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Abstract

Reversible gasolid reactions could offer relevaméchnological contributions t@n energy system
predominantly based on renewable energy. Howewer,current understanding of this technology is
mainly based ofundamentalmaterialresearchand generi@pplicationconcepts. Therefore, the first

part of this work summarizes the current state of knowledge in order to identify unique advantages
that could arise from reversible gaslid reactions for energy storage and conversion. Starting with a
technological differetiation 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 seenpnmoésing

to transfer the specific properties of gaslid 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 ahdant 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 oxgmen fr
air, by taking advantage of the pressure dependency of the reaction temperature of metal hydrides
and salt hydrates oby combining the longerm energy storage possibility with abundaamd cost
efficientreactants such as calcium oxide and water.

Zusammenfassung

Reversible GaBeststoffReaktionen kdnnten zentrale technologische Beitrigeinem zukinftigen
erneugbaren Energiesystem leisten. Unseaktuelles Verstandnis basiert jedoch noch im
Wesentlichernauf Materialuntersuchungerund generischeAnwendungsknzepten.Daher fasst der
erste Teil der vorliegenden Arbealen aktuellen Stand des Wissenssammerund identifiziertdabei
mogliche einzigartige Vorteile die aus der Nutzung voreversiblen GasFeststoffReaktionenzur
Energiespeichemg und twandlung entstehen kénnen Dabei werden, ausgehend von einer
technologischen Unterscheidungler reversiblen chemisch@ Prozesse einer Einteilung der
unterschiedlichen Reaktorkonzepte sowie generischen Uberlegungen zur notwendigen
Gasversorgung, drei grugdtzliche Ansatzeabgeleitet Aus heutige Sichtsind dieg: (1) offene
Systene zur Reduktion derAnlagenkomplexitat, (2Nutzungvorhandene Druckdifferenzen zur
Anpassung der Reaktionstemperatur und @ Kombination desintrinsischen Vorted der
verlustfreien Speicherung miut verfiigbaren MaterialenAuf der Grundlage dieser Uberlegungen,
werden im zweiten Teil unsere Abeiten zum Transfer spezifischer Materialeigenschaften in
technische Systeme gammermgefasst. Diese basierdreispielsweiseauf offenen Systeran die mit
Luftsauerstoff reagierenginer Ausnutzung derDruckabhangigkeit der Reaktionstemperatur von
Metallhydriden und Salzhydrateoder einer Kombination aus Langz&hergiepeicherungmit den
sehr gut verfigbaremnd kostenglinstigeReaktangn Kalziumoxid und Wasser.
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1. Introduction and fundamentals

Our current energy system is able to cover basically all relevant aspeetsecdy 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
aspectsin the context of sustainabili: the first one is related to the eventual depletion of all fossil
energyresources that currentljorm the backbone obur energy supply; the second one is related to

the idea of utilizing the surrounding aiegedlyinfinite sink for e.g. exhaust gasérom 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 te fossil
free energy supply on the other side are wigdedleen as key factors for teansformation 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 effitienigysfor
acombination ofimprovingconversion processesg.g. taking advantage of highly eiiat traction in
electrified vehiclesand minimizing unnecessary losses, e.g. reducing wasted thermal energy of
industrial processesr improving building insulationThe secondactor is compagbly clear ands
basedon a subsequent reduction @hergy generatiorbased on fossilesourcessubstituted by an
increasing utilization of rengably availableenergies- if necessary in combation with storage
technologies tqreserve oureliableenergysupply.

Consequently, besides the collection of renewable energystisage andefficient conversionto
effective energycan be seen amaintechnologicatchallengedor a sustainableenergysystem of the
future. However,taking our effective energy needs into consideratemmd comparing them taur
currently invested primary enerdy it becones obvious thata director lineartransitionfrom fossil to
renewable energy supply seemas presentunlikely leaving spaceand nesd - for new, imovative
emergingtechnologies

Reversible chemical reactions between a solid and gaseous reactant, in the following abbreviated as
gassolid reactions,could form the basis for such emerging technologi@fese systems are
increasingly dicussed and investigated not oritythe context ofenergystorage but alsan context

of thermal energyconversion [e.g. -b]. However, sinceur understandingf these systemss sofar

mainly based ofiundamentalmaterialresearchand genericonceptstheir potential contribution to

our future energysupply can be hardly evaluatedlherefore,this work aims tosummarize the
specific potenial of gassolid reations for energy storage and conversi@malyzetheir limitations

and finallytries to contritute to the transfer ofspecificand uniquepropertieson material level to
promisingtechnical systems.

I Primary Energy @sumption in Germany, 2017: ca3.550 PJof which around 13 % was supplidxy
renewable enegies (main fractions: biomass %4, wind energy 2%; photovoltaicl0 %) [6]
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The operation of gassolid reactionis based on the ideto use thermalkenergy asnput to drive an
endothermic decomposition reaction. Therelaygaeous component is released attte thermal
energy is transferred into a chemical potential. Figure 1 shalae schematic principle of this
endothermic decompositionin case of aubsequent separation of the reaction products (A and B)
the chemical reactiorallows directly for ant in principle t infinite storage timeof the associated

Z S }( & Sl}v ~P,e

Figure 1: Schematic ofin endothermic decompositionf a solid compound (AB) into a solid (A) and
a gaseou¢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 theinmed materials. For example,

for low temperature thermochemicanergystorage 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. Faiigher storage temperatures however, treensiblethermal energy
accounts for a higher fractioof the total energyand hasto be taken into account if a utilization is

not possible, the storage products have to beulated (comparable to thermophysicstbrages) in

order to avoid respective thermal losses.

By recombining the reaction productshe exothermic backward reaction allows the release of the
chemically stored thermal energybasically on demand. This is schematically shown in Figure 2.

Figure 2: Schematic ofin exothermic (re)combinationof a solid (A) and a gaseous (B) edatd
the solid compound AB

Combining Figure 1 and Figurgit2zbecomes cleathat the gassolid reation can be either used as

intermediate sink forthermal enegy (Figure 1) omas sink for thegaseous reaction partner, e.g.
8



hydrogen (Figure 2). Due to the presupposed reversitlitthis generic process, it @bvious that
the exchange of thermatnergy is directly linked to aexchange of the gaseous reaction partner.
Various reactions that allow for this exchange are reportedrécent literature, ranging from
extensive material screeningg-12] to experimental invatigations on material andmall laloratory
scales[13-31].

Assuming aisiplified theoretical setup where the generic reactiorof Figure 1 and 2 isontained
within variable boundariedour cases can be distinguishébmpare Figure)3

Figure 3: Schematic of gassolid reaction within fougeneric boundaries: a) adiabatic and closed,
b) adiabatic and open, c¢) diathermémd closed, d) open boundaries

Casel tadiabatic and closed boundari@sigure 3a, equilibrium)rhe system is in equilibrium which
means that pressure and temperatuare constant accordintp the thermodynamic characteristiof
the reaction(details see chapter 2).

Case 2t adiabatic but open boundarieqFigure 3b,temperature changg The gaseous reaction
partner can enter or leave the system. shipply of the gaseous reaction partnérads to an
exothermal answer of the reaction and consequently to a temperature increase (or vice Vidrea).
final (equilibrium)temperature is directly linked to the applied gas pressame the thermodynamic
characteristicof the reaction



Case 3t diathermig but closed boundariegFigure 3cpressure change Thermal energy can pass
the boundarieswhich leadsto a dissociation and consequently to a pressure incredéh
increasing temperature of the solid, theressure increases until the temperature of the material
reaches the temperature of the external heat source.

Case 4t open boundariesHigure 3dstorage mode)in this casereaction gas and thermal energy
can be exchanged. Consequentlye reaction inFigure 1 (or Figure 2) is neelflimited and will
continue untilcomplete conversiois reached.

Following the schematic of Figure @simplifiedreactor has to be partially opeto utilize the full
capacity of the reversible chemical reactiooompare case 4 As a direct consequenceny
thermochemicalapproachhas to fit not only toa temperature but also to a pressure boundary
condition. This clearly differentiates the thermochemical approaches from thermophysical
approaches to store thermatnergy.Up to now, a few demonstration systems with prototype
character that are based dhermochemicabassolid reactions have been reportéd literature [32-
37]. However the associatedsupply (or removal) of the reaction ga under realistic boundar
conditions t might have a severe impact on the practicabilitgnd/or the efficiency of such
thermochemicalsystens. Due to thisgenericreason,thermochemicalenergy storagsor especially
thermochemical systesidedicated to specific applicationsre more complex in comparison to
thermophysical storages based sensible or latent thermal energy.

Concluding above considerations and the state of the art ofsglid reactions and related technical
systems for energy storage and conversittmee majoraspectscan be identified that are cruciédr
the transition from athermochemical processbésically theforward and backward reactigrio a
thermochemical system.

Figured: Schematigrincipleof athermochemical system

2 An exemption could be an artificial (chemical) heat capacity of a diathermic thermochemical systeas, e.g.
small spheres. Patent applicatiininder, M. et al. (2015)DE102015108095AGermany
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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 arein general t summarized as
thermochemical heat storages possess important application relevafgrelifces, 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 (Fimptégration). Since the gas
handling does not only affect ¢hstorage 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 ofthis work Generic considerationsfocusses on these three major aspects of a
thermochemical system in more detail. The main intention is to summarize the state of the art of
gassolid reactions for energy storage and conversion and derive specific agjfaelversible gas

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

Some of these specific aspedten material levelt are:

X Lorgterm storage possibilityclue to the separation of reactanend the associated storage
at ambient temperature without thermal losses

High storage densitieslue to the involved thermochemical process

Possibility to combine heat and/or cold storage

, § E o <+ #}v [due tothe controllability of the backward reaction

Possibility taransform heat thermal upgrade)

X X X X X

Use ofcheap and widely available materials

Chapter 3 of this work@wn research and main salts gives an overview of ouapproaches to
transfer these specific aspects into technical systems and summarizes the maig. @ssilles 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 thigansformation processes. And finally, abundantly
available materials such as quick lime (based on natural lime stone) or some salt hydratess@dg.

on Carndlite or CaC) are available at low cost and with low environmental footprint and might be
therefore promising candidates for efgture longterm storage solutions.

Chapter 4 (Summary and Outlgokoncludes theamain aspects of this work and a#mio indicate
future researchdirections for the transfer of specific material properties of -gafid reactions to
technical systems for energy storage and conversion.
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2. Generic considerations

Thi chapter aims tintroduce the three important aspectsf gassolid reactionsSince any potential
specific advantage of a thermochemical system is basethaterial 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
thermochemicaleactor ascrucial component

2.1. Storage material: T hermochemical p rocess

"1 [+ (CE v EPC v e §} e« (E hgasedus veacteni $aC thefmochemical
energy storages- especially for reversible systems witissociatedhigh enthalpies pemol of
reactant The bllowing equation states that for a given temperature, (fje chemical potential
(Gibbs free energyof the reversible eactionat equilibrium is zero:

rL¢)L ¢ F 665 1)

However, as long as the systeninghermodynamic equilibriunmneither a charging naa discharging

of the storage is possibleAccording to Figure 1, for 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 othe products). On the other hanthe 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 guation (1), for a given temperature (T), tlenthalpy change 4H) is directly proportional

to the entropy change 45). Thus, a largentropy change promises high reaction enthalpyof the
thermochemical processSincevolume changesre associated with a large change in entropy
charging of a themochernical systenis generally combined with a release of a gaseous compound or
product and vice versaEven though a few potential applications exist that utilize the heat of
involved thermochemical processes without a gaseous phasermochemicateaction systemsan

be generally classified by the state of the second involved reaction patttiezse are consequently
gasliquid, gasgas or gasolid thermochemical processes.

3 E.g. one way solitiquid thermochemical systems for instantaneous heat reldasev.barocook.el
12




A general introduction taghermochemical energy storadgeased on gasolid reactionsvas 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 prBegess.
though this gendc description can be applied for gaslid, gadiquid and gagyas reactios, it does

not reflect the specific characteristics okach storage principlethat can be utilized for
thermochemical energgtorage.Whereas the state of conversion of ggas reactions or sorption
processes has a direct impact on the temperature of the reaction (due to different reasons),
reversible gasolid reactions follow an equilibrium line that allows for a complete conversiam at
specific given pressure/temperature conditionTherefore, in the following chapter a general
characterizations given thatfocuses briefly on the most important operation differencebetween

the different thermochemical processes.

2.1.1. GasGas reactions: Mixture of reaction products and educts
The main characteristic of gagss 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 possibld hisaffectson 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 kiogiact on the
storage temperatures.

Figure5: Schematic GaGas ReactianReachable anverted fraction depends oithe available
temperature level
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The correlation betweerthe converted fraction doncentration of the reaction produgtand the
equilibrium temperature of the reactiofor a gasgasreactionis schematically showin Figure 51t is
obvious that the extent of converted fraction is equakhe stored thermal energyhich t according

to Figire 5 - depends directly on the maximum teyarature that can be reached during the charging
process. For the backward reaction the correlation is comparabtee lower the discharging
temperature, the larger is the fraction of converted reaction partners. Therefarerder to reach
high convertel fractions, a thermochemical heat storage based on-ggs reactions requires
temperatureoperationrange

Examples othermochemical systems based @ngasgas reaction are reversible dissociatoof
ammona or methane [38, 39. For thermal energystorage the ammoniabased thermochemical
energy storage offers an intrinsic advantatfehe system is operated above the saturation pressure
of ammonia, it is possible to easily separate a large fraction of ammonia from its dissociation
products (nitro@n and hydrogenpy condensation40]. Besides the application as thermal energy
store, s o0 Z Z u] o zZondig¥alitsas [of reversible gagas reaction offer the possibility

of a long distance transfer of high temperature thermal energy withimal losses41]. A chemical

heat pipe based on steam methane reforming was intensiirahgstigated in the context of high
temperature (nuclear) reactor89).

2.1.2. Ad-and Absorption processes: Graduate charging
Even thoughad- or absorption processes daot involve a chemical reaction, the systems that are
based on these principles are often included in the expresdmrmochemicalenergy storage[
Besides liquid sorption systems (sucheag. LiBFHO), the most prominensystems are based on
silica gls or zolites and use watevapor as gaseous reactant. Even thoutjte reactants can be
easily separated (supply or removal of wateapor), the storage density of a given system also
increases with increased chargitgmperature and/or decreased discharging temperaturdhis is
comparable to the gagas reactions mentionedbove, even ithe underlying reason is different.

The schematic of a sorption proceissshownin Figure 6 The isosteres, shown as straighebnreer
to different states of chargethat are characteristic for sorption processesice e.g.a thermal

]* Z EP]JvP }EE *%}v « S8} PE po Z(Joo]vP[ }( XPX A Jo
respectively. Therefore, for a given pressure, the amounadgorbedreaction gas increases with
decreasing temperatureThus for a given gas pressutbe Z }v A Eof]the§e thermochemical
storage systemmincreases with increasirtgmperature differences between charging in discharging

As a consequence, sorption based thermochemaargy storages demand a temperature (or
pressure) difference between charging and discharging-doda given systemits extend is directly
correlated to the stored energy. The samm@herences are valibr absorption processes of géquid
systemsin this case due to dilution effects

14



Figure6:. Schematic a@rption processes: The state of charging depends for a given temperature on
the available pressure or vice versa

Thermochemical systems based att and absorption processes areramercially available, mainly

as continuously operated thermally driven heat pumpa these cases a temperature swing of the
solid sorption material iexternallyinduced which leads to a pressure swing of the gasecactaeat.

If two processes are alternatingly coupled, a continuous mass flux of the reactant is obtained.
Depending on the peato-peak amplitude of the temperature swing, the mass flux can be combined
with a pressure increasé this process is comparable tmnventional 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 aste heat recovery42, 43. Gassolid sorption systems for thermal energy storage
are still in research statgt4]*. As mentioned above, ideal conditions for this type of storages allow
for a temperature difference between charging and discharging andiredonger storage periods.

This could be on side realized by the transport of thermal energy from a s@gcéndustrial waste

heat) to a nearby sink €.g. 45]. Additionally a widely addressed potential application is the
decentralized seasonal stgya to cover the heat demand in winte©re 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 wiffexise solar
thermal collectors).However,the environmental impact of manufacturing the materiahd the
system has to be taken carefully into accourspeciallyif the benchmark is sensible storage in ron
pressurized water tankglg).

4 Exemptions are based on unique features, e.g.: Dish washenbination of drying and heating of air,
[https://www.siemenshome.bsh roup.com.au/inspiration/innovation/hithights/zeoliikand
beer keg (cooling odemand http://www.tucher.de/unserebiere/unserortiment/unsercoolkeq_}}
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2.1.3. GasSolid reactions: Distinct equilibrium
Gassolid reactionsre in general comparable to adsorption processes dinegeactants can also be
easily separated. However, in contrast the above describedgraduate filling one distinct
equilibrium line separates the chargsthte from the discharged on&his is due to formation of a
new chemical compound (e.g. formation ofnaetal hydroxideby the chemical reaction of a metal
oxide and watewvapor).

The schematic principle asucha gassolid reaction is showin Figure7 usinga specific phase
diagram for a better visualization of the associated presstrel Z]s «} 00 A Vv[3 ,}(( %0} «
the thermally charged state (below) from the discharged state (above the line). Therefore, for a given
reaction gas pressure,@mplete conversion corresponding to the maximum storage capacity of the
respectivestage is possible at one distirteimperature.Analogiesan be drawrto the condensation

of a gaqat a constant pressure) or to the solidification of a liquid.

Figure7: Schematicgassolid 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 visa ve

This theoetical coherence cabe limited by effects like hysteresis (difference between formation
and dissociatioror kinetic limitation$ or intermediate steps that canccure.g.during hydration of
somesalts However, due to this coherence, thiéscharging temperature for the full capacity of the
thermochemical storage can be almost equal to the charging tempera@assolid 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 storagerie unit. On the other side, this distt
correlation is related tcstructural change of the reactingsolid. Thesenight have direct impact on

16



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 haveftnot
laboratory scales yetExemptions are chemisorption processes such as metal hydrides for e.g.
hydrogen storage47].

Additionally,the distinct equilibrium lindmposes another challenge for the technical application of
gassolid reactions: fie respectivarequiredtemperature tas to be reacheth any caset in contrast

to the above described systems, a gradual chartgaging to apredictable lower performancéif
the nominal temperature is not reache@ not possible. Either the temperature level is sufficiently
highorthe S}E P <Ce+3 u } «avhii ObpsEduentlyreversiblegassolid reactions have to
perfectly match therequired temperature condition of the intended applicatioAccording to
Figure8, this could be achievedby changing thepressureof the gaseous mctant. However, this
option depends highly on the integration possibilities into the intended applicattoriogical
approachto overcome this issuean be derived froniquation (1) and is shown in Figure 8Asthe
related equilibrium temperaturefor a given pressuréncreases with increasingpecific reaction
enthalpy, different reacting solids cahe choserfor the same gaseous reactafg.g. water vapor,
forming hydroxide phaseg8]. Thereby the thermodynamic equilibrium of the esdid reacion
based on a given reaction gas, e.g. watapor, can be to a certain extent adapted to the intended
application. One emerging research field in this context is the chemical modific#titve reacting
solid with the future goalto precisely tailorits thermodynamic equilibriumwith the respective
gaseous reactarfe.g.24].

Figure8: Adaptation possibilities of gamlid reactions:Impact of a pressure change on the
associated equilibrium temperature (arrows) amapact of the involved heat akaction
(dashed linsfor solid reacs v A]3Z o}A E P,
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It is rather obvious that above used general classificatioonlyg possible for the sake afertain
impreciseness. For instance, in case thie above mentioned interstitial metal hydrides
(chemisoption process), a strict classification is not possible since the reaction behavior depends
highly on the chosenolid oralloy 49]. Moreover, by means of specifically tailored storage materials
adapted to the respective gaseous reaction partner, the temapure dependency of the state of
charge of sorption materials can be drastically reducB@].[And finally, whether the specific
differences of gasolid processeto other thermochemical systermare important or not depends a

lot on the intended applid#on.

2.2. Thermochemical s ystem: Process integration

The development ofa thermochemicalsystemdoes not only depend on the respective material
properties, e.genergydensity, heat capacityr heat of reactionput does also highly depend on the
intended process. A proper integration strateggs to consider the supply and removal of the
gaseous reactant and therebinally defines whetkr a thermochemical systemman offer some of
the above mentioned advantageslin this context two general operation principles for
thermochemicabystemscan be distinguished.

In a closed thermochemical system only thermal energy is exchanged with the respective process.
Therefore, the released reaction partner has to be handledrivally. 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:®) is used as reaction partner, the required compression work can be
substituted bythermal energyt which has to be available at the respective temperature level

during the process of thermal disclgarg. On the other handan openthermochemicalsystem
exchangesot only thermal energy but also iteaction partnert either with theambient 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 aafility of the reaction partnehave to be
considered. Ithis chapterboth options are briefly discussed.

2.2.1. Closed systems
The general schematics of closed thermochemical systemghermal energy storage arghownin
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 lawather
density, additional measures are necessary to reach high storggtks of the system.

For this purposgthree different cases can be distinguished that are schematically given in Bigure
The first option is the compression of the reaction part({feigure9a). The released reactant(s) from
the charging process flowthirough a compression unit and is later stored in a vessel at a certain

18



pressure. For the compression, additional energyeiguired that has to be taken into account
especially since mechanical energy is necessary to operate the thermal energy storage.

Obviously the compression work is partially available as potential eypergthe storage vessel.
Therefore a redutilization to a certain extend is possible either by increasing the discharge
temperature of the thermochemical storage (compare chapte2) or by an expansion unit that
partially recovers the mechanical energy.

Another option is to utilize a condensable gas, e.g. wagror (Figure9b). In this case, the gaseous
reaction partner is released during the charging at the respective tenyoerand transferred to a
comected condensation unit. If thi€ondensation unit operates at temperatures below the
condensation tempeature the gaseous reaction partnautomatically condenseshereby drastically
increasing its density. In order to opégaat 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 uri. 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 conditiesisles water

vapor reactions e.g. also ammonia or £liased reactios 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 tB condensation process, also a second reactiontmused to offer a sink fahe
gaseous reactanfFigure9c). In this case, two reactors with two adapted reaction systems that
operate at the same gas pressure but at different temperatures aeessaryThis configuration is
mainly investigated with coupled methldrogenor saltammonia based reactiongb1-53]. These
concepts demand aouple of reacting solidsith two different thermochemicaproperties thathave

to fit to the intended applicationThe occurring heat flugs are comparable to case (ljut the
systems complexity might be higher since at least two reactors are necessary.
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Figure9: Schematics of closed thermochemical systeray compression of reaction gas, e.g.
hydrogen or carbon dioxide; b) condensable reaction gases, e.g. wateror ammonia,
¢) coupled reactions, e.g. metal alloys and hydrogen or salts and ammonia. Greyish arrows
indicate thermal energy, blackramw indicates mechanical energy

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

So, these thermochemical systems are also basic configurations for chemical heat pumps. The only
difference might berelated to the power and capacity level of the respective reactdvhile a
thermochemicaknergystore is rather operated as batch proceshkich addresses a certain storage
capacity the chemical heat pump operates quasintinuously by two alternating processasd has

to reach a certain power leveHowever, the relevant similarity is the operation between two heat
fluxes that occur at different temperature levels.

For closedthermochemicalenergy storagse using a second heat flucgse (b) and case jcthree
operation strategies can be distinighed that are shown in Figuf®®.

5 In these examples the exothermic process di#in [« Z EP]JvP ]¢ }ve] €Hectwhichjsthguoage
foE §Z GBu} Z u] o ZZ ObYiopsEUP ]v * }( 8$Z Eu} Z u] ihe ZegpecfiveS}E P
endothermic process would be considered as useful effdowever, the integration aspects are comparable
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(1) The second energy flug used as additional befie In this case the endothermiprocess
during discharge (e.g. evaporation(o0$Z @& S8]}v P e« ]« |storages THed®d [
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 casésharging and discharging.

(2) The ambient is used as basis. In this ahsemochemical systemare 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 conditior(e.g.
winter/summer)

(3) The thermochemical system is designedreuse thelow grade thermal energy available
within the process (e.ggenerallyreleasedvia cooling towers In this case the thermal
energyis not released to the ambient but used to supfilg gaseous reaction partner (e.qg.
for evaporation). The thermochemical reaction than releases high grade tiemergy that
can be used to generate mechanical enefgyg. Honigmann process, details id])5

FigurelO: Operation principles otlosed thermochmical energy storages (dischargingse with
EYSZ EEu] %E&} e o WBifGEJU EC Zpe (MHO]

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 tbemplexty of the system can beeduced if also an exchange
of the reaction partner is possible.

Two general principle of open thermochemical systenge shownin Figure 111In Figure 1a, the
open thermochemical systens 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 sirmehient is used

as sink and sourc®ue to the very smaltoncentration of C®in ambient air CQ based reactions

are theoretically possible but might require additional measures to increase the availability,
especially for the thermal dischargirfgincethe gaseougeaction partner does not have to be stored,
the storage density of the thermochemical storagyestemis clearly increased. However, additional
guestions like poisoning of the storage material by side reactions (&adhonatior) or the
guaraneed availability of a sufficient concentration ¢iet gaseous reactiopartner (e.g. watervapor

in winter season) arise.

Figure 1: Schematics of open thermochemical systerak utilization of gases available in ambient
air; b) utilization of gasesralady used in processe&reyish arrows indicate thermal
energy

The second option is only possible if the reaction systemirfitsthe intended process since in this
case the thermochemical system is directlyegrated, compare Figurelb. Obviously,againthe
storage density can be increasadd also only pe reactor is necessary. But additionakyen if the
integration effort is higher, the quality of the reaction gas as well as its availability is knaidvn an
projectable. Onenteresting advantage ight 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 alraiableain the
process, e.g. wateraporin industrial processes or hydroggas inhydrogenfueledcars.
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2.3.Key component: Thermochemical reactor

The thermochemicalreactor is the crucial componentf every thermochemical systersince it
connectsthe respetive thermochemical process on one side and the intendpglicationwith its
specificrequirements on the other side.

The stoage reactor has to ensure an excellgitribution of the gaseous reaction partner as well as
an excellentheat transferbetween the thermochemical process and the respective hemtsfer
fluid. In case of gasolid or gadiquid reactions, it has to guarantee a separation of the reactants in
order to prevent, e.g. aidcharge of the solid material. Additionallyepbndingon the chosen
reaction system, also high pressures and/or temperatures can occur that might deatsm certain
measures. Finally, the respectiapplicationrequirements such as charging or discharging power and
capacity have to be reached and determinaimdesign parameters of the reactdut in contrast to
thermophysical storagg 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 gpective thermochemical process.

2.3.1. Rate of reaction and thermal power of the reactor
Thermodynamidata of the respective reaction systems can be found in literature and are in general
reliable.Based on these data, theoretically suitable reactiforsa specific applicationan be found
and unsuitable systems can be excluded. However, the final applicability ofharmpochemical
systemdepends on the reachable rate of reactiohthe materialat the respective conditions

Therefore, in order to identify possible reaction systems for thermochemical heat storage, a detailed
analysis of the respective rate of reactian application relevant temperatures and pressures is
necessary. In general, thate of reaction( @ % @ Pan be described by following generic equation
that takes three different dependencies into account:

@\&@ b B:6; GBKLA G @B T; (2)

(1) Temperature dependencyB:6;
For a given reaction system, a temperature increase leads in principle to an accelerated rate
}(E S]}v~ EEZ v]pe[ % v v CeX

(2) Equilibrium dependencyBkLa g 0
The thermochemical process can only proceedil the equilibrium is reached-orgassolid
reactions this equilibrium dependency can be described byeaperimentally determined
correlation between the locally available gas pressupg dnd the known equilibrium
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pressure at the local temperaturepg). Due to this dependency on the wtbrium,
thermochemicalsystemsbased on gasolid reactionsare selflimiting and the available
pressureleveldirectly determines theeactiontemperature.
(3) Dependency on the reaction mechanisii T;

The third dependency summarizes possible reaatimthanisms and tads into account that
the reachedstate ofconversion has an additional impact on the further reactiBramples
arethe deceleration of the chemical reaction towarisl conversiona slow but exponential
rate of reaction at low conversn 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 analysiat (almost)ideal conditionsFor gassolid reactions, tasewould beisothermal
conditions with constant pressure that are not influenced by any transfer processes. Based on such
an experimental configuration, a set of experimentsthe relevant temperature and pressure
boundaries can be performed to analyze main dependencies and a general applicBbitignding

on the experimental setip and the measurement principle, additional thermal ballast (inert
material) can be used to dezase the thermal power density anithereby improve isothermal
conditions.

In contrast to these experiments witfalmost) ideal boundary conditionthe reactorof any later
applicationis always limied by heat transferand/or the distribution of the reation gas Both
influencethe reactionsince they lead to a deviation between thaluesgiven by the application that
are available at the reactor boundary and the logalueswhere the reactiomactuallyproceeds. This
overlapof heat and mass transfer in combination with the respective rate of reactioneofrthterial
is schematicallyshown in Figure 24 for the exothermic reaction inside a gaslid reactorand a
schematic rate of reactioaf the reactingmaterial.

The heat tansfer 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 stadce. Regarding the mass
transfer,the heatsotE ~ o | B § vPo ¢ §hegaSedisireagtion 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 deends 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 2: Schematic of transfeprocesseswithin the reactor. 8own example: gasolid reacton
(black rectanglewith schematic reaction mechanisiffirst order, right diagran), gas
supply from top(unfilled arrow)and heat release to the lefgreyish arroy

Both transfer processes are driven by a gradient. The heat transfer demands a temperatu
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 presgiradient. This gradient affects the required
reaction gas pressure that has to be supplied by the process. As desahibed the availability of a
certain gas pressure is directly linked to the integration strategy of the storage and since it effects
most cases the storage efiimcy it has to be minimized as well

Therefore, the dvelopment of areactor that isoptimized with respect tahe required thermal
power, the required storage capacity, the necessary rate of reaction of the storageiahatbe
required temperature level and the acceptable gradients for the transfer processeglires
excellent knowledge of all involved parameters

2.3.2. Reactor concepts
In order to optimize thermochemicaéactors, the above describambirelation betweenspecific rate
of reaction, local availability of reaction partner and local temperatuged to be addressedven
though the variety of specific reactatesignsis almost infinite,the following section aims to
summaries generic conpés that have a dirddmpact onthe operation of a thermochemical system.

Direct and ndirect approaches

Comparable to sensible thermal energy storages, the heat trarisfegassolid reactionscan be
realized by an internal heat exchanger that is surrounded by the storage mafesabaree.g.
storages based owoncrete [55]) or without internal heat exchangefcompare regenerator type
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storages, e.g.[56-58]). In contrast to these noreacting storages, a direct concept of a
thermochemical storage requires not only a direct contact \ith heat transfer fluidout also with
the gaseous reactant, compare Figure 13.

Figure B: Schematic of direct (left) and indirect (right) concegdbr gassolid reactions Greyish
arrows indicate thermal energy; black outline indicates gaseous reaction partner

The main advantage of a direct concept is the possibility to gevidrastically reduce) limitations by
heat conductionsince the whole reactio material is in direct contact with the heat transfer fluid.
Additionally, incase of a fluidizationthe conditions for the thermochemical reaction are excellent
leading to theoretically very high power densities. Howeespeciallyin case of gasolidreactions,

the bulk material is generallgt fine powder which consequently leads to pressure drops along the
length of the bedor tends b form agglomeratesand channelghat hindera homogenas operation

of the reactor Additionally, thedirect reactorconcept demandgither 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 concentrationseziction gas are difficult to realiz&speciallyf 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 inténsalheat transfer matrices

or foamsto increase the effective thermal conductiyjta pelletizing of the reaction material with
heat transporting additives, e.g. expanded natural graphatethe utilization of a fluidized bed with
internal heat exchangerfThe main advange ofall indirect concepts ishe 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 mateeial
possibility tomodify the materiabut also to a large extend on the inteed application.
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Systems with fixed or moved thermochemical material

So far it was assumed thahe storage material remains inside of the reactmd the reactor for the
discharging process is identical to the reactor far tharging proces3hisbasicconcept is showim
Figure 14as case (a The storage material is kept in one reactor that allows for a distribution of the
reaction partner as well as forsfficientheat transfer. In such a reactor, the capacity of the thermal
storage is given by itgolume and the amount of materidthat can be filled in.n order tominimize

the dependency of thactualpower level on the state of charge, the complete reactor volume has to
show comparable heat and mass transfer capabilit@®snsequently, any increase in capacity scales
linearly with the effort for efficient heat transfefherefore, this class oéactorswith a fixed storage
material isreasonable for high power applications with rather small capacities.

Figure #: Schenatic of thermochemical systems based dimed (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 died storage material, case)(bllows the detachment of power
leveland storagecapacity. In this case the storage matehak tobe moved from the reactio@one

to the storage volumend vice versa. The reacti@aoneis actually equipped with the necessary heat
and mass transfer measures in order to reach the required power tdudle process. The storage
volume (capacity) however, can ke simple container thastores the inactive storage materiédo,

on one sidethis conceptallows for lowcost storage solutions if high capacities are required (e.g.
longterm or seasonal storage) since the complex reaction part can be redoc@dninimum. On the
other sidethe possibility to move the reaction material is mandato

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

material can be moved, it becomes possible to @pertwo different reaction zoneConsequently
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each reactionzone can beadapted to the respective bawary conditions. This is especially
interesting if e.g. the heat transfeffuid of the heat source focharging is different to the heat
transfer fuid of the indented heat sinkCase ¢ also includes the transport of the material over
longer distancesEven though these concepts are at present limited by the transportation efforts
(driver, energy consumption, etcdhey could become an interesting alternative to couple heat
sources (e.g. waste heat) with nearby heat sinks in the future.

In general itcan be concluded that a thermochemical reactor is the crucial compofoengévely
thermochemical systentven though the maximum volumetric and gravimetric energy densities are
given by the reaction material, the practically reachable valuestfermochemical systems are
highly influenced by the reactatself. 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 ttapplication (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 meth@dg. tube bundle or plate heat
exchangers)However, additive manufacturing could help to desigmproved specific reactors that

are not only optimized for heat exchange vs. energy density (theriysipal 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 bllowing chapter summarizes ovwublishedresearch on gasolid reactionsThe literature used
for this partcan be found in Chapter 6 and is therefore indicated byffaerént style of citation As
described abovghis work is motivated byhe idea of transferring specific characteristics of-gatid
reactions on material level to technicgystems.Consequently, e first subchapter deals with the
concept of open thermochemical systems tlzaiuld offer high energgtorage densitie®n system
level since aninternal gas handling is not necesgailn the second subhapter the distinct
equilibrium line of gasolid reactionsdescribed in Figure & utilized tocomplementthe storage
option with an intrinsic heat pump effect. And finalliy, order to address the discrepancy of leng
term storage ad economic constraints of technical systemgassolid reactions based cebundantly
availableand cheapmaterialsare investigatedEach subchapter starts with ashort description of
the specific characteristic (that could turn into a unique sellingnpddr the technical system)
followed by an extended summary of owresults and a brief outlook.

3.1. Utilizing av ailable gases / Open operation

As described in chapter &,thermochemical system based on a-gafid reactionis composed oét

least twosubstancesa gaseous and a solid one. Even though this increases the system coniplexity
comparison tothermophysical energy storageshe pressure of the gaseous reactant offers one
additional degree of freedom for the operation of the thermocheai syptem (compare Figur8).
Onepossibility to avoid additional gas handling components is based on an open operation principle
This open operation means that the ga®slid reaction exchanges the gaseous reaction partner,
either with the ambieh or with the technical systemlin this case, some of the thermochemical
characteristicghigh energy density, lossless storage) could be utilized without the drawback of a
rather complex system.

3.1.1. Opento ambient
Gassolid reactions based on either a sorptiprocessor a chemical reaction usingater vaporas
gaseous reactandare under investigation and developmefior seasonal storagsince many years
[59, 6Q]. As mentioned in Chapter 2.2.ih closed system¢he heat ofevaporationto supply the
system with watervapor has to be taken into accountEquation (} indicates that theheat of
reaction (or sorption) depends directly on the associated temperature. For technical sybisnase
designed for solar thermal collectoas chargingtemperatures of 100160 °Cthe heat of reaction (or
sorption) can be assuntto around 60kJ/mol t per molH,O. Even though thisalculationis rather
rough, one can conclude thatithout the possibility to utilize evaporated water (or low gead

thermal enegy for evaporation, ~ 4RJ/moli2g), the thermal energy released during discharging can
29



only be around 1/3 of the originally speritdrmal energy for charginglowever, if watevaporcould

be taken from the ambientthe full storage capacity of these reaction systems could bel.use
Consequently technology development of seasonal energy storage based on a thermochemical
processhas to focusn very low watewvaporpressures< 13 mbar®) in order tobe able tointegrate

low grade thermal energy

Another substance useable faypen gassold reactions and available immbient air is oxygen. In
contrast to watervapor, the concentration obxygenin air is rather higland independentf the
temperature. Therefore we have worked on the identification of suitable reaction system®fiem
thermochemical energy storage based on the reaction partner oxygemwever,sincereversible
reactions with oxygen uire temperatures above 700 °@hese systens could only beused for
applications operated atery high temperatures, e.g. power gaation or high temperatureprocess
heat. Cobalt xide CoQ is one example that offerexcellent thermochemical characteristics, like
specific energy density, marginal hyssis and good cycling stability. Therefdtas investigted by
researchgroups rangingrom material characterizatiofiL4, 61, 62] to first prototypes[37, 63 &4].

Even though seems to be an excellent material for open-galid reactions,for technical
systemsdts health and environmental issues as well as itslabiéity cannot beneglected Therefore,
we have focused onrealternative material based on Manganes&s pure MnO is not cycle stable,
we worked with MAFe-Oxides and could identify théhermodynamic and kinetic propertiesf
(Mno.7sF&.25)304 in the technial relevant rangg65]. Additionally, werealized alab-scale reaction
bed and investigated stperformance as opetiermochemical energy storageith reactive granules
of 1-3 mm particle sizén a fixed bedcompare Figure5).

Figure B: Labscale system for open thermochemical energy storage using Oxygen as rehefant.
Labscale testbench for investigation of gasolid reaction based on oxygen; right: view
into fixed bed reactor containing reactive granules of {Mhe 25304 [Wok 2017].

6 Vapor pressure of ater at around 10°C
7 Different style of citation: a copy of this paper can be found in chafte
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Even thoughhe smalllab-scale systenfca. 500 g of solid materialas operated above 900 °C (with
the associated challenge of thermal losses), it was possible to investigate its performancailin det
and demonstrateits general suitability for high temperature thermal energy storage [Wok_2017].
Due to the high operation temperature in combination with a rather large hysteresis
(>100K@~900 °C), the thermal charging of a fixed reaction bed with,fdR);0s 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) cyalesg thermal
charging(Figure 8, left), the chemical reaction rpceeds at a almostconstant temperatureof
around 980 °@vhich is close tthe respective equilibrium temperature according to tloedl partial
pressure of oxygefcompare temperature progression in Figur@, left). Consequently,n order to
reach a hgh heat flux fronthe heat transfer fluido the chemically reacting solid, either a very high
air temperature at the inlet or a very high mass flow is requifegen system and direct reactor
concept) Both hinders an efficient operation of this type tdrage.

Figure : Exemplary results of the measurementampaign with reactive granules of
(Mno.7sF& 25)304; left: charging cycle; right: discharging cyidiok 2017] (Further details
can be found in the origing@ublication attached in Chapter)6

As a consequence of these resultge currently work on a concepiith two different reactors and a
movement of the granules (compare Figueg)l which could be used forSPplants.In this case the
energy for charging of the material is directly delivered froomcentratedsolar irradiation.The
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material is thancirculated between the receiver (thermal charging),storage part and the
discharging reactoiDue to the very high tempatures, the system does not only use the chemically
stored thermal energy but also the sensible hedtich could lead to high energy storage densities
We were able to show that the addition of Z® (Mno & 3).0s granulesdrastically improves the
material properties for such a system since this addition stabilizes the granmlgsrms of
mechanical stress, agglomeration, thermal shock and cyd68). Utilizing these material
improvements, wecurrentlywork ona labscale reactor based on a courdemrrent heat exchanger
between air and reactive particlds order to analyze the temperature distribution, the necessary
rate of reaction for different power levels as well as the maxinmeachableconversion.

3.1.2. Open to atechnical system

Besides the utilization of available reaction gases from the ambient to reduce system complexity,
another approachis to utilize process gases (e.g. hydrogen or watgpon for thermochemical
systems(compare Figure 11bDuring the last years, we havectsed on two different concepts
based on the reaction partner hydrogen with two different benefits. The first one addresses the
preheating of components inyldrogen systems, e.g. forevent a cold start of the fuel celand is
based on interstitial metahydrides The second one Uizes the possibility to storbydrogen in a
comparably compact systeat moderate pressures and temperaturéslid state hydrogen storage)

Preheating of fuel cels

The necessity for preheating of fuel cells depends iregaron the type of fuel cell and its nominal
operating temperature. For PEMel cellsdegradation and @nsequently reduced life time can lze
sewere issue and could result frofrost start of fuel cellsat very low temperaturesHowever, as soon

as thefuel cell has reached its nominal operating temperatuttee fuel cell generates thermal
energy that could be partially used for heatipgrposesbut the majority has to be released to
ambient as waste heaflhis offers the possibility to integrate a themghemical systenbased on
metal hydridesthat storespart of the thermal energy originally wasted during nominal operation
During thermal chargindiydrogen is released which can be immediately consumed by the fuel cell.
So, the chemical potentigian bestored t without lossest to support the subsequent colstart. In
order to preheat 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 asaction partner of a reversible gaslid reactionjt is not consumed ahcan
be completely converted bthe fuel cell However, as the need for coddiart support increases with
decreasing ambient temperature, this mandatory requefsir technical apptiation seems
contradictory to EEZ v]pe[ o A §Z § e (E] -+ creaSing readfion} fas with
decreasing temperature. Weould show thathe utilization of interstitiaimetal hydrides as reaction
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materiaP offers sufficient high reaction ratestdechnically relevant boundary conditions down 4o
20°C Koe 2019.

Basedon these findings materials, we have developed a proof of concept in the laboratory
demonstrating thatcurrently a thermal power of up to 5 kWer kg of metal hydride can be reaekl
and transferred to the heat transfer flujdie 2017. This is only possible if an excellent heat transfer
between metal hydride andheat transfer fluid is ensured which demands a sophistitatactor
design. As continuation of these resutts materid level new design possibilities based additive
manufacturingtechnology might lead to further enhanced reactor desigspecially regarding the
internal distribution of reaction gas and thermal energy.

Hydrogen storage

The thermochemical storage difydrogen offerst in principle t a compact and safe possibility to
store hydrogen at moderate pressures and temperaturesvéier, according to Figure 1 and Figure
2, the chemical storage of hydrogéma thermochemical systeiis always related to an exchange of
thermal energy Due to the associated heat of reaction, a release of hydrogenlyspassible ithe
requiredthermal energy is supplied with sufficient heat flux and at the required temperature.

In case of interstitial mtal hydridesoperating close to ambient temperaturéhe thermal energy im
principle available fromambient Butin order to transfer the thermal energy efficiently to the
reacting material, specifieactor concepts are necessahat offer sufficienthydrogen releasgalso

at low state of chargeWe developed a scalable hydrogen storage module based on an interstitial
metal hydride that ensures excetieheat transfer due to the utilizatioof pelletswith enhanced
thermal conductivity ¢ompare Figurel7 [Bue_2017). This module does not require a thermal
integration but can be operated in air at room temperature supported by small ventilators in the
back. This is possible since the thermodynamic properties of the metal hydride fit to the respective
boundary conditions and at least equally important the distribution of thermal energy inside the
reactor is enhanced by means of graphite containing pellets. The respective pelletsleveleped
together with theinstitute IFAM(FraunhoferGesellschaftand tested for more than 1000 cycles in a
specifically designed and fully automated test d]]

Figure 18jivesexemplary measurement results for cycle 1 and 38. We could show that this design is
scalable and can be charged and discharged with norhiygriogen flow to an overall conversion of
around 90 %.

8 Chemisorption as exemption of gaslid reactions: Very fast conversion rates at low temperatures but
depending on the compositiort a thermodynamic chacteristic 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 I: Solid state hydrogen storagsith simplified thermal integration; éft: Thermochemical
reactor for hydrogen storage based on interstitial metal hydrideigiht: Due to specific
material properties in combination with excellent heat transfer, ambient can be used as
heat source and sinBue_2017

Figure B: Mass flow rate top), pressure (middle) and temperature difference (bottpwersus time
for absorption (left) and desorption (right); Olive square¥:ekperiment, black circles:
38" experiment [Bue_2017] (Further details can be found in the original publication
attached in Chapter.p
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Onedrawback of thermochemicddydrogen storagén techrical systemss related to the mass (and
volume) of the storage material. Intdital metal hydridesreach storage capacities ¢dss than
2wt.-%. According to the current statef knowledge, the storage capacity of hydrogen storing
materialsseems taincrease with increasingquilibriumtemperature (compare e.g. [9]). Sq on one

side a high reaction temperatureould befavorable forlight-weight andcompact storages. On the
other side the supply of thermal energy for discharging becomes difficult. Whereas for interstitial
metal hydrides perating at ambient temperaturéhe temperature level of waste heat of a PEM fuel
cellis sufficiently high, at presentomplexmetal hydrides reque higher temperaturesTherefore,

we worked onZ }u ]v Srehetors[with the idea of combining two thermochemical reactions in
order to minimize technical drawbacksd limitations

Especially for automotiveystems the application requirements diffewith the driving cycleAfter
the critical cold start, sufficient thermal energg available for dischargirtte solid state hydrogen
storage. For HPEM fuel cells, operating at around 18680°C,we have demonstratedthat a
thermal couplingwith a compéx hydride NaAlH) is possible §8]. However, &en though, the
complex hydride NaAl-hnd a HIPEM fuel cell can be thermally coupled, #teragematerial does
not react at room temperature. Consequently, in orderkie able to chargehe thermochemical
storage with hydrogen a certain nmimum temperature is required to initiate the exothermal
chemical reaction. From this point on the generated thermal energy has to be rdleasthe
ambient. For this purposewe developed an innovative storage modulensisting of an interstitial
and a complex metal hydrid@gue 2014a, Bue_2014 %]ts 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(compareFigue 19).

Figure B: Combination reactorfor hydrogen storage with internal preheatedeft: schematic
preheating process (orange area: high reactivity of metal hydride, blue area: high
reactivity of complex hydride); right: picture of ksbalereactor for model validation
[Bue_ 20144 (Further details can be found in the original publication attached in
Chapter 6)

9 The material used in this case: 2 LiNH..1.Mgh t 0.1LiBH t 3 wt.-% ZrCok supplied by KIT, Karlsruhe
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Comparableto the above desribed préheating conceptfor the inner partof the hydrogen storea
specifc interstitial metal hydri¢@ was chosen that releases its heat of reaction aasuitable
temperature in order to preheathe surrounding complex hydridg=igure 9, left: Transition from
point 1 to point 3)until a sufficiently high temperature is reasth(point 3) From this pointon the
exothermic reaction of the complex hydrideuter part)proceeds and has to be coolédibe wall)in
order to reach maximum conversioithe effect of this iternal preneater is shown in Figur0:
whereas the initiation of the charging reaction without metal hydride (left) takes around 10 min, the
charging with metal hydridestarts almost immediately(right). The simulation is based on an
intensive study of specific material properties [Bue_20k4a] was used for the technical ggaling.
Sarting from the proof of concept shown in Figur®, lthis system has been realized within a
European projeéf in 1 kW scale (2 kwWh), thermally coupled to aEM and operated inndVECO
Dailyas auxiliary powr unit (APU)9].

Figure20: Exemplary results of combination reactor; left: Experiment without internal metal
hydride. Experimental (symbols) and simulated (lines) temperature profiles; right:
Experiment withinternal metal hydrideworking as preheaterHue 2014]. (Further
details can be found in the original publication attached in Chapler 6

This work showshat not all of the technical requirements hawe be meton material level (in this
case:slow reaction rates for charging and dischargatglow temperature} but that a proper
integration and reactor design still couldad to technically relevant systemBased on this first
concept and the validated model, we worked on an optimum conégon including enhancement
of thermal conductivity and internal heat exchangers [B2@15]. Even though the interstitial metal
hydride also supports the dynamics of the hydrogen release [Bue 2@%5lng as thehermal

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

In order toovercome this issue we started work ona combination of a hydrogen storing maitr

with a thermal energystorage materia[Bho_2016. In this casethe thermal energ released during
the exothermichydrogen uptakeis transferred to arintegratedthermochemial energy storage and
stored bythe endothermic dissociation, in our example dehydratadMg(OH). The basic operation
principle of such an adiabatic reactor is shown in Fi@lre

Figure21l: Schematic principle o&diabatic solid state hydrogen storage; left: Absorption of H
/Dehydration/Condensation; right: Desorption of MHydration /EvaporatiorfBho_2016.
(Further details and explanations can be found in the original publication attached in
Chapter 6)

This concept seems possible since bahssolid reactions proceedat constant temperature
(compareFigure?). For therelease of hydrogen, the required thermal energy la¢ trequiredhigh
temperature level can beelivered by the thermochemical energy storage. Tiermal energy for
evaporation of watercould be takenrbom the exhaust of the fuel cell since the requiresnperature
level for evaporation is lowiWe could show that this combination could offer high storage densities
[71], especially favorable for e.g. long distance hauls or tragdslitionally, it might be interesting
since abundantly available materials, e.g. Mg, could be used as reactants on bothtsiteshnical
realizationas proofof-principlein lab-scale is currently ongoing.

3.2. Utilizing pressure dependency / Thermal u pgrade

The correlation of gas presure and reactiorfor sorption)temperature offers unique application
possibilities. Ona@pproachof thermally driven compressiaihat has been already commercialized is

based onan adsorptionprocess 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/condensationput the pressure difference is, in contrast to conventional mechanical
compressionmaintained by two altenating sorption processesn this systemthermal energy at a
certain temperature is used as input to desorb wataporat a certain pressureat the same timea
second reactois cooled to ambiento absorb watewaporat a low pressureDue to the @épendency

on the shate of charge (compare Figu®, the tenperature of the sorption processannot be
constantif acertain gas pressureas to be maintained

For gassolid reaction this behavior is differertthe distinctcorrelation between gas pressel and
correspondilg temperature t in principle idependent ofthe state of conversion offers a
additional application possibilitySincethe temperature of the reactiorcan be constant for the
whole conversion, also the reaction sidan be used taenerate a useful thermal effectUsing
coupledreaciorswith two different interstitial metal hydrides, thermally driven heat pumps, cooling
systems or heat transformensave been realized. An overview of the technological development
with interstitial metal hydrides can béound e.g.in [51]. Besides metal hydrides, alsalts reacting
with ammoniawere used $2, 53]. However, the drawback of these systemshattfor a continuous
operation fourreactors are required. Especially if the required pipingalen into account, the
*Ce3 U[* % E]%Z EC Ju o Ju%o &£ ~Aup know- hidders %oteehiical z
application.

Based on these considerations the state of the artwe addressedwo mainapproachesThe 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/condeary 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 ewarggr hydrogen, it has to
be compressedup to 350 or 700 bar depending on the applicatiblowever, the compression work
necessary to reach these pressures accounts for aroid of the energy content of the
compressed hydrogen (referred to the lowmeating value]72]. As long as the hydrogen pressure is
conventionally throttled down to the required supply pressure foe tluel cell the originally spent
compression work is wasted. Consequently,substituting the conventional throttle by a system
that generates effectivenergy for onboard utilizatiomot only the efficiency of the overadlystem
would be increased. As a direct consequeatsmthe onboard availablenergyfor traction couldbe
increasel leading to longer driving ranges

Following tle considerations above, we developed a thermochemical system based on interstitial
metal hydrides that utilizes th onboardavailable pressure difference to generate a temperature
difference [73]. Consequently, as soon as hydrogen is consumed by thecélie(hydrogen mass

flow), this system operates as heat punfpr an associated heat fluthat can supporteither the
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cabin heating orits cooling. Figure 2 shows the basiddea of such a systenpperated at
temperaturesabove ambienduring hydrogen uptaké&om the tank and at lower temperaturefor
cooling purposesduring hydrogen release to the fuel celFor a continuous operation, two
alternating reactors are necessary (analog to commercial pressure swing adsorption).

Figure 2: Schematic of an opethermochemical system to utilizéne onboardavailable pressure
differenceof hydrogen adaptedfrom [Wec 2017]; HC = half cycle, MeH = metal hydride

In contrast to thermochemical energy storage, the maiacific value to characterize thi®nversion
systemisits weight (or mass) specific thermal power. Consequently, thkaralow storage capacity
of interstitial metal hydrides can be compensated byittgenerallyvery fast reaction rate t if the
reaction bed allows for fast comvwsion. Thereforeye developed and investigated r@actor design
based on commercially availabléafe heat exchangers with excellent thermal contact betwées
reactive metal hydride bulk ad a heat transfer fluid [Wec2017]. The reactor and one exemplary
result for its eactiondynamics is shown in Figur8.2

Figure 3. Phlte reactor for ogn metal hydride cooling system; leftrinciple designbased on
modified plate heat exchanggright: resultsof the reference experimerfor endothermic
desorption[Wec _2017. (Further details can be found in the original publication attached
in Chapter §
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Based on the plateeactor desigha complete conversiornis possiblevithin 120 s Even if this value
depends highly on the applied temperature condition, the respegiieess (abor desorption)and

the intended conversion, we could show that for relevant operating conditiongvanage specific
power density oimore thanl kW per kg of metal hydridean be reachedObviously asindicatedin

Figure 2, a continuouslyoperated system consists of two identical reactors that are alternatingly
either connected to the hydrogen tank or to the fuel c&lb, according to Figu8, right, the half

cycle time could be theoretically reduced to $or less) in order to increaghe weight specific
performance. However, since the whole reactor, including active metal hydride and passive reactor
mass, has to change its temperature between every-tydte, an incomplete conversion reduces the
efficiency of the system. Consequenthny optimization of the reactor has to find a traeff
between the passive mas of the reactor (which is almost proportiontd the heat exchanging
surface)and the specific thermglower that canbe reached at nominal operation conditianis any

case due to thermodynamidimitations (compare uation (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 wad to be combined with
additional measures to increase the efficiency of onboard thermal management.

An integrated system has to fulfill two mandatory boundaridg the required supply pressure of the
fuel cell has to be ensured and (2) at the same tilme required cooling temperature has to be
reached.Based on these consideratiomg are currently connecting a 2 kWmodule to a fuel cell
system (includingpressure tank in order to investigate the performance of a coupled system in
laboratory under ealistic boundary condition®©ne approach is to develop amegratedsystemthat
delivers electrical energfot thermal energy (fuel cell) as well as cold that energy from the open
thermochemicalsystem.ThisAPU (auxiliary power unifould beusedas additionalemissionfree
energy source for future -enobility since it is able to deliver all relevant energy flupedoard
including heat and cold fahermal comfort.

3.2.2. Closed system for waste heat utilization
Thermal energy that cannot be used is generally consida®daste heat(or wastel thermal
energy) Thegeneric reasons that lead tbis waste of thermal energy are either related to timetor
the quality of the thermal energftemperature level) Whereas thernophysicalenergy storagesan
address the time dependency,heat pump isequired to increase théemperatureof the heat flux.
According to Figur8, gassolid reactons can address both issuesoine system. In this casawaste
heat flux, e.g. a hot gas stream, is used to charge the thermochemical sy3terio 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 stneia 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 gaslid reaction and to supply the reaction partner at an elevated
pressure. Wehave demaonstrated this operation principle of a heat transformer based on L&l
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batch in 1 kW laboratorgcale. The schematic flow sheet aheé test bench without insulation are
shown in Figure2[Ric_201

Figure 2: Thermochemical heat transformatio left: schematic of a closeheat transformer with
evaporation/condensation [Ric_201§ main components: (1) Reactor, (2)
Evaporator/Condense(Further instrumentation details can be found im the original
publication attached in Chapter .B right: the test bench without insulation of tube
bundle heat exchanger/reactor

We could show that thisperation principlebased on salt hydratds feasible and that depending on
the design of the reactor, eithethermal energy storage with integrated thermal upgrade
(discontinuous operation) or a continuous operation (2 alternating couples) is poRBdsdmes the
operation as closed system (compare Figutie %e also developed an open operation that is based
onthe idea of utilizing waste steam [Bou_2016]. Depending on the integratien,daction material
CaCl can be operated between 100 and 180C and is therefore in principle suitable for the
temperature range most interesting for industrihste heatHowever, due to a threstep reaction
within this temperature range, either the temperature lift or the amount of conversion per cycle is
limited [74]. This effect is shown in Figureb Zor both reactions. Especially during discharging
(bottom), the threereaction steps (HHIII) can be clearly identified\n alditional challengeve [ A
identified in this workis 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 &éowed
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Figure 3: Exemplary results of heat transformation based on GaGp: Dehydration reaction of
calcium chloride dihydrate at 130 °C with fixed gas chanradgtom: Hydration of
calcium chloride at a temperature of 165 °C and a vapor pressure of 10RkP2016]
(Further details can be found in the original publication attached in Chapter 6

As shown in Figurg, the described system configuration can be adapted to different materials that
react with watervaporin order to meet certain appliceon boundaries.We have perfomed an
extensive screening of potentially available materials hade identifiedSrBp as interesting reaction
systemfor a slightly higher temperature range (150 @50 °C)[Ric_208]. In contrast to Caglit
possessenly one reactionstep in the relevant temperature/pressure range. So,camplete
conversiorncould 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 badary conditionsand the investigation of the changes in bulk
structure after continuous cyclin@esides material aspectseveurrenty work on a realization of a
scalablereactor concept This concept is adapted from thermophysieslergy storage basedn
phase change matels (PCM)7b]. 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, fesajab
reactions, this finned tube is contained inside a filter material in order to prevent hatige 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 techoal unitto characterize the capacity of a storage materiaiiber specific in terms

of weightor volume [e.g. kWh/rhor Wh/g etc]. As long as comparable boundary conditions (e.g.
applied temperature, realistic porosity, etc.) are applied, this spevdiue can be used for a direct
comparison between different materials. However, since in any case rofterial relatedstorage
application (such asgassolid reaction the amount of stored energyscales linearly withthe
necessarynass of storagenaterial, its availability, its cost as well as its environmental footpetinet
important parametersand haveto be taken into accountConsequentlynaturally available materials
or materials currently treated as waste materialsuld offer interestingcombinedadvantagese.g
high storage capacity at low material cost. This chapter summarizes our avotke potential
utilization of such materials for energy storage and curiseidientified limitations.

Some of our work was dedicatedo analyze wastematerials or a potential utilization in
thermochemical systems. Whereas Gai€la byproduct of the production of sodium carbonate
~ANY0A C % @E]} eeelU %}3S o]l is G ob thgDyproduots DFinarganic mining. Both
materials can be theetically applied for thermochemicalystemsusing watervapor as gaseous
reactant. However, in case of potassium carnallite, the reaction prasessmplex and leads to a
drastic degradation (decomposition) at temperatures above 18D. We could show thathe
decomposition can be clearly reduced at temperatit®low 150°C but so far thelegradation
mechanisms are not fully understood and consequentlyriaerial cannot be seen asycle stable
[Gut_2018]. CaGlin contrast shows an excellent chemical eesibility in the applied temperature
and pressure range/fl]. The naterial was therefore chosefor the investigation othermal upgrade
driven by waste heafcompare Figure 3. However, due to the subsequent reaction steps during
hydration and dehydratin its applicability for thermal upgrade is reduced.

Even though its raw material cannot be seen as waste, in terms of availanttgostlimestone
(CaC@ and quick lime (CaO) are probabljpetmost interesting materials. Consequently,
experimental inestigations in the context of thermal energy storage were alrgaalylishedin 1979
by Rosemaryet al. [76]. Quick lime could be applied in thermochemical systems usingf@@ing
CaCg@) or using watewrapor (forming Ca(OH) as gaseous reactant®urwork focusses on the latter
one due to the possibility to calense the reaction partneat moderate pressures; combination
with a slightly lower reaction temperaturef around 50FC Conmercially available Ca(OHis
generallya fine powderwhichtendsto agglomerate duringycing. As a resultsthe bulk properties
of unmodified Ca(OH)are not stable overeaction cycles.Therefore, acrucial challenge for the
technical utilization of Ca(OHis related to the changing bulk structuteading 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 toamdle changing bulk properties
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Following the first approach, evhave investigated the additionf nanodructured additivesin order
to stabilize the particle size and prevent agglomeratjdgr]. These additives argenerallyused as
flow aids to handle powder in pharmaceutic and food technoldgfe could show that byhe
addtion of nanostructured SiPthe agglomeration tendencyvas clearly reduced7B]. Even if the
SiQis not stable with CaO and formalciumsilicatephases, these newompoundsseem toserve as
inhibitor for agglomeration and catherefore help to stabilize the bulk in its original fineained
form. Besides the approach of stabihg the particle size, we currentlglso addressthe
encapsulation of the material by gagrmeable clay.

Following the second approache [ Adevelopedan indirect reactor concept in 10 kW scalad
broughtit into operation to inestigate and understand &chnicalscalestorage based o025 kg of
Ca(OH)[79]. Due to the low themal conductivity of the bulk (c&.1 W/mK), the reactor desigmas
based on glate heat exchangetoncept leaving 20 mm distance ér the reactive bulkgcompare
Figure26, middle and right.

Figure26: Plate heat exchanger for thermochemical energy storage based on Ga(Ox) kW
scale; left: integration and instrumentation with opened; lididdle: materialas supplied
[79]; right: material after 10 cycle/8]

As shownin 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/evaporatinginit 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 baregks 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 increagjipower level (due to the associated higher demand of reactant).
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The theoreticabperationtemperature of this material is in the range of 400 to 6@ (and above
depending on the applied gas pressur&q in principle the temperature is high enough toive a
steam cycle for power generation. As described ab@enpare Figurd0, c) anintegration of the
gaseous reactant is mandatory in order to realize a thermochemical system. In case of,Ch@H)
heat of reaction is around 105 kJ/mol, whereas thguired thermal energfor evaporation of water

is around 40 kJ/mol. Consequently, if the evaporation energy has to be delivered by the heat of
reaction, the overalenergeticefficiency of the themochemical storage cannot exceed around 60 %.
However,if the thermal energy foevaporation of wateris suppliedat 45 °C (0.1 bar watarapor
pressures)the thermochemicakeactionreleases thermal energy at around 450 °C. Therefore, for
power generation the different temperature levels have to be taken into account angurely
energetic balance is misleading (compare Fidec).

In order to understand he operational window of suchthermochemical storage for power
generation we developeda secondout smaller indirect reactofSch_2017a Themain idea was to
exclude t asfar as possible any limitation due the heat and mass transport but still operate it as
technical system in the relevant temperature and pressure rafge.this purpose the redar was
designed with large filter areas and consequently short penetration distances for wafmr.
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@dbar) as well as low pressures (less than 0.1 Bar).
picture and a schematic drawing including instruméiata plan is shown in Figurer2

Figure27: Closed reactor concept to investigate the operational window of Ca(Q@gffy reaction
bed with large filter surface; right: schematic drawing of the reactor including
instrumentation [Sch 2017]. (Further details can be found in the original publication
attached in Chapter.p

Based on a series of experimentith this reactor varying temperate and pressure conditions, we
were able to draw an operational window for unmodifigdick lime CaQ reacting with watewvapor
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at technically relevant time scales, technically reasonable pressures and corresponding
temperatures. Two exemplary experimahtresultsof these experiments are shown in Figu& 2

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 platea
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 fromettpeilibrium 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 B: Exemplary experimental results of Ca€acting with water vapor at different boundary
conditions; left: chargingprocess (Dehydration experiment at 10 kPa and an air inlet
temperature of 560 °@Sch_2017h right: dischaging process lydration experiment at
470 kPa and a starting temperatuo¢ 500 °C]Sch_2017h (Further details can be found
in the original publication attached in Chaptej 6

As according to FigurEc, gassolid reactionsan be used between andothermic and eathermic
process, westudied the combinabn of a thermochemical energstorage based on quickrie in
combination with a Clauss-Rankine Cycle for power generation. We could shihat an inegration
concept is possible thattilizes low pressure steam of the power block to drive the exothermic
reaction. In this case, the thermochemichbrage processeachesup to 87% efficiency t without
integrating the heat ofcondensation of watewapor during chargingSch 2017b] However,the
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study also showed thain integrationstrategyleading to arefficient operationfor power generation
is technically complex.

Based on our research, we can concltidat hydration of quick lime offers high storage capacity at
very low material costThe reaction is fast and doestrdegrade with continuous cyclings long as
the reaction partners are separated and not exposed te, @@ thermal energy is stored as chemical
potential without time dependent losses. So, in general thissydisl reaction offers the potential of
cost efficientiong-term storage, e.g. iorder to address seasonal fluctuations.

Therefore wecurrently work on technicalsolutions for thermochemical energy storage based on
quick limeto separatethe complex and costly heat exchanger (reactor) from the simple storage
(container) compareFigure #. Especially in the context of an energy system that will be primarily
based on renewable electricity, the dehydration of CagQiéuld transfer surplus electricity, e.g.
during summeyinto winter periods for renewable heatingn contrast to reation systems operated

at lower temperature (resulting in lower heaf ceaction, compardgquation (1)), also liquid water
could beused as reaeint for the discharging processhich makesthis thermochemicalsystem
independent ofambient condition (hundity 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 structuresf quick limeduring 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 spacend need t for new, innovative storage
technologies. This is especially relevant with increasing share efvadsie energy supply and if
besides electricity also thermal energy consumptenmd mobility aretaken into account. In this
context the utilization of gasolid reactions offers various application possibilities for energy storage
and conversion. Howeveas outlined in the first part of this work, thermochemical energy storage
and specifically gasolid reactions are also characterized by a complex and demanding reactor
geometry as well as the need for proper system integration. Since the state of tlué gatssolid
reactions is mainly based on principle mateniesearchand theoretical system description and
analyses, we focused our work on the transition of specific material properties-&cklb systems in
order to better understand if and to whaixtent unique features of reversible gaelid reactions
could contribute to a future energy system.

Consequently, &sed on a generic analysis of the three dominating aspects for technical systems
reaction process, system integrationand reactor designt we have derived followinghree
approachesthat offer the possibility to usespecificproperties of gassolid reactionsin technical
applicatiors for energy storage or conversion.

1) In order to minimize the complexity of the thermochemical system, espgdtadl supply of
gaseous reactant, open gaslid reactions have been addressed. These systemld either
utilize availablereaction gases from aior any other available reaction gas in a technical
system, e.g. hydrogen in fuel cell driven cars.

2) The disinct comrelation of gas pressure and reactitemperature allows for an integrated
heat pump effect. This additional effect wasilized in open systems to transfen available
pressure difference into a temperature difference oy means of thermal compression
closedsystems In both cases, it has been shown that the urigiag principle can either be
used for discontinuous thermal energy storage or for continuous systerg. for thermal
upgrade

3) Some materials that can besed for thermochemical energy storage are abundantly
available, e.g. Cg0Or are even treated as waste materia¢ésd. Carndite or CaG)). Thiscould
lead to attractive synergiesf specificproperties,e.g. lossless energy storage in combination
with low material costEspecially the reaction system CaO with watgporseemstherefore
be verypromisingfor longterm decoupling ofenewableenergysupply andactualdemand

The main challengeand current technologicabbstacles that can be derived from ourecentwork

are relatedto the intrinsic characteristic ahe reversible gasolid reactionghemselves Especially

the structural change®f the primary particlesrelated to the chemicalphase transition during

reaction propagate with cyclestowards larger scales andnd up incurrently nonpredictable

anisotropicbulk propertiesWhereas the impact of the transfer of the gaseous reacthntugh the
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reaction beddepends highly on the used gases and pressure conditibagshermal conductivityof

the reacting bulkis generallylow and in most of the cases determines the reachable power level.
Depending on thentended applicationn combination with the relatedeactor design and chosen
material these structual changes dung cycling can either be acceptable, could hinder a
technological application or can even improve the performance of the thermochemical sytstem
any case, at present they cannot be controlled or predicted.

As a conclusiorfuture research and developmeraspects for reversible gaolid 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
addiive manufacturing processes might open new possibili@sides thata better understanding

of the fundamental and intrinsienechanisns related to the structural changesf 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 promisivagerial properties to technical systems
could lead to newapplicationsin the context of energy storage and conversioaf which somefirst
stepsmight bediscussed in this work.
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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

Corresponding author.
E-mail address: michael.wokon@dIr.de (M. Wokon).

http://dx.doi.org/10.1016/j.solener.2017.05.034
0038-092X/ 2017 Elsevier Ltd. All rights reserved.

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
Dgh according to the following pathway:



M. Wokon et al./Solar Energy 153 (2017) 200-214 201

Nomenclature

Abbreviations

B cubic bixbyite phase (Mn,Fe) ,03

CLOU chemical-looping with oxygen uncoupling
CSP concentrated solar power

HTF heat transfer uid

Me metal

MFC mass ow controller

N> nitrogen

(O oxygen

redox reaction reduction—oxidation reaction

S cubic spinel phase b-(Mn,Fe) 30,

SEM scanning electron microscopy

STA simultaneous thermal analysis

TCS thermochemical energy storage

TES thermal energy storage

Symbols

Co.g speci ¢ heat capacity of gas phase (J/(kg K))

CGite=Cp,g dmgy/dt heat capacity rate of HTF (W/K)
DHg max maximum possible enthalpy change of HTF ow (J)
Dgh speci ¢ reaction enthalpy (kJ/kg)

m mass (kg)
n molar amount (mol)
n molar reaction rate (mol/s)
pO, oxygen partial pressure (kPa)
r volume concentration (%)
T temperature (K)
# temperature, thermocouple ( C)
X reaction conversion (mol/mol)
Subscripts
initial value
c charging
d discharging
g gaseous
in inlet
max maximum
out outlet
Ox oxidation
Red reduction
rxn reaction
S solid

Charging: 2 Me,O, &b pDgh! 2Me,O, 1 &BPpO, &b ap

Discharging : 2 Me,O, 1 8PP0, @b ! 2Me,Oy &8P pDrh &b

Promising metal oxides exhibit the intrinsic advantage to react
reversibly with oxygen (O ) at high temperatures, which allows to
employ ambient air simultaneously as heat transfer uid (HTF) and
carrier of the reaction gas O ,. Thermal energy supplied by the HTF
is used to drive the endothermic reduction under the release of O 5,
accounting for the thermal charging step of the storage material
(1). Recombination of the reduced metal oxide and O , (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 (  Avila-Marin,
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 ( Strohle 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 30, and
Mn ,0O3 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 ( Strohle 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

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;
Zunftetal., 2011 ). Itis 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 (Strohle 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 ,/BaO, Cg0O,4/Co0, Mn,03/Mn 30, and CuO/
Cu,O 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 Schmiicker, 2016; Wong, 2011; Wong
et al., 2010). Among those, pure manganese oxide with an energy
density of 202 J/g Mn,O; 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  ,03/Mn 304
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 Schmiicker, 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 Schmiucker, 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 ,03/Mn 30,4
could be narrowed ( Block and Schmicker, 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 , 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) ,Os (B) to be the ther-
modynamically stable phase at low temperatures and the cubic
spinel b-(Mn,Fe) 30, (S) to be the stable phase at high temperatures
(Crum et al., 2009; Kjellgvist and Selleby, 2010; Wickham, 1969 ).
Hence, the following redox reaction is expected upon changing
the temperature and/or oxygen partial pressure ( pO,):

6 Mno7sFey2sR O3 8P pDrh 4 M o7sFey2sR 04 &8P PO, asP

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  pO,-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 Co30,4/Co0O (Neises et al., 2012) and CuO/Cu,0 (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 Co30, as well as MnO ,-10%F&0O3 in powder form ( Wong,
2011; Wong et al., 2010 ), a lab-scale packed bed/ uidized bed
reactor concept (Alvarez 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 30, or Mn ;03 (Agra otis
et al., 2016a; Karagiannakis et al., 2016 ), to a rst pilot-scale ther-
mochemical storage unit based on Co 30,/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 , 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 , con-
centration in the gas phase (HTF) and observed reaction tempera-
tures into account. The inuence 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 ( ~500g of storage material)
with direct contact heat transfer using air as HTF and carrier of



M. Wokon et al./Solar Energy 153 (2017) 200-214 203

the reaction gas O,. 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 30,4 (Trimanox, Chemalloy) and Fe ,0O3 (98% metals
basis, Alfa Aesar) were mixed with a Fe/Mn molar ratio of 1:3,
which corresponds to a Fe ,03:Mn 30, 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-
mentfor 4 hat 1025 C and subsequent cooling down in air yielded
the targeted combined manganese-iron oxide (solid state reaction),
denoted (Mn ¢.75F&y.25)203 in the following. A second heat treat-
ment step for 4 h at 1050 C in air had the purpose to ensure ade-
guate 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 o.75F€p 25)20s.

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 ». 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
29 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
(E =1mm) are positioned in the center along the axis of the
packed bed (Fig. 2, left) with a height of 10 mm ( 0,), 50 mm ( 05),
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 ( 0Og;,), a thermocouple
(£ =1.5mm) 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 ( Og o). The reaction chamber
is capped with a Iter (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. 3illustrates 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 , and N, 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 |-
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 5 in the range of
0.8-40 NL/min, MFC for O, in the range of 0.1-5NL/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 , and N, 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 Itered 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 lIter
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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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

oxygen gas analyzer (6), gas cooler (7) and laboratory heat exchanger (8).

pressure and temperature compensation, Emerson Process Man-
agement | Rosemount Analytical) is used to record the O , concen-
tration upstream ( I o,;;) and downstream the reactor unit
(r o,50ut), 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-

ixing chamber (5),

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 pO, 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  , in air) and the
ambient pressure in the laboratory. The entire testrig ( Fig. 2, right)
is controlled and regulated by the implementation of a
programmable logic controller.
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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
height of approximately 15.2 cm prior to gas ow and chemical

reaction. Thermocouple 0, is located roughly 2 cm below the top

0.75F€0.25)203, resulting in a bed

layer of particles in the bed. The bulk density (puk Of the loose
(Mno75Fen25).05 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 14.989g (Mo, max) Or 0.468 mol O, (No,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 , 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 no,;xn. INtegration of the molar rate of reacted

oxygen over the reaction time gives the accumulative amount of

oxygen nNo,.xn, released during the reduction step and taken up

during the oxidation step, respectively. The corresponding reaction

conversions Xgreq and Xox can be derived from dividing the respec-

tive experimentally determined amount of reacted oxygen
by the maximum amount of convertible oxygen
ferred for complete conversion.

Overall, 17 cycles are performed with a single batch of storage
material. A complete redox cycle consists of the endothermic

nOg;rxn
No,;max 10 be trans-

reduction of (Mn ¢ 7s5Fey25)203 to (Mn ¢ 75F€p.25)304 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 specied 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 —

205

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  Og i, = Oo. Itis exemplar-
ily referred to the bed temperatures  0; 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 pO, 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 ( Og n), the
temperature pro les along the height of the packed bed ( 0,-0,4) and
the O, concentration pro le downstream the reaction chamber
(I 0,:0ut). 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.? i / (NL/min) Og,in = Orumace / C Initiation Og,in = Orurnace / C

1) 10 940 ? 1040 2% G, ? Air 0o =0g,in =850

2 10 940 ? 1040 2% O, ? Air 0o = 0g,in = 850

3 10 940 ? 1040 2% O, ? Air 0o = Og,in = 825

4 10 940 ? 1040 1% O, ? Air 0o =04,in =800

5 10 940 ? 1040 2% Q, ? Air 0o =0g,in =875

6 10 940 ? 1040 2% O, ? Air 0 = 0g,in = 850

7 15 940 ? 1040 2% O, ? Air 0p = Og,in = 825

8 5 940 ? 1040 2% Q, ? Air 0o = 0g iy = 825

9 10 940 ? 1040 2% O, ? Air 0p = 0g,in = 850
(10) 10 940 ? 1040 - 5 K/min: 1040 ? 400"
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% O, ? Air 0p = 0g,in = 850

& Cycles in brackets are not displayed and discussed in this paper.
° Tube furnace turned off during cooling process.
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Fig. 4. Progress of the charging stage 6 (Mn ¢ 75F€y25),03 ? 4 (Mn o.75F€p 25)304 + O, upon increase of air inlet and tube furnace temperature from 940

Cto 1040 C (reference

experiment) and excerpt of the discharging stage 4 (Mn ¢ 75F€p.25)304 + O> ? 6 (Mn o 75Fe&.25)203 with a cooling rate of air inlet and tube furnace temperature of 5 K/min, both

at 10 NL/min air (11th redox cycle).

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 o ,s5Fep25)203 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 ( 0) 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 0, to the bottom of the bed, where heat input by the enter-
ing air is more intense. As soon as (Mn o 75Fep25)20s has been
converted to (Mn ¢ 75Fey25)30, In the lower part, temperature 0y
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 0, 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 0, 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 O, 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 »-
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 5.

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
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can be observed, that the (Mn g 75Fey 25)30,4 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 0, 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 O, concentration at the outlet has risen to the baseline level. A
total conversion of about 99.4% was identied based on the
absorbed amount of O , (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
Girr = 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 (O,
in) as well as the tube furnace temperature are simultaneously
increased to 1040 C. The pO, 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 ¢ 75Fey25)203 reduction.
According to the adjusted mass ow rates, the O 5 concentration
proles re ect the expected changes owing to the evolution of
0O,. The highest change with a maximum of 23.8% QG was
detected for 5 NL/min, whereas the ow rate of 15 NL/min yields
the lowest change with a maximum of 22.0% Q.
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Fig. 5. Flow rate variation in storage charging step 6 (Mn  75F€y.25)203 ? 4 (Mng.75-
Fey.25)304 + O, performed by increasing the air inlet and tube furnace temperature
from 940 C to 1040 C: 5NL/min, 10 NL/min and 15 NL/min air.

Temperatures 0; 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 g 75F€p 25)203 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
Cutr 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 Cand 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
pO, of 21.2 kPa based on the experimentally determined  pO,-T cor-
relation, which has been briey 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 , 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-
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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 , release amounts to  138.0 min (5 NL/min),

127.6 min (10 NL/min) and 116.3min (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
O, 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 pO.. 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 Oy, and initial bed
temperatures 0y 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 inuence of different heat
capacity rates Gyre 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 ¢ 75Fep25)30,4 is cooled down
to an arbitrarily chosen gas inlet and initial bed temperature of
825 C under a ow of 2% O , in N, at the respective ow rate for
the reaction, since the atmosphere with reduced O , 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 pO,
from 2.0kPato 21.2kPa (referred to ambient conditions at the
gas outlet). The air inlet ( Og iy, 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 g 75Fey25),03. Oxygen is taken up. At 10 NL/min
and 15 NL/min all bed temperatures — indicated by 0, 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
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Fig. 6. Flow rate variation in storage discharging step 4 (Mn  75F€y25)304+ O, ? 6
(Mn o 75F€p.25)203 with initial bed 0, and constant air inlet temperatures Oy, of
825 C: 5NL/min, 10 NL/min and 15 NL/min air.

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 Cite
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 ,
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 , concentration depicted in
Fig. 6, decreases signi cantly with smaller ow rates. The overall
discharging stage is completed, once the O , 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 0, for the material close to the inlet of the packed
bed, where the granular material experiences the strongest initial
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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 0, in the middle of the packed
bed (0, not shown). It can be assumed that in the region of 0,
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 0,
in the case of 15 NL/min. In comparison, the technically relevant
pO,-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 pO, 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 pO,-T dependency of the oxidation onset,
irrespective of the locally lower O , concentration in the bed due
to the O, uptake on the one hand as well as the somewhat
increased local pO, due to the pressure drop over the entire exper-
imental setup on the other hand.

Itis 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 ,: In general, the local minimum of
the recorded O, 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 , for the reaction, the O , concentration
shortly drops down to 7.1% due to the uptake of O ,. A value of 5.6%
O, is reached for 10 NL/min. At a ow rate of 5 NL/min, however,
the O, 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 O, 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 0, versus 03 within the initial 15 min). On the one hand,
0, 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 -
depletion in the initial phase of the reaction, since most of the
available O is taken up in the bottom part of the packed bed, lead-
ing to the presence of a lower O , concentration in the upper region
of the bed. As a result, at 5 NL/min reduced O , availability implies a
reduced pO, and thus a decrease of the particle reaction rate
according to the pO,-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 , 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 O, 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 04, and initial bed
temperatures 0, 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% O, 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 , 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
pO,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 Cite
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 0, 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 0; —
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
0, (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, 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 ¢ 5Fey.25)>,O3 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 0z 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 0; indicates the same trend. Accordingly, the O , evo-
lution onset was registered somewhat earlier in the 17th cycle. The
progress of the O, 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
release took 122.5min 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  , 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 pO, to initiate
the reaction. For simpli cation the preceding cooling phase in 2%
O, atmosphere is not depicted. The highest O , uptake rate in the
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Fig. 8. Cycling test over 17 redox cycles at 10 NL/min air: Progress of thermal charging, 6 (Mn

the air inlet and tube furnace temperature from 940

constant air inlet and tube furnace temperature of 850 C (right).

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). 0; close to the gas inlet was about 6 C
and 03 in the middle of the packed bed about3  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 , uptake amountsto 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 veried 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

C to 1040 C (left); progress of thermal discharging, 4 (Mn

0.75F€.25)203 ? 4 (Mn o 75F € 25)30,4 + O,, conducted by means of an increase of
0.75F€0.25)304 + 02 ? 6 (Mn o 75F € 25)203, conducted at a

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
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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).

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 @, , 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 ,03
crystal phase (bixbyite phase; ICDD PDF-2, #41-1442) with the

crystal space group la 3 for both samples, which is consistent with
phase diagrams in the literature ( Crum et al., 2009; Kjellgvist and
Selleby, 2010; Wickham, 1969 ). A hematite phase, which would
still indicate the presence of the raw material Fe ,0s, cannot be
observed.

In general, the cubic FeMnO 3 crystal structure (bimetallic bix-
byite phase; ICDD PDF-2, #75-0894; space group la 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 ,O3 and bixbyite structure (Mn,Fe) ,Oj; 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) ,O3 structure with molar fractions of 75%

Mn and 25% Fe, referred to as (Mn o 75Fey 25).03 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

0 Mn,O; (ICDD PDF-2; # 41-1442)
2
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Fig. 10. X-ray diffraction patterns of manganese-iron oxide: raw material (bottom) and cycled material (top).
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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
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
distances of 7.9 mm (a) 8.0 mm (b and c) and 7.8 mm (d); acceleration voltage of 5.0 kV.

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 g75Fey.25)203/(Mn o 75Fey 25)30,4 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-
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cept (Strohle 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-
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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 ,-carrier, removing or sup-
plying the reactant O , respectively, has a direct impact on the
prevailing O , concentration and therefore the oxygen partial
pressure in the reactor. Changes of the O , concentration due
to the proceeding reaction both in uence the pO,-dependent
reaction rate as well as reaction temperature, and affect the
heat capacity rate Gyrr 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 Gyrris 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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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
0.1 mbar e 100 bar. LaNi 4g5Al 015 and Hydralloy C5 were characterized. The brst pressure
concentration-isotherms for both materials below 0 C are published. LaNi 4gsAl .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.g5Al o.15, additionally reaction rate coefpcients down to

30 to 200 C and a pressure range of

20 C were measured

Hydralloy C5 and compared to values of LaNi 5 for the effect of Al-substitution. The reaction rate coef-
bcient of LaNi 4gsAlg15 at 20 C is 0.0018 s *. 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.
- that around 60% of harmful substances are produced during
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 Cis
reached. During the cold start phase neither the combustion
process nor the exhaust gas treatment work sufpciently. Due
to wall quenching in the cylinder and low combustion tem-
peratures, the amount of pollutants is increased. Therefore, in
these brst couple of minutes, a great portion of all pollutants
of the whole ride are produced. E.g. Cipollone et al. [2] state
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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 [4e9].

Fuel cells face the challenge of degradation at tempera-
tures below freezing point. If a proton exchange membrane
fuel cell (PEMFC) is operated below 0  C, the produced water
might freeze and form an ice layer, which prevents gas Row
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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Abbreviations
A pre-exponential factor s 1
d diameter mm
E. 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 0.0sMN 1.46V 0.45F€0.00)

ICE internal combustion engine
k rate coefbcient s !
LaNi4.85Al .15 investigated material (for
preheating)
m mass g
MH metal hydride
mp plateau slope of PCI wt-% !
NPDM normalized pressure dependence
method [1]
P pressure bar
PCI pressure concentration-isotherm
PEMFC proton exchange membrane fuel
cell
R gas constant, R ¥4 8.314 J/(mol K) J/(mol K)
S Sieverts ' volume |
T temperature C
t time s
tr tube right
Vv volume L
\L volume Bow ml  n/min
VFC volume Row control
X hydrogen conversion
DgrH reaction enthalpy kJ/mol
DrS reaction entropy J/(mol K)
u hydrogen conversion wt.-%

application in vehicles therefore requires water management
at low temperatures. Today, one state of the art start-up
enhancement uses a positive temperature coefpcient (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
efbciency 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 efbciency 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.

MH, b %st; MH,p, b DrH @

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 specibed in the following.

The absorption of hydrogen in metal hydrides forms
different phases. During the transition from a to the b-phase
(called ap 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 1/4;"—;5 100 . Real metal
hydrides show a hysteresis between absorption and desorp-
tion. From these PClIs, 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 inBuenced by the reaction
mechanism, the materials ' rate coefpcient as well as by the
distance to the thermodynamic equilibrium. Besides valid
descriptions of these infuences, precise measurements
allowing unimpeded gas Row 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
in FC vehicles and a closed system with coupled reactionsin 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
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Fig. 1 e Available thermodynamic (left)

[20e 27] and kinetic data (right)

[22,27,28] for LaNi4.85Al0.15 and C5.

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  4g5Al .15 as heat generating
material and Hydralloy C5 * (Tio.e5Zr0.0sMn 1.46Vo.45F€000) 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 bt 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 inRuencing 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 Cin general and almost nothing has been published for the
selected materials.

Regarding the thermodynamic properties of LaNi 4.85Al 0,15,
only bve 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 4g5Al015, Very little data exists [22,28].
Furthermore, the investigated temperature levels are far
above the range considered here and little information about

1 Hydralloy C-materials are AB  , type hydride alloys numbered
according to their percentage of other A-components than tita-
nium. Therefore, Ti 952l 0.05MnN 1.46V0.45F€0.00 € the material used
in this study e is called Hydralloy C5 ® and is referred to as OC5 * in
this work.

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 015, literature
data of a comparable alloy, LaNi s, 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 .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 (PCls)
are measured in a temperature range between 30and 130 C
for both materials and reaction rate coefbcients in the range
between 20 and 40 C are obtained for LaNi 4g5Al g.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

PCl measurements require experiments very close to equi-
librium. They can be measured either statically or
dynamically.
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The static measurement provides hydrogen to the material
and allows sufbcient 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.
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 inBuence the results, as mentioned by
Friedimeier 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 PCIl. 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 sufpcient 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 RBow rates, that the material remains very close to
equilibrium during reaction. If the Bow 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 Row 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 coefpcient 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 Bow 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 debned

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 (ap b region)

The restriction on the maximal temperature change is
strict compared to other work. Rudman [39], for example,
discusses atemperature change of  + 10 K. In order to be able to

[20,26,31,34,35].

refer the derived rate coefpbcient to one temperature, the
maximal temperature change allowed in this work is + 3K

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 Rex-
ible measurement of different probe masses. The range of the
volume Row control (VFC) is small (0.5 ... 25 ml y/min) to allow
the approach of the equilibrium state during PCI measure-
ments. A bypass (V » and V y3) allows fast pressure change for
measurements of the kinetic rate coefpcient. 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 sufpcient heat and mass transfer in order to
ensure reaction at constant temperature. Due to the small
volume Bow rates, an inner tube diameter of 9 mm satisbPes
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 shownin  Fig. 3, left. The stainless
steel tube (d ot ¥212 mm) had a length of approx. 100 mm. A
hand valve protects the material at installation. A Plter with a
pore size of 0.5 nm was added to prevent the powder material
from moving. A sample mass of 10.63 g of LaNi 4.85Al 015 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 brst order was found to bt 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 4g5Alg15 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 Y412 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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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).

Analysis

Pressure concentration-isotherm (PCI)

The value of interest for PCl 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 RBow 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 RBow
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
btting 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 inthe  supplementary material “Analysis “.

Only the plateau of the PCl 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 my, for each PCI curve was determined by using equation

@).
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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
btted to these values resulting in values for the reaction
enthalpy DgH and entropy DgrS|[14,41].

Peg 4, DeH . DiS
In 0o 2 RT b R 3)

For LaNi4g5Alp15 11 experiments were conducted in a
temperature range between 20and 130 C and 5 experiments
were conducted for C5 in a temperature between 30 and
35 C. The experiments were designed to bnd the maximal
hydrogen Row rate for near equilibrium approach. For the
large temperature range of the experiments with
LaNi 4 g5Al 9.15, here, a Bow rate at a medium temperature level
was additionally determined. More details on the experiments
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conducted are given in detail in Table A-3 of the

supplementary material

Reaction rate coefbcient

The measured value is the pressure drop, which correlates to the
hydrogen conversion, over time. An exemplary measurement is
shown inthe supplementary material in Figure A-3 . The corre-
lation between the hydrogen conversion over time % during the
measurement and the desired temperature dependent rate co-
efbcient karbis given in equation  (4). The pressure dependence
function fdbis 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&PpP has to describe the rate controlling step
correctly in order to yield a correct rate coefpcient. 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 reRected 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 coefbcient. If this is the case, then the pressure dependence

and mechanism are ref3ected correctly and the rate coefbcient

can be derived. Different expressions have been calculated for

the experiments in this work and the reaction mechanism of

brst order as giveninequation  (6) [1,42], was found to be suitable
for all results. Figure A-4 of the supplementary material ~ shows
the bt 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 coefb-

cient can be derived. It is given in equation (8) and leads to the

pre-exponentialfactor Ains ‘andtheactivationenergy  EainkJ/
mol.
VX
Wl/“ kT dpsf ax b 4)
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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.gsAl .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 20and40 C.
Details are given in  Table 2 in the result section.

Experimental design and repeatability

The experiments were designed in order to bt 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 Row 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  20and 130 Cand C5between 30and35 C.
Details are given in  Table A-3 in the supplementary material
For the reaction rate measurements, LaNi 4.85Al015 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):

pendfy)(endID
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The investigated factors ranged between 2 and 57. For all
factors, similar rate coefpcients were obtained. Therefore we
conclude that gas transport was sufbcient 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 Row rates and the chosen values are
given in the supplementary material in Figure A-5. Figure A-6
shows repeated experiments for the rate coefpcient 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, prst 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 PCls, 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 identibed 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 Pnal PCI results for both materials are given in
To our knowledge, they represent the Prst publication of
thermodynamic values at temperatures below 25 Cand0 C
for LaNi 4g5Al015 and C5, respectively. They allow precise
description of the equilibrium state down to 20 C for
LaNi4gsAlp15and 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.gsAl.15. The PCls 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, LaNiggsAlgis
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

Fig. 5.

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
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.

ap b-

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 givenin  Table 1. The very small value
for the plateau slope of LaNi 4gsAlg 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 4gsAlg15 Was investigated in the
range of 20 to 40 C. The resulting reaction rate coefpcient
are depicted in Fig. 6 and all values, together with measure-
ment specibcations, are givenin ~ Table 2. The rate coefpcient
values for C5 from Ref.  [27] are also included in the bgure. The

Table 2 e Results of all reaction rate experiments.

No. of exp. Tin C p-sensor p eng in bar factor f kin 1/s

-4 20 PRs 0.24 2 0.00148
-1 0.8 7 7.08861E-4
11-7 7.16806E-4
1-3 1.5 13 5.56077E-4
11-1 4.2 35 0.00159
11-5 0.00136
11-6 0 35 10 0.00911
11-2 Prao 20 57 0.00469
1-22 20 Prs 4.2 5 e

11-3 0.02057

11-4 Pra4o 20 22 0.01828
11-8 40 20 10 0.04887

2 Excluded due to unreasonable results.

Table 1 e Reaction enthalpy, entropy and plateau slope for LaNi

LaNi 4 g5Al 0.15

4.85Al 0,15 and C5.

X DRH DRHmean DRS DRSmean m pl Dmld
in % in kd/mol in kd/mol in J/(mol K) in J/(mol K) in wt.-% o 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
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Fig. 4 e Comparison of results of LaNi  4g5Alg15 to literature  [21,23] (left) and C5 to literature  [25e 27] (right).

Fig. 5 e PCl measurements (left) and resulting Van 't Hoff plot (right) for absorption (solid) and desorption (dashed) for
LaNi 4 g5Al .15 and for C5.

rate coefbcients for LaNi 4g5Alo.15 are clearly below the values conversion to a value of 90% would take around 8.5 min 2 The
for C5. However, they still show high values compared to other
metal hydrides, e.g. the reaction rate coefPcient of 2 At isothermal conditions and if only the reaction rate coefp-

LaNisgsAlos at 20 C is 0.0018 s . Hence hydrogen cient would determine the time.
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Fig. 6 e Rate coefbcients for LaNi
experiments and for C5  [27].

4.85Al g 15 for all performed

Fig. 7 e Rate coefbcient for LaNi
[22,27,28] .

4.85Al 015 compared to LaNi 5

C increases to 0.019 s !, leading to less
b

reaction rate at 20
than 1 min for complete conversion
From the values for the reaction rate coefpcient, the
Arrhenius equation (8) can be used to derive the pre-

exponential factor and the activation energy. For

LaNisgsAlg1s the values are A Y53;726s ! and E, Y
36;202 m—gl Therefore, the resulting Arrhenius term is as fol-
lows (10):
!
1 36:2 K
KaTb ¥5:4$10°-gexp ———m 10
5:4310" Sexp =T (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 s, publications don 't agree

on the exact rate coefbcients for this material, showing the
difpculty of these measurements such as isothermal condi-
tions, a range can be debned and compared to the Pndings of

this work for LaNi 4 g5Al .15, S€e Fig. 7. As can be seen, the slope
of the line for LaNi 4 .g5Al .15 is similar to the literature values

for LaNi s, however, at a higher level. For example at 20 C, the
reaction rate of LaNi 4g5Al .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 sufpcient thermal energy for the vehicle
component, of course much more material is required than
for the characterization measurements. In order to provide
sufbcient thermal energy for preheating of e.g. 1 | 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 4g5Alg15 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 benepcial for the reaction rate.

A temperature increase from 20 C by 10 K leads to an in-
crease in the reaction rate coefbcient by a factor of around 2,
leading to full conversion within 5 min instead of 9 min
contrast, for the hydrogen supplying material, desorption will
lead to temperature decrease. For example, a decrease of 10 K
from 20 Cleads to a decrease of the reaction rate coefbcient
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 sufpciently fast reaction.

For the open system in a FC vehicle, the heat generating
material LaNi 4g5Al 015 meets the requirements as well. Ab-
sorption at 1 bar and higher from the hydrogen storage tank
leads to absorption temperature levels signibcantly 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

 In
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Fig. 8 e Material properties and vehicle boundary conditions.

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 4.85A10.15 and C5
(Tio.05Zr0.0sMn 1.46V0.45F€0.09) @nd reaction rate coefbcients for
LaNi 4 g5Al 915 Were measured in the temperature and pressure
range necessary for vehicle preheating applications.
The brst PCls for both materials below 0 C were published

here. For LaNi 4g5Alo15, reaction rate coefbcients down to

20 C were measured for the brst 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 9.15 Shows an equilibrium pressure down to 55 mbar
for desorption and 120 mbar for absorption at mid-plateau at

20 C. C5reacts between 580 mbar for desorption and 1.6 bar
for absorption at 30 C at mid-plateau.

Benebcial for the application, the rate coefbcient results for

LaNi 4 g5Al 9,15 Show high values even at 20 C of 0.0018 s ™.

Compared to LaNi s, the aluminum addition in LaNi 4.85Al 015

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 sufpcient 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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abstract

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 20to p20 C), a s well as other inBuencing factors on the
thermal power output such as heat transfer Row 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 inBuence on
the thermal power with decreasing values for lower temperatures. Here, values between
0.6 kW/kg my at ambient temperature of 20 Cand 1.6 kW/kg wy at20 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 kWl/kg wy ata supply
pressure of 1.5 bar and 5.4 kW/kg mn 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
sufbciently until operation temperature is reached. In these
brst 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 efpcient, waste heat is reduced and
this leads to a prolonged cold start phase and more pollutants.

* Corresponding author. Fax: p 49 711 6862 632.

E-mail address: mila.dieterich@dir.de (M. Dieterich).
http://dx.doi.org/10.1016/j.ijhydene.2017.03.024
0360-3199/© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

Co heat capacity

m mass Row

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

e fuel cell

H> hydrogen

heat produced heat level
HTF heat transfer Ruid
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

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 Bow 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
signibcantly.

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]:

DH\, DS )

N Peg ¥ BrbP R

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.

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.

b

Nl

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
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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 inf3u-
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 inBuencing aspects, the mass
Bow of the heat transfer Buid (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 Cto p20 Cwere setasambient 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 Rows 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 Rows 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
guenching 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 ail, 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:

Tamp ¥4 20e20 C
Twaste ¥4 Treg ¥#490e 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 Psiorage refers to the “storage reactor “ and ppeas 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:

Tamp ¥4 20e20 C

Twaste ¥4 Treg ¥460e 80 C

Theat 20K (toreachatleast0 C)
Ptank ¥+ 1.5e 10 bar

Prc Y2 1 bar

The equilibrium pressure boundary conditions for the reac-
tion material are:
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pheat(Treg) > Prc
Pheat ¥4 3€ 20 bar

Theat (pheat) 0cC
Material selection

For the material selection, the described boundary conditions
areindicated inaVan 'tHoff plotin Fig. 1. The suited materials
are LaNi 4g5Al.15 from WholeWin (China) for the heat pro-
ducing side and Hydralloy C5 ® (Tio.95Zr 0.0sMN 1.56V0.46F€0.00)
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 4g5Al .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.g5Al .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 4gsAlg 15 results in an absorption heat at

50 Cinthe “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,

Fig. 2 e Metal hydride reactor in detail.

regeneration temperatures of above 30 C are necessary. The
selected materials have fast kinetics and in theory bt 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
Buid (HTF) Rows 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 baff3e plates). Commercially avail-
able heat exchangers by Exergy Heat Transfer Solutions
(Model # 00256-06 with clipped bafl3es) 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 Plled 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
LaNi4gsAlg.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. Itis able
to mimic the required temperatures with the help of a heat

Fig. 1 e Van 't Hoff Plot of LaNi 4g5Al 015 [29] and Hydralloy C5 ®[30] including temperature and pressure boundary conditions

for the closed (left) and open (right) system.
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transfer Buid, supply hydrogen and measure and log the y M2 "
required data. Fig. 3 shows a picture of the two reactors inte- X My $100 @

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
Rows are measured by Coriolis mass 3ow 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 e40 bar,,s, measurement uncertainty of
+0.4 bar). The hydrogen volume Bow is measured by a gas Bow
meter (measurement range of 0 e 100 I /min extendable to 130
In/min, measurement uncertainty of
The used heat transfer Ruid is SilOil M40.165/220.10 by Huber
K&ltemaschienenbau AG (Germany). Its thermal capacity was
measured at our institute with the differential scanning
calorimetry method and is given as

CoHTE giK ¥, 0:0013 T %C p 1:6718. The accuracy of the mea-

surement is  +10%. The most important value is the thermal
power actually transferred to the heat transfer Ruid. This is
calculated by the temperature difference of the HTF before
(Thtein) and after ( Tyrrout) Rowing through the reactor, the
mass Row ( myre) and the thermal capacity of the HTF ( Cyhre).
The thermal power in W is calculated according to the
following equation:

PYa myte Copre Thrrow  THTEIN 3

The overall heat in J released by the system is calculated by
integrating the thermal power over time as given in Equation 3).

Zt
Q% P dt ()
Y0
By knowing the mass of metal hydride and the reaction

enthalpy the hydrogen conversion can be calculated in wt.-%
by Equation (4):

+ (0.5% Rd p 0.1% FS)).

The absorptionenthalpy of LaNi 4 g5Al 9.15iS 31.6 kJ/mol y,[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 Plling 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 inBuence 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 Row 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 Bow
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)
isconductedat 20 C,aHTF mass Row 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 signibcant
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
Bow of the HTF and ambient temperature were varied in order
to investigate their inBuence 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 bPgure legend, the reader is referred to the web version of this article.)
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enthalpy of C5 ® (ﬁH Y4 28.4 kd/mol y, [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 Cand 0 C the regenera-
tion temperature was varied between 90 and 130 C. In all
cases the HTF mass Bow 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
signibcant 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 Cand 0.58 kW and 1.10 wt.-% at 130  C. For
ambient temperature of O 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
sufbcient for complete regeneration. For ambient temperature

Fig. 5 e Closed system e Variation of regeneration
temperature at ambient temperature of (a) i 20 C and (b)
0 C.

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 sufpcient 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) debnes 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 sufbcient for a complete regeneration as compared to
summer conditions.

Besides the regeneration temperature, the mass Row 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 Row of 425 kg/h.

The hydrogen conversion curve is steeper for higher HTF mass
Bows but all reach the similar end value of about 1 wt.-%.

The following conclusions can be drawn from these
experimental bndings. The overall hydrogen conversion is
independent of the HTF mass Bow in the investigated ranges.

Only the development over time at low mass RBow rates and
high ambient temperatures show small sensitivity. In general
the mass Bow seems to have an inRuence 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 sufbciently by HTF mass Bow of 150 kg/h. At
20 C the power increases signibcantly with the mass Row,
indicating an inBuence of the HTF mass Bow on the overall
heat transfer in the reactor at high thermal power values.
Because the high thermal power is obviously ensured by the
other inBuence 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 /4 130 C,
250 kg/h mass Row of HTF). The pressure drops considerably
with decreasing ambient temperature. At 20 C the peak
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Fig. 6 e Closed system e Variation of mass Row of heat
transfer Ruid at ambient temperature of (a) i 20 Cand (b)
20 C.

pressurevalueis 2.5bar,at0  Citisaround 1 bar and at 20 C
itis 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 Cand12Kat20 C. These experiments were additionally
conducted for different values for regeneration temperature
and HTF mass Bow (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,

Fig. 7 e Closed System e Variation of ambient temperature.

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 " atthe 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 inBuence of the supply pressure, the
HTF mass Row 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 O C. The resulting
thermal power and hydrogen conversion are shown in Fig. 8.
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Fig. 8 e Open system e Variation of pressure for ambient
temperature of () j 20 Cand (b) 0 C.

For both simulated ambient temperatures the thermal power
increases signibcantly with supply pressure both in slope and

peak value. The reached peak values for 20 Care 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 Cwas 12K 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 Bow of HTF was varied, too. Here, no signibPcant

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 20and0 C

for a supply pressure of 1.5 bar. For all experiments the HTF
mass Bow 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 O 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 bnal value. Once the reaction is over, the
Pnal values of the hydrogen conversion are very similar for
each supply pressure value.

At a brst glance, these bndings of decreasing thermal
power at increasing temperature seem to be in contradiction
to Arrhenius 's law. However, since the supply pressure is bxed
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
inBuence of reactor 2, a comparison of pressure, hydrogen

Row 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 Row 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 signibcantly 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 RBow increases
steeply for both systems and reaches a peak value of 77 | n/min
for the closed and 65 | /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
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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 j 20 C (right). (For interpretation of the references to colour in this bgure 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 | 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 Row 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
show totally different curves of hydrogen Bow and thermal
power. In the closed system after the Prst seconds the
hydrogen Bow 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 supposedt o0 possess very fast reaction

C

kinetics [24] this Pnding has to be conprmed 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 Table1.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
Pndings, the values are normalized and given per kg metal
hydride. The closed system reached values between 0.6 kW/
kgmn at ambient temperature of 20 C and 1.6 kW/kg mny at
20 C, at otherwise same conditions. The open system reached

1.4 kW/kg yy at 20 C and supply pressure of 1.5 bar and
5.4 kW/kg yy at 20 C and 10 bar.

Table 1 e Thermal power, thermal energy and conversion for different boundary conditions.
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It is obvious that the investigations were performed with
comparably heavy reactors of 2.09 kg. The ratio of mass of
metal hydride to mass of reactor are 1: 2.2 for reactor 1 and 1:

3.4 for reactor 2. However, the given experimental values
include the thermal mass and temperature change of the
materials, containing reactors and HTF. Still high values are
achieved, because of the high thermal energy density of the
material, therefore showing high potential especially for mo-

bile applications. In general, due to the “switchable ” operation
principle, it can be suggested to integrate the 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 41Alg5:Mngag
designed for direct integration into a high temperature PEM
fuel cell operating at clearly higher temperatures (100 el70 C).
The maximal thermal power output reached 5.7 kWr/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 , e TiV g62Mn 4 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 e80 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.

developed, materials selected and reactors and a test bench
built to investigate inRuence factors on the thermal power.
LaNi4gsAl 015 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 Row of the heat transfer Ruid (varied
range 150e 425 kg/h), the regeneration conditions for the
closed system (90 €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

Hoff plot, see Fig. 1) is not advantageous. The closed system
reached values between 0.6 kW/kgMH at ambient tem-
perature of 20 Cand 1.6 kW/kgMH at20 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 inRuence. 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 conbPrmed 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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abstract

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 ¢ 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

* Corresponding author.

E-mail address: inga.buerger@dlr.de (1. Brger).

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. L 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

! Now at Aagius & Aagius, 12 Rue Vivienne, 75002 Paris, France.

http://dx.doi.org/10.1016/j.jpowsour.2016.12.108
0378-7753/ © 2017 Elsevier B.V. All rights reserved.
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Fig. 1. Scheme of a hydrogen-based power2gas system to store surplus electrical power.

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 » 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 ) to a
metal hydride (MeH) can be written as

1
Me p §H24 MeH p DgH: @

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]1. In this paper, it is emphasized that for the selection of a suitable
material a small hysteresis as wellas a  at plateau of the PCI curve
are crucial, leading to the suggestion of LmNi(1) * (IMC) or
Hydralloy C15 (GfE®).

Lototskyy et al. also designed metal hydride reactors using an
AB,-type material as fuel cell supply tanks [8]. In that paper, the
effect of different hydrogen desorption rates is discussed as well as

2 E.g.,www.actaspa.com .

E.g.,www.heliocentris.com .

Lm ¥ La-rich misch metal.

Japan Metals & Chemicals Co. Ltd.
Gesellschaft fir Elektrometallurgie mbH.

3
4
5
6

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 NL’ 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 ® pased 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 beende  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

7 NL ¥ 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
(ABy-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 Cis assumed, there is still a temperature
difference of 10 K to the equilibrium of 80% transformed fraction for
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Fig. 2. Van't hoff plot of Hydralloy C5 [17], and operation conditions for the present
reactor design.

& E.g.,www.actaspa.com .

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 Il 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 ¢ per layer, a hydrogen mass

owrate of 2.710 2 gs lis required (assuming hg ¥4 0.5). In order
to release this amount of hydrogen, with a reaction enthalpy of
DrH ¥428.4 kd 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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Table 1
Summary of properties for powder or MHC material as well as calculated design parameters (materials properties taken from Ref. [17]).
Hydralloy ® powder Hydralloy ®-based MHC
30 | 30
28 28 )
. @) T.
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£ 26
26 -
'_ IT\ A AL,
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o0
24 | - ek 24 |
[l
oeopo T P EP R R R
0 2 4 6 8 10 12 0 2 4 6 8 10 12
R in mm
Req. power in W ¢ per layer 160 160
rinkgm 3 2000 4040
linwm K1 1 9.9
m in kg 1.35 1.42
Linm 1.95 1.01
Q/AINWm 2 295 567
QNinkwm 3 56.3 108.3
DT in K 1.55 0.30
DT, in K 1.96 3.78

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 1/4iS$R2

ai @)
where Sis the volumetric heat sink density during the desorption
reaction in Wm 3, | is the heat conductivity of the material in
W(mK) ! and Ris 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
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 L Thus, the temperature drop from the air to the
center of the MHC is dominated bya DT,%3.78 K from the air to the
steel wall, while inside of the MHC the temperature gradientof ~ DT;

le

~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 pelletin 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 Tk L

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
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Table 2
Photograph of storage tank demonstrator and its main features.4

Mass MHC in kg

Total mass in kg

Stored volume of H , in m3
Designed load in W ¢ per layer
Dimensions in mm

6

30

1

160 for 100 min, @ 4 bar back pressure
261 444 458

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 ¢ 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 Lat 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 Lat 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. Allmass ow controllers (MFC) have an accuracy of + (0.5%

Rdp 0.1% F&). 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 ¢ 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

° Rd ¥4 Reading, FS¥ full scale.
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Fig. 3. Test rig layout.

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 L forat
least 100 min per layer. For the complete storage (4 layers), these
conditions refer to an electric fuel cell power of 640 W ¢ for 100 min
(ef ciency of the fuel cell: hg % 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 3gs in
order to simulate the continuous operation of an electrolyzer or a
fuel cell at 320 W ¢. 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
(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 RCe
5.2mg s 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.

1

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
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Fig. 4. Mass ow rate (A), pressure (B) and temperature difference (C) versus time for absorption (left) and desorption (right) under RC.

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 layerswith owratesof 5.2 (RC),10.5(2 RC),21(4 RC),aswell
as 41.9 (8 RC)mgs L.

For absorption (left), the trends are as expected: The time in-
terval with constant  ow rates (A) scales almost linearly with the
applied owrate. Thus,for2 RC50min,for4 RC 25 minand 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 7 shows the calculated hydrogen mass absorbed (left) or
desorbed (right) during the same experiments. Using these data, it
is possible to discuss the actual utilization factor of the stored
hydrogen that has been reached at the different  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 m?3 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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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 wellas with2 ~ RC and
two single layers (triangles up and triangles down).

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 %2 and %. Therefore, itis
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 RCand4 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 W 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
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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.
in uence the heat transfer from the reactor tube to the air. With Summarizing, a solid-state hydrogen storage tank with simple
30 kg the laboratory system is currently too heavy, however using design and little heat transfer effort was presented that is able to
improved assembly techniques it will be possible to reduce the reach high utilization factors of around 90%.

weight by 50%.
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Fig. 7. Mass absorbed (left) and mass desorbed (right) versus time for repeated experiments at RC (light grey, grey, black), 2 RC (red), 4 RC (green), and RC starting/ending at

1 bar instead of 4 bar (turquoise). (For interpretation of the references to colour in this gure legend, the reader is referred to the web version of this article.)
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