2$DHdes �msys$cp;sysðTamb � TcÞ

mMeH$t
(7)

Here nH2, DHdes, msys and cp,sys are the complete desorbed

hydrogen, the reaction enthalpy of desorption, the system

mass as the sum of the metal hydride and reactor mass and

the average specific heat capacity of the system also consid-

ering the reactor and metal hydride mass. In Fig. 9, for three

different mass ratios r ¼ msys$mMeH
�1 thermal losses are

considered in the single plate reactor measurements shown

with open symbols. For the plate reactor series VM25/60 and a

not compacted bulk density of 2300 kg m�3 a system mass to

material mass ratio of r ¼ 3 can be achieved.

Thus, at an ambient temperature of 35 �C and a cooling

temperature of 10 �C the thermal energy losses reduce the

specific cooling power to _q60 s ¼ 690W kgMeH
�1. This value is

higher than the value of 640 W kgMeH
�1 published by Linder [11]

that was obtained at more moderate boundary conditions of

Tamb ¼ 28 �C and Tc ¼ 15 �C.
It canbenoted that a significant improvement can be gained

by reducing the sensible mass of the plate reactor or using

thermal recoverymeasures. For thesameconditionsanda ratio

of r¼ 2 the specific cooling performance of theplate reactor can

be increasedby60%toaround1100WkgMeH
�1 . Furthermore, Fig. 9

shows that the dependency of the MHCS performance on the

thermal losses improves with increasing cooling temperature.

This is obvious as a higher cooling temperature results in a

small temperature difference during switching.

Conclusions

In the temperature range of 0e40 �C an experimental char-

acterization of a novel plate reactor applying the metal hy-

dride Hydralloy® C5 was carried out. Representative reference

experiments for an inlet temperature of 20 �C lead to very

short half-cycle time for a complete transformed fraction of

around 40 s and 80 s for absorption and desorption,

respectively.

To evaluate the reactor concept, the intrinsic reaction rate

constant of literature data are compared with the experi-

mentally determined effective rate constant of the plate

reactor using the normalized pressure dependence method.

For a HTF inlet temperature of 10 �C, the half-cycle time and

thus the specific power of the reactor approaches intrinsic

material properties up to a factor of four.

Under boundary conditions of an openMHCS and a cooling

temperature of 10 �C, single reactor experiments resulted in

an average specific cooling power of _q60 s ¼ 1:31 kW kgMeH
�1

for a nominal half-cycle time of 60 s. With regard to a

continuous operating system thermal losses while switching

from the regeneration to the cooling half-cycle reduce this

cooling power. For a mass ratio of r ¼ 3, feasible with the

existing plate reactor concept, the average specific cooling

power is _q60 s ¼ 690W kgMeH
�1 that is higher than published

values.

By the small heat transfer distance in the metal hydride

bed and the low system mass, the plate reactor concept is

finally feasible for all high performance metal hydride appli-

cations. Improvement can be realized by further reducing the

parasitic sensible reactor mass and by increasing the external

heat transfer.
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h i g h l i g h t s

� Upgrade and storage of thermal energy using a thermochemical system is investigated.
� Calcium chloride is used as reference material.
� Thermal charging at 130 �C, discharging at 165 �C experimentally demonstrated.
� Limitations and changes during reaction are analyzed.
� An innovative process concept for thermochemical heat storage is suggested.
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a b s t r a c t

Thermochemical systems based on gas–solid-reactions enable both storage of thermal energy and its
thermal upgrade by heat transformation. Thus, they are an interesting and promising option in order
to reutilize industrial waste heat and reduce primary energy consumption. In this publication an exper-
imental analysis of the reaction system calcium chloride and water vapor is presented. The endothermic
dehydration reaction is used in order to charge the storage at 130 �C while the reverse reaction leads to a
discharging at 165 �C. Thus, a thermal upgrade by 35 K could be demonstrated and main limitations by
heat and mass transfer were analyzed. Whereas this part focusses on a closed operation principle, the
associated part B deals with the open operation utilizing air as purge gas.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In Germany more than 50% of the primary energy is used for
thermal purposes [1]. Besides space heating and warm water, the
biggest amount of heat is needed as process heat. Especially the
chemical industry is important in this context since it is one of
the most energy consuming industrial sectors [1]. In order to fur-
ther reduce energy consumption and CO2-emissions thermal
energy could in principle be integrated into the processes. How-
ever, approx. 4.76 � 1017 J waste heat (not used thermal energy) is
released from industrial processes every year [2]. There are mainly
two process related reasons for the limited re-utilization of waste
heat:

� Fluctuation in heat source and demand.
� Low temperature level of waste heat [2,3].

In general, in order to tackle both aspects, two different
technologies are needed. On the one hand the time dependent
fluctuation has to be buffered by thermal energy storage. On the
other hand a heat pump is needed to perform a thermal upgrade
so reintegration of the waste heat is possible at the required
temperature.

Thermochemical systems based on gas–solid-reactions exhibit
the potential to do both, thermal storage and upgrade within one
single process. Hereby, a reversible reaction

ABðsÞ �AðsÞ þ BðgÞ DRH > 0 ð1Þ

is used. During the endothermic reaction the storage is charged,
whereas discharging takes place through the exothermic reaction.
This storage function has been demonstrated in a 10 kW scale by
Schmidt et al. with the reaction system CaO/H2O [4]. In order to per-
form the chemical heat pump function the gas pressure has to be
changed between charging and discharging process. Several materi-
als are discussed as chemical heat pump systems, e.g. metal
hydrides or ammoniates, hydroxides and hydrates [5,6]. If hydrogen
or ammonia is used as gaseous reactant a second solid is needed to
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store it. Water vapor, in contrast, can easily be condensed at mod-
erate pressures. Kato et al. analyzed a chemical heat pump with
MgO/H2O as reaction system [7]. Due to kinetic limitations an appli-
cation of this reaction requires further material improvements.
Alternative reactions with water vapor are salts which form
hydrates. These materials are suggested for seasonal storage in
domestic applications [8]. The reaction of calcium chloride with
water vapor

CaCl2 � 2H2OðsÞ �CaCl2ðsÞ þ 2H2OðgÞ ð2Þ

is also suitable for application at higher temperatures as it exhibits
complete reversibility, thermal and cycling stability and reasonable
kinetics at temperatures up to 200 �C [9,10]. Therefore, this material
was chosen for further analysis in a lab scale reactor in order to
demonstrate the principle of thermal storage and upgrade in one
single unit.

2. Experimental

The schematic sketch of the test bench is shown in Fig. 1. Since
the process concept is based on a closed system the reactor (1) is
connected with a condenser/evaporator (2). Therefore, the gaseous
reactant water is condensed or evaporated depending on the oper-
ation mode. Thus, the conversion can be easily determined from
the liquid level in the heat exchanger (2). The whole set-up is evac-
uated before operation, decreasing the absolute pressure to about
2 kPa.

2.1. Reactor

The permeability of the material with regard to the gaseous
reactant is one important parameter and needs to be analyzed.
To do so, a temperature measurement in different positions inside
the reaction bed can be used to derive a rough estimate about the
local reaction conditions. Therefore, a tube bundle heat exchanger
is used as reactor enabling a long and thin reaction bed. The reac-
tion material is filled into the upright tubes and tempered inside
the shell. Here, a heat exchanger with 31 tubes with a diameter
of 9 mm and a length of 400 mm is used (see Fig. 2, left). At the bot-
tom of the tubes a lid including thermocouples is placed which
closes the reactor and the whole system. On top of the tubes a filter
is placed and the connection to the evaporator/condenser unit is
mounted. Thus, the reaction gas is removed and supplied from
the top of the reactor. Heat transfer oil (Petro Canada, Purity FG)
is flowing through the shell of the reactor tempering the reaction
bed through a thermostatic bath (Unistat 430, Huber Kältemaschi-
nen GmbH).

The reaction bed can be modified by introducing fixed gas chan-
nels (see Fig. 2, right). These are made of a wire mesh filter material
with a mesh size of 100 lm. It is rolled to a thin tube with a diam-
eter of 1 mm. These fixed gas channels enable a good gas transport
along the tube.

2.2. Material

Calciumchloride dihydrate from Macco Organique/Magnesia
(4155) is used in all experiments. The purity is specified with
97%. The particle size distribution has been determined by a
Mastersizer 3000 (Malvern Instruments) as a dry dispersion in
air. The intermediate particle size of the material is about 200 lm.

2.3. Gas supply

To supply the reaction bed with the reaction gas water vapor a
second tube bundle heat exchanger is used ((2) in Fig. 1). The appa-
ratus is identical to the reactor but water is condensed and evapo-
rated in the tubes. Again, the shell is tempered using heat transfer
oil (Mobiltherm 600, Mobil) and a thermostatic bath (Lauda TW
220). With this set-up gas pressures between 0.8 kPa and
101.3 kPa are possible.

2.4. Measurement instrumentation

Through the bottom lid of the reactor ten thermocouples (type
K) with a tolerance of ±1.5 K are inserted into the reaction bed.
They are placed in the radial center of ten different tubes at differ-
ent vertical positions (see Fig. 3).

Fig. 1. Schematic sketch of the test bench in lab scale including (1) the reactor, (2)
the condenser/evaporator, (3) thermostatic bath for the reactor, (4) thermostatic
bath for the condenser/evaporator, (5) connecting tube, (6) valve and (7) vacuum
pump.

Nomenclature

Abbreviations
HI 1st hydration step anhydrous CaCl2 to CaCl2�0.3H2O
HII 2nd hydration step CaCl2�0.3H2O to CaCl2�1H2O
HIII 3rd hydration step CaCl2�1H2O to CaCl2�2H2O
HTF heat transfer fluid
tot total, over all

Symbols
cp,HTF specific heat capacity (J kg�1 K�1)
h step of hydration (mol H2O/mol CaCl2)
DRH enthalpy of reaction

_M mass flow (kg s�1)
p pressure (kPa)
_Q heat flux (W)
qE energetic storage density (kW h m�3)
s distance (mm)
T temperature (K)
t time (h)
X conversion (–)
z vertical position in reaction tube (m)
# temperature, thermocouple (�C)
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The in- and the outlet temperature of the thermal oil in the
reactor as well as the water temperature in the condenser/evapo-
rator is determined by thermocouples, too.

The water level in the condenser/evaporator is determined with
an accuracy of ±1.5 mm (Vegaflex 61, VEGA Grieshaber KG). From
this the conversion of the reaction is calculated.

The gas pressure in the system is measured by a pressure sensor
(PAA-35XHTT, Keller Ges. für Druckmesstechnik mbH) with an
accuracy of ±0.8 kPa. There are two pressure sensors placed in
the set-up: one on top of the reactor and one on top of the con-
denser/evaporator. The mass flow of the thermal oil tempering
the reactor is measured by a mass flow meter (Coriolis, F-Series,
Emerson Process Management GmbH) with an accuracy of
±0.0697 kg min�1.

2.5. Experimental procedure

The reactor is filled with approx. 700 g calcium chloride dihy-
drate. Before starting the experiments, the whole set-up is evacu-
ated to approx. 2 kPa ± 1 kPa using the vacuum pump (Hena 25,
Pfeiffer Vacuum GmbH, (7) in Fig. 1). The evaporator/condenser
(2) is tempered in order to reach the requested vapor pressure.
The starting temperature of the reactor is set by the heat transfer
oil with a mass flow of 2 kg min�1. As soon as thermal equilibrium
is reached the valve (6) is opened to initiate the reaction. The
experiment ends when thermal equilibrium is reached again.

The experimental conditions are summarized in Fig. 4. Here, the
gas pressure and the inlet temperature of the heat transfer oil tem-
pering the reactor are indicated by the squares and triangles. For

Fig. 2. Tube bundle heat exchanger, used as reactor (left) and its modification with fixed gas channels made of thin wire mesh (right).

Fig. 3. Positions of thermocouples in the reaction bed. The thermocouples #6, #8, #10, #12, #14 are at analog positions (mirrored at the symmetry plane).
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dehydration low vapor pressures (2–3 kPa) are chosen in order to
decrease the charging temperature of the thermochemical storage.
Thus, the water vapor generated by the reaction is condensed at
these pressures. The reactor is tempered to 150 �C and 130 �C. In
order to discharge the storage at higher temperatures the reverse
reaction is performed at higher pressures (approx. 100 kPa). The
temperature of the reactor is varied in these experiments between
160 �C and 185 �C. Lower temperatures than this result in deliques-
cence of the hydrate. This is indicated by the red1 line in Fig. 4.
Therefore, the feasible temperature and pressure range is very small.
This is why accurate tempering of the reaction material is necessary
in order to preclude the salt from dissolving in its own crystal water.

As the first reaction cycle might significantly differ from the fol-
lowing [9], only the second cycles are analyzed in this publication.

3. Results and discussion

3.1. Thermal charging

The dehydration reaction of calcium chloride dihydrate was
performed at 150 �C. Fig. 5 shows the experimental results. The
indicated gas pressure was measured at the top of the reaction
bed. As soon as the valve to the condenser is opened (t = 0 h) the
pressure drops to about 2 kPa. This initiates the endothermic dehy-
dration reaction and the temperatures in the reaction bed drop.
The trends of the temperatures indicate the multiple steps of the
dehydration reaction. This is in good agreement with the thermo-
dynamic characterization of the material, that has been published
before [9]. The first minimum indicates the dehydration from dihy-
drate to monohydrate, the second one from monohydrate to the
anhydrous calcium chloride.

But the temperatures in the reaction bed do not change simul-
taneously. The thermocouple #5 (black curve) is positioned at a
height of z = 0.33 m. Therefore, it is only covered by a little amount
of material. At this position the lowest temperature of 120 �C is
reached. After about 45 min the temperature rises to 150 �C indi-
cating the end of the reaction in this region of the reaction bed.
Thus, the top part of the packed bed reacts faster and at lower tem-
peratures than in the lower regions. This happens due to the low
gas permeability of the packed bed of solid material. During dehy-
dration, water vapor is generated which needs to be removed from
the packed bed. At the top of the tubes the pressure is approx. con-
stant, mainly influenced by the temperature in the condenser.
Thus, the lower regions in the packed bed exhibit a higher gas pres-

sure due to the pressure drop produced through the gas flow
through the bed. This can be confirmed by an experiment per-
formed with a modified bed. Here, fixed gas channels are intro-
duced into the fixed bed. Fig. 6 shows the experimental results of
a dehydration reaction at the same conditions but with a modified
reaction bed. The inserted thin tubes of wire mesh function as fixed
gas channels, enabling a good axial gas flow in the reactor tubes.
The second right ordinate refers to the conversion that has been
calculated from the amount of water collected in the condenser.
The conversion curve indicates the end of reaction after approx.
0.5 h. Thus, the reaction time is decreased to one third of the reac-
tion time of the unmodified bed. The temperature at all heights of
the fixed changes simultaneously. Thus, a simultaneous reaction
can be observed.

The aim of heat transformation with gas–solid-reactions is to
maximize the temperature difference between charging and dis-
charging. In previous experiments (not shown here), it was ana-
lyzed that the low gas permeability of the solid material
prohibits a lower charging temperature than 150 �C. However, this
strong limitation can be overcome by using these fixed gas chan-
nels. Thus, a lower charging temperature is possible. Fig. 7 shows
the experimental temperature curves during dehydration at
130 �C. Complete conversion can be observed after approx. 1 h.
Compared to dehydration at 150 �C the reaction time doubles.
Due to the temperature dependence described by Arrhenius the
reaction rate decreases at lower temperatures. But this kinetic
effect couples with a thermodynamic one: the reaction generates
lower gas pressures at lower reaction temperatures. Therefore,
the driving force for the gas transport though the fixed bed is
reduced. This results in another raise of overall dehydration time.
Nevertheless, a charging of the thermochemical energy storage is
technically demonstrated at a temperature of 130 �C with reason-
able effective reaction rates.

Fig. 4. Reaction lines for the hydration and dehydration of calcium chloride and its
hydration steps [9]. Squares and triangles indicate the reaction conditions of the
experiments in the reactor.

Fig. 5. Dehydration reaction of calcium chloride dihydrate at 150 �C without a
modification of the reaction bed.

Fig. 6. Dehydration reaction of calcium chloride dihydrate at 150 �C with fixed gas
channels as a modification of the packed bed.

1 For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.
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The temperatures in the reactor show the characteristics dis-
cussed before. Although fixed gas channels were introduced into
the reaction bed, a small axial gradient is visible. In contrast to
dehydration at 150 �C the thermocouple #11 shows a higher tem-
perature than #5. The deeper the position of the thermocouple
the higher is the measured temperature. This effect can be
explained by the van’t Hoff dependence of the reaction. The tem-
perature and gas pressure of the reaction are coupled through
the relation ln(p) / T�1. Through this logarithmic dependence at
smaller gas pressures a small change in pressure has a higher influ-
ence on the reaction temperature that at higher pressures. This
effect becomes apparent comparing Figs. 6 and 7.

In closed mode lower charging temperatures are hard to reach.
This would require a sufficient pressure difference between the
reaction bed and the condenser leading to a lower temperature
of condensation and a lower overall pressure. However, these
boundary conditions are not interesting for the addressed applica-
tion as a cooling of the condenser below ambient temperature
would be required. Therefore, the lowest temperature for the ther-
mal charging process is 130 �C in a closed mode operation. There-
fore, in the associated paper of Bouche et al. an open operation
mode was investigated. The open operation mode utilizes air as
purge gas in order to decrease the mass transfer limitations dis-
cussed above.

3.2. Thermal discharging

In order to release the thermal energy from the storage at
higher temperatures the hydration reaction is performed at higher
vapor pressures. Fig. 8 shows the experimental results at a vapor
pressure of 75 kPa. The reactor was tempered to 160 �C before
reaction. If the reaction gas is introduced into the reaction bed,

the temperatures rise up to 185 �C due to exothermal reaction. This
temperature relates to the equilibrium of the first step in hydration
reaction (HI), the formation of CaCl2�0.3H2O [9]. This corresponds
to 15% of the overall conversion. After this reaction step is com-
pleted the temperatures drop to about 167 �C. At the present gas
pressure this relates to the equilibrium temperature of the reaction
from CaCl2�0.3H2O to monohydrate (HII). In this reaction step 35%
of the overall reaction is converted. Thus, the second step corre-
sponds to a bigger part of the overall reaction. Furthermore, it takes
place at a lower temperature resulting in a smaller difference to
the temperature of the heat transfer fluid. This leads to a lower
heat transfer and the reaction time of step HII is longer than the
one of HI. A third temperature level is reached after 50% of the con-
version is reached. The temperature of approx. 163 �C corresponds
to the equilibrium temperature of the hydration from monohy-
drate to dihydrate (HIII) at 75 kPa. During this last reaction step
the temperature difference between the reaction bed and the heat
transfer fluid adds up to 3 K. Therefore, the overall reaction takes
more than 3.3 h until full conversion is reached.

Although no fixed gas channels were introduced into the solid
material, the whole material reacts simultaneously. At any time
the same temperatures were detected at every measuring point.
Therefore, the pressure loss of the incoming gas does not influence
the reaction at higher pressures. Thus, the gas permeability is not a
limiting factor for hydration reaction. The conversion rate is mostly
limited by the heat transfer.

In order to reach higher conversion rates the gas pressure is
increased to approx. 100 kPa. As can be seen in Fig. 4 at this pres-
sure deliquescence might occur. Thus, the reaction temperature
needs to be adapted. Choosing 165 �C the hydration can take place
without dissolving. Fig. 9 shows the results of this experiment. The
temperature of solid follows the three steps of the reaction (HI, HII
and HIII) as described before. In this case, these temperature levels
have a higher difference to the temperature of the heat transfer
fluid. Thus, the heat of reaction is removed faster and the overall
reaction consequently requires only approx. 1.5 h. The gas pressure
during this experiment is highly influenced by the fast reaction. It
drops as the reaction starts and reaches the set value of 100 kPa
after about 60% of the reaction is completed.

In all experiments for the hydration of CaCl2 the maximal tem-
peratures directly relate to the multiple steps of reaction. For a
maximal temperature difference between charging and discharg-
ing of the thermochemical storage a limitation to only one reaction
step (HI) is necessary. At a vapor pressure of 100 kPa an equilib-
rium temperature of 190 �C can be expected. If the solid is tem-
pered to 180 �C this reaction can take place completely without
further reaction to monohydrate and dihydrate (see Fig. 10).
Assuming a charging temperature of 130 �C this leads to a thermal

Fig. 7. Dehydration reaction of calcium chloride dihydrate at 130 �C with fixed gas
channels.

Fig. 8. Hydration of calcium chloride at a temperature of 160 �C and a vapor
pressure of 75 kPa.

Fig. 9. Hydration of calcium chloride at a temperature of 165 �C and a vapor
pressure of 100 kPa.
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upgrade of 50 K. In this case the conversion is reduced to 15% at
most, though.

3.3. Changes with cycling

Although cycling stability over 20 cycles was demonstrated
before [9], the fixed bed changes considerably after several hydra-
tion and dehydration reactions. Fig. 11 shows the cycled material.
On the one hand the particles agglomerate into highly porous solid
structures. On the other hand bridges and channels are formed. The
mean particle size of 200 lm does not change significantly during
dehydration. But after three cycles of de- and rehydration a very
broad particle size distribution is obtained. As can be seen in
Fig. 11 big agglomerates in the size of few cm are formed, that
easily decompose into smaller particles. This may lead to a change
of the local thermophysical properties, e.g. the effective thermal
conductivity and permeability of the reaction bed. These changes
are highly anisotropic and depend on stochastic effects. Therefore,
a homogeneous distribution of the reaction enthalpy is limited.

As a consequence not only the chemical properties considering
thermodynamics and reaction kinetics should be addressed in
cycling experiments but also the potentially changing macroscopic
properties of packed beds.

Fig. 12 shows the overall conversion calculated by the water
level in the evaporator and the heat flux transferred by the thermal
oil for four hydration experiments with the same filling. The heat
flux has been calculated by

_QHTF ¼ _MHTF � cp;HTF � DTHTF ð3Þ

with the mass flow of the thermal oil _MHTF = 2 kg min�1, the specific
heat capacity cp,HTF = 2364.75 J kg�1 K�1 and the temperature differ-

ence DTHTF between the inlet and the outlet of the reactor (maxi-
mum 8 K). Considering the error of measurement the heat flux is
given with an accuracy of ±101 W.

All experiments were performed at the same conditions (hydra-
tion: #HTF = 165 �C, pH2O = 100 kPa; dehydration: #HTF = 130 �C).
Comparing the different cycles, differences in the conversion and
heat flux curves can be observed. But no clear trend for a de- or
increase of the rate of reaction or thermal power can be identified.
Consequently, the changes in the reaction bed may decline or
improve the performance of such a system. But a degradation of
the thermal power of the thermochemical system is not observed
comparing the first cycles.

3.4. The potential of thermal upgrade using CaCl2/H2O

The energetic storage density of the thermochemical storage
material CaCl2 and H2O(g) is approx. 216 kW hm�3, assuming a

Fig. 10. Hydration of calcium chloride at a temperature of 180 �C and a vapor
pressure of 100 kPa.

Fig. 11. Agglomerates, bridges and channels in the cycled calcium chloride reaction bed.

Fig. 12. Overall conversion and transferred heat flux during hydration cycles at a
vapor pressure of 96 kPa and a starting temperature of 165 �C (above) and during
dehydration cycles at a starting temperature of 130 �C.
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void fraction of 0.5. Using water vapor with a pressure of 100 kPa
the discharging can be performed at 165 �C, while charging can
take place at 130 �C. Thus, a thermal upgrade of 35 K is possible
using this system if full conversion from anhydrous CaCl2 to dihy-
drate is realized. The multiple steps of the reaction limit the possi-
ble temperature lift between charging and discharging. If only one
reaction step is used, e.g. the reversible hydration to CaCl2�0.3H2O,
discharging can be conducted at 180 �C. This increases the possible
thermal upgrade to 50 K, but it reduces the storage density. Fig. 13
summarizes these possible modes of operation comparing temper-
ature lift and storage density. Depending on the requirements of
the thermochemical storage the reacting amount of water should
be adapted. The higher the maximal level of hydration the higher
the storage density on the one hand but the lower the temperature
lift on the other hand. The theoretical limit is reached for the reac-
tion to hexahydrate. In this case no thermal upgrade can be
performed.

These values are upper limits for that material. If the whole set-
up (e.g. reactor and condenser) is taken into account, the storage
density is obviously smaller. Compared to physical storage sys-
tems, e.g. sensible or PCM storage, the required system complexity
is clearly higher and consequently the differences between mate-
rial related and system related values might be higher. However,
the possibility to combine thermal storage with a thermal upgrade
that has been demonstrated in this paper might compensate the
higher complexity.

To increase the thermal upgrade between charging and dis-
charging of the system either hydration needs to take place at
higher temperatures or dehydration at lower ones. Due to the
low melting temperature of calcium chloride dihydrate the hydra-
tion temperature cannot be increased. Dehydration temperature
could be decreased if mass transport limitations can be overcome.
One approach to improve mass transfer is to conduct a constant
flow of (dry) air through the fixed bed. Thus, an open operation
mode should enable lower charging temperatures and conse-
quently a higher temperature lift of the heat transformer. The
results of the dehydration process in an open operation are
described in the associated paper by Bouché et al.

4. Conclusions

The experimental results demonstrate the functionality of ther-
mal energy storage and transformer using water vapor and calcium
chloride. Different limitations occur during charging and discharg-
ing process: Macroscopic mass transport retards the dehydration
reaction at low vapor pressures. Using gas-channels this limitation
can be overcome. At higher gas pressures such as 100 kPa the per-
meability of the packed bed is not limiting. In this case, heat trans-
port becomes the more important factor. Small temperature
differences between reaction and tempering and the low thermal
conductivity of the solid are the reasons for this limitation. A fur-
ther analysis of these and other reaction effects is given by
Molenda [11].

In general, it can be concluded that salt hydrates offer interest-
ing options for the utilization of thermochemical systems in ther-
mal processes. These systems are especially promising to reduce
industrial waste heat due to thermal upgrade possibility. The reac-
tion system CaCl2/H2O is not optimal due to its multiple steps of
reactions and deliquescence. But it is reasonable reference material
to demonstrate the process and understand the limitations.
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a b s t r a c t

In order to increase the efficiency of industrial processes by means of thermal energy storage and upgrade
of waste heat in a temperature range of 100–200 �C thermochemical systems are a promising option. The
working pair CaCl2/H2O has been identified as suitable reference system due to the possibility to store
thermal energy and perform an upgrade of thermal energy at the same time. As working principle an
open mode with air as purge gas is investigated in this work. Thus, an operation at ambient pressure level
as well as a less complex experimental setup can be realized. Therefore, a test facility has been set up for
experimental investigation of the thermochemical system focusing on dehydration reaction. First, various
reactor modifications are examined with respect to influence the pressure drop of the reactor containing
the CaCl2. It was shown that by the insertion of gas channels made of fine metal mesh a reduction of the
pressure drop by factor 6 is possible in comparison to the unmodified fixed bed. Additionally, parametric
studies have been carried out regarding the variation of charging temperature and volume rate of air. In
order to obtain a high temperature lift in the heat transformation process, low thermal charging temper-
atures are targeted.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In order to decrease CO2 emissions in the industrial sector, an
efficient use of energy is necessary. Comparing the total energy
consumption of Germany, a percentage of 29% is used for industrial
purposes, while 64% of this are used for thermal process heat
supply [1]. Studies have shown that there are huge amounts of
industrial waste heat with a temperature level up to 150 �C [2].
Thus, a big potential for reducing costs and increasing efficiencies
exists in this sector. However, there are different process related
reasons why a reutilization of industrial waste heat seems
currently not economical: Firstly, the temperature level of waste
heat doesn’t satisfy process requirements for further utilization.

Secondly, heat supply and demand are poorly synchronized. To
overcome these problems there are several opportunities available.
One approach is to store the waste heat in thermal energy storages
and release it at a time with higher heat demand. Furthermore, a
continuous upgrade of waste heat to higher temperature levels
can be performed using heat pumps.

In order to combine these options of thermal energy storage
and upgrading waste heat, thermochemical systems are a promis-
ing approach. Thermochemical systems are based on reversible
chemical reactions between two components. The charging pro-
cess takes place by thermal separation of the two components
(endothermic). Release of heat occurs during the reverse (exother-
mic) recombination reaction of the components. In general, the
reaction equation can be written as:

ABþ DHR �Aþ B ð1Þ
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Thermochemical energy storage with gas–solid-reactions theo-
retically exhibit the advantage of high volumetric energy storage
densities and reduced heat losses during storage period. Addition-
ally, thermochemical systems offer the option to upgrade low tem-
perature heat to higher temperatures which is the main aspect of
this paper.

The working principle of this kind of heat transformation can be
described by the van’t Hoff chart displayed in Fig. 1b. The equilib-
rium line represents the correlation of vapor pressure with given
reaction temperature. In thermodynamic equilibrium, the gas pres-
sure rises with increasing temperature. According to the van’t Hoff
chart, thermal charging at low temperatures is possible if the gas
pressure is kept at a low level as well. The reverse process, thermal
discharging, occurs at a higher pressure resulting in high output
temperatures. Therefore, the thermal upgrade is performed
between endothermic and exothermic reaction by change of gas
pressure. This can refer to the absolute as well as to partial gas
pressure. If the reaction is conducted in a gas mixture, e.g. air,
the fraction of the reactive gas can be changed. Thus, the overall
pressure could be equal to ambience which simplifies the con-
struction of the technical components (see Fig. 2).

For the purpose of performing a heat transformation with
thermochemical systems an open operation mode is a promising
option. In this case, an inert gas (e.g. air) flows through the reactor
removing the reaction gas and releasing it to environment
(see schematic in Fig. 1a). The gaseous reaction component needs
to be environmentally friendly, e.g. water vapor. Due to the
reduced requirements (no vacuum, no additional storage con-
tainer, no cold sink) the open system is rather simple and conse-
quently high storage densities on a system level can be expected.

2. State of art and aim of work

In this chapter the state-of-the-art of thermochemical systems
regarding heat transformation of industrial waste heat is pre-
sented. Various systems are proposed able to upgrade waste heat
in a temperature range between 100 �C and 200 �C.

Water/sorption. Well known physical sorption systems are
zeolites or silica gels using water as reaction gas. Based on zeolite,
a mobile thermal heat storage was built up by Krönauer et al. for
waste heat utilization from a incineration plant [4]. As operating
principle an open system is used with air as purge gas. Thermal
charging takes place at a temperature level up to 130 �C by means
of dry air releasing the water steam to the environment. Extraction
of thermal energy occurs by the use of humid air generating output
temperatures up to 150 �C.

Ammonia. Neveau et al. reported on different ammonia based
working pairs suitable for a wide range of temperatures [5]. Based
on these data, Wongsuwan et al. suggested several ammonia-salt
systems as promising working pairs for upgrading waste heat with
an appropriate temperature lift [6]. Experimental studies were
carried out by Haije et al. investigating the performance of the
ammonia-salt system LiCl–MgCl2/NH3 for purposes of heat trans-
formation [7]. Li et al. proposing an improved sorption cycle and
a theoretical analysis with the ammonia-salt system MnCl2–CaCl2/
NH3 for upgrading low thermal energy up to 171 �C [8]. However,
due to strong toxicity of ammonia these reactions are only applica-
ble in closed systems without any contact to ambient atmosphere.

Metal hydrides. Dantzer et al. proposed a selection of various
metal-hydrides capable to react reversible with hydrogen as
reaction gas [9]. A two stage metal hydride heat transformer was

Fig. 1. (a) Schematic of open system (b) T/p-correlation (van’t Hoff) - dependency of vapor pressure (reaction gas) and equilibrium temperature (solid storage material).

Nomenclature

Symbols
DHR enthalpy of reaction (J mol�1)
m mass (g)
M molar weight (g mol�1)
p pressure (kPa)
p0 Standard pressure (1 kPa)
Dp pressure drop (kPa)
R universal gas constant (J mol�1 K�1)
t time (min)
tX=90 time to 90% overall conversion (min)

T temperature (�C)
T0 standard temperature (298 K)
_V volume flow (m3 h�1)
x water vapor concentration (–)
X conversion (–)

Abbreviations
dehyd dehydration
tot total
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developed by Willers et al. upgrading thermal heat from a temper-
ature level of 130 �C up to 200 �C [10]. Another system based on
different metal hydrides is set up by Suda et al. [11]. In order to
perform a heat transformation a low grade thermal energy source
of 80 �C is used to generate a high output temperature of about
120 �C for steam generating applications.

Water/salt-hydrates. In order to realize a thermal heat storage
or in combination with the possibility to transform heat in the
target temperature range of 100–200 �C water based thermochem-
ical systems seem to be promising candidates. Water steam used as
heat transfer fluid is widely spread in thermal industrial processes
for heating purposes in various technical applications. Addition-
ally, using water vapor as nontoxic medium, also an open system
as operation principle (as proposed in this paper) is feasible since
the reaction gas can be released to the environment. Up to now
there are only a couple of water based salt hydrates experimental
investigated regarding suitability for thermal upgrade of industrial
waste heat. Studies about the working pair Na2S–H2O with respect
to structure, thermodynamic and phase properties have been
carried out by De Boer et al. [12]. In order to avoid the deliques-
cence of the solid material during regeneration, temperatures
above 83 �C may not be exceeded. Thus suitability for higher
temperatures within industrial processes was not given. For the
utilization in a chemical heat pump the reaction pair MnCl2/H2O
is examined by Stitou et al. focusing on the reverse reaction
between the anhydrate and the monohydrate [13]. Experimental
results showed that a thermal upgrade from 95 �C to 160 �C during
thermal discharging is achievable. However, thermal charging of
the reaction systems needs around 320 �C.

In order to investigate the upgrade of industrial waste heat by
means of an open process in the temperature range of
100–200 �C, the thermochemical system CaCl2/H2O was chosen
as reference material. The generic reaction equation is given in
Eq. (2). However, the overall reaction is more complex since it
occurs with intermediate steps. Details are reported by Molenda
et al. [3].

CaCl2 � 2H2OðsÞ �CaCl2ðsÞ þ 2H2OðgÞ ð2Þ
The present paper includes an experimental part with examina-

tions using different reactor modifications for charging process
analyzing their influence on the pressure drop. Additionally, para-
metric studies are conducted regarding charging temperatures and
flow rate of purge gas. The results are analyzed with respect to
pressure drop, conversion time and progress of fixed bed temper-
atures. The aim is to increase the potential thermal upgrade of
the heat transformer by decreasing the charging temperature.
The respective discharging experiments at different water vapor
pressures are not part of this study but are being reported in the
associated paper of Richter et al.

3. Experimental

3.1. Setup

For experimental investigations of the open operation of the
thermochemical system a test facility was built up. The main com-
ponent of the test bench represents the reactor designed as tube

Fig. 2. (a) Test facility, reactor (b) tube bundle heat exchanger as reactor (c) CaCl2 packed bed in tubes. (d) Thermocouples for temperature measurements at different heights
of packed bed.
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bundle heat exchanger. It consists of 31 tubes with a diameter of
9 mm each and a height of 400 mm surrounded by a shell. Within
the tubes the solid granular CaCl2 dihydrate is placed. Filters with a
mesh size of 13 lm are installed at the in- and outlet of the tubes.
The supply of air as purge gas is provided by the internal com-
pressed air network. By means of an electric preheater, the air
can be heated up to 200 �C. In order to measure the temperature
within the packed bed, 10 thermocouples at different heights of
the tubes are installed. Inserted through the bottom of the reactor,
the thermocouples are placed every 66 mm. For the supply of ther-
mal energy during dehydration process thermo-oil is used stream-
ing through the shell-side of the reactor. The temperature of the
thermo-oil can be adjusted by a thermostatic bath up to the max-
imum temperature of 200 �C. Due to the reactor design an indirect
heat transfer via thermo-oil as well as a direct heat transfer by the
heated air flow occurs. In order to receive information about the
conversion of the reaction, a gas analyzer is installed. The gas
analyzer measures the concentration of water vapor at the
in- and outlet of the reactor. Additionally, pressure sensors are
attached at the in- and outlet detecting the pressure drop of
the reactor. To prevent condensation electric heating lines are
installed at the piping of the test-bench as well as at the in- and
outlet of the reactor.

3.2. Procedure

Fresh material of calcium chloride dihydrate CaCl2�2H2O (Macco
Organiques s.r.o) for every dehydration experiment is used. Two
different operation modes are taken into account. The unmodified
reaction bed and subsequently the modified reaction bed with gas
channels were investigated. Before starting, the reactor is heated
by the thermo-oil to experimental conditions. The air is heated
by the electric preheater to charging temperature and streaming
through a bypass. In order to initiate dehydration reaction, the
dry and hot air flow is led through the reaction bed. Due to the
dehydration reaction water vapor is released increasing the partial
vapor pressure in the air. At the outlet of the reactor the gas mix-
ture is analyzed. By the use of the pressure sensors the pressure
drop of the reaction bed is detected. A parametric study of charging
temperature and air volume flow is conducted, as shown in
Table 1.

4. Experimental results and discussion

4.1. Unmodified reaction bed

First experiments were performed using the tube bundle heat
exchanger as reactor with an unmodified fixed bed of reaction
material within the tubes. The experiment is carried out with a
mass of 720 g of CaCl2 dihydrate distributed equally within the
reactor tubes.

First experimental investigation of decomposition reaction of
CaCl2 dihydrate in the open system is carried out under following
boundary conditions: charging temperature is set to 150 �C
(thermo-oil + air) and air flow is adjusted to 4 m3 h�1. The dehy-
dration reaction is initiated by opening the valves at the in- and
outlet of the reactor, whereby preheated air flows through the
packed bed of reaction material. According to the van’t Hoff chart
of CaCl2�2H2O [3], the equilibrium pressure at a temperature of
150 �C is around 40 kPa. The water content (partial pressure) of
the incoming air can be assumed as zero. As a consequence, the
CaCl2 dihydrate is dissociated and the dry air dilutes the released
water vapor. Due to the endothermic dissociation the temperature
of the fixed bed decreases.

As displayed in Fig. 3, at the inlet of the packed bed a temper-
ature minimum is reached very quickly since at this position the

lowest water vapor pressure is available. Along the fixed bed, the
partial pressure of water vapor increases due to the dissociation
reaction of the material. As a result of the decreased local temper-
ature, a large temperature gradient to the tempered reactor wall
occurs causing a high heat flux from the shell side of the reactor
into the fixed bed. Due to these good reaction conditions (low
water vapor pressure, large temperature difference) at the inlet
a fast conversion is observed indicated by a fast return of local
temperature to initial conditions of 150 �C. At sections of the fixed
bed positioned along the axial axes the completion of dehydration
reaction takes consequently longer due to the above mentioned
continuous enrichment of the air stream with water vapor.
According to Molenda et al. [3], the decomposition of CaCl2 dihy-
drate to anhydrous salt occurs in consecutive separate reactions
steps. This reaction process explains the temperature evolution
with two local minima representative for discrete reaction steps.
First, the decomposition of CaCl2 dihydrate to monohydrate takes
place indicated by the temperature decrease to the first minimum
of each temperature profile. After a short increase of the temper-
ature, the second reaction step, the dissociation of monohydrate
occurs and leads to the second local minimum. As soon as the
anhydrous state is reached, the endothermic reaction is termi-
nated which can be seen by the sharp increase of the respective
temperature curve to its initial conditions. The completion of
the dehydration process occurs with a plug flow behavior
represented by the successive finalization of the reaction in local
sections.

The concentration of water vapor released by the reaction is
measured by a gas analyzer at the outlet of the reactor. At the
beginning of the dehydration a peak of the water vapor concentra-
tion up to 20 vol-% is measured (see Fig. 3). Afterwards a continu-
ous drop is detected that occurs due to the termination of the
decomposition reaction along with the formation of anhydrous
CaCl2 at sections close to the inlet. The slope of vapor concentration
decreases at around t = 12 min. This behavior can be related to a
completed conversion of the dihydrate phase, consequently from
this point on only the monohydrate phase releases water vapor.
Due to a lower equilibrium pressure of CaCl2 monohydrate the
driving force of the reaction is reduced. Therefore, the decomposi-
tion is slow for the given boundary conditions. As soon as the
entire decomposition is completed, the water vapor concentration
at the outlet reaches again its original value of zero. In order to
determine the overall conversion the measured water vapor
concentration is used:

XConv: ¼ mH2O;out;exp

mH2O;tot;theo
¼ _Vair �

Z
xH2O;out

1� xH2O;out
dt � p0

R � T0 �
MCaCl2 �2H2O

2 �mCaCl2 �2H2O

ð3Þ
As shown in Fig. 3, the dehydration process reaches full conver-

sion after around 30–35 min. During the experiment also the pres-
sure drop of the purge gas through the entire reactor is measured
by sensors attached at the in- and outlet of the reactor. In the
unmodified fixed bed a very high pressure drop of Dp = 62 kPa is
measured at a volume flow of 4 m3/h. This pressure drop is related
to the flow resistances of the particles as well as the filters at the

Table 1
Parameter variation of experiments (um: unmodified reaction bed; m: modified
reaction bed).

Volume flow

4 m3 h�1 8 m3 h�1

Charging temperature 150 �C um; m m
130 �C m m
100 �C m
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in- and outlet of the reactor. In this context, especially the filter at
the outlet is important since it prevents a discharge of reaction
material by the gas flow. Due to the already high pressure drop
and the limitations of the pressure sensors an increase of the air
flow rate is not possible.

4.2. Modified reaction bed with gas channels

In order to reduce the pressure drop along the channels as well
as to examine the influence of the air flow rate and charging tem-
perature on the dehydration process, the set-up has been slightly
modified. For this purpose gas channels made of fine metal mesh
were designed (see Fig. 4a) and placed into the tubes of the reactor.
The solid reaction material was inserted around the filter tubes
(see Fig. 4b). Due to the gas channels the main part of the air
volume flow does not flow through the whole cross-section of
the fixed bed. Consequently, the pressure drop along the reaction
bed should be clearly reduced. Although an exchange of water
steam into the purge gas is possible, a penetration of single parti-
cles into gas channels can be prevented. The effect on the decom-
position reaction is analyzed by subsequent experiments.

Several experiments were carried out with charging tempera-
tures to 150 �C, 130 �C and 100 �C and air flow rates of 4 m3/h
and 8 m3/h, respectively. Due to the additional volume of the gas
channels less space is available for the reaction material, thus for
these experiments only approx. 630 g of CaCl2�2H2O were filled
into the reactor.

During the experiments a significant improvement of the speci-
fic pressure drop in consequence of the installed gas channels was
observed. As shown in Table 2 at a given charging temperature of
150 �C and a constant gas flow of 4 m3/h, a reduction of the
pressure drop by nearly a factor of 6 was reached. Thus, using

the modification of the reaction bed, experiments with higher
volume flow of purge air (8 m3/h) are possible.

In the following the dehydration experiment with gas channels
(Tdehyd = 150 �C, _V = 8 m3/h) is presented in detail. In principle, the
results displayed in Fig. 5 show a similar behavior compared to the
experiments carried out with the unmodified fixed bed. According
to the temperature evolution within the fixed bed, the completion
of decomposition reaction also takes place by a plug flow behavior.
Thereby, a reaction front moves from the inlet of the reactor to the
outlet, indicated by the successive return of the respective local
temperatures to external conditions of 150 �C. However, in
comparison to the unmodified fixed bed, the temperature profiles
are less defined. The differentiation of the two decomposition reac-
tion steps is possible but less clear. Since the same effect occurs
with a reduced gas flow of 4 m3 h�1 (not shown), the influence of
the higher gas flow can be excluded. One possible explanation
could be based on the additionally required mass transfer process
in radial direction – from the actual point of reaction to the chan-
nel. This would lead to an additional resistance and consequently
to a less pronounced temperature drop due to the endothermic
reaction.

Fig. 3. Temperatures in the unmodified fixed bed, conversion, water vapor concentration at the outlet during dehydration reaction (Tdehyd = 150 �C, _V = 4 m3/h).

Fig. 4. (a) Gas channels made of fine metal mesh (Ø � 1 mm) (b) gas channels inside the packed bed of CaCl2�2H2O.

Table 2
Pressure drop of fixed bed influenced by reactor configuration and volume rate of
purge gas.

Volume flow

4 m3 h�1 8 m3 h�1

Charging temp.
150 �C

Unmodified reaction
bed

dp = 62 kPa

Modified reaction bed dp = 11 kPa dp = 34 kPa
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For the assessment of the dehydration performance, the time
for 90% of conversion is used (tX=90). Fig. 6 shows the comparison
of the dehydration performance for different temperatures and
flow rates, respectively. A clear dependency between conversion
time and charging temperature as well as air volume flow can be
observed. The higher the charging temperature and the higher
the volume flow the faster the reaction occurs. The rapid reaction
can be explained by the high mass and heat transfer gradient
between the reaction and the local boundaries during the reaction
process. Additionally, due to the higher flow rates, a better dilution
of the water vapor in the gaseous phase occurs, resulting in lower
partial pressures. Therefore, with a flow rate of 8 m3/h, a dissocia-
tion of the reaction material is possible at an inlet temperature of

100 �C. Even though, this reaction is comparatively slow, it demon-
strates that a charging of the reaction system is possible even at
low temperatures.

The influence of the charging temperature and the flow rate on
the water vapor concentration measured at the outlet is shown in
Fig. 7. For a given charging temperature the peak concentration at
the beginning of the experiment is unaffected by the flow rate of
the purge gas. However, with increasing reaction time, a higher
flow rate leads to a faster decrease of the outlet concentration
and consequently to a faster conversion.

The impact of the temperature gradient between the reaction
material (inlet of fixed bed) and the reactor wall is shown in
Fig. 8. The charging temperature Tdehyd is a boundary condition
(heated reactor wall) whereas the temperature of the reaction
material at the inlet of the reactor T1 is a consequence of the reac-
tion conditions. It is obvious that the largest gradient occurs at the
beginning of each experiment leading to a fast release of water
vapor (compare Fig. 8). Comparing the different charging temper-
atures, a correlation to the resulting temperature gradient can be
observed: the lower the charging temperature the smaller the tem-
perature gradient. This can be explained by the decrease in the rate
of conversion for lower charging temperatures.

With respect to the intended application of a thermal upgrade,
one important purpose of the reaction is to reach high temperature
lifts between the recovery of thermal energy and the thermal
charging of the system. According to the associated paper of
Richter et al., the discharging of the reaction system is possible
at temperatures up to 165 �C using water vapor at atmospheric
pressure. However, a trade-off between the power density of the

Fig. 5. Temperatures in the modified fixed bed (with gas channels), conversion, water steam concentration at the outlet during dehydration reaction (Tdehyd = 150 �C,
_V = 8 m3/h).

Fig. 6. Conversion time (tX=90) of dehydration in dependency of volume flow (air) at
different charging temperatures.

Fig. 7. Water vapor concentration at reactor outlet during dehydration at different
experimental conditions.

Fig. 8. Temperature gradient between inlet of packed bed and tempered reactor
wall (charging temp.) during dehydration at different experimental conditions.
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reactor and the possible temperature lift of the heat transformer
has to be faced.

5. Conclusions

Regarding waste heat recovery the reported open operation
principle of a thermochemical system is very promising. It enables
the utilization of waste heat at 100 �C. Waste heat at this temper-
ature level is generally hard to integrate into industrial processes.
However, applying the here presented open operation mode, this
thermal energy could be used to charge a thermochemical storage.
While the charging process is performed using dry air, discharging
takes place at a vapor pressure of 100 kPa, as reported in the
associated paper by Richter et al. Thus, in an industrial application
the thermochemical heat transformer is interesting especially if
waste steam or waste heat at 100 �C (to generate steam) is
available. Using the reference reaction system CaCl2/H2O a thermal
upgrade of approximately 65 K can be reached. If a maximum
temperature lift is desired a long duration for the discharging
needs to be accepted. From a technological point of view this might
be questionable. Therefore, further work should focus on the effect
of the intrinsic reaction kinetics on the reaction rate, new reaction
materials as well as on possibilities to improve the heat transfer
within the fixed bed.
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A B S T R A C T

The selection of suitable reaction systems for thermochemical processes, e.g. thermal storage, chemical heat
pumps or heat transformers, is challenging. Not only harmlessness of chemicals, theoretical energy storage
density and thermodynamics play an important role, but also reversibility, reaction kinetics and cycling stability
need to be considered. In this paper a systematic methodology for screening salt hydrates as thermochemical
reaction material is suggested and applied to 308 different inorganic salts. It consists of a theoretical analysis of
thermodynamic data as well as an extensive experimental analysis of the reversibility, reaction hysteresis and
cycling stability. The target application is the heat transformation and reintegration of process waste heat up to
300 °C. SrBr2 meets all requirements for this application and is a promising material.

1. Introduction

The utilization of currently unused process waste heat has an im-
mense potential to save primary energy and to decrease carbon dioxide
emissions. Different technologies, ranging from storage solutions to
heat pumps and converters, have been developed in order to make this
possible [1–7]. In this context, thermochemical energy storage has
drawn attention in the last decades. This technology offers significant
advantages over other storage concepts, e.g. high storage density and
the possibility of heat transformation [8]. The working principle of a
chemical heat pump or heat transformer is shown in Fig. 1. Hereby, a
chemical reaction between a solid A and a gas B is used in order to store
and release heat. The temperature level depends on the gas pressure pB
following the van’t Hoff equation (Eq. (1)).

⎜ ⎟
⎛
⎝

⎞
⎠

= −+

p
p

S
ν

H
νTR R

ln Δ ΔB R R
Ɵ Ɵ

(1)

Here, p+ is the reference pressure (100 kPa), ΔRSƟ and ΔRHƟ the
standard entropy and enthalpy of reaction, respectively. R represents
the universal gas constant, ν the stoichiometric factor for the respective
reaction and T the temperature in K. The equilibrium of the reaction is
indicated by a line in the ln(pB/p+) vs. T−1 plot. As a consequence, the

reaction temperature of the storage can be increased with an increased
reaction gas pressure. In Fig. 1 a second (dashed) line is plotted re-
presenting the vapor pressure of the coupled component B. At point 1
the storage is charged at the temperature Tin by performing the de-
composition reaction. The gas B is produced at the pressure p1 which
can be condensed at point 2 releasing low-temperature heat, e.g. at
ambient temperature Ta. The evaporation of B at Tin can be considered
as a thermal compression of the gas, which is the underlying “driving
force” of the process. This step (3) initiates the discharging reaction of
the thermal storage (formation of ABν) at the elevated pressure p2.
Thus, the enthalpy of reaction is released as heat at Tout, a higher
temperature than the one used for the charging process (Tin). Conse-
quently, this process allows a thermal upgrade and a reintegration of
industrial waste heat [9,10].

Many different reaction systems have been used and analyzed for
heat transformation. Hydrogen, ammonia, oxygen or carbon dioxide are
common gaseous components [4,11,12]. Focusing on water vapor as
gaseous reactant offers several advantages: On the one hand, in com-
parison to hydrogen water vapor can be easily condensed, offering the
advantage of no additional storage material for the absorption of the
gas. On the other hand, the process can be run in open mode as water
(vapor) is a harmless, nonhazardous and well available component.
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Thus, the gas does not necessarily have to be stored which decreases the
complexity of the process apparatus, reduces costs and increases over
all energy storage density.

A relevant use case and analysis of such a heat transformer using the
system CaCl2/H2O has been published before [9,13]. In these studies,
the temperature level of hydration and dehydration reaction was ad-
justed so charging of the thermal storage could be performed at a lower
temperature than discharging. Comparable analysis has been done for
hydride and ammonia systems [12,14–16] but to our knowledge the
investigation of water driven heat transformers is rare.

To choose a suitable reaction system for thermochemical storage
and transformation is generally challenging due to various aspects and
characteristics that need to be considered. Previous screenings focused
on the energy storage density [17–21]. N’Tsoukpoe et al. published a
systematic screening of salt hydrates for low temperature thermo-
chemical storage [19]. This screening follows a good straight forward
methodology. However, the authors conclude that the application of
these materials in domestic hot water supply is limited due to the high
complexity of the system and low resulting energy storage density.

Material screenings like this mainly focus on energy density of thermal
storage materials. However, many materials have shown other more
relevant limiting effects [9,13,18,22–25]. Especially the assumption
that charging of the storage can be performed at the same temperature
as discharging turns out to be wrong in many cases.

There are several material related reasons that need to be taken into
account for thermochemical storage and/or transformation systems:
Firstly, some reactions exhibit multiple steps [22,23]. To reach the
maximum energy storage density all reaction steps have to be over-
come. In this case, there are multiple van’t Hoff lines instead of only a
single one as indicated in Fig. 1. The higher the level of hydration the
closer is the equilibrium line to the vapor pressure line of water. A
complete discharge of the thermal storage requires a full hydration but
also a complete dehydration. Thus, all equilibrium lines need to be
overcome and the difference between Tout and Tin is decreased com-
pared to a one-step reaction at the same pressure difference (Δp = p2-
p1).

Secondly, some reaction systems exhibit deliquescence at high le-
vels of hydration. This leads to a phase change–the materials “melt in
their own crystal water”. To maintain respective material properties
(e.g. permeability for the reaction gas) this has to be prevented. Thus,
the storage has to be tempered above the temperature where deli-
quescence occurs. This requires a very narrow temperature range for
the operation of the thermochemical storage: keeping the temperature
far from the phase change means operating very close to the equili-
brium temperature of the chemical reaction. It is doubtful if this tem-
perature stability can be realized in a technical storage at all. But at
least such an operation limits the heat exchange between the reacting
material and the heat transfer fluid [9,13].

Thirdly, many reactions are very slow or reaction kinetics decrease
with cycling [25–27]. This can have many different reasons, e.g. heat
and mass transfer limitation within the material, the bulk or the reactor.
But also the nature of the chemical reaction itself can be limiting which
can be seen by the temperature dependence of the dehydration of salt
hydrates or hydroxides [28]. In a systematic approach for finding sui-
table materials this aspect has to be considered as well.

Last but not least, a strong limitation is given by large reaction
hysteresis. From a thermodynamic point of view the reaction has to
take place as soon as process conditions next to the equilibrium line are
reached. In reality many reactions are kinetically inhibited. Thus,

Nomenclature

Symbols

h Level of hydration (mol mol−1)
ΔfHƟ Standard enthalpy of formation (kJmol−1)
ΔRH Enthalpy of reaction (kJ mol−1)
ΔRHƟ Standard enthalpy of reaction (kJ mol−1)
ΔVH Enthalpy of vaporization (kJ mol−1)
ν Stoichiometric factor
p+ Reference gas pressure (100 kPa)
pB Partial gas pressure (kPa)
pH2O Partial vapor pressure in N2 (kPa)
R Universal gas constant (8.3145 J mol−1 K−1)

SƟ Standard entropy (J mol−1 K−1)
ΔRSƟ Standard entropy of reaction (J mol−1 K−1)
ϑ Temperature (°C)
T Temperature (K)

Abbreviations/indices

D Dehydration
eq Equilibrium (calculated)
H Hydration
onset Extrapolated starting point of reaction (experimentally

determined)
STA Simultaneous thermal analysis

Fig. 1. Principle of heat transformer, reaction enthalpy.
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process conditions have to be set far from equilibrium in order to
overcome these inhibitions. But not only kinetic inhibition can be the
reason for a large hysteresis between hydration and dehydration reac-
tion. The thermodynamic nature of the reaction system can lead to a
hysteresis, too. The system MgO/H2O shows such a behavior (especially
at low vapor pressures) [29]. An intense development of MgO for
thermochemical energy storage material has been performed by Kato
et al. [25]. However, the still comparably large reaction hysteresis of
MgO/H2O limits its potential for heat transformation application.

Considering these issues, special requirements for thermochemical
reactions as heat transformers have been set in this screening in order to
find materials without these limitations. The target application is the
reintegration of industrial waste heat by thermal upgrade to tempera-
tures between 150 °C and 300 °C. Low temperature waste heat from
chemical processes could be one application. According to a study
about unused potential of waste heat from German industry most waste
heat occurs at below 150 °C [30]. Thus, a thermal upgrade to tem-
perature above that leads to an increased potential for the reintegration
of heat. Furthermore, the material has to allow an open heat transfor-
mation process. This leads to the target temperatures and pressures for
the desired reaction system: Pure water vapor at the atmospheric
pressure should allow a reaction equilibrium temperature higher than
150 °C. The dehydration with air (assuming a maximum partial vapor
pressure p1 = 5 kPa in humid summer) has to be performed at lower
temperatures than 150 °C. With this set of requirements a systematic
theoretic and experimental screening has been performed to find sui-
table materials for a thermochemical heat transformer.

2. Methodology

308 salts have been chosen for the screening, based on the twenty
most frequently occurring metals in the geosphere [31] to ensure high
availability. Table 1 summarizes the material matrix. On the left-hand
side the cations are shown ranked by the availability in the geosphere.
On the right eleven common anions were chosen for the screening.

Fig. 2 summarizes the methodology developed for the screening of
salt hydrates as thermochemical heat transformer materials. In the first
four steps of the screening a theoretical analysis was performed. In
general, materials that are carcinogen or hazardous (category 1 or 2,
see [32]) have been excluded. As representative compounds the car-
bonates, oxides and hydroxides of each metal have been chosen (first

step).
If the salts form hydrates (second step) a thermodynamic calculation

was performed in the third step. Based on literature data (standard
enthalpies of formation ΔfHƟ and standard entropies SƟ) the standard
enthalpy and entropy of reaction ΔRHƟ and ΔRSƟ were calculated for
every hydration reaction. If there is no data available for SƟ, the entropy
of reaction was estimated in this study. This is based on the known
values of entropies of dehydration reactions of salt hydrates and hy-
droxides (see Table A1) with an average value of the entropy of reaction
of approx. 150 J mol−1 K−1 and a standard deviation of 10. This range
has been widened to ΔRSƟ ≈ 120 J mol−1 K−1–160 J mol−1 K−1 in
order to be sure to keep suitable candidate materials in the screening.
Using the Van’t Hoff equation (see Eq. (1) with pB = pH2O) the equili-
brium temperature Teq at ambient pressure was determined. For a
chemical heat pump application thermal discharging at temperatures
above 150 °C is needed. As a reference pressure the mean ambient
pressure in Stuttgart (96 kPa), where the experimental analysis was
performed, has been chosen. A equilibrium temperature Teq(96 kPa)
lower than 150 °C results in exclusion of the reaction from further
analysis.

For the remaining materials a literature survey regarding the
thermal stability of the salt hydrate was performed in the fourth step.
The following criteria need to be fulfilled: The salts must not dissolve in
their own crystal water in the relevant temperature and pressure range
(T< 300 °C, p< 96 kPa). There must not be a side reaction with water
or oxygen or thermal decomposition up to 300 °C.

After the theoretical analysis the remaining materials were tested in
thermal analysis using three experiments. Experiment I was the test on
reversibility of reaction, thermal stability and hydration temperature
(ϑonset,H) in 96 kPa water vapor. A lower but stable conversion (com-
pared to the expected one) can be accepted if the reaction meets all the
other requirements. In experiment II the hysteresis of the reaction at a
constant partial vapor pressure of pH2O = 5 kPa was investigated. The
reaction should take place at temperatures close to theoretical equili-
brium. As criterion for exclusion the dehydration temperature at
pH2O = 5 kPa is compared to the hydration temperature at pH2O = 96
kPa. In the heat transformer the discharging process (hydration) should
take place at higher temperatures than the charging (dehydration)
process. If this was the case experiment III was conducted. Here, ten
isothermal reaction cycles were performed changing the atmosphere
from pure nitrogen for dehydration to pure water vapor for hydration.
The conversion should be constant over these cycles. Otherwise the
materials were excluded.

3. Experimental

The experiments were carried out using a simultaneous thermal
analysis (NETZSCH STA 449C Jupiter®, see Fig. 3). The set-up was
equipped with a water vapor generator (aDROP, Bronkhorst®) and a
water vapor furnace. A thermogravimetric sample carrier with a ther-
mocouple type S and an accuracy of± 1 K was used. The accuracy of
the balance was±0.1 μg. The used STA system exhibits a noticeable
mass drift due to buoyance effects, water adsorption to the sample
holder at high vapor pressures and balance drift. This needs to be
corrected using a baseline measurement. Thus, every experiment has
been repeated with an empty crucible. The resulting change in mass has
been subtracted from the sample measurement. Thus, all resulting mass
changes can be dedicated to the sample only.

As protective gas a nitrogen volume flow of 50 N-ml min−1 was
used. The sample was surrounded by a constant gas flow of 100 N-ml

Table 1
Material matrix as starting point for the screening.

Cations Cations Anions

1 Al3+ 11 Cr6+ F−

2 Fe2+/3+ 12 Ni2+/4+ Cl−

3 Ca2+ 13 Sr2+ Br−

4 Na+ 14 V2+/3+/4+/5+ I−

5 K+ 15 Zn2+ O2−

6 Mg2+ 16 Cu2+ S2−

7 Ti3+/4+ 17 W6+ OH−

8 Mn2+ 18 Li+ SO4
2−

9 Ba2+ 19 Ce3+/4+ NO3
−

10 Zr4+ 20 Co2+/3+ PO4
3−

CO3
2−
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min−1 nitrogen and/or water vapor. Either pure nitrogen was used or
partial vapor pressures of 5 kPa or 96 kPa± 1 kPa was set.

Dynamic experiments were performed with heating rates of 5 K
min−1 and 1 K min−1. As relatively low temperatures are necessary in

order to initiate hydration reaction of some salts, the temperature was
set to a minimum of 20 K above the dew point of the gas mixture. The
cycling tests were performed isothermally by changing the atmosphere
from pure nitrogen to pure water vapor.

All tested materials obtained a purity of at least 98 %. The initial
mass of the samples was set to 15 mg.

4. Results and discussion

4.1. Theoretical analysis

In the first step of the screening the harmlessness of the materials
was analyzed. Here, the cations Cr6+, Co2+/3+ and Ni2+/4+ have been
excluded from further screening, as their carbonates, hydroxides and
oxides are carcinogen or toxic (cat. 1 or 2).

For the application of a hydration reaction only salts that form
hydrates are relevant (second step). Table 2 summarizes the matrix of
the analyzed materials as a combination of cations and anions. The
numbers indicate the level of hydration in mol water per mol salt. If no
number is given no hydrates of the salt are reported. Out of these 253
salts 113 form hydrates, most of them in different levels of hydration.

Fig. 2. Methodology of the materials screening.

Fig. 3. Schematic of the thermal analysis (STA).
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In the third step of the screening the equilibrium temperature of the
single hydration reactions has been calculated based on literature data.
The enthalpies and entropies of reaction and the calculated equilibrium
temperature are summarized in the Appendix A in Table A1. The values

are given for the lowest hydrates, as those generally obtain higher
equilibrium temperatures than the reaction to higher hydrates. Alter-
natively, the relevant step of hydration is chosen in order to reach the
relevant temperature range of 150 °C to 300 °C. For many reactions

Table 2
Matrix of inorganic salts analyzed in the present screening: The numbers indicate the level of hydration (mol mol−1). [33,37–40,43–61].
The colors indicate the results of the theoretical part of the screening. Yellow: not suitable thermodynamics; Blue: deliquescence/melting;
Red: side reactions with air/water or thermal decomposition; Violet: toxic; Green: (hydrates) commercially not available.(For interpretation
of the references to colour in the Table, the reader is referred to the web version of this article.)
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thermodynamic data is missing. If at least the enthalpy of reaction is
available an estimation of the equilibrium temperature has been done
assuming an entropy of reaction between 120 J mol−1 K−1 and 160 J
mol−1 K−1. For the hydrates of K2S e.g. no entropies of formation could
be found. With the above given assumption the equilibrium tempera-
ture could be estimated between 73 °C and 188 °C. As the reaction
might take place in the relevant temperature range, this material is
analyzed in the next step of the screening.

All materials that show suitable thermodynamics and those with
unknown reaction equilibrium were investigated regarding their
thermal stability based on literature data [22,33–43]. Side reactions
(with air or water) or thermal decomposition in the relevant tempera-
ture range are reported for Al(NO3)3, BaBr2, BaI2, CaBr2, CaI2, Ce
(NO3)3, Ce(CO3)3, CeBr3, CeCl3, CeF4, Cu(NO3)2, CuF2, FeBr2, FeCl3,
FeF2, FeF3, FeI2, K2S, LiI, Mg(NO3)2, MgCl2, Mn(NO3)2, MnI2, Na2S,
NaOH, Ti(SO4)2, TiBr3, TiCl3, TiF4, TiI3, VBr2, VBr3, VCl2, VCl3, VI2, VI3,
VO2, VSO4, ZnCO3, ZnO2, Zr(NO3)4, ZrF4. The following materials were

excluded from further analysis due to deliquescence or melting in the
relevant temperature range: CaBr2, CaCl2, CaI2, Ce(NO3)3, Fe(NO3)2, Fe
(NO3)3, FeBr2, FeBr3, FeI2, K2S, KOH, LiI, MgBr2, MgCl2, Mn(NO3)2,
NaOH, TiBr3, TiCl3, VCl2, VCl3 and Zn(NO3)2. VF3 was excluded due to
its toxicity. As hydrated TiO2, V2(SO4)3, VF2 and VPO4 are not com-
mercially available, no experimental analysis has been done with these
materials.

4.2. Experimental analysis

4.2.1. Reversibility of reaction
Based on the theoretical analysis 32 materials were selected for the

experimental tests. In the first experiment the reversibility of the re-
action was analyzed. In Fig. 4a the typical temperature profile of ex-
periment I is given. Segments with water containing atmosphere are
marked with a grey area. The material was heated with 5 K min−1 to
300 °C in nitrogen atmosphere. Then, the purge gas was changed to

Fig. 4. Exemplary results: Experiment I with a.) MgSO4⋅7H2O and b.) SrCl2⋅6H2O (dehydrated before). Adapted experiment I with c.) SrBr2⋅6H2O (dehydrated before) and d.)
CaSO4⋅0.5H2O.
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pure water vapor (pH2O = 96 kPa) and cooling with −5 K min−1 to a
minimum temperature of 120 °C was performed. In this segment re-
hydration was expected. After a 1 h isotherm the purge gas was
changed back to nitrogen and a heating segment (5 K min−1 to 300 °C)
followed. In Fig. 4a the mass change from TG-signal of MgSO4⋅7H2O is

given. As the experiment started at approx. 100 °C the dehydration
started before the measurement was initiated. Therefore, the mass
dropped right at the beginning to about 75 % of the starting mass. After
the first heating segment the mass changed to 53 % of the starting mass.
This corresponds to the anhydrous MgSO4. During the cooling segment

Fig. 5. Exemplary results for thermal decomposition, observed deliquescence, no or incomplete hydration and low hydration temperature: Adapted experiment I with a.) MnCl2⋅2H2O,
experiment I with b.) LiBr, c.) Sr(OH)2⋅8H2O, d.) Mg3(PO4)2⋅xH2O and e.) CuSO4⋅5H2O.
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rehydration with an onset temperature of 154 °C occurred. The mass
difference indicates the formation of MgSO4⋅H2O. In the next heating
segment this hydrate released its water at about 282 °C. From this data
a reversible dehydration of MgSO4⋅H2O in the relevant temperature
range (150 °C–300 °C) can be derived.

SrCl2⋅6H2O melts at 61.3 °C [19]. To prevent a phase change, this
material was pretreated by a slow heating to a temperature below the
melting point and then further to 110 °C. Thus, the material had been
dehydrated before experiment I was conducted. Fig. 4b shows the re-
sults from experiment I. A reversible hydration to SrCl2⋅H2O can be
observed. An onset temperature of 154 °C for the hydration was de-
termined whereas the dehydration occurred in the isothermal segment
at 120 °C. Thus, no onset temperature can be given for the dehydration
reaction in nitrogen.

Similar to the chloride, strontium bromide forms a hexahydrate that
melts at 88.6 °C [19]. Therefore, SrBr2⋅6H2O has been dehydrated in
advance at a low heating rate below the melting point and stored at
110 °C. In this screening the reaction to the monohydrate is interesting.
The theoretical equilibrium temperature of the further hydration re-
action (to hexahydrate) at pH2O = 96 kPa is 130.85 °C. To prevent
further reaction to hexahydrate and deliquescence of the material the
minimum temperature for the hydration in experiment I was set to
150 °C. Thus, a reversible reaction from monohydrate to anhydrous
SrBr2 was expected. Fig. 4c shows the results of this adapted experiment
I. The reaction occurred reversibly with an onset temperature of hy-
dration of 213 °C. The dehydration in nitrogen obtained an onset
temperature of 156 °C.

Regarding gypsum the reaction of the anhydrous CaSO4 to the
hemihydrate is interesting for this screening. As different anhydrous
phases exist, the theoretical equilibrium of the reaction at pH2O = 96
kPa is in between 149 °C and 206 °C. Abriel et al. report a formation of a
stable, less reactive phase of anhydrous CaSO4 at 250 °C [62]. There-
fore, experiment I has been adapted to a maximum temperature of
200 °C. Fig. 4d shows the reversible reaction of CaSO4⋅0.5H2O. As-
suming the anhydrous phase at the end of the experiment a maximum
level of hydration of 0.47 was reached in this experiment with an onset
temperature of 184 °C. Dehydration occurred instantly when the at-
mosphere was changed to nitrogen in the isothermal segment at 120 °C.

The materials presented in Fig. 4 showed a reversible hydration
reaction in the relevant temperature range. Similar results could be
observed from experiment I with MnBr2⋅H2O and ZnSO4⋅H2O. For
MnBr2 a hydration at 184 °C to monohydrate was observed whereas the
dehydration took place in the isothermal segment at 120 °C. ZnSO4 was
hydrated to the monohydrate at an onset temperature of 157 °C. De-
hydration in nitrogen atmosphere occurred at 203 °C.

The materials that have been described so far meet the requirements
for the reversibility of the reaction. In the following some experiments
are described, that led finally to the exclusion of the materials in the
present screening based on the above given methodology.

4.2.2. Thermal decomposition
Thermal decomposition of MnCl2 in the presence of water to MnO

and HCl is reported in the temperature range of 250 °C to 400 °C [63].
Therefore, 15 mg of MnCl2⋅2H2O were tested in experiment I with a
maximum temperature of 200 °C. In the case of complete dehydration, a
mass change to 77 % of the starting mass was expected. As can be seen
in Fig. 5a the mass dropped to the lower value of 72 %. A rehydration
took place but after the second dehydration an even higher mass loss to
approx. 71 % occurred. Thus, the resulting mass loss is too high to be
only explained by dehydration. After rehydration an even lower mass is
reached. Consequently, even below 200 °C a decomposition of the
material was observed.

A similar conclusion can be drawn from the experiment I with SrI2,
Mn3(PO4)2, FeSO4, Fe3(PO4)2 and ZnCl2, (not shown here). SrI2 was
pretreated (dehydrated at low heating rate up to 110 °C) before ex-
periment I. Oxidation (by traces of oxygen in the apparatus) was in-
dicated by a change to brown color. Mn3(PO4)2 showed a decrease of
mass starting at about 158 °C. No hydration could be observed. On the
one hand FeSO4 indicated a reversible hydration to a level of hydration
of 0.7. On the other hand thermal decomposition was indicated by a
change of color of the sample from green (hydrate) to brown. For the
anhydrous FeSO4 a colorless sample is expected. Starting the experi-
ment I with anhydrous Fe3(PO4)2 and ZnCl2 the mass of the samples
decreased constantly. In the case of ZnCl2 a rehydration took place, but
the mass at the end of the experiment decreased to 82 % of the starting
mass. Therefore, these materials have been excluded from further
screening due to thermal decomposition.

4.2.3. Deliquescence or phase change
LiCl, LiBr, Zr(SO4)2⋅4H2O, Fe2(SO4)3⋅xH2O showed deliquescence

during experiment I. The (re)hydration took place within one step and
instantly higher hydrates were formed. Exemplary the results for LiBr are
shown in Fig. 5b. The reaction to monohydrate is interesting for the present
screening. However, during cool down in water vapor atmosphere the mass
increased to more than 200 % of the initial mass. This corresponds to a
level of hydration of about 5.7. The material dissolved in its own crystal
water. The powdery sample was one solid piece after the experiment.

4.2.4. No or incomplete hydration
Although dehydration was observed, many materials did not show

rehydration in experiment I. In Fig. 5c the results for Sr(OH)2⋅8H2O are
given. The material dehydrated instantly when the sample was put in
the STA. The mass loss to 47 % of the starting mass corresponds to the
anhydrous Sr(OH)2. A rehydration could not be observed. Similar re-
sults were obtained from the experiments with Li3PO4, CeO2⋅xH2O,
WO3, Zn3(PO4)2⋅xH2O.

Mg3(PO4)2⋅xH2O dehydrates in experiment I but the rehydration
was very slow (see Fig. 5d). Thus, the reaction to monohydrate was
incomplete and the maximum level of hydration reached in this ex-
periment was 0.28. Similar results were obtained for Ce2(SO4)3⋅8H2O,
Ce(SO4)2⋅xH2O, ZrO2⋅2H2O (Zr(OH)4), 2Cu3(PO4)2 and Al2O3⋅H2O.
Even though it is not absolutely sure that these materials are not sui-
table, the very slow reaction rate clearly hinders a later application.
Consequently, these materials could be further analyzed according to
above described methodology if an improved re-hydration rate can be
realized. The aspect of potential material modifications was not in-
cluded in this study.

4.2.5. Low hydration temperature
Although reversible reaction was observed some materials were

excluded from further analysis due to low hydration temperature.
CuSO4 dehydrated and rehydrated reversibly in experiment I (see
Fig. 5e). But the onset temperature for hydration was 142 °C and thus it
is below the required temperature of 150 °C. Regarding other applica-
tions this material might be interesting but for the desired heat trans-
formation higher reaction temperatures are required. Furthermore, the
dehydration in nitrogen demands more than 196 °C, which indicates a
big reaction hysteresis for that material.

The same conclusion can be drawn for the materials K2CO3,
MnSO4⋅H2O and Al2(SO4)3⋅18H2O that also have been tested in ex-
periment I (not shown here).

The results from experiment I are summarized in Table 3. Only
materials that obtain a reversible reaction have been tested in the next
step of the screening.
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4.2.6. Reaction hysteresis
The hysteresis of the reaction was analyzed in experiment II. Here,

the material was heated to 185 °C and cooled down to 65 °C. The cool-
down took place with −1 K min−1 at a partial vapor pressure of 5 kPa.
These conditions were chosen in order to determine the dehydration
temperature in a humid atmosphere such as charging the thermal sto-
rage with humid air in summer. Furthermore, the sample was heated

with 1 K min−1 to 185 °C in humid atmosphere so the difference be-
tween hydration and dehydration could be analyzed. Fig. 6 shows the
results of this experiment with CaSO4⋅0.5H2O where an almost com-
plete reaction was reached. The reaction hysteresis can be seen in a
clearer way, if the level of hydration is plotted versus the temperature
for the segments of the experiments with water containing atmosphere
(grey area). Fig. 6b shows this graph. Starting with anhydrous CaSO4

Table 3
Results from experiment I (reversibility of reaction): Values marked with * are estimates using ΔRSƟ ≈ 120 J mol−1 K−1 to 160 J mol−1 K−1.

Reaction pH2O = 0 kPa ϑonset,D(°C) pH2O = 96 kPa ϑonset,H(°C) pH2O = 96 kPa ϑeq(°C) Observation in Exp. I

LiCl⋅H2O ⇌ LiCl+H2O n/a 162 153.56 deliquescence
LiBr⋅H2O ⇌ LiBr+H2O n/a 216 178.95 deliquescence
2Li3PO4⋅0.5H2O ⇌ 2Li3PO4+H2O n/a n/a n/a no hydration
2 K2CO3⋅0.5H2O ⇌ 2K2CO3+H2O n/a 134 251.06 low hydration temperature
MgSO4⋅H2O ⇌ MgSO4+H2O 282 154 215.19 reversible reaction
1/5Mg3(PO4)2⋅5H2O ⇌ 1/5Mg3(PO4)2+H2O n/a n/a n/a incomplete hydration
2CaSO4⋅0.5H2O ⇌ 2CaSO4+H2O n/a 184 149–206 reversible reaction
SrCl2⋅H2O ⇌ SrCl2+H2O n/a 154 227.42 reversible reaction
SrBr2⋅H2O ⇌ SrBr2+H2O 156 213 225.81 reversible reaction
SrI2⋅H2O ⇌ SrI2+H2O n/a n/a 267–447* thermal decomposition
Sr(OH)2⋅H2O ⇌ Sr(OH)2+H2O n/a n/a 126- 259* no hydration
1/2CeO2⋅2H2O ⇌ 1/2CeO2+H2O n/a n/a n/a no hydration
1/xCe2(SO4)3⋅xH2O ⇌ 1/xCe2(SO4)3+H2O n/a n/a n/a incomplete hydration
1/2Ce(SO4)2⋅2H2O ⇌ 1/2Ce(SO4)2+H2O 161 129 145–284* incomplete hydration
1/2ZrO2⋅2H2O ⇌ 1/2 ZrO2+H2O n/a n/a 186.69 incomplete hydration
Zr(SO4)2⋅H2O ⇌ Zr(SO4)2+H2O 120 147 155–297* deliquescence
WO3⋅1H2O ⇌ WO3+H2O n/a n/a 316.29 no hydration
MnCl2⋅H2O ⇌ MnCl2+H2O n/a n/a 227.90 thermal decomposition
MnBr2⋅H2O ⇌ MnBr2+H2O n/a 184 215–377* reversible reaction
MnSO4⋅H2O ⇌ MnSO4+H2O 190 130 200.93 low hydration temperature
1/3Mn3(PO4)2⋅3H2O ⇌ 1/3Mn3(PO4)2+H2O n/a n/a 95–217* thermal decomposition
FeSO4 ⋅H2O ⇌ FeSO4 + H2O 200 153 208.99 thermal decomposition
1/2Fe3(PO4)2⋅2H2O ⇌ 1/2Fe3(PO4)2+H2O n/a n/a n/a thermal decomposition
1/xFe2(SO4)3 ⋅xH2O ⇌ 1/xFe2(SO4)3+H2O 121 126 n/a deliquescence
CuSO4⋅H2O ⇌ CuSO4+H2O 196 142 204.31 low hydration temperature
1/2Cu3(PO4)2⋅2H2O ⇌ 1/2Cu3(PO4)2+H2O n/a n/a 123–255* incomplete hydration
1/xZnCl2⋅xH2O ⇌ 1/xZnCl2+H2O n/a n/a n/a thermal decomposition
ZnSO4⋅H2O ⇌ ZnSO4+H2O 203 157 239.70 reversible reaction
Zn3(PO4)2⋅H2O ⇌ Zn3(PO4)2+H2O n/a n/a 184–336* no hydration
Al2O3⋅H2O ⇌ Al2O3+H2O n/a n/a 168–207 incomplete hydration
1/6Al2(SO4)3⋅6H2O ⇌ 1/6Al2(SO4)3+H2O n/a 140 190.75 low hydration temperature
1/2AlPO4⋅2H2O ⇌ 1/2AlPO4+H2O n/a n/a 180.03 no hydration

Fig. 6. a.) Experiment II with CaSO4⋅0.5H2O and b.) Hysteresis plot of the reversible hydration of CaSO4.
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(1.) the level of hydration stayed approx. constant when the tempera-
ture decreased. At 121 °C hydration started and a level of hydration of
about 0.4 was reached (3.). In the heating segment the hydrate was
stable up to 122 °C where dehydration took place (4.). At the end of the
experiment the anhydrous phase was obtained. This reaction showed a
very small hysteresis as the temperature for hydration and dehydration
only differed by around 1 K.

The results of the onset temperatures are summarized in the van’t
Hoff diagram in Fig. 7. For the dehydration at a partial vapor pressure
of 5 kPa the onset temperature of 122 °C has been determined. The
hydration at 96 kPa could be conducted at 184 °C (in experiment I).
Therefore, at these boundary conditions the material could perform a
thermal upgrade of 62 K.

The hysteresis of the hydration reaction of SrBr2 from experiment II
is shown in Fig. 8a. In comparison to CaSO4 a bigger hysteresis was
observed. Hydration reaction started at 152 °C whereas the dehydration
required at least 174 °C. Summarized in the van’t Hoff plot in Fig. 8b a
thermal upgrade between dehydration and rehydration of 38 K would
be possible (dashed lines).

The other materials tested in experiment II showed a bigger hys-
teresis. MnBr2, e.g., obtained a two-step hydration reaction that clearly
limits thermal upgrade. Fig. 9a shows the hysteresis of the hydration
reaction. The anhydrous MnBr2 (1.) hydrated at 114 °C to the mono-
hydrate. The second step started at 76 °C and the dihydrate was formed
(3.). The dehydration obtained the same intermediate step with clearly
shifted temperatures to 96 °C and 140 °C, respectively. Fig. 9b shows
the onset temperatures plotted in the Van’t Hoff diagram. The dehy-
dration of the monohydrate at pH2O = 5 kPa requires a minimum
temperature of 140 °C. According to experiment I, the formation of the
dihydrate at a partial vapor pressure of 96 kPa starts below 141 °C. This
is indicated by the dashed line in Fig. 9b. Therefore, no thermal up-
grade can be performed if both reaction steps are used. Since the re-
action temperatures are clearly below the temperature limits for the
intended application, this material was excluded from further analysis.

All onset temperatures determined in experiment II are summarized
in Table 4. MgSO4 showed no hydration in this experiment. This in-
dicates that the hysteresis is very big or the reaction is very slow at low
temperatures and partial vapor pressures. SrCl2 obtained an

Fig. 7. Van’t Hoff Diagram of the hydration reaction of CaSO4.

Fig. 8. a.) Hysteresis of reversible hydration of SrBr2 from experiment II and b.) Van’t Hoff Diagram of the hydration reaction of SrBr2.
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intermediate step during dehydration reaction at h = 0.66. Therefore,
two onset temperatures are given for the dehydration reaction. For the
dehydration at pH2O = 5 kPa (see Table 4) and the rehydration at
pH2O = 96 kPa (see Table 3) the same temperature of 154 °C has been
determined. Therefore, no thermal upgrade is possible with this mate-
rial unless a higher pressure difference is given. ZnSO4 hydrated in pure
water vapor at ambient pressure at 157 °C (see Table 3). For a dehy-
dration in pH2O = 5 kPa at least the same temperature is necessary.
Therefore, this material is also not suitable for the application ad-
dressed in this screening.

4.2.7. Cycling stability
The materials SrBr2 and CaSO4 obtain appropriate temperature le-

vels for the reversible hydration reaction and a small reaction hysteresis
that enables heat transformation. In the next step of the screening the
materials were analyzed regarding the cycling stability over 10 hy-
dration and dehydration cycles. These were performed isothermally at
temperatures of at least 20 K below the respective hydration tempera-
tures at pH2O = 96 kPa. In experiment III hydration has been performed
in water vapor atmosphere, dehydration in dry nitrogen.

As can be seen in Fig. 10a the level of hydration of CaSO4 decreased
over 10 cycles. From XRD-analysis (not shown here) this decrease can

be connected with the formation of a less reactive AII-phase of the
anhydrous CaSO4 [62].

The hydration reaction of SrBr2 was stable over 10 cycles Fig. 10b.
After each hydration and dehydration the same mass difference was
achieved in thermal analysis. The time for each hydration was constant
so no kinetically relevant change of the material could be observed.
Dehydration accelerated slightly after each cycle (from approx. 70 min
to 60 min).

5. Conclusions

From a systematic screening of 308 salts SrBr2 meets all require-
ments for a thermochemical heat transformer. The gravimetric and
volumetric storage density for an open SrBr2/H2O system are 73 kWh
t−1 and 140 kWh m−3, respectively, assuming the formation of a
monohydrate and a bulk density of 1.9 g cm−3. As the addressed ap-
plication of this material is not only thermal storage but heat trans-
formation, other criteria are more important: SrBr2 is not toxic and
forms a monohydrate with appropriate thermodynamics to thermally
upgrade heat from 174 °C to 213 °C in an open process mode. The re-
action is fully reversible with an acceptable reaction hysteresis, i.e. a ΔT
of 22 K between hydration and dehydration at the same partial vapor
pressure (5 kPa). Furthermore, the reaction is stable over 10 cycles.

Other materials analyzed in this screening showed also very pro-
mising results and might be interesting for other applications. The
strong focus on hydration temperatures above 150 °C in water vapor at
ambient pressure resulted in an exclusion of many salt hydrates that
may perform very well at lower temperatures. Focusing on commer-
cially available materials, some salts were not analyzed experimentally.
A synthesis of the right phases may increase the amount of suitable
materials. The calculated thermodynamic data of all materials is sum-
marized in the Appendix A (Table A1), giving a good starting point for
other screenings.

The large amount of comparable experimental data is a good basis
for further thermodynamic and kinetic investigation of these materials,
especially because many of them are already used or foreseen in ther-
mochemical storage or chemical heat pumps.

From the obtained data further development of the thermochemical
reaction materials should follow. Some limitations, e.g. slow reaction
kinetics, can be overcome by material development. The collected data
summarizes materials with similar effects. Reaction kinetics and espe-
cially big reaction hysteresis lead to an exclusion of many salts.

Fig. 9. a.) Hysteresis of reversible hydration of MnBr2 and b.) Van’t Hoff Diagram of the hydration reaction of MnBr2.

Table 4
Results from experiment II (reaction hysteresis); # indicates that two different phases
have been considered (α, β). Values marked with * are estimates using ΔRSƟ ≈ 120 J
mol−1 K−1 to 160 J mol−1 K−1.

Reaction pH2O = 5 kPa
ϑonset,D(°C)

pH2O = 5 kPa
ϑonset,H(°C)

pH2O = 5 kPa
ϑeq(°C)

MgSO4⋅H2O ⇌
MgSO4+H2O

n/a n/a 148.14

2CaSO4⋅0.5H2O ⇌
2CaSO4+H2O

122 121 88; 134#

SrCl2⋅H2O ⇌ SrCl2+H2O 127; 154 89 148.88
SrBr2⋅H2O ⇌

SrBr2+H2O
174 152 153.20

MnBr2⋅H2O ⇌
MnBr2+H2O

140 114 150–267*

MnBr2⋅2H2O ⇌
MnBr2⋅H2O+H2O

96 76 n/a

ZnSO4⋅H2O ⇌
ZnSO4+H2O

203 157 171.86
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Therefore, development of new materials or material improvements
could focus on these points.

Furthermore, the here suggested methodology can be adapted and

applied to other screenings as it is a straightforward approach to sys-
tematically screen a large amount of materials.

Appendix A

Fig. 10. Experiment III with a.) CaSO4⋅0.5H2O and b.) SrBr2⋅H2O.

Table A1
Results from thermodynamic calculation: Only the relevant hydration steps are indicated, i.e. either the lowest or the one matching with the relevant temperature range.
Values marked with * are estimated using ΔRSƟ ≈ 120 J mol−1 K−1 to 160 J mol−1 K−1 [42,45,52,60,64–67].

Reaction ΔRHƟ (kJ
mol−1)

ΔRSƟ (J
mol−1 K−1)

ϑeq(96 kPa)
(°C)

Li
LiCl⋅H2O ⇌ LiCl+H2O 62.15 145.32 153.56
LiBr⋅H2O ⇌ LiBr+H2O 69.55 153.50 178.95
LiI⋅H2O ⇌ LiI+H2O 78.09 152.61 237.44
LiOH⋅H2O ⇌ LiOH+H2O 61.26 160.42 107.94
Li2SO4⋅H2O ⇌ Li2SO4+H2O 57.19 140.33 133.43
LiNO2⋅H2O ⇌ LiNO2+H2O 61.88 163.83 103.80
Na
1/2NaBr⋅2H2O ⇌ 1/2NaBr+H2O 53.62 142.69 101.76
1/2NaI⋅2H2O ⇌ 1/2NaI+H2O 55.84 139.99 124.77
1/2Na2S⋅2H2O ⇌ 1/2Na2S+H2O 74.00 177.00 144.13
NaOH⋅H2O ⇌ NaOH+H2O 67.12 153.78 162.33
1/7Na2SO4⋅7H2O ⇌ 1/7Na2SO4+H2O 53.86 151.38 81.82
1/12Na3PO4⋅12H2O ⇌ 1/12Na3PO4+H2O 55.13 148.22 97.93
Na2CO3⋅H2O ⇌ Na2CO3+H2O 58.76 155.70 103.45
K
1/2KF⋅2H2O ⇌ 1/2KF+H2O 56.36 144.51 115.93
1/2 K2S⋅2H2O ⇌1/2 K2S+H2O 55.48 73–188*
KOH⋅H2O ⇌ KOH+H2O 82.32 150.53 272.49
1/7 K3PO4⋅7H2O ⇌ 1/7 K3PO4+H2O 49.92 147.95 63.48
2 K2CO3⋅0.5H2O ⇌ 2 K2CO3+H2O 82.36 156.78 251.06
Mg
1/2MgCl2⋅4H2O ⇌ 1/2MgCl2⋅2H2O+H2O 67.82 146.78 187.83
MgCl2⋅2H2O ⇌ MgCl2⋅H2O+H2O 71.27 146.13 213.47
1/6MgBr2⋅6H2O ⇌ 1/6MgBr2+H2O 72.47 142.19 235.27
MgSO4⋅H2O ⇌ MgSO4+H2O 75.38 154.03 215.19
1/2Mg(NO3) 2⋅2H2O ⇌ 1/2Mg(NO3) 2+H2O 67.46 145.31 190.01
1/3MgCO3⋅3H2O ⇌ 1/3MgCO3+H2O 52.00 145.51 83.39
Ca
CaCl2⋅H2O ⇌ CaCl2+H2O 73.36 136.53 262.87
1/6CaBr2⋅6H2O ⇌ 1/6CaBr2+H2O 62.08 142.16 162.52
1/8CaI2⋅8H2O ⇌ 1/8CaI2+H2O 57.69 87–206*
2CaSO4⋅0.5H2O ⇌ 2CaSO4+H2O (α) 61.18 144.63 148.87
2CaSO4⋅0.5H2O ⇌ 2CaSO4+H2O (β) 65.88 137.03 206.43
1/2Ca(NO3)2⋅2H2O ⇌ 1/2Ca(NO3)2+H2O 59.37 150.78 119.71

(continued on next page)
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Table A1 (continued)

Reaction ΔRHƟ (kJ
mol−1)

ΔRSƟ (J
mol−1 K−1)

ϑeq(96 kPa)
(°C)

Sr
SrCl2⋅H2O ⇌ SrCl2+H2O 66.08 131.68 227.42
1/5SrBr2⋅6H2O ⇌ 1/5SrBr2⋅H2O+H2O 58.16 143.63 130.85
SrBr2⋅H2O ⇌ SrBr2+H2O 71.98 143.93 225.81
SrI2⋅H2O ⇌ SrI2+H2O 86.68 267–447*
Sr(OH)2⋅H2O ⇌ Sr(OH)2+H2O 63.98 126- 259*
1/4Sr(NO3)2⋅4H2O ⇌ 1/4Sr(NO3)2+H2O 52.33 145.21 86.35
Ba
BaCl2⋅H2O ⇌ BaCl2+H2O 60.18 145.61 139.21
BaBr2⋅H2O ⇌ BaBr2+H2O 69.08 146.55 197.17
BaI2⋅H2O ⇌ BaI2+H2O 75.28 148.95 231.11
Ba(OH)2⋅H2O ⇌ Ba(OH)2+H2O 61.98 152.76 131.71
Ce
CeF3⋅H2O ⇌ CeF3 + H2O 45.77 12–107
1/7CeCl3⋅7H2O ⇌ 1/7CeCl3+H2O 61.02 150.02 132.70
1/2Ce(SO4)2⋅2H2O ⇌ 1/2Ce(SO4)2+H2O 67.05 145–284*
1/3Ce(NO3)3⋅3H2O ⇌ 1/3Ce(NO3)3+H2O 69.22 159–302*
1/2CePO4⋅2H2O ⇌ 1/2CePO4+H2O 50.53 151.27 60.15
Zr
ZrF4⋅H2O ⇌ ZrF4+H2O 76.18 144.06 254.45
1/2ZrO2⋅2H2O ⇌ 1/2 ZrO2+H2O 68.68 149.02 186.69
Zr(SO4)2⋅H2O ⇌ Zr(SO4)2+H2O 68.65 155–297*
V
V2O5⋅H2O ⇌ V2O5+H2O 52.18 147.33 80.23
W
WO3⋅H2O ⇌ WO3+H2O 87.27 147.72 316.29
Mn
1/4MnF2⋅4H2O ⇌ 1/4MnF2+H2O 50.25 146.73 68.55
MnCl2⋅H2O ⇌ MnCl2+H2O 66.79 132.97 227.90
MnBr2⋅H2O ⇌ MnBr2+H2O 78.28 215–377*
1/2MnI2⋅2H2O ⇌ 1/2MnI2+H2O 58.28 89–210*
1/6Mn(NO3)2⋅6H2O ⇌ 1/6Mn(NO3) 2+H2O 57.46 85–204*
MnSO4⋅H2O ⇌ MnSO4+H2O 69.43 146.12 200.93
1/3Mn3(PO4)2⋅3H2O ⇌ 1/3Mn3(PO4)2+H2O 59.01 95–217*
Fe
1/2FeCl2⋅2H2O ⇌ 1/2FeCl2+H2O 63.84 165.30 112.24
1/6FeCl3⋅6H2O ⇌ 1/6FeCl3+H2O 62.23 153.81 130.56
Fe2O3⋅H2O ⇌ Fe2O3+H2O 51,36 157,40 52,48
FeSO4 ⋅H2O ⇌ FeSO4+H2O 73.47 152.05 208.99
1/2FePO4⋅2H2O ⇌ 1/2FePO4+H2O 53.78 150.06 84.46
Cu
1/2CuF2⋅2H2O ⇌ 1/2CuF2+H2O 71.33 151.99 195.11
1/2CuCl2⋅2H2O ⇌ 1/2CuCl2+H2O 58.78 159.36 94.93
1/4CuBr2⋅4H2O ⇌ 1/4CuBr2+H2O 54.31 147.90 93.21
CuSO4⋅H2O ⇌ CuSO4+H2O 72.65 151.83 204.31
1/3Cu(NO3) 2⋅3H2O ⇌ 1/3Cu(NO3) 2+H2O 62.92 119–250*
1/2Cu3(PO4)2⋅2H2O ⇌ 1/2Cu3(PO4)2+H2O 63.58 123–255*
Zn
1/4ZnF2⋅4H2O ⇌ 1/4ZnF2+H2O 55.71 151.12 94.67
1/2ZnBr2⋅2H2O ⇌ 1/2ZnBr2+H2O 62.29 158.70 118.51
ZnSO4⋅H2O ⇌ ZnSO4+H2O 82.65 160.83 239.70
1/2Zn(NO3)2⋅4H2O ⇌ 1/2Zn(NO3)2⋅2H2O+H2O 52.61 110.78 200.30
Zn3(PO4)2⋅H2O ⇌ Zn3(PO4)2+H2O 73.28 184–336*
Al
1/6AlCl3⋅6H2O ⇌ 1/6AlCl3+H2O 89.42 154.27 305.18
Al2O3⋅H2O ⇌ Al2O3+H2O (boehmite, corundum) 63.18 142.89 167.96
Al2O3⋅H2O ⇌ Al2O3+H2O (diaspore, corundum) 81.39 169.08 207.26
1/6Al2(SO4)3⋅6H2O ⇌ 1/6Al2(SO4)3+H2O 69.99 150.54 190.75
1/6Al(NO3)3⋅6H2O ⇌ 1/6Al(NO3)3+H2O 40.76 169.08 207.28
1/2AlPO4⋅2H2O ⇌ 1/2AlPO4+H2O 67.91 149.50 180.03
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ABSTRACT: Thermochemical energy storage has a high
material-related energy density and low energy losses over
time compared to sensible and latent energy storage.
Considering economic and ecological aspects, there is a great
opportunity in using low cost or even waste materials from the
mining industry, as thermochemical energy storage medium. In
this study, a systematic analysis of a high carnallite-bearing
material, comparable to the natural waste, for thermochemical
energy storage was performed. The material displays gradual
decomposition and poor reversibility of hydration reaction at
temperatures above 150 °C. However, the reversibility is
significantly higher and the decomposition is slower between
100 and 150 °C under pH2O = 25 kPa. The reversible behavior
of the hydration reaction of carnallite, between 100 and 150 °C,
is stable for 15 cycles when the material is exposed at 150 °C for short periods of time (t < 20 min). Following this path, any
potential application of this material is definitely limited to low temperature thermal storage or thermal upgrade. Taking the low
material cost into account, one of the potential applications of this material could be in the context of long-term heat storage. For
this purpose, the temperatures of dehydration can be below 150 °C and the temperatures of rehydration close to 40 °C.
KEYWORDS: Thermochemical energy storage, Low-cost material, Salt hydrates, Potassium carnallite,
Magnesium chloride hexahydrate, Solid−gas reaction

■ INTRODUCTION

Thermal energy storage (TES) has been identified as one of the
key technologies for a sustainable and continuous supply of
renewable energy. Thermal energy can be stored whenever the
source is available, for example during the day or in summer.
The heat can then be released when it is required, for example
during the night or in winter.
There are three well-known mechanisms for storing thermal

energy that are briefly described below. For each of these
concepts, there is a wide variety of materials applied as medium
of storage, such as paraffins, fatty acids, rocks, water, nitrate
salts, and salt hydrates, among others.1,2 The inorganic salts
addressed in this paper could be applied as storage materials for
all three concepts. Regarding this, several studies have been
published showing a high potential of use of byproducts or
wastes from inorganic mining as TES materials.3−6 By utilizing
currently unexploited inorganic wastes as a storage material,
critical aspects such as the energy burden of storage materials,
economic aspects as well as ecological aspects, e.g. due to
mining, can be tackled at the same time. Recent approaches and
results concerning thermal energy storage based on inorganic
waste materials can be found in the given references:

• Sensible heat storage (SHS): the amount of energy
stored/released while the temperature of the inorganic
salt is increased/decreased,1,7

• Latent heat storage (LHS): the amount of energy stored/
released when the inorganic salt changes phase,2,7

• Thermochemical storage: the amount of energy stored/
released when a reversible reaction takes place, e.g.
hydration/dehydration of inorganic salts.

The main advantages of thermochemical storage materials
(TCM) compared to sensible (0.033−0.4 GJ/m3) and latent
heat storage (0.15−0.37 GJ/m3)1,8 are their high material-
related energy densities (0.92−3.56 GJ/m3)8,9 and low energy
losses over time.1,10−12 Additionally, TCM exhibit a wide
versatility of applications: one example is heat transformation,
in which thermal energy (forward reaction) can be stored at
low temperatures and released at higher temperatures
(reversible reaction) by changing the pressure of the reaction
system.12−15 However, as this mechanism involves a chemical
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reaction, some additional challenges have to be faced, e.g. the
complexity of components and especially material-related
aspects such as cycling stability.15,16 A typical gas−solid
reaction system using salt hydrates is shown in eq 1. (Modified
from17)

· + Δ ↔ · + −n m n mMX H O H MX H O ( )H Os R s g2 ( ) 2 ( ) 2 ( )

(1)

In this reaction MX·nH2O(s) would be a salt hydrate which
consists of MX·mH2O(s) and (n − m) mol of reactive water
vapor. In order to deploy these technologies successfully, it is
important that they satisfy specific technical and economic
requirements. Considering economic and ecological aspects,
there is a great opportunity in using low cost or even waste
materials from the mining industry. In doing so, the
accumulation of wastes in mining sites can also be reduced
and potential long-term, harmful environmental impacts can be
avoided. Several salt hydrates are currently obtained as by-
products or wastes from the mining industry, which are natural
materials already available in the mining sites. These materials
correspond mainly to double salts such as carnallite, bischofite,
kainite, astrakanite, darapskite, and schoenite. They contain
from two to six mol water of crystallization per mol of
anhydrous salt and are therefore theoretically suitable for
thermochemical storage with water vapor as a gaseous reactant.
The most critical point for a potential application of these salts
is the reversible reaction of hydration/dehydration. Gutierrez et
al. 2017 have already studied the thermal stability of three of
these materials: potassium carnallite, lithium carnallite, and
astrakanite. Results showed that potassium carnallite and
astrakanite could have potential as thermochemical storage
materials, based only on their studies of thermal stability below
350 °C.6

In this study, a systematic analysis of a high potassium
carnallite-bearing material as thermochemical energy storage
medium was performed. In order to minimize the influence of
low-bearing impurities contained in the natural potassium
carnallite, such as calcium sulfate dihydrate, lithium chloride
monohydrate, among others,18,19 the experimental study was
performed with a synthetic material. The reversibility of the
reaction was studied, and the limiting conditions of operation
were evaluated, in order to investigate it suitability as a TCM.
Finally, based on its thermophysical properties some potential
applications were discussed.

■ EXPERIMENTAL METHOD
Materials. The compounds used to prepare the synthetic material

were KCl (potassium chloride, anhydrous powder, 99.5%, Merck) and
MgCl2·6H2O (magnesium chloride hexahydrate, hygroscopic crystals,
99%, Merck). The sample was prepared by crystallization from a
ternary equilibrium solution KCl−MgCl2−H2O at 35 °C. The
precipitated crystals were separate from the stock solution by vacuum
filtration.
Chemical and Morphological Characterization. Chemical

analyses of the synthetic material were performed in order to calculate
its chemical composition. Potassium and magnesium concentrations
were determined by atomic absorption spectrometry. Chloride was
determined by volumetric titration with AgNO3, and moisture was
determined by drying until constant weight at 40 °C.
The mineral composition and morphology of crystals were analyzed

using X-ray diffraction (XRD) and scanning electron microscopy
(SEM). Patterns of XRD (Bruker AXS - D8 Discover Bruker GADDS
with a VANTEC-2000 detector) were recorded on a diffractometer
(using Cu Kα radiation) operating at 45 kV/0.650 mA. A scanning

rate of 0.5°/s was applied to record the patterns in the 2θ angle range
from 15° to 60°. XRD analyses for fresh sample of carnallite and
products after 5 cycles of hydration and dehydration were carried out.
The morphology and particle size of the crystals were examined by
SEM (Zeiss ULTRA Plus). To perform this experiment, a fresh sample
of material was dehydrated overnight in a furnace at 120 °C
surrounded by air and cooled in a desiccator to ambient temperature.

Thermal Properties. Thermogravimetric−Mass Spectroscopy
(TG-MS). The thermal decomposition or reaction steps of the material
were recorded by thermogravimetric analysis (NETZSCH STA 449 C
Jupiter). A thermogravimetric sample carrier with a thermocouple type
S and an accuracy of ±1 K was used. The accuracy of the balance was
±0.1 μg. The measurements were performed from room temperature
(25 °C) to 1100 °C performing dynamic experiments with a heating
rate of 5 K/min using nitrogen as protective gas with a volumetric flow
of 50 N·mL/min. The atmosphere surrounding the sample was kept
inert using 100 N·mL/min of nitrogen flow. In order to analyze the
generated gases, a mass spectrometer (NETZSCH QMS 403 C
Aeölos) was coupled to the TG analyzer. Sample sizes of about ∼50
mg were measured in open Al2O3 crucibles.

STA−MHG Reversibility of Reactions. The reversibility of reaction
and potential operating conditions were studied using a Simultaneous
thermal analyzer (NETZSCH STA-449 F3 Jupiter, see Figure 1). The

setup was equipped with a Modular Humidity Generator (ProUmid
MHG-32). A differential scanning calorimetric and thermogravimetric
(DSC-TG) sample holder with a thermocouple Type P and an
accuracy of ±1 K was used. The accuracy of the balance was ±0.1 μg.
Nitrogen was used as protective and purges gas with a volume flow for
both of 20 N·mL/min. The atmosphere surrounding the sample was
kept inert using 100 N·mL/min of nitrogen flow and water vapor.
Either pure nitrogen was used or a mix of nitrogen and water vapor.
Liquid nitrogen was used to support the controlled cooling process.
Partial vapor pressures of 15 kPa (15.9% RH), 25 kPa (30% RH), or
30 kPa (38% RH) were set as is shown in Figure 2, named Experiment
1. According to the literature the critical relative humidity (CRH) of
potassium carnallite (the main component of the synthetic material) is
within the range of 50−55% at 30 °C.20 However, the phase diagram
of the KCl·MgCl2 (anhydrous compound from potassium carnallite)
in equilibrium with water is not available. This means that there is no
evidence that accurately shows how the CRH will vary with
temperature. Under these circumstances the maximum partial water
vapor pressure was set to 30 kPa (38% RH). Sample sizes of about
∼15 mg were measured in open platinum crucibles (85 μL).

Dynamic experiments were carried out with heating/cooling rates of
5 K/min. The temperatures of hydration were set to a minimum of
100 °C, due to the hygroscopic/deliquescent behavior of samples
previously mentioned.

Figure 1. Schematic diagram of the simultaneous thermal analyzer
(STA).
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■ RESULTS AND DISCUSSION
Chemical and Morphological Characterization. Con-

sidering the composition of the product on a dry basis, the
results of chemical analyses for ions and water of crystallization
(in wt %) of the synthesized material are shown in Table 1.

Figure 3 shows the XRD diffractogram of the synthetic
material (fresh sample) where two phases were identified,

potassium carnallite (hereinafter called “carnallite”; KCl·MgCl2·
6H2O) and magnesium chloride hexahydrate (MgCl2·6H2O).
Taking into account the phases identified by XRD and the

chemical analysis results, the calculation of the mineralization
was carried out. The weight percentage (wt %) composition of
the sample is shown in Figure 4, where it can be seen that the
content of carnallite is 76.53 wt %, magnesium chloride
hexahydrate 15.05 wt %, and the content of stock solution is

8.43 wt %; the latter was presumable soaked into the sample
crystals. The amount of carnallite contained in the material is in
agreement with the natural waste obtained from Salar de
Atacama in Chile, that contains from 60 wt % to 73.77 wt % of
KCl·MgCl2·6H2O plus impurities such as NaCl, KCl, and
CaSO4.

18,19 This waste precipitates in the solar evaporation
ponds during the processes to obtain lithium carbonate and
potassium chloride. Additionally, if the water contained in the
stock solution of the synthetic material evaporates completely,
then magnesium chloride hexahydrate would precipitate. If this
is the case, the new theoretical composition of the synthetic
material would be carnallite 83.6 wt % and magnesium chloride
hexahydrate 16.4 wt.%.
Using SEM, the morphology of the dehydrated product

obtained from the synthetic material was determined (Figure
5). It can be seen that the dried crystals have an undefined and
irregular form, presenting a porous surface and also some
surface cracks obtained as a result of the dehydration of
carnallite and magnesium chloride hexahydrate in atmosphere
of air.

Thermal Properties. Thermogravimetric−Mass Spectros-
copy (TG-MS). The investigation of the reaction steps of
dehydration, resulting from the TG experiments (Figure 6),
shows a weight loss in two steps below 260 °C (green curve).
As the sample is composed by two different salt hydrates, it is
not possible to determine, only with the TG results, if both salts
are reacting or what the ratio of dehydration reaction between
them is.
However, useful information regarding the decomposition of

the synthetic material can be obtained from the MS results. The
first step of mass loss was identified by MS as mainly water
vapor (blue curve), with a small amount of HCl close to 180 °C
(orange curve). The second step corresponds to a partial mass
loss of 19.00 wt % (5.00 wt % + 14.00 wt %, up to ∼260 °C),
which was identified by MS as water vapor and HCl. In contrast
to the first step, the second step presents a significant increase
of HCl release starting at 204 °C. This step of dehydration
takes place from 167 to 260 °C. Some authors report that a
lower hydrate of magnesium chloride hexahydrate as well as of
carnallite release HCl as a result of partial hydrolysis starting at
120 and 200 °C, respectively.22−24 Thus the mass losses shown
in Figure 6 correspond to the dehydration reaction of both salt
hydrates present in the synthetic material. However, the mass
balance based on the stoichiometric calculation indicates that in
the case of complete dehydration reaction of both materials
plus the evaporation of water present in the stock solution, the
mass loss should be 46.2 wt %. As the mass loss at 260 °C is
only 42.5 wt %, it can be assumed that the water available in the
fresh material is not completely released. This could be due to
partial dehydration of both salt hydrates and/or partial
evaporation of the water contained in the stock solution.
Due to the hazardousness of HCl and the irreversibility of

this reaction in humid atmospheres, the temperature range of
this study was limited to temperatures below 200 °C to take
potential applications into consideration.

Reversibility of Reactions. Experiment 1 to evaluate the
reversibility of reactions followed the temperature and humidity
program shown in Figure 2. The first results obtained are
summarized in Figure 7: (a) rehydration reaction (segments 3−
5 of experiment 1) and Figure 7 (b) (segments 5−7 of
experiment 1). To carry out the calculations of the level of
hydration, it was assumed that only potassium carnallite was
reacting. This is due to the thermophysical properties of

Figure 2. Experiment 1: Temperature and humidity program to study
the reversibility of reactions.

Table 1. Synthetic Material Composition (wt %)

Element Mg2+ K+ Cl− H2O

Composition 9.28 11.76 37.73 41.22

Figure 3. XRD diffractogram of fresh sample used for this study.

Figure 4. Weight composition of fresh synthetic material.
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magnesium chloride hexahydrate such as melting point at 117
°C and solidification point at 75 °C,3 besides the fact that
magnesium chloride in equilibrium with water at temperatures
above 100 °C and RH above 15% is either magnesium chloride
hexahydrate or is in the liquid state.17 Thus, the increase of
mass, according to our assumption, corresponds only to the
rehydration of KCl·MgCl2, and the level of hydration and
dehydration are shown in Figure 7. It can be seen that the three
experiments present two steps of hydration (Figure 7(a)) as
well as two steps of dehydration (Figure 7(b)) and they are
clearly identifiable. This two-step dehydration/hydration
behavior is also similar to that reported by Molenda et al. for
CaCl2·2H2O.

21 Even though the operating conditions were
quite different, the two-step hydration behavior remains

constant under different water vapor partial pressures.
However, the two-step dehydration was slightly different at
lower water vapor partial pressures. In this study, it is observed
that of the three samples showing complete hydration/
dehydration reactions, only the sample under 30 kPa shows
slower dehydration in the second step. Based on this the
intermediate value of 25 kPa was chosen to continue with
further experiments.
Figure 8 is a closer look at the level of hydration of

experiment 1 using 25 kPa of partial vapor pressure in terms of

mass percentage. Additionally, the first dehydration step
(dynamic phase) performed under dry atmosphere of nitrogen
is shown. According to the results obtained from experiment 1,

Figure 5. SEM images of dehydrated material at (a) ×100 and (b) ×400.

Figure 6. Thermal decomposition of carnallite, TG-MS curves.
Heating rate of 5 K/min.

Figure 7. Level of (a) hydration and (b) dehydration of anhydrous carnallite

Figure 8. Percentage mass changes due to dehydration−hydration
reactions of potassium carnallite and subproducts (pH2O= 25 kPa).
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a combination of high temperature and humid atmosphere
leads to a continuous mass loss of sample (see the arrow
starting at two hours) that might be due to the formation of
gaseous HCl from magnesium chloride hexahydrate or a lower
hydrate from this salt. With decreasing temperature (dynamic
phase), the mass of the sample starts to increase due to the
rehydration of the anhydrous phase, that, as was mentioned
before, would correspond only to the hydration of KCl·MgCl2.
The temperatures of hydration/dehydration depend on the

gas pressure (pH2O) according to the van’t Hoff equation (eq 2).

=
Δ

−
Δθ θ

+

⎛
⎝⎜

⎞
⎠⎟

p

p
S

Rv
H

RvT
ln R RH O2

(2)

where pH2O is the water vapor partial pressure (kPa), p+ the
reference pressure (100 kPa), and ΔRS

θ (J/(mol K)) and ΔRH
θ

(kJ/(mol K)) the standard entropy and enthalpy of reaction,
respectively. R is the universal gas constant (8.314 J/(mol K)),
v the stoichiometric factor for each reaction, and T the
temperature (K). The estimated values of entropy of reactions
from 150 ± 5 J/(mol K) reported by Richter et al.15 were used.
The enthalpy of reaction was calculated based on literature data
available for the standard enthalpy of formation (ΔfH

θ).
Replacing all these values in eq 2, the van’t Hoff diagram for
carnallite and MgCl2·6H2O was built and is shown in Figure 9.

It can be seen that the experimental results shown in Figure 7
are in agreement with the theoretical equilibrium temperatures
of carnallite. The empty markers correspond to the dehydration
temperatures of reactions from Figure 7, and the filled markers
correspond to the hydration temperatures of reaction from the
same figure. This preliminarily confirms that the measured mass
change during the reversible reaction could not be related to
the whole sample mass but only to the content of carnallite,
(76.53 wt %) of fresh material, which corresponds to the
“active” material of the sample. However, there are still two
issues to solve. The first is that the hydration curve (mass

increase at low temperature) does not reach the equilibrium;
this can be deduced from the continuous increase of mass at
low isothermal temperature. And second, the equilibrium
temperature of MgCl2 from 4 to 2 is very close to the
equilibrium temperature of KCl·MgCl2 from 2 to 0. This could
explain why the mass is continuously increasing without
reaching the equilibrium, because the MgCl2 must still be
active. Despite this, carnallite seems to be promising because
the reaction is detected close to the theoretical equilibrium and,
measured with relatively fast heating and cooling rates of 5 K/
min, only a small hysteresis can be observed. However, since a
combination of water vapor and high temperature leads to a
complete or partial hydrolysis reaction of magnesium chloride
hexahydrate, this effect on the storage capability of the synthetic
sample has been further analyzed.
Therefore, three more experiments were performed in order

to study the cycling stability of the synthetic sample under
different operating conditions, based on the steps of reaction
shown in Figure 8. These conditions are described in Table 2.
The results of these experiments using the synthetic sample

are shown in Figure 10. The mass change during the hydration/

dehydration of the sample obtained for the experiment 2 can be
seen in Figure 10(a). The first dehydration step (t < 230 min)
corresponds to the dehydration of the fresh material that has
been performed under dry atmosphere of nitrogen. It can also
be seen that the maximum mass increase is lowered for every
subsequent cycle. Figure 10(b) shows the results obtained for
experiment 3 in Table 2. In this case, the mass increase due to
the reversible reaction of hydration over the cycles is lower than
in Figure 10(a), which indicates a faster decomposition of the
sample compared to the results of experiment 2. Finally, Figure
10(c) shows the results obtained from experiment 3 described
in Table 2. The results show a more stable behavior over the
cycles, indicating either that there is no decomposition of the
sample or that the decomposition is slower under these

Figure 9. Van’t Hoff diagram of carnallite and magnesium chloride
hexahydrate. Equilibrium lines calculated for S = 150 J/K mol.

Table 2. Operating Conditions of Cycle Stability Experiments Performed for 5 Cycles

Reaction steps

Experiment Hydration Dehydration Temp range [°C] pH2O [kPa] T/p correlation plotted in Figure 9

2 2 2 100−190 25 Black and red lines
3 1 1 140−190 25 Red line (2−0)
4 1 1 100−150 25 Black line (6−2)

Figure 10. Level of dehydration/hydration of carnallite for five cycles
(continuous green curves). (a) Experiment 2, (b) Experiment 3, and
(c) Experiment 4.
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operating conditions. Additionally, in the results of experiment
4 (Figure 10(c)) the continuous increase of mass is also
observed, in this case in the first two cycles. Since only the
temperature conditions were changed, it can be concluded that
the temperature level has a direct effect on the cycling stability
of the material as well as on the conversion of reaction of the
sample.
In order to understand the effect of magnesium chloride

hexaxydrate on the cyling stability of the synthetic sample,
experiment 2 and experiment 4 were performed using only
synthetic magnesium chloride hexahydrate (See Figure S1 and
Figure S2 in the Supporting Information). The results show
that this salt is active under these operating conditions.
However, after the second cycle the material is completely
decomposed (see Figure 11) or is not significantly active
anymore (see Figure S3 in the suppoting information).

This also explains why the hydration of the synthetic sample
containing carnallite does not reach equilibrium in the first two
cycles, but it does from the third cycle onward, where
magnesium chloride hexahydrate is not active anymore.
In addition, further investigation on the cycling stability in

the long term of the synthetic sample containing carnallite was
carried out. To do this, a new experiment (experiment 4.1) was
performed. This new experiment was based on experiment 4,
but instead of 5 cycles consisted of 15 cycles. The results of
experiment 4.1 are shown in Figure 12. In line with the results
of experiment 4, the first cycles show the highest increase of
mass during the hydration reactions, plus the first two cycles do

not reach the equilibrium due to the reaction of magnesium
chloride hexahydrate. However, the maximum increase of mass
is gradually reduced as the cycles are performed. Furthermore,
in every cycle a constant percentage of sample mass is lost (x wt
%), corresponding to approximately 1.1 wt %. This explains the
negative slope of the TG-signal baseline. In other words, not
only do the temperature and the presence of the magnesium
chloride hexahydrate influence the conversion of carnallite but
they also affect the gradual increase of inactive material, e.g. due
to irreversible decomposition caused by hydrolysis. A visual-
ization of this behavior and the relation between active and
inactive material is shown in Figure 13.

These results lead us to the conclusion that after 15 cycles
the gradual decomposition of high carnallite-bearing material
jeopardizes the feasibility of carnallite for thermochemical
storage applications.
One hypothesis for this behavior is related to the presence of

molten magnesium chloride hexahydrate or lower hydrates
from it. This molten material dissolves or contributes to the
decompositions of a small amount of carnallite in every cycle,
thus reducing the amount of active material. In addition, this
molten material and/or lower hydrates evidence partial
hydrolysis which explains the decrease of mass “x wt %” with
every cycle.
Following this hypothesis, factors that could have an

influence on the decomposition of magnesium chloride
hexahydrate contained in the material were evaluated
separately. These are described below:

Influence of Crucible Material. Experiment 4.1 was repeated
twice more using different crucible materials, aluminum (Al)
crucibles and aluminum oxide (Al2O3) crucibles. The results
showed that the decomposition of synthetic material,
specifically of the magnesium chloride hexahydrate, followed
the same path of decomposition already shown in Figure 12
when platinum crucibles were used. That means that the
material of the crucible had no influence on the decomposition
of magnesium chloride hexahydrate.

Influence of Temperature. It is possible that the temper-
ature has both a direct and indirect influence on the
decomposition of the sample. The indirect influence could be
due to the dissociation of carnallite driven by the molten
material present in the sample within the operating conditions
range. This dissociation could take place either due to the
melting process or due to the overhydration of magnesium
chloride hexahydrate. This salt hydrate has a melting point of
117 °C according to available data and also shows a

Figure 11. Level of dehydration/hydration of MgCl2·6H2O for five
cycles (experiment 4); Continuous green curves.

Figure 12. Measurement of the mass change in the sample of
experiment 4.1.

Figure 13. Amount of active and inactive material through cycles
based on results from experiment 4.
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deliquescent behavior at 22% RH (100 °C).17,25 As a
consequence, less carnallite is available; thus, the efficiency of
the reaction is reduced with each cycle. On the other hand, the
direct cause could be associated with the hydrolysis reaction of
lower hydrates of magnesium chloride hexahydrate (MgCl2·
2H2O; eq 3).6,23 Although it is extensively reported that this
reaction takes place significantly above 180 °C, some authors
also report that partial hydrolysis of these lower hydrates can
take place even from 120 °C.24,28−30 Additionally, it has also
been reported that hydrolysis is more likely to take place in the
liquid phase compared to the solid phase,31 behavior that,
according to the results obtained in this study, can also be
accelerated by the influence of temperature.

· → + +MgCl 2H O MgOHCl HCl H O2 2 (g) 2 (g) (3)

In order to investigate if these two factors are responsible for
the gradual decomposition of carnallite, the samples resulting
from experiments 2, 3, and 4 (from Figure 10) were analyzed
by XRD. The diffractograms are plotted in Figure 14, besides

the diffractogram of fresh synthetic material (black diffracto-
gram), in order to compare the change of the pattern before
and after the experiments. The diffractograms of experiments 2
and 3 (red and blue, respectively) show intense peaks that fit
with the pattern of potassium chloride. This could confirm not
only that the hydrolysis took place during the experiments,
since peaks corresponding to magnesium chloride hexahydrate
are less intense, but also that carnallite is being gradually
dissolved by the molten material, increasing the amount of
potassium chloride that is a product of the dissolution of
carnallite, and reducing at the same time the amount of “active
material”. In addition, on the diffractograms of experiment 2
and experiment 4, the Korshunovskite (Mg2Cl(OH)3·4(H2O))
was identified. Korshunovskite is comparable to some
intermediate products of hydrolysis of magnesium chloride
hexahydrate previously reported.32 Moreover, the product from
experiment 3 is the one that showed the highest degree of
dissolution of carnallite and decomposition of magnesium
chloride hexahydrate, since almost only KCl is identified by
XRD.
This indicates that the temperature is the main parameter

responsible for accelerating the reduction of active material.
Based on this, “experiment 4.1” was repeated reducing the
times of isothermal intervals; this experiment was named
“experiment 4.2”. That means that experiment 4.2 was

performed using intervals of isothermal conditions at 150 and
100 °C of 10 and 20 min, respectively, instead of 60 min.
The results of experiment 4.2 for synthetic material

containing carnallite seem to be more stable compared to the
behavior during experiment 4.1, as is shown in Figure 15.

However, in the first 4 cycles, part of the carnallite contained in
the synthetic material seems to be inactive, seeing that fewer
molecules of water are involved in the reactions of hydration
and dehydration (∼3 mol H2O).
Similarly, a small gradual decomposition can be observed

from cycle 8, but the degree of decomposition is significantly
smaller and slower compared to the results of experiment 4.1
(Figure 12). This indicates that if the time at which the material
is exposed to high temperatures is controlled, the potential to
apply carnallite as TCM increases significantly. Also, dehy-
dration (i.e., thermal charging) should be performed at the
lowest possible temperatures.
It is still unclear why not all of the reactive material is

undergoing a reaction. Nevertheless, it can be influenced by the
behavior of MgCl2·6H2O contained in the sample, which is
reacting in the first 6 cycles of this experiment (see Figure 16).
This reaction can be identified in the DSC curves of synthetic
sample at approximately 117 °C, even though this temperatures
has been extensively reported as the melting point of
magnesium chloride hexahydrate by other authors.1,2,32−38

In order to understand if this temperature corresponds to a
melting or a chemical reaction under the operating conditions
used in this study, experiment 4.2 was also performed using
only synthetic magnesium chloride hexahydrate.
The results show that this material is in fact reacting under

these operating conditions over the cycles (see Figure 17), on
the contrary to the results obtained from experiment 4, where
this material was reacting only in the first two cycles. However,
based on the molten appearance of the sample at the end of the
experiment (See Figure S4 in the Supporting Information), this
reaction is occurring in the liquid phase.
Moreover, the reactions of dehydration and hydration of

magnesium chloride hexahydrate are not complete. In the first
cycle, only 3.8 mol of water was released (see eq 4), and 3.3
mol of water reacted during the first hydration step (see eq 5).
From the second dehydration onward, only one mole of water
reacts (see eq 6)

· → · + ↑

ϑ = °

MgCl H O MgCl H O H O

C

6 2.2 3.8

68.5

g

onset

2 2 2 2 2 ( )

(4)

Figure 14. XRD patterns of carnallite (fresh sample) (pattern a) and
products after 5 cycle stability experiments 2, 3, and 4 (patterns b, c,
and d, respectively).

Figure 15. Measurement of the mass change in the sample of
experiment 4.2.
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Based on results from experiment 4.2 performed for MgCl2·
6H2O, it could be assumed that the improvement in the
behavior shown in Figure 15 is because more MgCl2 is available
in the sample, and this is the material that is actually reacting.
Nevertheless, the average onset temperatures were obtained
from the termogravimetic results, as is shown in Table 3.
Furthermore, these temperatures were also added to the van’t
Hoff diagram as is shown in Figure 18, The semitransparent
bars correspond to the error of each onset temperature. It can
be seen that the temperatures at which the reactions start
(ϑONSET) are different when the experiments were carried out
with synthetic sample in comparison with those with “only
synthetic MgCl2·6H2O”. In the first case, the onset temper-
atures are significantly close to the KCl·MgCl2 equilibrium
temperatures (6−2). While in the second case, the onset

temperatures are between the KCl·MgCl2 equilibrium temper-
atures (6−2) and MgCl2 equilibrium temperautres (6−4).
Under these circumstances it can be concluded that both

materials, carnallite and MgCl2·6H2O, are active. However, the
mechanism of the effect of MgCl2·6H2O on the reaction of
carnallite is yet unclear.
Considering that the reactions of MgCl2·6H2O and carnallite

are undergone simultaneously in experiment 4.2, the calculation
of active and inactive material in the synthetic sample was also
carried out (see Figure 19). It can be seen that the amount of
active material over cycles of this experiment is significantly
higher compared to the results obtained from experiment 4.1,
shown in Figure 13.
Finally, the effect of temperature and isothermal time on the

enthalpies of reaction was analyzed. Figure 20 shows the
enthalpies of hydration and dehydration obtained from
experiments performed for synthetic samples. Figure 20(a)
shows the results of experiment 4.1, which, as expected shows a
decrease of the enthalpies over cylces, from a maximum
absolute value of 168.5 [kJ/mol] to 4.0 [kJ/mol], due to the
decomposition of the sample. The results of experiment 4.2

Figure 16. DSC curves obtained from experiment 4.2. Results of the complete experiment (a) and of the first 6 cycles (b).

Figure 17. Measurement of the mass change in the synthetic MgCl2·
6H2O of experiment 4.2.

Table 3. Average Onset Temperatures of Synthetic Sample and Synthetic MgCl2·6H2O Obtained from Experiments 4.1 and 4.2

Experiment 4.1 Experiment 4.2

In Figure 18 Sample Hydration ϑONSET (°C) Dehydration ϑONSET (°C) Hydration ϑONSET (°C) Dehydration ϑONSET (°C)

S1 Synthetic sample 124.4 ± 7.3 139.9 ± 2.1 129.5 ± 3.0 140.9 ± 1.1
S2 Only synthetic MgCl2·6H2O 114.0 ± 2.8 114.8 ± 1.1 112.0 ± 2.4 112.5 ± 2.2

Figure 18. Van’t Hoff diagram of KCl·MgCl2·6H2O (carnallite) and
MgCl2·6H2O, and their experimental onset temperatures of hydration
and dehydration from experiments 4.1 and 4.2.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b04803
ACS Sustainable Chem. Eng. 2018, 6, 6135−6145

6142

http://dx.doi.org/10.1021/acssuschemeng.7b04803


(Figure 20(b)) show lower yet more constant behavior over
cycles with an average absolute value of 99.9 ± 13 kJ/mol.
Using these values, the energy storage density of carnallite

was calculated and compared with values reported for other
systems of reaction that operate under similar conditions. The
results are show in Table 4.
Following this path, any potential application of this material

is definitely limited to low temperature thermal storage or
thermal upgrade. Taking the low material cost into account,
one of the potential applications of this material could also be
in the context of long-term heat storage. For this purpose, the
temperatures of dehydration can be below 150 °C and the
temperatures of rehydration close to 40 °C under lower water
vapor partial pressures (pH2O < 1.5 kPa).26,27 Additionally, even
though this work gives the first ideas on how to improve the
cycling stability of carnallite containing materials as TCM, still
further improvements and a better understanding of the
decomposition mechanisms are necessary.
Apart from the temperature control presented in this study,

previous works report different methods in order to prevent the
hydrolysis reaction of magnesium salts, during their dehy-
dration. The most popular of all is the dehydration of
magnesium chloride hexahydrate or carnallite in an atmosphere
of HCl in order to increase the amount of MgCl2 for different
applications.28,31,38−41 Due to the hazardousness of HCl, this
method has not been tested in this study. Another method
suggested is the use of additives in order to improve the cycling
stability of the reaction of magnesium chloride hexahydrate.42

The case of carnallite derived from waste material offers
interesting characteristics of a specific application, and further

studies could evaluate if this method can have the same effect
on the investigated material in this study.
Future work will concentrate on the investigation of waste

material and its comparison with the synthetic one used for this
study. Since the amount of carnallite is around 75% comparable
but the presence of bischofite can be excluded, a reduced
tendency for hydrolysis can be expectedat least if material
impurities contained in the waste material do not have a
comparable impact.

■ CONCLUSIONS

The thermal stability of a high carnallite-bearing material, its
possibility to rehydrate, and consequently its potential
operating conditions as a thermochemical energy storage
material were identified. That is, the maximum charging
temperature (dehydration) was identified at 150 °C, for 10
min, and the discharging temperature (rehydration) at 100 °C,
for both processes using 25 kPa of partial vapor pressure in
nitrogen.
Furthermore, hydrolysis of magnesium chloride hexahydrate

contained in the synthetic material at temperatures below 200
°C was observed. Also the decomposition and/or melting of
the magnesium chloride hexahydrate present in the sample was
confirmed as an inactive material as well as a low reactive
material. This has a strong impact on the cycling stability of
carnallite when applied as a thermochemical material. In the
first case, the amount of active material (reactive carnallite) is
also reduced under the operating conditions used in this study.
As a consequence, the specific capacity of the thermochemical
storage of carnallite is reduced. And in the second case, even
when the reduction of active material was observed, the
magnesium chloride hexahydrate seems to have a positive effect
on the carnallite, stabilizing it over cycles.
Additionally, further experiments to understand the pro-

gressive decomposition of carnallite as TCM have been
performed. It was shown that the dehydration of carnallite
occurs quickly which allows a limit in the time of high
temperature exposure. By doing so, a remarkable improvement
of the cycling stability of the synthetic material could be
observed. However, further improvements on cycling stability
are necessary if carnallite should be used in thermochemical
storage.

Figure 19. Amount of active and inactive material through cycles
based on results of experiment 4.2.

Figure 20. Enthalpies of hydration and dehydration from experiments 4.1 and 4.2 for synthetic samples.
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Thermochemical energy storage with CaO/Ca(OH)2 – Experimental
investigation of the thermal capability at low vapor pressures in a lab
scale reactor
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h i g h l i g h t s

� Development of a novel indirectly heated reaction bed for thermochemical energy storage.
� Experimental demonstration of thermal charging and discharging at low vapor pressures (1.4–20 kPa).
� Experimental study of the reaction at various heating and cooling loads of the heat transfer fluid.
� Identification of operational limits under some technically relevant boundary conditions.
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a b s t r a c t

The reversible reaction of calcium hydroxide (Ca(OH)2) to calcium oxide (CaO) and water vapor is well
known in the context of thermochemical energy storage. Cheap material costs, a theoretically very high
energy density and the potentially wide temperature range of the reaction imply that the storage system
could be beneficial for many high temperature processes. For example the system could be applied to
store and reutilize industrial waste heat or as an alternative storage solution in future concentrated solar
power plants.
In this publication the reaction is experimentally investigated in an indirectly operated fixed bed reac-

tor at different technically relevant but so far not investigated operating conditions. This in particular
means the thermal charging and discharging of the storage at low water vapor pressures under different
heating and cooling loads induced by a heat transfer fluid. The experiments revealed that the reaction gas
handling not only affects the operating range of the storage but has also a significant influence on its ther-
mal capability. Especially at low vapor pressures operational limits of the system have been identified
and could be contributed to the effective reaction rate of the reaction material which is in the relevant
operating range very sensitive to small changes of the local reaction conditions.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Thermochemical energy storage by means of the reversible gas
solid reaction of calcium hydroxide (Ca(OH)2) to calcium oxide
(CaO) and water vapor offers several advantages. Firstly, calcium
hydroxide is a cheap industrial mass product abundantly available
all over the world. Secondly, the enthalpy of reaction is high which
leads to high possible energy storage densities. Thirdly, the charge
and discharge temperature of the reaction can theoretically be

adapted in a wide range (approx. 300–650 �C). Thus the application
of the system could potentially be beneficial for many high tem-
perature processes such as the storage and reutilization of indus-
trial waste heat [1] or as an alternative storage solution in future
concentrated solar power plants [2–5].

The reaction system has been examined in many studies but the
majority of the studies focus on the thermal analysis of small sam-
ple masses. Already in 1979 Rosemary and his colleagues demon-
strated cycle stability of the reaction for 1171 cycles [6]. Until
today different research groups derive kinetic equations from de-
and rehydration experiments carried out in thermogravimetric
devices [7–9]. Beyond that other groups focus on the modification
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of the material in order to adapt the reaction temperature [10],
enhance the reaction rate [11], improve powder bed properties
[12], or to achieve mechanically stable pellets [13]. Simulation
models based on the kinetic equations and the theory of porous
media have also been established [14,15].

Besides these investigations on the material level, reports on
experiments with lab scale reactors are scarce. Schaube et al.
demonstrated the operation of a fixed bed reactor where the mate-
rial is in direct contact with a gas mixture of air and water vapor
[16]. Pardo et al. carried out the reaction in a fluidized bed reactor
using a mixture of Ca(OH)2 and 70 wt% inert easy to fluidize parti-
cles [17]. Yan et al. recently reported experiments with 400 g of
material in a fixed bed set up. They analyzed the hydration reaction
at different vapor pressures but the reactor concept did not allow
the recovery of the released heat. Furthermore the dehydration
reaction was driven by an electrical heating jacket [18].

All of these concepts have their special advantages and are
worth investigating since at the current state of development an
optimal reactor design is not available. However, some process
applications require an indirectly heated concept. For example, if
the heat transfer fluid of the process is liquid or a direct contact
of the flue gas and the storage material could cause impurities.
In both cases thermal energy has to be transferred via a heat
exchanging surface that separates the reaction from the heat trans-
fer fluid – a so called indirect concept. An additional advantage of
this concept is that the reaction temperature can be adapted inde-
pendently from the power output of the reactor. This in conclusion
leads to more flexible operating modes and thus could extend pro-
cess integration possibilities.

However for indirectly heated reactor concepts there is even
less experimental data available. Ogura et al. were the first who
demonstrated a concept where the heat released during the
exothermic reaction was transferred via a heat exchanger to an
air flow at ambient temperature [19]. The dehydration step though
was still performed in a furnace. The first concept in which not
only the discharging but also the charging step was driven by an
indirect coupling of the reaction bed with a heat transfer fluid
was presented from our group in a previous publication [20]. On
one hand the reactor showed good performance especially for
the discharge at reaction gas pressures of 100 kPa and higher. On
the other hand the design of the reaction bed limited the operating
range of the reactor. Particularly at low vapor pressures (e. g.
10 kPa) the performance during charging and discharging was sig-
nificantly limited. We mainly contributed this limitation to the
mass transfer of the reaction gas due to the low permeable reaction
bed and its height of 200 mm.

Nevertheless, as soon as energy efficient process integration is
considered, the operation of the storage system at low vapor
pressures is of high technical relevance. There are two main rea-
sons for that. Firstly, the dehydration at lower vapor pressures
results in a lower reaction temperature. As a consequence we
can use lower grade heat to charge the storage. Secondly, the
hydration at lower vapor pressures requires only a reduced
evaporation temperature. Therefore the enthalpy of evaporation
can more likely be supplied by waste heat available from the
process. On the other hand, operating the system at low

vapor pressures makes the reactor design more challenging and
requires larger pipe diameters for the vapor connections. Thus it
finally depends on the specific process if an operation at lower or
higher pressure levels is more promising.

Fig. 1 shows the experimentally obtained equilibrium lines of
the reaction system Ca(OH)2/CaO from Schaube [8] and Samms
[21] as well as the theoretical equilibrium line based on thermo-
chemical values from Barin [22]. In addition reported onset tem-
peratures, determined in thermogravimetric measurements from
Schaube [8] and Matsuda [23] are displayed as well as the results
of equilibrium measurements performed by Halstead [24] in an
appropriate test bench. It is obvious that within the important
operating range for indirect concepts at low vapor pressure
(marked as grey area), the results vary significantly. This may be
on one side contributed to differences in the used material but
on the other side also the measurement principle itself (e.g.
dynamic or static) might have an influence.

In order to investigate the reaction for thermochemical storage
under technically relevant operating conditions, we designed a
novel reaction bed with minimized mass transfer limitations but
a sufficient mass of reactive material to investigate thermal capa-
bilities. With this reactor we performed several charging and dis-
charging experiments at low vapor pressures and analyzed the
influence of different heating and cooling loads induced by a heat
transfer fluid. The operating conditions for the kg-scale experi-
ments presented in this study are marked in Fig. 1 by the red trian-
gles for the dehydration and the red squares for the hydration. For
the analysis of the results, the experiments in lab-scale were com-
plemented by thermogravimetric measurements in mg-scale with
the same material.

Fig. 1. Thermodynamic equilibrium lines for the Ca(OH)2/CaO reaction system and
operating conditions of the performed experiments; evaporation/condensation
pressure of saturated steam.

Nomenclature

HEX heat exchanger
TGA thermogravimetric analysis
P pressure
T temperature
F filling level

t time
0 temperature measurement point, thermocouple
_V volume flow
Xtot conversion
d50 median diameter of the particle size distribution
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2. Experimental set up

2.1. Reactor

The aim of the reaction bed development was to analyze the
performance of the storage material for a wide operating range.
The main limitations that are generally contributed to the reactor
(not to the material) are mainly caused by the low permeability
and the poor thermal conductivity of the bulk material. Bearing
in mind to minimize these limitations without affecting the mate-
rial properties we derived two important design constraints for the
novel reactor. First of all, the reaction gas should only pass through
a very thin layer of storage material. Secondly, the furthest dis-
tance between a single particle and the heat exchange surface
should be short. Both design constrains would in principle lead
to a very small mass of reaction material. In contrast a representa-
tive mass of reaction material is mandatory, in order to be able to
operate the material according to the later application as thermo-
chemical storage and to allow for both: a proper analysis of the
thermal capability of the reaction and the analysis of the impact
of the indirect heating or cooling.

Taken all design constraints into account it is obvious that the
reactor has to offer a reasonable compromise between a reactor
for investigations and a reactor for thermochemical energy storage.
For this purpose, we choose a single heat exchanger plate as the
basis for our reaction bed (see Fig. 1, top). In this concept, the heat
transfer fluid, air, flows inside the plate while the storage material
lies on the plate. The plate is on both sides surrounded by a metal-
lic frame of 10 mm height. The inner sides of the frame measure
150 mm in width and 1600 mm in length giving us 0.48 m2 heat
exchange surface. Consequently the reactor offers a cubic volume
of 4.8 L (2.4 L on each side of the plate) for the storage material
(see Fig 2, bottom left). A gas permeable metallic filter (pore size
is 5 lm) placed over the powder material and screwed to the frame
encases the reaction bed (see Fig 1, bottom right). The large filter
area allows for a negligible pressure drop between the powder
material and the reaction gas supply.

The heat exchanger plate with the encased bed on both sides is
mounted into a pressure resistant casing pipe. Fig. 3 shows a sec-
tional view of the whole set up including important dimensions
and positions of the measurement instruments. To observe the
reaction progress seven thermocouples 01–7 (type K, ±0.4% X T)
are located in the middle of the beds height, at a vertical distance

of 5 mm to the heat exchange surface. In the horizontal direction of
air flow the distance between each measurement point is 200 mm
with the first point 200 mm away from the beginning of the reac-
tion bed. Additional thermocouples measure the air temperature
directly at the air in- (0Air,in) and outlet (0Air,out) of the plate. Due
to the design of the heat exchanger it was not possible to measure
the air temperature directly at the position opposite of the thermo-
couples in the reaction bed. Furthermore a pressure sensor p1

(PPA-35XHTT, Keller Ges. für Druckmesstechnik mbH, ± 0.8 kPa)
measures the gas pressure in the reaction chamber.

2.2. Material

All experiments presented in this paper we performed with Ca
(OH)2, product type ‘‘Sorbacal�H”, supplied by Rheinkalk GmbH/
Lhoist group. Based on the products data sheet the purity of the
material is approximately 98% the specific surface area is 19 m2/g
and the d50 is 5.5 lm.

2.3. Test bench

Fig. 4 shows the schematic process flow diagram of the test
bench. The test bench was designed to operate the reactor under
different thermal load conditions and at a wide range of vapor

Fig. 2. Top: heat exchanger plate used as reactor; bottom left: storage material filled into the frame; bottom right: filter plate to encase the reaction bed.

Fig. 3. Sectional view of the reaction bed in the casing pipe including important
dimension and positions of thermocouples and the pressure sensor.
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pressures. Therefore it was most important to be able to adjust the
thermal power of the heat transfer fluid and the vapor pressure in
the reaction chamber independently of each other.

2.3.1. Heat transfer fluid supply
Due to the required temperatures, ambient air is used as heat

transfer fluid in the experiments and is supplied by a compressor
(1). The air volume flow can be adjusted with a mass flow con-
troller (2) (Bronkhorst, digital flow controller, ±0.4%) before it splits
up and enters three parallel electrical heating units (3). Each heat-
ing unit has an electrical power of 2 kW and preheats the air to a
maximum temperature of 600 �C. After these heating units the
air flows merge again in a diminishing pipe. This diminishing pipe
is equipped with a controllable auxiliary heating to ensure a
homogenous air temperature at the reactor inlet.

2.3.2. Reaction gas handling
During an ongoing reaction we must either remove water vapor

from or supply it to the reaction bed. To realize this, a tube bundle
heat exchanger (5) and a vacuum pump (7) are connected to the
reactor. With the vacuum pump inert gases are removed from
the system ensuring a pure vapor atmosphere. The tube bundle
heat exchanger operates as condenser or evaporator depending
on the direction of reaction. A thermal oil flows inside the tubes
of the bundle. The oils inlet temperature can be tempered between
3 and 160 �C by a thermostatic bath (6). On the shell side is liquid
water (for condensation or evaporation) and the water tempera-
ture can be kept constant during experiments because the thermal
oil takes up the heat of condensation or supplies the heat of evap-
oration. Accordingly the evaporation/condensation pressure in the
system can be varied between 0.7–618 kPa and be kept constant
during an ongoing reaction. A pressure sensor at the outlet flange
measures the pressure in the evaporator/condenser and the change
of the water level is measured with a filling level meter (Vegaflex
65, ±2 mm). By means of this value we can monitor the reaction
and calculate its conversion.

2.4. Experimental procedure

For all experiments presented in this paper only one batch of
the material described in 2.2 is used. In total 2.4 kg are filled in

the reactor, equally distributed on each side of the heat exchanger
plate. Overall 33 cycles were performed with the same batch of
material. Before every experiment the whole set up is evacuated
to 0.5 kPa ± 0.3 kPa and afterwards all valves are closed. The reac-
tor is preheated to a set starting temperature with the air volume
flow and additional auxiliary heating cables attached to the casing
pipe. Simultaneously we adjust the vapor pressure for the experi-
ment in the condenser/evaporator by the thermostatic bath. As
soon as the pressure in the condenser/evaporator and the temper-
atures in the reaction bed stay constant an experiment can be
started.

The different operating conditions were shown above (compare
Fig. 1). From the equilibrium line for water and saturated steam
(blue solid line in Fig. 1) the operating temperature of the con-
denser/evaporator at the required pressure can be determined.
Besides the different temperatures, in some experiments the vol-
ume flow of the heat transfer fluid has also been varied. The vol-
ume flows as well as an overview of all parameters of each
presented experiment is given in Table 1.

2.4.1. Thermal charging procedure (Dehydration)
At the beginning of each dehydration only Ca(OH)2 is in the

reactor and the set up is preheated to a temperature below the
equilibrium temperature of the reaction at the adjusted vapor
pressure. To start the experiment the valve between condenser
and reactor is opened and simultaneously the air inlet temperature
is increased to the set dehydration temperature (marked with red
triangles in Fig. 1). The induced heat load drives the dehydration
reaction. Accordingly water vapor comes out of the reaction bed
and condenses in the condenser. When no further increase of the
water level is observed the dehydration is finished.

2.4.2. Thermal discharging procedure (Hydration)
At the beginning of every hydration experiment only CaO is in

the reactor and the set up is preheated to a set starting
temperature (marked with red squares in Fig. 1) below the equilib-
rium temperature of the adjusted evaporation pressure. To start
the experiment the valve between reactor and evaporator is
opened. In that moment water vapor streams into the reaction
chamber and initiates the exothermic hydration reaction. The air
flow takes up the heat of reaction as long as the reaction proceeds.

Fig. 4. Layout of the test bench.
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The experiment is finished as soon as the temperature in every
region of the reaction bed has reached its starting value.

2.5. Thermogravimetric analysis

To compare some results observed in the reactor a small sample
mass (10 mg) of the same batch has additionally been analyzed in
the thermogravimetric analysis (TGA). For these experiments a
NETZSCH simultaneous thermal analysis (STA 449 F3 Jupiter�)
was used, equipped with a molar humidity generator (MHG32).
The atmosphere during the measurements was inert using
nitrogen, or a mixture of nitrogen and water vapor as purge gas
(surrounds the sample) and pure nitrogen as the protective gas.
The pressure inside the furnace was ambient pressure at �97 kPa
and a volume flow of 100 ml/min of purge gas was used. The
bottom of the furnace was heated to 120 �C and a protection gas
volume flow of 20 ml/min nitrogen was supplied, in order to pro-
tect the thermo-balance of condensation drops. The furnace design
does not allow the mixing between the purge and protective gases,
thus the protective gas flow does not affect the concentration of
humidity inside of the furnace. The conversion is calculated by
the ratio of the measured mass change of each cycle to the mea-
sured mass change of the first complete dehydration cycle. With
this set up we were able to conduct isothermal hydration and
dehydration experiments in the TGA at vapor pressures compara-
ble to the conditions in the reactor.

3. Results and discussions

3.1. Set in operation

In order to prove the correct function of the reactor and the
measurement equipment a hydration experiment at an evapora-
tion pressure of 100 kPa according to the procedure as described
in 2.4 was performed.

Fig. 5 shows the results of the experiment. The air inlet temper-
ature 0Air,in (red solid line) was kept constant at 450 �C during the
experiment. At t = 0 min we open the valve between evaporator
and reactor thus the pressure in the reactor rises to 100 kPa (black
dash dotted line). Consequently the temperatures in the reaction
bed 01 (green solid line) and 07 (blue solid line) jump up to a max-
imum of 507 �C. This temperature accords to the theoretical equi-
librium temperature (grey dashed line) which was calculated by
the measured pressure and the respective correlation given by
Samms et al. [21] (compare Fig. 1). The slight difference between
the equilibrium temperature and the bed temperatures during the
first 10 min is related to small pressure differences between the
measured pressure in the casing pipe and the local pressure in

the reaction bed. These differences are only significant during the
initial period where dynamic changes occur in the system. We also
observe a reaction front along the flow direction of the air. Close to
the air inlet the cooling of the reaction bed is maximal due to the
largest temperature difference between the bed and the air. Thus
the reaction proceeds quickly and 10 min after the initiation the
temperature 01 drops again. This indicates that a major part of
the material is already converted in this region and the heat
released by the reaction decreases. In contrast in the rear region
of the reactor the temperature between the bed and the air flow
is small in the beginning. As a consequence the reaction proceeds
slower indicated by the constant temperature plateauwhich is hold
for 25 min. As more and more material has reacted in this part also
the temperature 07 starts to drop. After 100 min the bed reaches its
initial temperature again indicating that no more heat is released.
Accordingly, a conversion of 95% (black cross dots) is measured at
this time. The difference before and after the reaction between air
inlet temperature and temperatures inside the reaction bed are
contributed to radiative heat losses inside the reaction chamber,
that have been minimized but cannot be completely removed.

Fig. 5. Hydration experiment at 100 kPa and a starting temperature of 450 �C.

Table 1
Parameters of all experiments presented in this study.

Experiment Tair, initial/�C _V= Nm
h

Tair, inlet/�C pcondenser/evaporator/kPa Twater/�C

Dehydration
A 400 20 560 10 45
B 400 12 560 10 45
C 400 12 520 10 45
D 400 12 480 10 45
E 400 12 560 19.9 60
F 400 12 560 1.4 12

Hydration
G 280 12 – 8.7 43
H 280 16 – 8.7 43
J 280 20 – 8.7 43
M 450 12 – 100 100
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3.2. Thermal charging

A reference dehydration experiment has been performed with a
preheating temperature of 400 �C and a condensation pressure of
10 kPa (condensation temperature 45 �C). Fig. 6 shows the temper-
ature, pressure and conversion trends. At t = 0 min the air inlet
temperature starts to rise up to the set dehydration temperature
of 560 �C (red solid line). Exemplarily the temperatures 01 (green
solid line) 03 (blue solid line) and 07 (orange solid line) positioned
in the front, middle, and rear region (compare Fig. 2) of the bed are
plotted. Within the first 30 min the material temperatures increase
to 445 �C due to the incoming heat flux. At a temperature of 445 �C
a significant change occurs in the slope of the temperature trend. In
particular in the middle (03) and rear region (07) of the bed a tem-
perature plateau can be observed. The temperature plateau indi-
cates that the heat input from the heat transfer fluid is
completely absorbed by the endothermic reaction. Accordingly
during this time we also observe that the conversion trend (black
cross dots) shows a constant rate indicating the ongoing reaction
with a constant thermal charging power. After 120 min almost
80% of the material is converted thus the heat input in the rear
region slowly becomes larger than the amount of heat which is still
absorbed by the endothermal reaction. Consequently the material
temperature rise again until after 200 min a conversion of 96% is
reached and all bed temperatures reach their constant maximum.
What might seem controversy is that the temperature plateau lies
at 445 �C while the equilibrium temperature at the condensation
pressure of 10 kPa is 400 �C (grey dash dotted line). This significant
distance to the theoretical equilibrium temperature was further
analyzed with a variation of thermal power of the heat transfer
fluid.

3.2.1. Variation of heat load of the heat transfer fluid
In order to analyze the influence of the thermal power of the

heat transfer fluid on the dehydration reaction, we performed the
dehydration experiments at a condensation pressure of 10 kPa
with 4 different thermal heat fluxes into the reaction bed. The

results are shown in Fig. 7. Experiment A (red curves) runs with
a 60% higher volume flow than the reference experiment B (green
curves) but with the same air inlet temperature of 560 �C. Experi-
ment C (blue curves) and D (orange curves) run with the nominal
volume flow but at reduced air inlet temperatures of 520 �C
respectively 480 �C (compare Table 1. for all parameters). The con-
version curves show that the influence of the heat flux into the bed
directly correlates with the speed of conversion. With the largest
heat flux we receive the shortest dehydration time (red squares –
experiment A), whereas smaller heat fluxes prolong the dehydra-
tion times (B, C, D).

Fig. 7 also shows the temperature trend of 07 for every experi-
ment. We can see that independently from the heat flux into the
bed, the material temperatures increase within the first 30 min.
This indicates that initially the reaction speed is so slow that the
incoming heat flux is larger than the thermal energy absorbed by
the reaction. However a constant temperature plateau develops
at temperatures above 440 �C for all experiments. In general, a
temperature plateau region during dehydration is characterized
by an equilibrium state between the thermal energy absorbed by
the endothermic reaction and the heat flux delivered by the heat
transfer fluid. It is remarkable that during the experiments A, B
and C the plateau develops at the same temperature of 445 �C
independently of the heat flux into the reaction bed. Only in exper-
iment D the plateau temperature is slightly lower at 440 �C - but at
the same time the charging power seems not anymore of technical
relevance due to its long dehydration time.

The results support the hypothesis that a significant change in
the rate of reaction occurs at temperatures above 440 �C. The rate
of the reaction is then fast enough that the heat transfer becomes
the limiting factor in the conducted experiments. However at low

Fig. 6. Dehydration experiment at 10 kPa and an air inlet temperature of 560 �C.
Fig. 7. Dehydration experiments at 10 kPa at different heat loads of the heat
transfer fluid.
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pressures (in this case �10 kPa) and temperatures below 440 �C
the slow effective reaction rate of the material lead to a serious
limitation of the operating range of this thermochemical storage:
The experiments reveal that if a certain thermal charging power
density is required at the respective pressure conditions, the charg-
ing temperature has to be around 45 K higher than the value pre-
dicted by the equilibrium line.

In order to further analyze this important aspect for the opera-
tion flexibility of a thermochemical energy storage based on Ca
(OH)2, we performed additional experiments by thermogravimet-
ric analysis.

3.2.2. Dehydration at 10 kPa in the TGA
The experiments in the TGA were performed according to the

procedure described in 2.5 and conditions comparable to the reac-
tor experiments. The main differences to generally reported TGA
data for Ca(OH)2 are isothermal measurement conditions at very
low gas pressures. Six different dehydration experiments at a
humid atmosphere inside the furnace of 10 kPa and isothermal
temperatures between 410 �C and 450 �C were conducted. Each
temperature was remained constant for 1 h while the mass change
was measured.

Fig. 8 shows the conversion trend of Ca(OH)2 to CaO at different
isothermal measurements. It can be observed that at 410 �C no
mass change occurs within 1 h. At 420 �C a small mass change
was measured, while at 430 �C the rate of conversion changes sig-
nificantly but conversion is still incomplete after 1 h. At 435 �C we
reach full conversion after 30 min - but with only a slight increase
of 5 K to 440 �C the dehydration time is reduced to less than
10 min. A further increase to 450 �C does not result in a signifi-
cantly faster conversion.

The results from the thermogravimetric analysis accord to what
was observed in the reactor. Below a temperature of 440 �C the
reaction rate is rather slow thus the heat flux into the reaction
bed is always higher than the thermal energy absorbed by the reac-
tion. As a consequence the reaction bed heats up sensible. When
we exceed 440 �C the reaction becomes so fast that the heat flux
into the reaction bed is completely absorbed by the endothermic
reaction. Consequently a constant temperature plateau forms.
With regard to a later application of Ca(OH)2 as thermochemical
storage, it can be concluded that the unmodified material pos-
sesses a kind of tipping point: at a condensation pressure of
10 kPa (corresponding to a condensation temperature of 45 �C) a
charging temperature of at least 445 �C is required to achieve high
charging power densities.

3.2.3. Variation of condensation pressure
In order to examine the influence of the condensation pressure

on the dehydration time and the charging temperature we per-
formed experiments at three different condensation pressures
but at the same heat load induced by the heat transfer fluid.
Fig. 9 shows the results. Experiment B (green line) is the reference
dehydration experiment at 10 kPa while experiment E (red line) is
performed at 20 kPa and experiment F (blue line) is performed at
1.4 kPa. Each experiment was run with the nominal volume flow
and the air inlet temperature was increased to 560 �C. From the
conversion curves we can clearly see, that the lower the condensa-
tion pressure the faster we reach full conversion. For example for
experiment F 80% is converted after 80 min while for experiment
B 80% conversion is achieved 100 min after the equilibrium tem-
perature is exceeded, respectively after 150 min for experiment E.

Even more interesting are the plotted temperature trends for
the rear region of the bed. We can see that for the experiments
at 10 kPa and 20 kPa the temperature trends are qualitatively sim-
ilar. The material heats up sensible in the beginning until the reac-
tion becomes as fast that we reach an equilibrium state between
heat influx into the reaction bed and the thermal energy absorbed
by the reaction (indicated by the constant temperature plateaus).
For experiment F no plateau arises indicating that the heat flux into
the reaction bed is always higher than the energy absorbed by the
reaction. In all cases we observe that the above discussed temper-
ature difference to the theoretical equilibrium temperature (red,
green and blue dashed line) is required. However the difference
tends to be smaller for higher dehydration pressures: the differ-
ence is 35 K at 20 kPa, 45 K at 10 kPa and more than 50 K for
1.4 kPa (compare Fig. 9). But even though a smaller temperature
difference to the equilibrium is required at 20 kPa the dehydration

Fig. 8. Effect of the temperature on the dehydration reaction of Ca(OH) at a vapor
pressure of 10 kPa.

Fig. 9. Dehydration experiments at 1.4, 10 and 20 kPa and an air inlet temperature
of 560 �C.
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temperature at which reasonable reaction rates can be realized is
already 465 �C. From a process integration point of view this means
energy at a higher temperature is required to charge the storage. If
the condensation pressure is lower the dehydration can be per-
formed faster and at lower temperatures which would be favorable
for the integration of the storage system (lower charging tempera-
tures are required). However it must be taken into account that a
lower condensation pressure might require an additional cooling
load for the condenser.

3.3. Thermal discharge

Fig. 10 shows a reference experiment for the thermal discharg-
ing. The initial temperature was set to 280 �C and the evaporator
was tempered at 43 �C. At min 0 the valve between evaporator
and reactor is opened and the pressure in the reactor increases
to �8.7 kPa (compare black dash dotted line in Fig. 10). In the
moment when the vapor enters the reactor the bed temperatures
escalate (compare 01, 03 and 07 in Fig. 10) due to the heat released
by the exothermic reaction. It seems that in the front (01) and mid-
dle region (03) of the bed the temperatures reach slightly lower
maxima than in the rear region (07). This can be ascribed to the
higher cooling load of the reaction bed closer to the air inlet where
the temperature difference between bed and the incoming air is
maximal.

In the rear region the temperature in the bed reaches a maxi-
mum of �383 �C and stays constant for approximately 20 min. In
contradiction to the discharging experiment at 100 kPa (compare
Fig. 5), in this case, at lower vapor pressures, a deviation of the pla-
teau temperature from the equilibrium line of 15 K is observed.
Since it is lower than the theoretical equilibrium temperature of
the reaction (grey dashed line) one could dedicate this observation
again to the reaction rate at given conditions: Initially, at the
beginning of the experiment, the rate of reaction is high since
the temperature difference between the start temperature of
280 �C and the theoretical equilibrium temperature of 398 �C is
large. As a consequence more heat is released by the exothermic

reaction than removed by the heat transfer fluid which leads in
turn to increasing temperatures. The increasing temperature
directly leads to a deceleration of the reaction rate. The decelera-
tion of the heat release at the respective low vapor pressures seems
to be so pronounced that the temperature predicted by the theo-
retical equilibrium line cannot be reached for the given experimen-
tal boundary conditions.

3.3.1. Variation of cooling load of the heat transfer fluid
To analyze the influence of different cooling loads on the dis-

charge temperature experiments at three different volume flows
of the heat transfer fluid have been conducted. The results are
shown in Fig. 11. Experiment G (red solid lines) was run with the
nominal volume flow of 12 N m3/h while in the experiments H
(green solid line) and J (blue solid line) the volume flow was
increased to 16 N m3/h and 20 Nm3/h. In all cases the air inlet tem-
perature was set to 280 �C and the exothermic reaction was
induced by a gas pressure of 8.7 kPa. The temperature trends in
the front (01), middle (03) and rear region (07) of the bed are
plotted.

In particular in the front region of the reaction bed (compare 01,
first diagram of Fig. 11) the reached temperatures directly correlate

Fig. 10. Hydration experiment at 8.7 kPa and a starting temperature of 280 �C.
Fig. 11. Hydration experiments at 8.7 kPa under different cooling loads of the heat
transfer fluid.
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with the volume flow of the heat transfer fluid, respectively the
cooling load of the reaction bed. The experiment with the highest
cooling load shows the lowest temperature maximum of �350 �C
(blue curve). Whereas the experiment with the medium cooling
load (green curve) shows a kind of plateau at �355 �C and a clear
temperature plateau lies at 370 �C for the experiment with the
lowest cooling load (red curve). Again, temperature plateaus indi-
cate an equilibrium state between the heat released due to the
exothermic reaction and the heat taken up by the heat transfer
fluid. Closer to the equilibrium temperature the reaction deceler-
ates thus less heat is released. Accordingly the plateau for lower
cooling loads is at higher temperatures. If the cooling load
increases, the temperature plateau arises at lower temperatures,
since at temperatures further away from the equilibrium tempera-
ture, the reaction rate accelerates. This trend can be observed in
the first diagram of Fig. 11 even though the experiment with the
highest cooling load (blue) reaches rather a peak than a plateau.

In the middle region of the reactor (03, second diagram Fig. 11)
we observe that the material temperature for the experiment with
the highest cooling load still remains below 350 �C while for the
other two experiments the same maximum temperature of
380 �C is reached. In the rear region of the reactor (07) the same
maximum temperature of around 380–383 �C is reached for all
experiments. At this position the temperature difference between
the reaction and the heat transfer fluid is rather small since the
heat exchange takes first place in the front and later in the middle
region of the reactor. However, still the maximum temperature is
approximately 15 K below the thermal equilibrium.

Since for these experiments, the inlet temperature was kept
constant, the temperature difference between the reaction and
heat transfer fluid was generated by the exothermic reaction itself.
In contrast to physical storages, in this case a high local heat flux is
characterized by a reaction at a lower temperature level (compare
values for highest heat flux at the front region). Consequently, one
can conclude that this leads in turn to an optimization question for
the later application of the thermochemical storage: for low vapor
pressures, high power densities directly reduce the quality (tem-
perature level) of the discharged thermal energy. To investigate
this hypothesis additional isothermal hydration experiments have
been conducted by TGA.

3.3.2. Hydration at 8.7 kPa in the TGA
To support the findings observed in the reactor we examined

the rate of reaction under comparable operating conditions in the
thermogravimetric analysis. Before every hydration cycle, Ca
(OH)2 was dehydrated under nitrogen atmosphere. The hydration
experiments were performed at a water vapor pressure of 8.7 kPa
and at different isothermal temperatures between 390 �C and
110 �C. The hydration temperature was reduced about 10 K in each
following cycle.

Fig. 12 shows the conversion trends for the experiments. We
can see that for temperatures between 391 �C (theoretical equilib-
rium is 398 �C) and 367 �C almost no material has reacted after one
hour. At 357 �C approximately 30% of the material is hydrated after
1 h while at 347 �C almost 80% is hydrated within the first 20 min.
At a temperature of 337 �C we achieve 80% of conversion within
10 min while at temperatures below 300 �C the conversion acceler-
ates only slightly.

One can conclude that at temperatures above 360 �C the rate of
reaction is rather slow while at temperatures below 350 �C the rate
of reaction quickly accelerates. Consequently, one can state that
the tipping point for a technically relevant discharge reaction of
the Ca(OH)2 with a vapor pressure of 8.7 kPa (corresponding to
an evaporation temperature of 43 �C) is at around 350 �C. This
value is around 48 K below the theoretical discharge temperature
according to the equilibrium line.

4. Conclusions

This study presents a newly designed indirectly heated reaction
bed for 2.4 kg of calcium hydroxide storage material. The reactor
design was especially dedicated to investigate the reaction at low
vapor pressures and under different thermal loads induced by
the heat transfer fluid.

Thermal charging and discharging at technically relevant oper-
ating conditions were experimentally demonstrated at vapor pres-
sures between 1.4 kPa and 20 kPa. It can be stated that the
operation of the storage system at low vapor pressures is possible.
This not only enhances process integration possibilities (gas han-
dling) but could also increase the overall storage efficiency of the
thermochemical system. However, the experiments revealed that
the operating range of the calcium hydroxide system is partially
limited due to the effective reaction rate of the storage material
at low vapor pressure. For example for the thermal charging at
10 kPa (condensation at 45 �C) a technically relevant minimum
temperature of 445 �C was identified which is around 45 K higher
compared to the theoretical values. For the discharge at 8.7 kPa
(evaporation at 43 �C) a maximum temperature of only 383 �C
could be reached which is 15 K below the theoretical value. How-
ever for high discharge powers a reaction temperature below
350 �C should be maintained during the discharge process. For pro-
cess integration studies as well as evaluations of Ca(OH)2 as ther-
mochemical energy storage, this limited operating range at low
water pressures has to be taken into account. Further studies will
complement the technically relevant operation range of Ca(OH)2
for higher vapor pressures.
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Power generation based on the Ca(OH)2/ CaO thermochemical storage
system – Experimental investigation of discharge operation modes in lab
scale and corresponding conceptual process design
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� Experimental investigation of thermal discharging in a lab scale reactor.
� Operation of storage system at 4–470 kPa and temperatures of 280–600 �C.
� Demonstration of operation modes at boundary conditions to drive a Rankine cycle.
� Analysis of power generation with CaO and water and assessment of storage efficiency.
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a b s t r a c t

Thermochemical storage systems offer in theory promising advantages for a wide range of applications.
In particular the reversible reaction of calcium hydroxide to calcium oxide and water vapour is inten-
sively discussed as an alternative storage solution for concentrated solar power plants. The material is
cheap, environmentally friendly and discharge temperatures of the reaction of 600 �C and above fit to
the operating range of today’s power plants. However, experimental data on the operation of the system
in lab scale and at load conditions comparable to the real application is rarely reported.
Therefore the thermal discharge of the reaction system at vapour pressures between 4 and 470 kPa and

temperatures between 280 and 600 �C is experimentally investigated in this study. In particular the influ-
ence of the cooling load at various vapour pressures on the achievable discharge temperatures is anal-
ysed. The presented data complements the experimental characterisation of the reaction system in the
complete temperature and pressure range which is relevant for real process applications. Based on this
knowledge the applicability of the storage for various processes can now be assessed more accurate.
By means of the experimental results a first integration option of the thermochemical system in a CSP
plant is proposed in this work and thermodynamically analysed. The analysis revealed that, when the
required steam production during discharge is thermally integrated into the Rankine steam cycle, a high
storage efficiency of up to 87% can be reached compared to only 60% in the reference case.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Concentrating solar power (CSP) plants can produce electricity
completely renewable and free of carbon dioxide emissions. Since
this technology converts solar irradiation into thermal energy in
the first step a combination with large scale thermal energy stor-
age system allows the decoupling of the availability of solar energy
from the electricity production.

Until today, the parabolic through technology is the most
advanced, with the greatest number of commercial plants in oper-
ation [1]. However the central receiver tower technology with mol-
ten salt as heat transfer fluid is gaining importance because they
operate at higher maximum temperatures of currently 565 �C
and the molten salt can directly be stored in large tanks with min-
imal losses [2,3]. Large molten salt tower plants like the Gemasolar
(20 MWe and 15 h storage) in Spain or the Cresecent Dunes plant
(110 MWe and 10 h storage) in the US have been recently set into
operation and more plants based on this technology are currently
under development.
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The direct two tank molten salt system is the state of the art
storage system for today’s CSP plants. Nevertheless in a typical
configuration the salt itself accounts for around 50% of the cost
of the storage system [4]. In order to reduce the costs researchers
investigate alternative thermal storage solutions [5]. In the ther-
mocline concept for example the expensive salt is partly replaced
with inexpensive filler materials and only one storage tank is used
[6]. Besides these approaches for cost reduction in sensible storage
systems also latent [7–9] and thermochemical systems are gaining
importance. Recently published review articles give a comprehen-
sive overview of high temperature thermal storage technologies,
their state of development and potential applications [10–14].

Among the thermal energy storage methods thermochemical
systems offer in theory a very promising potential [15,16]. Some
of the reaction systems have high energy densities, the storage
principal itself is free of losses and especially the temperature at
which the heat is released can be adjusted in a certain range
[17,18]. A recent survey of thermochemical storage technologies
and their level of maturity is given by Pardo et al. [19] and Prieto
et al. [20].

One reaction system suggested for CSP applications is the rever-
sible reaction of calcium hydroxide to calcium oxide and water
vapour. First of all, the material is very cheap and abundantly avail-
able in industrial scale. Combined with the high enthalpy of reac-
tion the material offers in principle a very cheap storage capacity.
Secondly the theoretical temperature range of the reaction
between 300 �C and up to 600 �C fits to the operating range of
the plant. Thirdly, the gaseous reactant, water vapour, can safely
be handled and stored volume efficient as liquid water.

Despite these advantages the technology development is still in
an early research state. The majority of the works focus on investi-
gations with small sample masses in thermogravimetric apparatus.
Cycle stability has first been proven by Rosemary for 1171 cycles
[21]. Kinetic equations for the de- and rehydration have been
derived by several authors [22–24] and the development of simu-
lation models is still ongoing [25,26]. Other groups focus on the
modification of the material in order to enhance the reaction rate
[27], adapt the reaction temperatures [28], or to encapsulate the
storage material in a permeable shell [29]. These investigations
on the material level are important to improve the fundamental
understanding of the reaction system. But for the development of
a thermochemical storage systems additional experimental
research in larger reactors and under process relevant boundary
conditions is essential.

In lab and pilot scale set-ups two different type of reactor con-
cepts are currently realized. One is the so called directly heated
concept where the heat transfer fluid is in direct contact with the
reacting particles. Pardo et al. carried out the reaction in a fluidized

bed for 1.9 kg of material composed of 30 %w Ca(OH)2 and 70 %w
inert easy to fluidize particles [30]. Criado et al. presented a theo-
retical study on a fluidized bed concept for large CSP plants [31]
while recently the group proofed the concept experimentally in a
newly constructed lab scale set up [32].

The second concept is the so called indirectly heated reactor
where the heat transfer fluid is physically separated from the stor-
age material and the thermal energy is transferred via a heat
exchanging surface. Experimental data on the operation of indi-
rectly heated reactors is rather scarce. Ogura et al. firstly presented
a reactor where heat from the exothermal reaction was transferred
to an air flow at ambient temperature [33] and Yan et al. performed
the exothermal reaction at different vapour pressures but the reac-
tor did not allow the recovery of the released heat [34]. Even
though these investigations are helpful to understand the reaction
in larger scale, the experiments do not sufficiently represent the
required operation modes of an indirectly heated storage system
in the real application. In case of thermal energy storage both the
endo- and exothermal reaction will be thermally driven by the
heat transfer fluid and the reaction system has to be operated in
a pressure and temperature range which depends on the boundary
conditions of the process only.

Fig. 1 shows the theoretical equilibrium line of the reaction cal-
culated by values from Barin [35] as well as the upper and lower

Nomenclature

CSP concentrated solar power
cp specific heat capacity
EV evaporator
EX extraction point
F filling level
HEX heat exchanger
HTF heat transfer fluid
LP low pressure
PH preheater
P electrical power output
p pressure
TCS thermochemical system
T temperature

V valve
0 temperature measurement point, thermocouple
Xtot conversion
%w weight percentage
d50 median diameter of the particle size distribution
_V volume flow
_Q thermal power output
_n molar rate of reaction
_m mass flow rate
g efficiency
DH enthalpy change
MH2O molar mass

Fig. 1. Equilibrium line of the reaction system Ca(OH)2/CaO and operating
temperature range of molten salt; experimental conditions of the presented
experiments in this work.
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temperature limit of current molten salt tower plants (red dashed
lines). The relevant operating range for the indirectly heated stor-
age system is marked as grey area. In a recent publication of our
group we analysed the thermal charging of the system at different
low vapour pressures in detail [36] (dehydration conditions
marked with partly filled red squares). The present study therefore
focuses in the first part on the discharge reaction at different pres-
sures between 4 and up to 470 kPa at different cooling loads (oper-
ating conditions marked with blue triangles). The presented data
complements our experimental characterisation of the reaction
system in the complete temperature and pressure range which is
relevant for real process applications. Based on the experimental
results a first integration concept of the storage system into a
CSP plant has been analysed theoretically in the second part of
the paper with a special focus on the operation of the power block
with the storage system as the only energy source. For this appli-
cation case we analysed how the use of different low grade heat
sources from the Rankine cycle to evaporate steam for the dis-
charge reaction affects the overall storage efficiency. The charging
performance has been assessed taking the available condensation
temperature at the plant location as well as the experimentally
determined operation characteristic into account.

2. Experimental set up

2.1. Reactor

The reactor used in this study was especially designed to anal-
yse the thermal capability of the reaction system in operation

modes and boundary conditions comparable to the operation in
the real application. This on one hand means that the reaction is
driven by indirect heating or cooling loads induced by the heat
transfer fluid and on the other hand the reaction gas is supplied
or removed through a comparable system and within the respec-
tive pressure range. An additional approach was to minimize heat
and mass transport limitations which in general are contributed to
the reactor design, in order to characterise the operational perfor-
mance of the commercial calcium hydroxide material. For more
details on the reactor please refer to our previous publication [36].

Fig. 2 left shows the reactor which consists of one single heat
exchanger plate. Air serves as the heat transfer fluid in the exper-
imental set up and flows inside the plate while a bulk of reactive
material (white powder in Fig. 2 left) is placed on both sides of
the plate. The inside area of the plate is 1600 mm long, 150 mm
wide and surrounded by a frame of 10 mm height. In this volume
of 2.4 L on each side of the plate the storage material can be placed.
The total heat exchange surface is 0.48 m2. The reaction bed is
encased with a gas permeable metallic filter (pore size 5 mm) to
hold the reaction bed in position (Fig. 2 right).

The heat exchanger plate with the encased reaction bed is
placed into a casing pipe of 200 mm in diameter. The casing pipe
is made of stainless steel (alloy 1.4571) with a wall thickness of
3 mm in order to operate at pressures of up to 1000 kPa and
550 �C. Fig. 3 right shows a sectional view of the reaction bed in
the casing pipe including important dimensions and positions of
measurement instruments. To record the air inlet (0Air,in) and
outlet temperature (0Air,out) a thermocouple is placed directly
before and after the reaction bed. Seven thermocouples 01–7

Fig. 2. Left: heat exchanger plate filled with calcium hydroxide; right: reaction bed encased with gas permeable metal filter plate.

Fig. 3. Sectional view of the reaction bed in the casing pipe including important dimensions and position of measurement instruments.
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(type K, ±0.4%� T) measure the material temperature in the reaction
bed. These are positioned 5 mm in vertical distance from the heat
exchange surface and every 200 mm along the horizontal direction
of the air flow. An additional pressure sensor (p1) (PPA-35XHTT,
Keller Ges. für Druckmesstechnik mbH, ±0.8 kPa) mounted into
the casing, records the vapour pressure in the reaction chamber.

2.2. Material

In total 2.4 kg of Ca(OH)2, supplied by Rheinkalk GmbH/Lhoist
group (product type ‘‘Sorbacal�H”), has been filled into the reactor.
According to the companies data sheet the d50 is 5.5 mm and the
purity of the material is 97–98%.

2.3. Experimental procedure

The reactor is integrated into an infrastructure which supplies
the heat transfer fluid and handles the reaction gas. A flow sheet
and a more detailed description of the test bench can also be found
in a previous publication on this set up [36]. Air, supplied by a
compressor, serves as the heat transfer fluid. The air volume flow
is adjusted by a mass flow controller (Bronkhorst, digital flow con-
troller, ±0.4%) before it gets heated up with an electrical preheater
and enters the reactor. To supply the reaction gas, the central out-
let of the casing pipe (compare Fig. 3) is connected to the evapora-
tor. The evaporator consists of a tube bundle heat exchanger where
the shell side is partly filled with liquid water (for evaporation) and
thermal oil runs on the tube side. By tempering the inlet tempera-
ture of the thermal oil with a thermostatic bath an evaporation
pressure between 0.7 and 618 kPa can be adjusted. A filling level
meter (Vegaflex 65, ±2 mm) records the change of the water level
in the evaporator. By means of this value the conversion of the
storage material is determined.

Before every discharge experiment the material present in the
reaction bed is completely dehydrated and the whole set up is
evacuated with the vacuum pump ensuring a pure water vapour
atmosphere during the experiment. Afterwards the valve to the
evaporator is closed. The air flow is started and set to a certain pre-
heating temperature. Additionally the auxiliary heating cables
attached to the casing pipe to minimize thermal losses are set to
the same preheating temperature. Simultaneously the evaporation
pressure for the experiment is adjusted. When the vapour pressure
and the temperatures in the reaction bed become constant the
experiment can be started by opening the valve between
evaporator and reactor. Consequently the pressure in the reactor
increases and the exothermal reaction takes place. The heat
released by the reaction is taken up from the heat transfer fluid.
When the heat of reaction is completely released and the temper-
atures in the bed reach their initial values again the experiment is
finished. The operation parameters of all experiments are given in
Table 1.

We already published a detailed investigation of the charging
procedure with the same reactor [36]. Therefore dehydration
experiments are not presented in this study. However, the dehy-
dration reaction after every discharge experiment of this study
was performed at identical conditions (air temperature of 500 �C
and a condensation pressure of 10 kPa in the condenser). The
experiments A to E are part of a measurement series where one
batch of the material (described in Section 2.2) was cycled for 10
times in total. The experiments F to I are part of a second measure-
ment series (35 cycles in total) performed with another batch of
the same starting material. The respective cycle number for each
experiment is given in Table 1.

3. Experimental results and discussion

3.1. Thermal discharging at 200–470 kPa

In a real application the storage system should ideally supply
thermal energy at an as high as possible temperature level in order
to reach for example high efficiencies in the power block. Therefore
we performed the discharging procedure at high vapour pressures
and evaluated the capability of the reaction system to supply ther-
mal energy at temperatures between 500 and 600 �C.

Fig. 4 shows the reference discharge experiment A. The reaction
bed is preheated to a temperature of 500 �C while in the evaporator
a temperature of 150 �C is adjusted (for all parameters refer to
experiment A in Table 1). At minute 0 the valve between evapora-
tor and reactor is opened thus the pressure in the reactor increases
up to 470 kPa (red dash dotted line). Triggered by the pressure
increase the exothermal reaction set in and the material tempera-
tures in the front (01), middle (03) and rear (07) of the reaction bed
jump to a maximum of 600 �C. The reached temperature corre-
sponds to the equilibrium temperature (grey dashed line) which
was calculated with the measured pressure in the reactor and
the correlation given by Samms et al. [37]. Furthermore, we
observe a clear reaction front in the horizontal direction of the
air flow. At all three measurement points the reaction proceeds
very close to the equilibrium temperature which is indicated by
the constant temperatures plateaus and the simultaneously mea-
sured constant increase in conversion. The temperature (01) drops
after 8 min which indicates that a major part of the material in the
front region is already completely converted. The reactive area
then moves along the reaction bed until also the material in the
rear region has completely reacted and (07) starts to decreases
after 35 min. Accordingly 80% of the total mass is converted after
35 min (black cross dots) while a total conversion of 92% is mea-
sured after 60 min.

3.1.1. Variation of cooling load at 470 kPa
In order to analyse the thermal capability of the reaction system

at 470 kPa, experiments with three different cooling loads have

Table 1
Parameters of all experiments presented in this study.

Experiment Tair, initial/�C _V= N m
h

pevaporator/kPa Twater/�C Cycle no.

Hydration
A 500 16 470 150 5
B 500 20 470 150 4
C 500 28 470 150 7
D 500 20 200 45 2
E 500 20 270 60 3

F 280 12 4 32 21
G 280 12 10 45 32
H 310 12 20 60 9
I 350 12 50 81 10
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been performed. Experiment A was conducted with an air volume
flow of 16 N m3/h while the volume flow was increased to 20 and
28 N m3/h for the experiments B and C respectively. For all cases a
constant air inlet temperature of 500 �C and an evaporation tem-
perature of 150 �C was adjusted (refer to Table 1 for details of
the experimental conditions). Fig. 5 shows the temperature trends
in the front (02) and rear (06) region of the reaction bed as well as
the air outlet temperature. We can observe that the reaction pro-
ceeds at a constant temperature which corresponds to the theoret-
ical equilibrium temperature (dashed lines). The lengths of the

plateaus directly correlate to the applied cooling loads. With an
increasing cooling load (experiment A to B to C) the plateaus
become shorter which can be attributed to a faster conversion. It
is remarkable that even at a more than 40% higher cooling load
(compare A to C) no deviation of the plateau temperature from
the equilibrium temperature can be observed. This indicates that
the heat released by the exothermal reaction keeps up with the
heat removed out of the reaction bed for all applied cooling loads.
In other words the reaction rate is controlled by the heat transport
out of the reaction bed. It can be concluded that at a pressure of
470 kPa the reaction is very fast even at (very close to) the equilib-
rium temperature.

3.1.2. Variation of discharge pressure
Even though the discharge of the storage system at 470 kPa

showed good performance, it might be reasonable to operate the
system at slightly lower vapour pressures depending on the
boundary conditions of the process. For example if the available
heat source for evaporation has a lower temperature level than
150 �C. Therefore and to complete the operating range between
500 and 600 �C we conducted additional discharge procedures at
200 and 270 kPa (experiment D and E). The reactor again was oper-
ated at a constant air flow rate of 20 N m3/h and an air inlet tem-
perature of 500 �C.

Fig. 6 shows the temperature trends of 01 (beginning of the
reaction bed), 03 (middle of the reaction bed) and 07 (end of the
reaction bed) for the experiments D and E as well as for compar-
ison the experiment B with a pressure of 470 kPa. We can see that
in all cases the reached maximum temperature corresponds to the
predicted temperature by the equilibrium line. The small differ-
ences within the first minutes can be contributed to pressure dif-
ferences between the global measured pressure in the casing
pipe and the pressure in the reaction bed (compare position of
pressure sensor in Fig. 3) which occur during the initial dynamic
changes. Consistently in all experiments a reaction front moves
along the direction of the air flow. Close to the air inlet where ini-
tially the cooling load is the highest, the material temperatures (01)
drop at first due to a decreasing amount of reacting material. The
plateaus in the middle region (03) are longer while the tempera-
tures in the rear region drop at last.

The cooling loads of the experiments also vary due to the differ-
ent temperature differences between the air inlet temperature and
the plateau temperatures. Accordingly the experiment with the
highest plateau temperature (case B) is the first where the heat
released by the reaction is completely absorbed and all reaction
bed temperatures reach their initial values again (after 60 min at
07). With lower cooling loads (induced due to lower vapour pres-
sures), in the cases D and E, the duration of the discharge proce-
dure prolongs (timeline is not plotted until the end of the
experiments D and E).

3.2. Thermal discharging at 4–50 kPa

3.2.1. Discharge at 4 kPa
Fig. 7 shows the temperature and conversion trend within the

first 30 min of the discharge experiment at a vapour pressure of
4 kPa. The reaction bed is preheated with an air flow rate of
12 N m3/h at an inlet temperature of 280 �C (red solid line). The
reaction chamber is evacuated while the evaporator is adjusted
to a temperature of 30 �C. At minute zero the valve between reac-
tor and evaporator is opened indicated by the pressure increase in
the reactor (red1 dash dotted line). Correspondingly the material

Fig. 5. Hydration at 470 kPa and a starting temperature of 500 �C under different
cooling loads.

Fig. 4. Hydration experiment at 470 kPa and a starting temperature of 500 �C.

1 For interpretation of color in ‘Fig. 7’, the reader is referred to the web version of
this article.
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temperatures rise quickly due to the heat released by the exothermal
reaction. A particular important observation is that temperature pla-
teaus arise at different levels according to the positions in the reac-
tor. The temperature plateaus indicate an equilibrium state between
the heat released by the reaction and the heat absorbed by the heat
transfer fluid. Coherently we observe the lowest plateau tempera-
ture of 340 �C in the front region (01) of the reactor, where the cool-
ing load is maximal due to the proximity to the air inlet. Smaller
cooling loads in the middle (05) and rear (07) region of the reactor
lead to higher plateau temperatures of approximately 350 �C (05)
and 360 �C (07). This correlation can directly be ascribed to the
dependency of the reaction rate from the temperature gap to the
equilibrium. With an increasing distance between reaction tempera-
ture and equilibrium temperature the rate of reaction increases. The
temperature plateaus of the experiment reveal that at a pressure of
4 kPa a certain gap to the equilibrium needs to be maintained in
order to operate at high cooling loads. This is in contrast to the ref-
erence experiment at 470 kPa where the storage system could be
operated at the equilibrium temperature even at drastically
increased cooling loads. However it can be stated that the discharg-
ing with a vapour pressure of 4 kPa is possible and an outlet temper-

ature of 340 �C, 25 K lower than the equilibrium temperature, can be
expected with reasonable cooling rates. It has to be mentioned that
the trend lines in Fig. 7 are not presented until the end of the exper-
iment in order to focus on the temperature plateaus. The reaction
was completed after 140 min.

3.2.2. Discharge at 10 kPa
The discharge of the storage system at a pressure of 10 kPa is of

particular interest since in many process applications low grade
heat at a temperature level of 45 �C, which can be used to generate
steam at 10 kPa, is available. The hydration experiment is per-
formed at a volume flow of 12 N m3/h, a starting temperature of
280 �C and an evaporation temperature of 45 �C. Fig. 8 shows the
temperature and conversion trend for the first 30 min after the
exothermal reaction is triggered by the pressure increase in the
reactor. Complete conversion was reached after 100 min in this
experiment (timeline in Fig. 8 is shortened in order to focus the
display on the temperature plateaus). A qualitatively similar tem-
perature trend compared to the experiment at 4 kPa can be
observed. Temperature plateaus arise at different levels according
to the different cooling loads in the front (01), middle (05) and rear
(07) part of the reaction bed. The temperature plateau in the front
region where the highest cooling load applies arises at 360 �C for
these experimental conditions. Consequently for the real applica-
tion it can be derived that at a discharge pressure of 10 kPa an
additional temperature distance to the theoretical equilibrium
temperature must be maintained to allow the operation with high
cooling loads.

3.2.3. Variation of discharge pressure
Since the temperature level of the available heat source for

evaporation depends on the process of the real application we
additionally analysed the discharge operation at vapour pressures
of 10, 20 and 50 kPa, respectively at evaporation temperatures of
45 �C, 60 �C and 81 �C. The air volume flow was 12 N m3/h for all
experiments while the air inlet temperature is constant but differ-
ent for each case in order to achieve comparable cooling loads. The
air inlet temperature and starting temperature in each experiment

Fig. 6. Hydration experiment at 200, 270 and 470 kPa and a starting temperature of
500 �C.

Fig. 7. Hydration at 4 kPa and a starting temperature of 280 �C.
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is set 120 K lower than the theoretical equilibrium temperature at
the applied vapour pressure. For example, experiment F was oper-
ated at a water vapour pressure of 50 kPa which correspond to an
equilibrium temperature of 470 �C. Therefore the air inlet temper-
ature was set to 350 �C. For comparison of the experimental
parameters please refer to Table 1.

As already explained the cooling load is initially maximal in the
front region of the reactor. Fig. 9 therefore only represents the tem-
perature 01 (beginning of reaction bed) and the equilibrium tem-
perature based on the measured pressure for each experiment. It
can clearly be observed that in all cases plateaus arises while a cer-
tain gap to the equilibrium temperature is maintained. The gap is
about 15 K for case H and I (50 and 20 kPa respectively) while it
is approximately 30 K for the cases F and G (4 and 10 kPa).

3.3. Cycle stability and changes of the reaction bed

Cycle stability of the reaction system has already been demon-
strated in several works by means of TGA as well as reactor exper-
iments. Therefore the analysis of the cycle stability was not a main
focus of this study. Nevertheless we can confirm that for the per-
formed experiments in general a conversion of 90–95% (compare
Fig. 4 and the experiments presented in [36]) was achieved and
no decreasing tendency over the number of cycles could be
observed. As already mentioned the conversion of the experiments
in Figs. 7 and 8 do not show complete conversion because the
timeline is not presented until the end of the experiment (to
improve the display of the discussed temperature plateaus). That
the conversion reaches only 90–95% in the lab scale reactor can
be attributed to two reasons. First is, that the purity of the basic
raw material is only 97–98% Ca(OH)2. The second reason is that
the last 5–10% of conversion during the dehydration demands a
very long time. Since full conversion of the material does not have
any influence on the phenomena’s discussed in this paper, experi-
ments were finished when a conversion between 90 and 95% was
reached. Overall we can confirm that the reaction is cycle stable
and 90% of the theoretical full conversion is exploitable in techni-
cally relevant times.

The right picture in Fig. 10 shows the reaction bed of Ca(OH)2
when it was removed from the casing pipe after 35 cycles. It can
be observed that the reaction bed is slightly compressed and the
bulk density increased compared to the initially loose filling (com-
pare Fig. 2) of the storage material. Roughly 20% of the heat
exchange surface is not covered with material anymore due to
the compression of the bed. The compression might enhance the
thermal conductivity of the bulk on the one hand but could also
worsen the gas permeability on the other hand. We assume that
these changes occur within the first cycles and subsequently do
not significantly change anymore. In addition no effect dedicated
to these changes of the reaction bed could be observed in our
experiments. However the reaction bed design (very thin layer)
also was explicitly dedicated to minimize these transport resis-
tances. Nevertheless the findings indicate that in larger reactors
the changes which occur in large reactive bulks might have a sig-
nificant influence on the performance. The heat and mass transport
phenomena’s in a changing reactive bulk should therefore be
investigated in an experimental set up especially designed to
address these questions. A more detailed description of these
transactions in the models will improve simulation results. The
picture in Fig. 10 left shows the agglomerates after loosening of
the bulk but even though the agglomerates look very hard, they fall
apart into smaller particles with only slight mechanical strains.
This formation of agglomerates has consistently been reported in
lab scale reactors, even in the directly heated fixed bed.

3.4. Summary of experimental results and implications for the process
application

The superheated steam cycle is a well-established thermody-
namic cycle for power generation. Different configurations and
power sizes are readily available on the market. From today’s per-
spective the maximum process temperature is in general limited to
600 �C due to economic reasons: The operation at higher tempera-
tures demands more expensive alloys for the plant components
and the higher costs are not compensated by the higher cycle effi-
ciency. Market availability and scalability of the power cycle, the
suitable temperature range as well as the working fluid water
vapour (which is also required for the operation of the storage)
lead to the conclusion that Rankine cycles powered by calcium
oxide and water as the only energy source is one promising
application.

Fig. 8. Hydration at 10 kPa and a starting temperature of 280 �C.

Fig. 9. Hydration at 4, 10, 20 and 50 kPa under comparable cooling loads.

600 M. Schmidt, M. Linder / Applied Energy 203 (2017) 594–607



Particular relevant operating condition is the discharge at pres-
sures of 200–470 kPa in order to meet the upper temperature level
of the current cycles of 545–600 �C. However the operation at
these high pressures also requires a heat source with a tempera-
ture level of 120–150 �C to supply the discharge steam. In general
thermal energy at this temperature level can usefully be incorpo-
rated into the process while at the same time thermal energy at
a lower temperature level needs to be rejected from the Rankine
cycle (e. g. condensation to the ambient). For the overall storage
efficiency it could be highly valuable to make use of this low grade
thermal energy to supply steam for the discharge procedure. For
this reason the thermal discharge of the reaction system at pres-
sures between 4 and 50 kPa, corresponding to evaporation temper-
atures between 30 and 81.3 �C has been additionally examined in
the experimental section.

The experiments A–C showed that the discharge at pressures
between 200 and 470 kPa achieved very good performances. For
the first time a discharge temperature of 600 �C and 565 �C under
significant cooling loads of the heat transfer fluid was demon-
strated. In all experiments even with drastically increased cooling
loads the reaction proceeded close to the theoretical equilibrium
temperature. It can be summarized that in this operating range
reactors with high power densities can be designed to operate with
discharge temperatures very close to the theoretical equilibrium
temperature. Finally it was demonstrated that if the reaction sys-
tem is operated at 470 kPa it is capable to supply thermal energy
at a temperature of 600 �C, the current maximum temperature of
superheated steam cycles.

The thermal discharge at a pressure of 10 kPa was investigated
due to its high relevance for a more efficient operation of a Rankine
steam cycle (10 kPa is a common condensation pressure for dry
cooling power plants). The experiments revealed that at this low
pressure the equilibrium temperature was not reached in a techni-
cally relevant time. In the reactor a discharge temperature of
360 �C (in contrast to 400 �C equilibrium temperature) was deter-
mined for high cooling loads. Comparable limitations could be
observed for all other investigated discharge pressures below
50 kPa. Overall it could be demonstrated that it is possible to dis-
charge the storage reactor at reasonable reaction rates and vapour
pressures between 4 and 50 kPa. However, in this operating range
it is particular important that depending on the required thermal
power an additional gap to the equilibrium temperature needs to
be taken into account which reduces the achievable discharge
temperature. Nevertheless even for the relatively low vapour pres-
sures of 4 and 10 kPa outlet temperatures of 340 and 360 �C have
been demonstrated (Figs. 7 and 8). These findings open the possi-
bility of interesting interconnections between the steam cycle and
the storage which will be thermodynamically analysed in
Section 4.3.

4. Evaluation of process integration based on molten salt CSP

For the study we consider the boundary conditions of a current
molten salt tower plant [10]. The heat transfer fluid is a molten salt
mixture (60% NaNO3 + 40% KNO3) operating in a temperature
range from 290 �C to 565 �C. Even though the molten salt cycle is
not the most innovative CSP concept discussed in the literature it
has been chosen for a first reference integration scenario. The anal-
ysis should therefore be seen as one exemplarily process integra-
tion study to identify the general challenges related to the
process integration of the calcium hydroxide system. Molten salt
has been chosen due to the following reasons: The technology is
commercially available and the community seeks for solutions to
replace the expensive salt as the storage material. Additionally
the coupling of the calcium hydroxide system with a superheated
steam cycle offers potential synergies since water vapour is the
working fluid in the cycle as well as the required reaction gas of
the storage system. For the charging procedure we used available
data for a central receiver power plant provided by DLR Institute
of Solar Research. For the discharge procedure a state of the art
power block configuration is considered.

Special focus in this chapter lies on the analysis of the discharge
period of the storage where the power block should run only with
thermal energy supplied by the storage system. During this dis-
charging process it is particular important to consider the source
of thermal energy required for evaporation since it represents a
large share of the energy released by the reaction. Therefore differ-
ent configurations, including the extraction of low grade heat from
the steam cycle, and their effect on the overall storage efficiency
have been analysed.

During the charging period the temperature of the available
heat sink for condensation of the reaction gas has huge influence
on the amount of potentially stored thermal energy. Therefore
the charging performance is evaluated against a commercial CPS
plant technology based on a direct molten salt storage system.

4.1. Integration concept for CSP plant

For an application in CSP plants large storage capacities of up to
15 h of nominal thermal power are desirable in order to ensure a
continuous operation of the plant during most of the year. For a
typical configuration with a nominal thermal power of
300 MWthermal this leads to a required storage capacity of
4500 MW h which corresponds to 11,250 tons of calcium hydrox-
ide. Taking these numbers into account it becomes obvious that
for such large storage capacities the only economically viable
way to realize indirectly heated reactors is the separation of power
and capacity. In such a concept the heat exchanger is detached
from the mass of the storage material. This allows to design the

Fig. 10. Right: reaction bed after 35 cycles; left: larger agglomerates after loosening of the bed.
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heat exchanger in respect to the required power level (the major
cost) while the storage material can be stored in inexpensive tanks.
Recently such an indirectly heated moving bed concept has been
experimentally demonstrated in pilot scale [38]. The operation
revealed that the gravity assisted flow of the storage material
under energy efficient reaction conditions in the reactor is chal-
lenging and therefore currently under further investigation.
Fig. 11 shows the process scheme of a possible integration of a
moving bed reactor concept into a CSP plant configuration.

During solar operation the heat transfer fluid delivers at first the
nominal thermal load to the power block. As soon as the thermal
power at the central receiver exceeds the demand of the power
block the excess mass flow is directed into the thermochemical
reactor. At this point a corresponding mass flow of Ca(OH)2 is
directed into the reactor. Heat is transferred to drive the endother-
mal reaction. CaO particles leave the reactor and are transported to
a second storage container. Simultaneously water vapour is freed
in the reaction chamber. To keep the reaction running, the water
vapour must continuously be removed from the reactor which in
turn demands a heat sink (e. g. ambient) to release the heat of
condensation.

During non-solar hours the power block should ideally be con-
tinuously driven by the storage system. Therefore CaO is intro-
duced into the reactor and additional water vapour needs to be
supplied to drive the exothermal reaction. The discharge reaction
temperature should be high enough to reach the maximum possi-
ble temperature of the heat transfer fluid of 565 �C in order to
allow continuous operation of the power block at its nominal con-
ditions. Obviously, an additional heat source is required to supply
the enthalpy of evaporation for the discharge steam.

4.2. Solar charging of the storage system

To charge the storage system integration into the molten salt
cycle parallel to the central receiver is proposed (compare
Fig. 11). However in this configuration the amount of thermal
energy which can be incorporated into the storage system is lim-
ited due to the opposed characteristic of the thermochemical sys-
tem and the sensible heat transfer fluid. While for the fluid the
amount of transferred thermal energy is proportional to the change
in temperature, the thermochemical system absorbs the enthalpy
of reaction at a constant temperature level. As a consequence only
the temperature difference above the reaction temperature can be
used to charge the storage system. The temperature level of the

reaction in turn depends on the condensation pressure thus on
the specific boundary conditions of the plant. In order to reach
the lowest possible reaction temperature, in this study we assume
that the heat of condensation is released to the ambient.

By means of simple energy balances the mass flow of molten
salt which is directed to the thermochemical reactor is calculated
and the thermal power provided to the storage is calculated by
the equation:

_QTCS�charging ¼ _msalt � cpsalt � ðTinlet � TreactionÞ ¼ _n � DHReaction ð1Þ
Fig. 12 shows the percentage amount of stored thermal energy

for two different conditions: an outlet temperature at the TCS reac-
tor of 445 �C and of 400 �C. The reference value (100%) corresponds
to the direct storage of the molten salt in a two tank system. The
value of 400 �C corresponds to the thermodynamic minimum tem-
perature that can be calculated according to Barin [35] for a given
pressure of 10 kPa. It becomes obvious that at this theoretical min-
imal outlet temperature of 400 �C, only 59% of the amount of
stored energy in the molten salt tanks can be reached with the
thermochemical system. According to our experimental investiga-
tion of the commercial Ca(OH)2 (please refer to [36]), the reaction
rate at such low pressures limits additionally the practical opera-
tion window of the reaction. If a more realistic outlet temperature
of 445 �C is considered only 42% of the possible amount of thermal

Fig. 11. Conceptual process design of an indirectly heated thermochemical reactor in a CSP plant configuration.

Fig. 12. Amount of stored thermal energy for different outlet temperatures at the
thermochemical reactor.
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energy can be stored. Or, expressed in alternative values: whereas
in a direct molten salt system 10 h of nominal thermal load are
stored the investigated thermochemical storage system can theo-
retically only be charged with 5.9 h of nominal thermal load and
4.2 h for the more realistic case of an outlet temperature of 445 �C.

This can be contributed to two reasons: one is that the minimal
condensation temperature of the plants location limits the temper-
ature difference between the maximum temperature of the heat
transfer fluid and the temperature level of the reaction. The second
is that kinetic limitations at such low vapour pressure enforce an
additional temperature difference of approximately 45 K to the
theoretical reaction temperature (which has been experimentally
identified in [19]). This drastic difference makes it obvious that a
thermochemical storage cannot simply substitute a conventional
storage method without changing at least some parts of the overall
concept.

However, if the configuration of the plant will be adapted to the
storage system the pointed out problems can be overcome. One
proposal with minimal adaptation of the CSP technology would
be to have two different central receivers. One receiver would still
operate in the nominal temperature range of the power block from
290 to 565 �C to supply the power block during on sun operation.
The second receiver cycle would be especially designed to charge
the storage system during daytime and operate at temperatures
between 565 �C and 445 �C. Of course the higher return tempera-
ture of the heat transfer fluid provokes higher losses in the central
receiver. Nevertheless a detailed simulation of such a configuration
could be worth investigating.

4.3. Power generation driven by the storage system – Operation modes

The steam cycle for power generation considered in this work is
based on a standard Rankine cycle configuration for molten salt
solar tower plans. The configuration consists of two high pressure
turbine stages, one reheater, and 5 low pressure turbine stages.
Live steam is generated at 136,000 kPa and 552 �C Steam is
extracted at 6 turbine stages to preheat the feed water. The cycle
is designed for a nominal output of 125 MWel and reaches a gross
efficiency of 0.419 at a condensation pressure of 10 kPa. Table 2
summarizes the main nominal parameters of the power block.

Four different operation strategies where the steam cycle is
only powered by the thermochemical storage system are analysed.
The operation modes differ in the quality and flow rate of steam
which is extracted at different turbine stages to supply vapour
for the discharge reaction. For each operation mode the required
flow rate at the extraction point is calculated by general mass
and energy balances. The power block is simulated with the com-
mercial software tool Ebsilon�. By means of the simulation the
electrical output in part load mode for the different steam extrac-
tion flow rates is determined.

Fig. 13 shows the process flow diagram of the steam cycle and
the operation of the thermochemical reactor(s) during the dis-
charge procedure. We at first describe the different configurations
while in the subsequent section the overall storage efficiencies are
compared.

4.3.1. Reference case
In the reference case only the high pressure TCS-Reactor (TCS1)

and the evaporator (EV1) are in operation. Discharge steam is gen-
erated in evaporator (EV1) which is driven by thermal energy sup-
plied by the heat transfer fluid. The molten salt is directed to
evaporator (EV1) after it leaves the preheater with an outlet tem-
perature of 290 �C. The steam is generated at a pressure of
470 kPa and directed into the reactor (TCS1). As we demonstrated
in the experimental section (compare Fig. 4) with the operation at
470 kPa a reaction temperature of 600 �C can be expected.

Therefore the power block can continue to operate at nominal
conditions of 552 �C superheated steam.

In this operation mode the reactor not only has to supply the
nominal thermal power of the steam cycle but also the thermal
power for the evaporation of the required discharge steam (com-
pare Fig. 13). The required discharge power can thus be calculated
by the equations:

_QTCS�discharging�A ¼ _QPBnominal
þ _Qevaporation ð2Þ

_n � DHreaction ¼ _QPBnominal
þ _n � DHevaporationð149:5 �C;470kPaÞ ð3Þ

With the enthalpy values given in Table 3, the required thermal
power that has to be delivered by the thermochemical reactor
_QTCS�discharging�A accounts to 470.16 MW in this operation mode.

4.3.2. Steam extraction at LP-Turbine
In operation mode B steam is extracted at the second stage of

the low pressure turbine at extraction point 4 (EX4). The extracted
steam is directed into evaporator (EV2) where steam at 450 kPa is
generated for the thermochemical discharge reaction. Again
according to our experimental demonstration in Section 3.1 the
reaction temperature at this pressure will be close to the equilib-
rium temperature (597 �C). For this simplified examination, losses
related to the heat exchanger (EV2) are neglected. In contrast to
operation mode A the thermal power required in this configuration
is only the nominal thermal power of the power block
(298.35 MW). Thus the molar rate of reaction can be calculated
by the equation:

_QTCS�discharging�B ¼ _QPBnominal
¼ _n � DHreaction ð4Þ

With the molar rate of reaction the flow rate of required water
vapour for the discharge reaction can be calculated by Eq. (5):

_mvapour ¼ _n �MH2O ð5Þ
and accounts 51.68 kg/s. Consequently, this amount of steam is not
available for power generation. Therefore, the operation of the

Table 2
Nominal values for power block cycle.

HTF parameters
Nominal thermal input/MWth 298.35
Flowrate of HTF/(kg/s) 713.373
HTF inlet temperature/�C 565
HTF return temperature/�C 290

Steam parameters
Live steam flowrate/(kg/s) 384.451
Live/reheat steam pressure/kPa 13600/3200
Live/reheat steam temperature/�C 334/552

Turbine parameters
Gross turbine power/MWelectric 125
Turbine isentropic efficiency/% 86
Generator efficiency/% 96
Power block gross efficiency/% 41.9

Condenser
Condensation pressure/kPa 10

Steam extraction
(EXP1) – pressure/kPa/flowrate/(kg/s) 5000/2.8
(EXP2) – pressure/kPa/flowrate/(kg/s) 3400/10.9
(EXP3) – pressure/kPa/flowrate/(kg/s) 1000/5
(EXP4) – pressure/kPa/flowrate/(kg/s) 450/5.3
(EXP5) – pressure/kPa/flowrate/(kg/s) 150/4.9
(EXP6) – pressure/kPa/flowrate/(kg/s) 40/3.7

Thermal power
Superheater/MW 89.796
Reheater/MW 41.202
Steam generator/MW 114.47
Preheater/MW 52.89
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power block is simulated with a steam extraction of 51.68 kg/s at
(EX4) which results in a reduced electrical output of 92.1 MW com-
pared to the nominal output of 125 MW (no steam is extracted for
the TCS operation).

4.3.3. Steam extraction at LP-Turbine and use of exhaust steam
In order to further increase the efficiency it seems reasonable to

make use of the condensation enthalpy of the exhaust steam at the
outlet of the low pressure turbine. Nevertheless this operation
mode results in a more complex integration. To incorporate the
steam at the condensation pressure of 10 kPa the outlet flow of
the low pressure turbine is partially directed to evaporator (EV3).
There steam is generated at a pressure of 10 kPa and directed into
a second reactor (TCS2) for low pressure operation. Losses of the
heat exchanger (EV3) are again neglected. In this operation mode
two reactors are necessary because the temperature level which
is reached in TCS2 is limited. Taking the experimental results for
the discharge at 10 kPa into account (compare Fig. 8) a tempera-
ture of around 360 �C can be expected. Since the steam generator
of the plant operates at 334 �C, the low pressure reactor TCS2 is
in principle able to supply the thermal energy for the steam gener-
ator and the preheater. Consequently, only the superheater and the
reheater need to be driven by TCS1. Therefore the mass flow of the
HTF is separated after TCS2 at valve (V1). One part is directed to

supply the steam generator and the preheater whereas a smaller
mass flow is directed into TCS1. The reactor TCS1 again operates
at 450 kPa while, like in operation mode B, the required steam
comes from evaporator EV2 which in turn is driven by condensa-
tion of steam from extraction point 4 (EX4). Since TCS1 now only
provides the thermal power required by the superheater and the
reheater the necessary thermal power is clearly reduced:

_QTCS1�discharging�C ¼ _Qsuperheater þ _Qreheater ¼ _nTCS1�C � DHreaction ð6Þ
Accordingly the necessary steam flow rate at (EX4) is calculated

to 22.69 kg/s. The molar reaction rate required at TCS2 is calculated
by:

_QTCS2�discharging�C ¼ _Qevaporator þ _Qpreheater ¼ _nTCS2�C � DHreaction ð7Þ
According to Eq. (5) the flow rate of steam which needs to be

generated by the enthalpy of condensation at 10 kPa is calculated
to 28.99 kg/s. Since in this case, a huge fraction of the reaction
gas could be derived from the condensation pressure of the power
block, the calculated electrical output for this configuration is
109.91 MW.

4.3.4. Steam extraction at LP-Turbine and lowering of condensation
temperature

In operation mode D it is assumed that the TCS2 reactor oper-
ates at a vapour pressure of 4 kPa, which in principle would allow
to reduce the condensation temperature of the power block. How-
ever, it is obvious that operating the system at such low pressures
requires huge efforts in gas handling and heat exchange. The
experimental results presented in Fig. 7 show that a reaction tem-
perature of 340 �C can be reached which is in principle high
enough to supply the steam generator and the preheater (compa-
rable to configuration C). Since evaporator (EV3) operates at a pres-
sure of 4 kPa (instead of 10 kPa) the efficiency of the power block is
increased which could partially compensate the reduced mass flow

Fig. 13. Flow sheet of power block operation with the thermochemical storage system.

Table 3
General values for the calculations.

General values

_QPBnominal
/MW 298.35

gPBnominal 0.419
DHreaction/(kJ/mol) 104
DHevaporationð149;5 �C;470 kPaÞ/(kJ/mol) 38
MH2O/(kg/mol) 0.018
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of steam. However, this configuration would require an additional
turbine stage in which 28.99 kg/s of steam can be condensed at
4 kPa while 24.7 kg/s are condensed at 10 kPa after the nominal
fifth turbine stage (configuration is not illustrated in Fig. 13). Com-
parable to operation mode C an additional mass flow of 22.69 kg/s
of steam must be extracted at 450 kPa at (EX4) to supply the TCS1
reactor. The calculated power output of this configuration is
112.48 MW which is only slightly higher than case C that could
be realized with clearly minor changes of the power block.

4.4. Storage efficiency

Table 4 summarizes the results for the different operation
modes. It becomes obvious that in the reference case A the power
block operates at its nominal electric output but at the same time
the thermal power required at the thermochemical reactor is much
higher compared to the configurations where steam is extracted
from the power block.

Therefore, in order to be able to compare the operation modes
we defined an efficiency which relates the electric energy output
during discharge of the storage to the potential electricity which
has not been produced during the charging period of the storage
system. The efficiency is represented by Eq. (8):

gstorage ¼
Pel discharging�caseA�D

_QTCS�charging�caseA�D � gPBnominal

ð8Þ

Further we assume that for all cases the thermal power required
during discharge is equal to the thermal power supplied during the
charging procedure:

_QTCS�charging�case A�D ¼ _QTCS1�discharging�case A�D þ _QTCS2�discharging�case A�D

ð9Þ
Consequently since losses are neglected the ratio of charging

power to discharging power is 1 and the storage can be discharged
exactly for the time span as it was charged.

Fig. 14 shows the storage efficiency calculated by Eqs. (8) and
(9) for the different configurations. The reference case A only
reaches an efficiency of 63.4%. The low efficiency can be mainly
attributed to the fact that the energy content of the steam released
during the charging process is not used and the steam required for
the discharge needs to be generated by thermal energy from the
storage itself. Therefore we lose roughly 36% of the energy content
which is related to the ratio of enthalpy of condensation to the
enthalpy of reaction (38/104 (kJ/mol)).

In operation mode B a large steam mass flow needs to be
extracted at 450 kPa from the low pressure turbine. This clearly
reduces the electrical output of the power block. But on the other
hand the thermal power required from the storage during the dis-
charging process is also reduced compared to the reference case A.
Overall we reach a clearly increased storage efficiency of 73%.
Advantageous of this concept is that only one TCS reactor is
required and it is operated at a relatively high pressure. The higher
pressure in principal allows smaller pipe diameters and compact
reactor designs. Additionally, as experimentally demonstrated
(compare Section 3.1), a reaction pressure of > 200 kPa allows for

outlet temperatures that are very close to the equilibrium even
for high required reaction rates.

Operation mode C greatly improves the overall efficiency to
87%. In this operation mode only the amount of thermal power
required at the higher temperature level of 565 �C is generated in
TCS1. The remaining required thermal power is generated in
TCS2 where steam which has no exergetic value in the steam cycle
is used for the discharging reaction. Consequently a much smaller
mass flow of steam has to be extracted at point 4 (EX4) which in
turn increases the electricity output. The obvious disadvantage of
this operation mode is that in total four devices are necessary:
two TCS-reactors and two evaporators. The direct incorporation
of the extracted steam from the turbines to the thermochemical
reactors (to avoid the two evaporators) is to our knowledge not
possible. The steam which was in contact with the storage material
might not be clean enough anymore to operate the turbines. Addi-
tionally the operation of the thermochemical reactor at such a low
vapour pressure of 10 kPa might be challenging due to: large pipe
diameters that are required for the transport of the steam. Further-
more the reactor design becomes more complex since the reaction
gas distribution within the reaction bed is easier for higher pres-
sures. And finally, the reaction temperature which can be reached
at this vapour pressures deviates clearly from the theoretical value
if technical relevant reaction rates are required (compare Fig. 8).

Operation mode D reaches an efficiency of 90%. But since this
increase of the electrical output of the power block would lead to
even more challenging operating conditions of the power block
and the storage, it is doubtful that the increase of 3 percentage
points in storage efficiency will be economically reasonable.

To summarize: the experimental investigation of commercially
available Ca(OH)2 shows that in principle the required heat sink of
the power block (cooling tower) could be combined with the
required low grade heat source of the thermochemical system
(evaporator). This concept clearly improves the overall efficiency
of the thermochemical storage but requires at the same time to a

Table 4
Calculated thermal power, flow rates of extracted steam and electrical output of the power block for the different operation modes.

Mode _QTCS1/MWth
_QTCS2/MWth

_mvapour @(EX4)/(kg/s) _mvapour @(EV3)/(kg/s) Pel/MWel

A 470.16 0 0 0 125
B 298.35 0 51.68 0 92.1
C 130.99 167.376 22.69 28.99 109.91
D 130.99 167.376 22.69 28.99 112.484

Fig. 14. Storage efficiency according to Eqs. (8) and (9) for the different operation
modes.
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certain extent modifications of the power block. The simplest con-
figuration reaches a storage efficiency of 73% (in comparison 63,4%
for the baseline case) while with a more complex and technically
challenging integration values of 87% and more could be reached.
It has to be stated that for all operation modes with increased effi-
ciency (mode B, C and D) a large fraction of the nominal steam
mass flow has to be extracted at the low pressure turbine. Such a
large steam extraction is thermodynamically possible but to the
knowledge of the author’s no turbine, which allows such an oper-
ation, is currently available on the market. The design of such a tur-
bine is technically challenging and thus would demand extensive
development work. One possibility to overcome this challenge
might be to use two separated turbines especially designed for
the required boundary conditions instead of extracting a large
steam fraction from one low pressure turbine stage.

To which extend the released steam during the charging of the
storage can be used to increase the efficiency of the power block
and compensates for the reduced power output during the dis-
charging process needs to be evaluated based on a more detailed
simulation of the plant including economic aspects.

5. Conclusions

In this study the thermal discharging of the reaction of CaO and
water vapour has been experimentally demonstrated in lab scale in
the complete temperature (280–600 �C) and pressure (4–470 kPa)
range which is relevant to operate a Rankine steam cycle with
the thermochemical storage system. The experiments revealed
that especially at pressures of 200 kPa and more the reaction is
very fast even at the (or very close to the) equilibrium temperature.
Therefore it can be concluded that for this pressure range reactors
can be designed to operate with high power densities and at outlet
temperatures close to the equilibrium temperature. The discharge
procedure at pressures between 4 and 50 kPa has also been exper-
imentally demonstrated and showed promising performance. Nev-
ertheless at this low pressure operation an additional temperature
difference to the equilibrium temperature occurs and has to be
maintained if the reactor should be operated at high power densi-
ties. With the presented discharge experiments and our previously
published charging experiments the complete relevant operating
range of the thermochemical storage system has been experimen-
tally characterised in lab scale. The experimental results now pro-
vide a more realistic understanding of the operation characteristic
as well as the quantification of achievable charge and discharge
temperatures. Based on this knowledge the applicability of the
storage for many real processes can now be assessed more accurate
from a technical as well as a thermodynamic point of view.

Besides the experimental investigations a first study on the
integration of the thermochemical system in a conventional CSP
plant has been thermodynamically analysed. It could be shown
that, when the steam production required during discharge is ther-
mally integrated into the Rankine steam cycle a high storage effi-
ciency of 87% can be reached. However the charging procedure
with molten salt as the heat transfer fluid is challenging: The min-
imal condensation pressure of 10 kPa available at most CSP loca-
tions (dry cooling in hot regions) as well as kinetic limitations at
low pressure charging enforce reaction temperatures of 445 �C or
higher. In conclusion the thermal power which can be incorporated
is limited due to the small temperature difference between the
reaction temperature and today’s maximum operating tempera-
ture of the salt. On the other hand the experimentally demon-
strated characteristic of the storage system indicate promising
potential for a wide range of applications. The posed charging chal-
lenge can be overcome by using heat transfer fluids which allow a
higher maximum temperature, for example liquid metal. Another

approach to charge the storage system would be direct solar irra-
diation in a particle receiver. The determined potentially achiev-
able high storage efficiencies indicate that such applications
should be investigated in future studies.
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