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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 �twandlung 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. 
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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 �t in principle �t infinite storage time of the associated 

�Z�����š���}�(���Œ�������š�]�}�v���~�P�,�•.  

 

 

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 �t 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 �t 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 �t 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 �t 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 �t 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 �t 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 �t under realistic boundary 

conditions �t 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 �t in general �t 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 �t on material level �t are: 

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

at ambient temperature without thermal losses  

�x High storage densities; due to the involved thermochemical process 

�x Possibility to combine heat and/or cold storage 

�x �,�����š���Œ���o�����•�����Z�}�v-�����u���v���[; due to the controllability of the backward reaction  

�x Possibility to transform heat (thermal upgrade) 

�x 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: T hermochemical p rocess 
 

�'�]�����[�•�� �(�Œ������ ���v���Œ�P�Ç�������v�������� �µ�•������ �š�}�������•���Œ�]������ �š�Z���� �v�������•�•�]�š�Ç���}�( 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: 

 

�r 
L���¿�) 
L���¿�* 
F ���6�¿�5    (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 (�4H) is directly proportional 

to the entropy change (�4S). 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 �t 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)  
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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 reaction s: 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 �t 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 �t 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-�����o�o�������Z���Z���u�]�����o���Z�����š���‰�]�‰���[ 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 �Zthermochemical 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 

���]�•���Z���Œ�P�]�v�P�� ���}�Œ�Œ���•�‰�}�v���•�� �š�}�� ���� �P�Œ�����µ���o�� �Z�(�]�o�o�]�v�P�[�� �}�(�� ���X�P�X�� ���À���]�o�����o���� �•�µ�Œ�(�������� ���Œ������ �}�Œ�� �‰�}�Œ���� �À�}�o�µ�u���•�U��

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

decreasing temperature. Thus, for a given gas pressure the �Z���}�v�À���Œ�•�]�}�v�[ 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 �t 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 �t 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/) 
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2.1.3. Gas-Solid reactions:  Dist inct 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�X���d�Z�]�•���•�}�������o�o�������À���v�[�š���,�}�(�(���‰�o�}�š���•���‰���Œ���š���•��

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 �t 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 s�š�}�Œ���P���� �•�Ç�•�š���u�����}���•�v�[�š���Á�}�Œ�l 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 reac�š���v�š���Á�]�š�Z���o�}�Á���Œ���P�,) 
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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 s ystem: 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 �t 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 �t 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 �t 

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 �t 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 durin�P�����]�•���Z���Œ�P�]�v�P���]�•�����}�v�•�]�����Œ���������•���Z�µ�•���(�µ�o�[ effect which is the case 
fo�Œ�� �š�Z���Œ�u�}���Z���u�]�����o�� �Z�Z�����š�[�� �•�š�}�Œ���P��. Obvio�µ�•�o�Ç�U�� �]�v�� �����•���� �}�(�� �š�Z���Œ�u�}���Z���u�]�����o�� �Z���}�o���[�� �•�š�}�Œ���P����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 o�(�� �š�Z���� �Œ�������š�]�}�v�� �P���•�•�� �]�•�� �µ�•������ ���•�� �Z���}�o���[ 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 �t 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 

���Æ�}�š�Z���Œ�u�]�����‰�Œ�}�����•�•�����•���‰�Œ�]�u���Œ�Ç���Z�µ�•���(�µ�o�[ 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 (�@�T�¤�@�P) can be described by following generic equation 

that takes three different dependencies into account: 

 

    �@�T
�@�P
W 
L �B�:�6�; �®�B
k�L�á�L�Ø�ä
o�®�B�:�T�;    (2) 

 

(1) Temperature dependency: �B�:�6�; 

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

�}�(���Œ�������š�]�}�v���~���Œ�Œ�Z���v�]�µ�•�[�������‰���v�����v���Ç�•�X�� 

(2) Equilibrium dependency: �B
k�L�á�L�Ø�ä
o 

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: �B�:�T�; 

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 sou�Œ�������~���o�����l���Œ�����š���v�P�o���•�������š�µ���o�o�Ç���Z���}�v�•�µ�u���•�[ 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 r esults 
 

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 av ailable g ases / 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 �t 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 �t without losses �t 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 ���Œ�Œ�Z���v�]�µ�•�[�� �o���Á�� �š�Z���š�� �����•���Œ�]�����•�� ���� �š���v�����v���Ç�� �}�(�� ����creasing 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 �t in principle �t 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 �t 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 �t 
depending on the composition �t 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 �Z���}�u���]�v���š�]�}�v 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 �t 1.1.MgH2 �t 0.1LiBH4 �t 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 u pgrade  
 

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 �t 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 

�•�Ç�•�š���u�[�•�� �‰���Œ�]�‰�Z���Œ�Ç�� �������}�u���•�� ���}�u�‰�o���Æ�� �~�À���o�À���•�� ���v���� �‰�µ�u�‰�•�•�� �Á�Z�]���Z��- 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 �t 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�[�À�� 

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 �t 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. 
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3.3. Utilizing abundantly a vailable m aterial s / 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 

�~�^�}�o�À���Ç���‰�Œ�}�����•�•�•�U���‰�}�š���•�•�]�µ�u�������Œ�v���o�o�]�š�����~�<���o�|�D�P���o2) 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�[�À�� 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 �t 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 �t 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 �t and need �t 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 �t 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 �t 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 ef�cient storage solutions with higher energy densities compared to widely investigated sensible
and latent thermal energy storage systems. Speci�cally 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 ef�ciency 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 raw materials. 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 in�uencing aspects of this storage concept.

Experimental results showed the development of characteristic temperature pro�les 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 in�uence 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 de�ciencies 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 ef�cient 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:

http://dx.doi.org/10.1016/j.solener.2017.05.034
0038-092X/ � 2017 Elsevier Ltd. All rights reserved.
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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 (O 2) at high temperatures, which allows to
employ ambient air simultaneously as heat transfer �uid (HTF) and
carrier of the reaction gas O 2. Thermal energy supplied by the HTF
is used to drive the endothermic reduction under the release of O 2,
accounting for the thermal charging step of the storage material
(1). Recombination of the reduced metal oxide and O 2 (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 bene�cial 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 con�gura-
tion of cordierite honeycombs and foams coated with Co 3O4 and
Mn 2O3 has been reported in this regard ( Agra�otis 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 �ows down-
ward (a), which leads to the formation of a characteristic temper-
ature pro�le along the �lling height. The direction of the �ow 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 �uid
Me metal
MFC mass �ow 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 speci�c 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 �ow (J)
DRh speci�c 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 strati�cation 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-�ow mode generally provides to maintain an axial thermal
strati�cation 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 con�guration of the TES
system and the power block, taking advantage of the axial thermal
strati�cation 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 scienti�c 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 BaO 2/BaO, Co3O4/CoO, Mn2O3/Mn 3O4 and CuO/
Cu2O as the most promising in the temperature range of 700–
1100 � C at ambient pressure ( Agra�otis 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 ful�lls 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 Mn 2O3/Mn 3O4

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 Mn 2O3/Mn 3O4

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 CO 2 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 ðMn 0:75Fe0:25Þ2O3 ðsÞ þ DR h � 4 ðMn 0:75Fe0:25Þ3O4 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 �ows 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 MnO 2-10%Fe2O3 in powder form ( Wong,
2011; Wong et al., 2010 ), a lab-scale packed bed/�uidized 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 Co 3O4 or Mn 2O3 (Agra�otis
et al., 2016a; Karagiannakis et al., 2016 ), to a �rst pilot-scale ther-
mochemical storage unit based on Co 3O4/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 O 2 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 O 2 con-
centration in the gas phase (HTF) and observed reaction tempera-
tures into account. The in�uence 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

202 M. Wokon et al. / Solar Energy 153 (2017) 200–214



the reaction gas O 2. The identi�cation 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 storage material 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 Mn 3O4 (Trimanox, Chemalloy) and Fe 2O3 (98% metals
basis, Alfa Aesar) were mixed with a Fe/Mn molar ratio of 1:3,
which corresponds to a Fe 2O3:Mn 3O4 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 combined manganese-iron oxide (solid state reaction),
denoted (Mn 0.75Fe0.25)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 mm was chosen to prevent
�uidization 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 de�ned to minimize the
in�uence of potential boundary effects on the �uid �ow 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
(Mn 0.75Fe0.25)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 con�guration has been chosen for the storage
reactor, in order to analyze the main in�uencing 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 O 2. 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 �ow enters the storage
from the top, whereas the direction of the �ow 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 �ow
passing through the reactor solely from the bottom to the top, so
that a fairly uniform initial bed temperature serves as starting
point and �nal point of each experiment, respectively. Conse-
quently, an axial thermal strati�cation 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 �ows have the lowest in�uence 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 �lter (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 �owsheet 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 O 2 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 �l-
tered ambient air is used, which is provided by a bundle of com-
pressed air (DIN EN 12021). Gas �ow rates and the composition
of mixtures of nitrogen 5.0 and oxygen 4.8 are adjusted by means
of (4) three mass �ow controllers (MFCs for Air/N 2 in the range of
0.8–40 NL/min, MFC for O 2 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 O 2 and N2 in the case of cooling in atmospheres
of reduced oxygen content. The maximum gas �ow 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 �ltered by means of a HEPA �lter. 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 �lter
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 O 2 concen-
tration upstream ( r O2;in ) and downstream the reactor unit
(r O2;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 �ow (which equals the molar fraction of O 2 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 in tegrated in a
tube furnace with additional gas/air heater below the bed (middle); experimental setup of the test rig (right).

Fig. 3. Process �owsheet of the laboratory-scale test rig: Packed bed tube reactor (1), electrical gas/air heater (2), tube furnace (3), gas supply (4), gas m ixing 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 �lled with 471.2 g of granulated
material in the oxidized state (Mn 0.75Fe0.25)2O3, resulting in a bed
height of approximately 15.2 cm prior to gas �ow 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
(Mn 0.75Fe0.25)2O3 granule bed is around 1.353 g/cm 3. Although
the granulated material can be assigned to Geldart group D, the
possibility of �uidization 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 O 2 (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 O 2 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 (Mn 0.75Fe0.25)2O3 to (Mn 0.75Fe0.25)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 �ow 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 speci�ed in Table 1.

In this work only selected experiments are discussed for the dis-
closure of the in�uencing 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 de�ned. 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 �rst part of the study the evolution of characteristic tem-
perature pro�les 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
in�uencing the behavior of a reactor with direct heat transfer,
including the mass �ow 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 pro�les 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 �rst the packed bed of gran-
ules is heated up to an initial temperature of 940 � C, using a con-
stant air �ow 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 pro�les along the height of the packed bed ( 01-04) and
the O2 concentration pro�le downstream the reaction chamber
(r O2;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 (Mn 0.75Fe0.25)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 �rst 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 (Mn 0.75Fe0.25)2O3 has been
converted to (Mn 0.75Fe0.25)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 �ow 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 O 2-
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 O 2.

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 �rst 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 (Mn 0.75Fe0.25)2O3 ? 4 (Mn 0.75Fe0.25)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 (Mn 0.75Fe0.25)3O4 + O2 ? 6 (Mn 0.75Fe0.25)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 (Mn 0.75Fe0.25)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 pro�les 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 identi�ed based on the
absorbed amount of O 2 (Fig. 4, bottom right). Overall, the duration
of the oxidation step is signi�cantly 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 �ow rate gener-
ally constitutes the most important parameter to regulate the heat
input and attainable thermal power level of a storage reactor.
Therefore, the in�uence of different air �ow rates on the reactor
behavior is examined more closely. The packed bed is heated up
to a 940 � C at an air �ow 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 �ow 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 (Mn 0.75Fe0.25)2O3 reduction.
According to the adjusted mass �ow rates, the O 2 concentration
pro�les re�ect 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 �ow 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 �ow at high temperature leads to a
stronger heating effect. Since part of the thermal energy trans-
ported by the �uid �ow has already been utilized to dissociate
(Mn 0.75Fe0.25)2O3 and heat up the reduced material in the bottom
part, only a lower temperature difference between �uid 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, clari�ed by
03 in Fig. 5. With rising air �ow rate this plateau becomes shorter.
Higher gas velocities entail an enhancement of the heat transfer
coef�cient between gas and solid phase. Moreover, the adjustment
of higher mass �ow 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 brie�y described in Section 1 (Wokon
et al., 2017).

In summary, the variation of the adjusted mass �ow rate has a
signi�cant impact on the charging time. This can be well distin-
guished by means of the O 2 evolution curves as well as the length
of the temperature plateaus, also re�ected 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 (Mn 0.75Fe0.25)2O3 ? 4 (Mn 0.75-
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 O 2 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 �ow 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

Signi�cant 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 �ow 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 (de�ned
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 in�uence of various gas inlet 0g,in and initial bed
temperatures 00 as well as different HTF mass �ow rates on the
speci�ed macroscopic parameters.

3.3.1. Flow rate variation
According to the variation of the air �ow rate in the preceding

charging stage (see Section 3.2) the in�uence 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 �ow 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 (Mn 0.75Fe0.25)3O4 is cooled down
to an arbitrarily chosen gas inlet and initial bed temperature of
825 � C under a �ow of 2% O 2 in N 2 at the respective �ow rate for
the reaction, since the atmosphere with reduced O 2 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 �ow 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 (Mn 0.75Fe0.25)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 �ow 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 re�ected in the sen-
sible heating of the packed bed.

In accordance with the variation of air mass �ow 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 �ow rates generally lead to increased heat transfer coef�-
cients between the solid particles and the gas phase. Moreover,
higher mass �ow 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 �ow rates, as transfer of thermal energy from the react-
ing solid to the HTF is enhanced. At 15 NL/min the period of O 2

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 O 2 concentration depicted in
Fig. 6, decreases signi�cantly with smaller �ow rates. The overall
discharging stage is completed, once the O 2 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 (Mn 0.75Fe0.25)3O4 + O2 ? 6
(Mn 0.75Fe0.25)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 suf�cient cooling by the HTF, slowly
extracting the released thermal energy. This is re�ected 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 O 2 concentration in the bed due
to the O 2 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 O 2: In general, the local minimum of
the recorded O 2 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 �ow rate of 15 NL/min, providing the
highest molar amount of O 2 for the reaction, the O 2 concentration
shortly drops down to 7.1% due to the uptake of O 2. A value of 5.6%
O2 is reached for 10 NL/min. At a �ow 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 �ow rates. In this
case the O2 concentration in the bulk phase is not suf�cient for the
oxidation reaction to proceed with higher reaction rates. Thus, at a
�ow 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 O 2-
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 O 2 concentration in the upper region
of the bed. As a result, at 5 NL/min reduced O 2 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 �ow
rate of 5 NL/min is mainly dominated by a decreased reaction rate
due to a shortened availability of O 2 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 �ow 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 �ow 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 �ow 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% O 2 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 clari�es the in�uence 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 �ow
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 O 2 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 �ow
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
de�ning the HTF inlet temperature and mass �ow 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 in�u-
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 (Mn 0.75Fe0.25)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 O 2 evo-
lution onset was registered somewhat earlier in the 17th cycle. The
progress of the O 2 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 O 2

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 O 2 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 simpli�cation the preceding cooling phase in 2%
O2 atmosphere is not depicted. The highest O 2 uptake rate in the

Fig. 7. Temperature variation in storage discharging step 4 (Mn 0.75Fe0.25)3O4 +
O2 ? 6 (Mn 0.75Fe0.25)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 pro�les occur
to be slightly different in the last cycle, indicating potential
changes in the packed bed behavior. The overall reaction time in
terms of O 2 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 veri�ed 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
�lling 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 out�ow 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 �ow behavior and pre-
sent �ow distribution within the packed bed cannot be precisely
predicted. That is why a reasonably homogeneous gas �ow 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 identi�ed 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 (Mn 0.75Fe0.25)2O3 ? 4 (Mn 0.75Fe0.25)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 (Mn 0.75Fe0.25)3O4 + O2 ? 6 (Mn 0.75Fe0.25)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 �ow 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 �uid �ow and eventually increasing the pressure drop over
the packed bed somewhat. Consequently, although the change in
pressure drop upon cycling is not signi�cant, a modi�cation of
the granular particle arrangement and especially its interaction
forces can be af�rmed.

A phase analysis was performed by X-ray powder diffractome-
try (Bruker D8 Advance instrument using Cu-K a1,2 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 Mn 2O3

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 Fe 2O3, cannot be
observed.

In general, the cubic FeMnO 3 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
Mn 2O3 and bixbyite structure (Mn,Fe) 2O3 is not possible. X-ray �u-
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 veri�ed. 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 (Mn 0.75Fe0.25)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 signi�cant 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 raw material features a �ner 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 temperat ure 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 in�ltrated 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 (Mn 0.75Fe0.25)2O3/(Mn 0.75Fe0.25)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 �ow 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 ef�cient 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 in�uence 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 pro�les with the formation of temperature
plateaus and a temperature front travelling in �ow 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), b oth 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 fractio n (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 O 2-carrier, removing or sup-
plying the reactant O 2 respectively, has a direct impact on the
prevailing O 2 concentration and therefore the oxygen partial
pressure in the reactor. Changes of the O 2 concentration due
to the proceeding reaction both in�uence 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 suf�cient 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 in�uence of signi�cantly 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 mbar e 100 bar. LaNi 4.85Al 0.15 and Hydralloy C5 were characterized. The Þrst pressure

concentration-isotherms for both materials below 0 � C are published. LaNi 4.85Al 0.15 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 LaNi 4.85Al 0.15, additionally reaction rate coefÞcients down to � 20 � C were measured

and compared to values of LaNi 5 for the effect of Al-substitution. The reaction rate coef-

Þcient of LaNi 4.85Al 0.15 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 sufÞciently. Due
to wall quenching in the cylinder and low combustion tem-
peratures, the amount of pollutants is increased. Therefore, in
these Þrst 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 (CH 4 and other HC) and volatile organic com-
pounds. Faster heat-up would reduce the emissions
drastically [4e 9].

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 ßow
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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application in vehicles therefore requires water management
at low temperatures. Today, one state of the art start-up
enhancement uses a positive temperature coefÞcient (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
efÞciency substantially [10e 13].

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 efÞciency 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$ MHxþ y 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 speciÞed in the following.

The absorption of hydrogen in metal hydrides forms
different phases. During the transition from a to the b-phase
(called aþ b-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 inßuenced by the reaction
mechanism, the materials ' rate coefÞcient as well as by the
distance to the thermodynamic equilibrium. Besides valid
descriptions of these inßuences, precise measurements
allowing unimpeded gas ßow 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 system with single reaction
inFCvehicles anda closed systemwith coupled reactions in ICEs
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 supplying material 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) (Ti 0.95Zr 0.05Mn 1.46V0.45Fe0.09)
ICE internal combustion engine
k rate coefÞcient s � 1

LaNi 4.85Al 0.15 investigated material (for
preheating)

m mass g
MH metal hydride
m pl 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 ßow ml N/min

VFC volume ßow 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 equilibrium pressure of the heat
generating material 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 LaNi 4.85Al 0.15 as heat generating
material and Hydralloy C5 1 (Ti 0.95Zr 0.05Mn 1.46V0.45Fe0.09) 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 Þt 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 inßuencing 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 LaNi 4.85Al 0.15,
only Þve publications could be found on pressure
concentration-isotherms in a temperature range between 25
and 110 � C [20e 24]. This is also true for C5, for which only few
publications in a temperature range between 0 and 100 � C are
available [25e 27]. 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 LaNi 4.85Al 0.15, 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 LaNi 4.85Al 0.15, literature
data of a comparable alloy, LaNi 5, 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
[29e 31], 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 LaNi 4.85Al 0.15 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 coefÞcients in the range
between � 20 and 40 � C are obtained for LaNi 4.85Al 0.15. 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) [20e 27] and kinetic data (right) [22,27,28] for LaNi4.85Al0.15 and C5.

1 Hydralloy C-materials are AB 2 type hydride alloys numbered
according to their percentage of other A-components than tita-
nium. Therefore, Ti 0.95Zr 0.05Mn 1.46V0.45Fe0.09 e the material used
in this study e is called Hydralloy C5 ® and is referred to as ÔC5 ’ in
this work.
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The static measurement provides hydrogen to the material
and allows sufÞcient 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 inßuence 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 sufÞcient 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 ßow rates, that the material remains very close to
equilibrium during reaction. If the ßow 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 ßow 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 coefÞcient 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 ßow 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 deÞned
� 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 ( aþ b 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 coefÞcient to one temperature, the
maximal temperature change allowed in this work is ± 3 K.

Test bench and reactor design

A test bench was designed and brought into operation as shown
in Fig. 2. The left hand side depicts the layout of the bench with
several hydrogen reservoirs (Sieverts ' volumes, S1-S3) for ßex-
ible measurement of different probe masses. The range of the
volume ßow control (VFC) is small (0.5 … 25 ml N/min) to allow
the approach of the equilibrium state during PCI measure-
ments. A bypass (V tr2 and V tr3 ) allows fast pressure change for
measurements of the kinetic rate coefÞcient. The temperature
of the material is set by a thermostatic bath ( � 30 … 200 � C).

More details on the measurement equipment and accuracy
are given in the supplementary material in Table A-1 and in
Ref. [18].

For near equilibrium PCI measurements, the reactor design
has to allow sufÞcient heat and mass transfer in order to
ensure reaction at constant temperature. Due to the small
volume ßow rates, an inner tube diameter of 9 mm satisÞes
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 (d out ¼ 12 mm) had a length of approx. 100 mm. A
hand valve protects the material at installation. A Þlter 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 LaNi 4.85Al 0.15 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 mm and, 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 Þrst order was found to Þt 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 LaNi 4.85Al 0.15 and an aluminum mass of
20.62 g (factor of 55). The mixture was inserted into a stainless
steel tube with an inner diameter of 9 mm (d out ¼ 12 mm). The
temperature of the material was measured by a thermocouple
type K at a height of approx. 10 mm 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 ßow 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 ßow
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
Þtting 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
slope mpl for each PCI curve was 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
Þtted 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 LaNi 4.85Al 0.15, 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 Þnd the maximal
hydrogen ßow rate for near equilibrium approach. For the
large temperature range of the experiments with
LaNi 4.85Al 0.15, here, a ßow 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).

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 e n e r g y 4 4 ( 2 0 1 9 ) 4 8 7 8 e 4 8 8 84882



conducted are given in detail in Table A-3 of the
supplementary material .

Reaction rate coefÞcient
The measuredvalue is the pressure drop, which correlates to the
hydrogen conversion, over time. An exemplary measurement 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-
efÞcient kðTÞis given in equation (4). The pressure dependence
function f ðpÞis 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 f ðxÞ has to describe the rate controlling step
correctly in order to yield a correct rate coefÞcient. 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 reßected 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 coefÞcient. If this is the case, then the pressure dependence
and mechanism are reßected correctly and the rate coefÞcient
can be derived. Different expressions have been calculated for
the experiments in this work and the reaction mechanism of
Þrst order as given in equation (6) [1,42], was found to be suitable
for all results. Figure A-4 of the supplementary material shows
the Þt 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 coefÞ-
cient can be derived. It is given in equation (8) and leads to the
pre-exponential factor A ins � 1 and theactivation energy Ea inkJ/
mol.

vx
vt

¼ kðTÞ$f ðpÞ$f ðxÞ (4)

f ðpÞ ¼

�
�
�peq � p

�
�
�

peq
(5)

f ðxÞ ¼1 � x (6)

FðxÞ
f ðpÞ

¼
� ln ð1 � 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 at material 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 LaNi 4.85Al 0.15 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 Þt 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 ßow 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. LaNi 4.85Al 0.15 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, LaNi 4.85Al 0.15 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
peqðTMH Þ

(9)

The investigated factors ranged between 2 and 57. For all
factors, similar rate coefÞcients were obtained. Therefore we
conclude that gas transport was sufÞcient 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 ßow rates and the chosen values are
given in the supplementary material in Figure A-5. Figure A-6
shows repeated experiments for the rate coefÞcient 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, Þrst 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, the measurements 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 LaNi 4.85Al 0.15 are pre-
sented and the pre-exponential factor and the activation en-
ergy are derived. The results are compared to measurement
for LaNi 5 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 identiÞed 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 Þnal PCI results for both materials are given in Fig. 5.
To our knowledge, they represent the Þrst publication of
thermodynamic values at temperatures below 25 � C and 0 � C
for LaNi 4.85Al 0.15 and C5, respectively. They allow precise
description of the equilibrium state down to � 20 � C for
LaNi 4.85Al 0.15 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 LaNi 4.85Al 0.15. 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, LaNi 4.85Al 0.15

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 aþ b-
phase is not affected but allows precise description of the mid-
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 � mid is
deduced. The values are given in Table 1 . The very small value
for the plateau slope of LaNi 4.85Al 0.15 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 coef�cient measurements

The reaction rate of LaNi 4.85Al 0.15 was investigated in the
range of � 20 to 40 � C. The resulting reaction rate coefÞcient
are depicted in Fig. 6 and all values, together with measure-
ment speciÞcations, are given in Table 2 . The rate coefÞcient
values for C5 from Ref. [27] are also included in the Þgure. The

Table 1 e Reaction enthalpy, entropy and plateau slope for LaNi 4.85Al 0.15 and C5.

LaNi 4.85Al 0.15

x DRH DRHmean DRS DRSmean m pl 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 p end 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-2 a 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 coefÞcients for LaNi 4.85Al 0.15 are clearly below the values
for C5. However, they still show high values compared to other
metal hydrides, e.g. the reaction rate coefÞcient of
LaNi 4.85Al 0.15 at � 20 � C is 0.0018 s� 1. Hence hydrogen

conversion to a value of 90% would take around 8.5 min 2. The

Fig. 4 e Comparison of results of LaNi 4.85Al 0.15 to literature [21,23] (left) and C5 to literature [25e 27] (right).

Fig. 5 e PCI measurements (left) and resulting Van 't Hoff plot (right) for absorption (solid) and desorption (dashed) for
LaNi 4.85Al 0.15 and for C5.

2 At isothermal conditions and if only the reaction rate coefÞ-
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 conversion b.

From the values for the reaction rate coefÞcient, the
Arrhenius equation (8) can be used to derive the pre-
exponential factor and the activation energy. For
LaNi 4.85Al 0.15 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 ¼5:4$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 LaNi 5, publications don 't agree
on the exact rate coefÞcients for this material, showing the
difÞculty of these measurements such as isothermal condi-
tions, a range can be deÞned and compared to the Þndings of
this work for LaNi 4.85Al 0.15, see Fig. 7. As can be seen, the slope
of the line for LaNi 4.85Al 0.15 is similar to the literature values
for LaNi 5, however, at a higher level. For example at 20 � C, the
reaction rate of LaNi 4.85Al 0.15 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 sufÞcient thermal energy for the vehicle
component, of course much more material is required than
for the characterization measurements. In order to provide
sufÞcient 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 generating material for the open system have to allow for
temperature and pressure losses as well 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 LaNi 4.85Al 0.15 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.
This matches 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 beneÞcial for the reaction rate.
A temperature increase from � 20 � C by 10 K leads to an in-
crease in the reaction rate coefÞcient by a factor of around 2,
leading to full conversion within 5 min instead of 9 min b. 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 coefÞcient
by a factor of 2 and the time for full conversion is prolonged
from half a minute to around one minute b. However, since
this is still very fast, the temperature decrease will most likely
allow for sufÞciently fast reaction.

For the open system in a FC vehicle, the heat generating
material LaNi 4.85Al 0.15 meets the requirements as well. Ab-
sorption at 1 bar and higher from the hydrogen storage tank
leads to absorption temperature levels signiÞcantly 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 coefÞcients for LaNi 4.85Al 0.15 for all performed
experiments and for C5 [27].

Fig. 7 e Rate coefÞcient for LaNi 4.85Al 0.15 compared to LaNi 5

[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 mbar e 100 bar. Pressure
concentration-isotherms for LaNi 4.85Al 0.15 and C5
(Ti 0.95Zr 0.05Mn 1.46V0.45Fe0.09) and reaction rate coefÞcients for
LaNi 4.85Al 0.15 were measured in the temperature and pressure
range necessary for vehicle preheating applications.

The Þrst PCIs for both materials below 0 � C were published
here. For LaNi 4.85Al 0.15, reaction rate coefÞcients down to
� 20 � C were measured for the Þrst time and compared to
values of LaNi 5 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.
LaNi 4.85Al 0.15 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.

BeneÞcial for the application, the rate coefÞcient results for
LaNi 4.85Al 0.15 show high values even at � 20 � C of 0.0018 s� 1.
Compared to LaNi 5, the aluminum addition in LaNi 4.85Al 0.15

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 sufÞcient 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 the material 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 (LaNi 4.85Al 0.15 and C5 ®)

is designed and preheating operation modes (open and closed) are analyzed. The impact of

the ambient temperature (from � 20 to þ 20 � C), a s well as other inßuencing factors on the

thermal power output such as heat transfer ßow 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 inßuence on

the thermal power with decreasing values for lower temperatures. Here, values between

0.6 kW/kg MH at ambient temperature of � 20 � C and 1.6 kW/kg MH 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/kg MH at a supply

pressure of 1.5 bar and 5.4 kW/kg MH 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
sufÞciently until operation temperature is reached. In these
Þrst couple of minutes, 60 e 80% of all pollutants of the whole
driving cycle are produced [1,2]. As combustion engines
become more and more efÞcient, waste heat is reduced and
this leads to a prolonged cold start phase and more 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 ßow and the expansion in volume can cause mechanical
destruction of the fuel cell [3e 6]. 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
signiÞcantly.

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 [8e 10]. 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 [11e 20]. 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, the most 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 cells e 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 ßow

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 ßuid
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 inßu-
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 inßuencing aspects, the mass
ßow of the heat transfer ßuid (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 to þ 20 � C were 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 the measured 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 ßows 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 ßows 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 � 20e 20 � C
� Twaste ¼ Treg ¼ 90e 130 � 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
produced when 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 1 e 3 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 � 20e 20 � C
� Twaste ¼ Treg ¼ 60e 80 � C
� Theat � 20 K (to reach at least 0 � C)
� ptank ¼ 1.5e 10 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 3e 20 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 suited materials
are LaNi 4.85Al 0.15 from WholeWin (China) for the heat pro-
ducing side and Hydralloy C5 ® (Ti 0.95Zr 0.05Mn 1.56V0.46Fe0.09)
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 LaNi 4.85Al 0.15 (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 LaNi 4.85Al 0.15 (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 LaNi 4.85Al 0.15 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 Þt 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
ßuid (HTF) ßows 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 bafße plates). Commercially avail-
able heat exchangers by Exergy Heat Transfer Solutions
(Model # 00256-06 with clipped bafßes) 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 Þlled 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
LaNi 4.85Al 0.15 (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 LaNi 4.85Al 0.15 [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 ßuid, 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
ßows are measured by Coriolis mass ßow meters (measure-
ment range set to 0 e 1000 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 0 e 40 bar abs, measurement uncertainty of
±0.4 bar). The hydrogen volume ßow is measured by a gas ßow
meter (measurement range of 0 e 100 lN/min extendable to 130
lN/min, measurement uncertainty of ± (0.5% Rd þ 0.1% FS)).
The used heat transfer ßuid 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 ßuid. This is
calculated by the temperature difference of the HTF before
(THTF;in ) and after ( THTF;out ) ßowing through the reactor, the

mass ßow ( _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 thermal power over time as given in Equation (3).

Q ¼
Zt

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)

The absorptionenthalpy of LaNi 4.85Al 0.15 is 31.6 kJ/mol H2 [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 Þlling 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 inßuence 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 ßow 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 HTF mass ßow
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 HTF mass ßow 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 signiÞcant
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
ßow of the HTF and ambient temperature were varied in order
to investigate their inßuence 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 Þgure legend, the reader is referred to the web version of this article.)
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enthalpy of C5 ® (€AH ¼ 28.4 kJ/mol H2 [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 ßow 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
signiÞcant 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
sufÞcient 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 sufÞcient 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) deÞnes 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 sufÞcient for a complete regeneration as compared to
summer conditions.

Besides the regeneration temperature, the mass ßow 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 ßow of 425 kg/h.
The hydrogen conversion curve is steeper for higher HTF mass
ßows but all reach the similar end value of about 1 wt.-%.

The following conclusions can be drawn from these
experimental Þndings. The overall hydrogen conversion is
independent of the HTF mass ßow in the investigated ranges.
Only the development over time at low mass ßow rates and
high ambient temperatures show small sensitivity. In general
the mass ßow seems to have an inßuence 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 sufÞciently by HTF mass ßow of 150 kg/h. At
20 � C the power increases signiÞcantly with the mass ßow,
indicating an inßuence of the HTF mass ßow on the overall
heat transfer in the reactor at high thermal power values.
Because the high thermal power is obviously ensured by the
other inßuence 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 (T reg ¼ 130 � C,
250 kg/h mass ßow 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 400 mbar with a peak value of 614 mbar 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 HTF mass ßow (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 inßuence of the supply pressure, the
HTF mass ßow 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 ßow of heat
transfer ßuid 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 signiÞcantly 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 kW at 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 ßow of HTF was varied, too. Here, no signiÞcant
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 ßow 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 Þnal value. Once the reaction is over, the
Þnal values of the hydrogen conversion are very similar for
each supply pressure value.

At a Þrst glance, these Þndings of decreasing thermal
power at increasing temperature seem to be in contradiction
to Arrhenius 's law. However, since the supply pressure is Þxed
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
inßuence of reactor 2, a comparison of pressure, hydrogen
ßow 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 ßow 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 signiÞcantly after
300 s. In the closed system the pressure is rather constant with
a slow increase to a maximal value of 0.6 bar after around
340 s before it drops again. The hydrogen ßow increases
steeply for both systems and reaches a peak value of 77 l N/min
for the closed and 65 l N/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 Þgure 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 l N/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 ßow 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 ßow and thermal
power. In the closed system after the Þrst seconds the
hydrogen ßow 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 t o possess very fast reaction

kinetics [24] this Þnding has to be conÞrmed 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
Þndings, 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/kg MH at
20 � C, at otherwise same conditions. The open system reached
1.4 kW/kg MH at � 20 � C and supply pressure of 1.5 bar and
5.4 kW/kg MH at � 20 � C and 10 bar.

Table 1 e Thermal power, thermal energy and conversion for different boundary conditions.

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 e n e r g y 4 2 ( 2 0 1 7 ) 1 1 4 6 9 e 1 1 4 8 1 11479



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 reacting material
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 LaNi 4.1Al 0.52Mn 0.38

designed for direct integration into a high temperature PEM
fuel cell operating at clearly higher temperatures (100 e 170 � C).
The maximal thermal power output reached 5.7 kW/kg MH

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 MgH 2 e TiV 0.62Mn 1.5 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 30 e 80 � C. The work fo-
cuses on the simulation of coupled reactions and shows the
possible fast reaction rates but no experiments were 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 can meet 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 inßuence factors on the thermal power.
LaNi 4.85Al 0.15 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 ßow of the heat transfer ßuid (varied
range 150 e 425 kg/h), the regeneration conditions for the
closed system (90 e 130 � C) and the supply pressure for the
open system (1.5 e 10 bar) as well as the ambient tempera-
ture ( � 20e 20 � 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 inßuence. 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 conÞrmed 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.
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� Standardized reactor design for sta-
tionary metal hydride hydrogen
storage.

� Metal hydride-graphite composites
for compact system with low tem-
perature gradient.
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relevant charging conditions.
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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 � lled 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 W el 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 � uctuating 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 � ve-� gure range [2,3] .
Consequently, hydrogen can be stored with highest volumetric
densities (up to 150 g-H 2 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 (H 2) to a
metal hydride (MeH) can be written as

Me þ
1
2

H24 MeH 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 � at 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 in � uence 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 setup where a LaNi5 based storage reactor for
6000 NL7 hydrogen is coupled to a fuel cell � uid 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 � nal 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 � lled with in total 6 kg of Hydralloy C5 ® based MHC, has
been built. The storage reactor has been designed in such a way that
each layer is able to supply suf � cient hydrogen to generate an
electric power of 160 W by a fuel cell for more than 100 min. For the
evaluation of the performance, a utilization factor has been de � ned
that refers to the ratio between the “mass of hydrogen released/
stored with relevant � ow rates ” and the “maximum mass of
hydrogen that can be discharged/charged ” at the corresponding
operation conditions. The � nal goal was to show that with the
presented reactor utilization factors of more than 90% can be
reached.

In this paper, � rst, 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 � nal 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 � ow 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 � rst 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 � lled into tanks in the unac-
tivated state without inert-gas measures and can easily be activated
inside the � nal 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 � Ce 40 � 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 ef � ciently. 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 ful � lls 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
� uid 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 dif � cult 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 � ll the tank with 0.91 kg of hydrogen.
Reducing the refueling time to the required values of less than
5 min for automotive applications will further increase the required
cooling power. In order to handle these high heat � uxes 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 � ns, 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 these well-studied measures e metal
hydride-graphite composites e can still contribute signi � cantly 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, the maximum diameter
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 W el per layer, a hydrogen mass
� ow 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
DRH ¼ 28.4 kJ mol� 1, 38 W of 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 21 mm, 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 dif � cult to supply
the heat of reaction due to the smaller surface area. In order to
show this for the present example, the temperature pro � le has
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been calculated for MHC pellets and powder ( Table 1).
Assuming a cylindrical shape with 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 in � uence 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 � uid like air
is acceptable. Especially the homogeneous reaction pro � le, 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 pro � le
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 coef � cient of approximately
150 W m � 2 K� 1. Thus, the temperature drop from the air to the
center of the MHC is dominated by a DTa ¼ 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, � rst details on the MHC are given, then the
reactor design is shown and � nally 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 each MHC pellet in order to enable suf � cient gas transport
in axial direction. Then, the MHC pellets were � lled 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 � nal 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] ).
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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 W el 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 � lters, 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 � ttings,
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 � ow 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 � ow rates of up to
74.9 mg s� 1 at pressures >10 bar using MFC 2 and at pressures
<10 bar using MFC 3, in order to simulate the hydrogen demand of a
fuel cell. All mass � ow 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 suf � cient hydrogen for 160 W el 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 H 2 in m 3 1
Designed load in W el per layer 160 for 100 min, @ 4 bar back pressure
Dimensions in mm 261 � 444 � 458

9 Rd ¼ Reading, FS¼ 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 � ow 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 640 W el for 100 min
(ef� ciency 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 � ow 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 � ow 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 � rst and last experiment of 38 experiments as well as
several times in between. Fig. 4 shows the mass � ow rate, the
pressure as well as the temperature difference pro � le for one
experiment at the beginning (olive) and the � nal experiment
(black) for absorption (left) and desorption (right).

As it can be seen at the top, the mass � ow 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 W el. This � ow rate could be absorbed or desorbed
from the storage for the desired 100 min. The graphs at the center
of Fig. 4show the corresponding pressure pro � les. In contrast to the
temperature signal that is at steady state ( Fig. 4, bottom), the
pressure signal does not exhibit a perfectly � at 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 100 min, 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 � ow 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 � ow 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
160 W and 100 min. 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.
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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 � ow 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 � ow rates (A) scales almost linearly with the
applied � ow rate. Thus, for 2 � RC 50 min, for 4 � RC 25 min and for
8 � RC about 13 min are reached. However, in order to reach the
corresponding power loads for � ow 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 suf � cient hydrogen at pressures above
4 bar. As it can be seen in Fig. 6 (A, right), the time interval with a
constant � ow 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 � ow rates the behavior

is even more pronounced.
Next to the discussion of the experimental observations in

Figs. 6 and 7shows 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 � ow rates. As long
as the mass � ow rate is constant, the evolution of the hydrogen
mass is represented with straight lines, and as soon as the mass
� ow 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 � nal value of 34.6 g absorbed
hydrogen is reached at constant � ow 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
hydrogen mass of 37.3 g (1.31 wt%, 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 � nal 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 � ow 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 � nal values are
approx. 2 g lower than for desorption. The reason for this behavior
is in the experimental setup, where in the � rst seconds starting at
high pressure the mass � ow 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 � ow rate of 2 � RC (red) and 4 � RC (green),
however, it is obvious that the utilization factor of the stored
hydrogen at constant � ow rate is signi � cantly 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 � ow 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 � ow rates with a high hydrogen utilization factor e at RC. If
the load is increased to higher values, the temperature and pressure
pro � les 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 pro � les
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 signi � cantly 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
� ow 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 � uid. 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 suf � cient 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 � ow 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 signi � cantly

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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in � uence 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 � ow 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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