HZG REPORT 2014-2 // ISSN 2191-7833

Technical and Economic Evaluation of Hydrogen
Storage Systems based on Light Metal Hydrides
(Von der Fakultät für Maschinenbau der Helmut-Schmidt-Universität/Universität der Bundeswehr Hamburg im Jahr 2013 als
Dissertation angenommene Arbeit)

J. Jepsen

HZG Report 2014- 2

Technical and Economic Evaluation of Hydrogen
Storage Systems based on Light Metal Hydrides
(Von der Fakultät für Maschinenbau der Helmut-Schmidt-Universität/Universität der Bundeswehr Hamburg im Jahr 2013 als
Dissertation angenommene Arbeit)

J. Jepsen

Helmholtz-Zentrum Geesthacht
Zentrum für Material- und Küstenforschung GmbH | Geesthacht | 2014

Die HZG Reporte werden kostenlos abgegeben.
HZG Reports are available free of charge.
Anforderungen/Requests:
Helmholtz-Zentrum Geesthacht
Zentrum für Material- und Küstenforschung GmbH
Bibliothek/Library
Max-Planck-Straße 1
21502 Geesthacht
Germany
Tel.: +49 4152 87-1690
Fax.: +49 4152 87-1717

Druck: HZG-Hausdruckerei
Als Manuskript vervielfältigt.
Für diesen Bericht behalten wir uns alle Rechte vor.
ISSN 2191-7833
Helmholtz-Zentrum Geesthacht
Zentrum für Material- und Küstenforschung GmbH
Max-Planck-Straße 1
21502 Geesthacht

H Z G R e p ort 2 014 - 2

Technical and Economic Evaluation of Hydrogen Storage Systems based on Light Metal Hydrides
(Von der Fakultät für Maschinenbau der Helmut-Schmidt-Universität/Universität der Bundeswehr Hamburg im Jahr 2013 als
Dissertation angenommene Arbeit)

Julian Jepsen
150 Seiten mit 90 Abbildungen und 8 Tabellen
Abstract
Novel developments regarding materials for solid-state hydrogen storage show promising prospects. These complex hydrides exhibit high
mass-related storage capacities and thus great technical potential to store hydrogen in an efficient and safe way. However, a comprehensive evaluation of economic competitiveness is still lacking, especially in the case of the LiBH4 / MgH2 storage material. In this study,
an assessment with respect to the economic feasibility of implementing complex hydrides as hydrogen storage materials is presented.
The cost structure of hydrogen storage systems based on NaAlH4 and LiBH4 / MgH2 is discussed and compared with the conventional
high pressure (700 bar) and liquid storage systems. Furthermore, the properties of LiBH4 / MgH2, so-called Li-RHC (Reactive Hydride
Composite), are scientifically compared and evaluated on the lab and pilot plant scale. To enhance the reaction rate, the addition of TiCl3
is investigated and high energy ball milling is evaluated as processing technique. The effect of the additive in combination with the processing technique is described in detail. Finally, an optimum set of processing parameters and additive content are identified and can be
applied for scaled-up production of the material based on simple models considering energy input during processing.
Furthermore, thermodynamic, heat transfer and kinetic properties are experimentally determined by different techniques and analysed
as a basis for modelling and designing scaled-up storage systems. The results are analysed and discussed with respect to the reaction
mechanisms and reversibility of the system. Heat transfer properties are assessed with respect to the scale-up for larger hydrogen
storage systems. Further improvements of the heat transfer were achieved by compacting the material. In this regard, the influence of the
compaction pressure on the apparent density, thermal conductivity and sorption behaviour, was investigated in detail. Finally, scaled-up
storage systems are designed, tested and described numerically by finite elements simulation. The influence of the tank diameter on sorption rates, hydrogen capacities and temperature profiles inside the material beds is demonstrated. Key aspects for the design of future
light metal hydride storage tank systems were derived from the experimental obtained results and the theoretical simulation of Li-RHC as
a representative model system for RHCs.

Technische und wirtschaftliche Bewertung von Wasserstoffspeichersystemen auf Basis von
Leichtmetallhydriden
Zusammenfassung
Neue Entwicklungen zur Wasserstoffspeicherung auf der Basis von Feststoffen zeigen viel versprechende Perspektiven. Diese komplexen
Hydride zeigen im Labormaßstab hohe gewichtsbezogene Speicherkapazitäten und besitzen daher ein großes technisches Potenzial zur
effizienten und sicheren Wasserstoffspeicherung. Allerdings steht eine Bewertung der wirtschaftlichen Konkurrenzfähigkeit noch aus,
insbesondere im Falle von LiBH4 / MgH2 als Speichermaterial. In dieser Arbeit erfolgt daher erstmalig eine wirtschaftliche Bewertung von
Speichersystemen auf der Basis von komplexen Hydriden. Die Kostenstruktur eines Speichersystems basierend auf NaAlH4 und LiBH4 /
MgH2 als Speichermaterial wird diskutiert und mit den konventionellen Hochdruck- (700 bar) und Flüssigspeichersystemen verglichen. Zusätzlich werden die Eigenschaften des Speichermaterials LiBH4 / MgH2, sogenanntes Li-RHC (Reactive Hydride Composite), anhand einer
ingenieurswissenschaftlichen Realisierbarkeitsstudie im Labor- und Technikumsmaßstab verglichen und bewertet.

Um die Reaktionsgeschwindigkeit zu optimieren, werden die Zugabe von TiCl3 und die Aufbereitung mittels Hochenergiemahlens untersucht.
Der Einfluss des Additivs in Kombination mit der Aufbereitungsmethode wird im Detail analysiert. Dabei wird das Optimum hinsichtlich Additivanteil und Prozessparametern mithilfe einfacher Modellvorstellungen zum Energieeintrag bestimmt, was auch im größeren Aufbereitungsmaßstab angewendet werden kann. Weiterhin werden die Zusammenhänge zwischen Wärmetransport-, Reaktionskinetik und thermodynamischen
Materialeigenschaften experimentell durch verschiedene Methoden bestimmt und analysiert. Diese bilden die Grundlage für die detaillierte
Modellierung und Entwicklung von maßstabsvergrößerten Speichersystemen. Die Ergebnisse werden in Bezug auf den Reaktionsmechanismus
und die Reversibilität der Reaktion analysiert und diskutiert. Die Wärmetransporteigenschaften gewinnen zunehmend Einfluss für maßstabsvergrößerte Speichersysteme. Der Wärmetransport kann dabei durch die Kompaktierung des Materials verbessert werden. Der Einfluss des
Kompaktierungsdruckes auf die Schüttdichte, Wärmeleitfähigkeit und das Speicherverhalten wird daher im Detail untersucht.
Abschließend werden Speichersysteme im Technikumsmaßstab auf der Basis von Li-RHC entwickelt, getestet und numerisch beschrieben
durch die Finite-Element-Methode. Der Einfluss des Tankdurchmessers auf das Speicherverhalten, die Wasserstoffkapazität und die Temperaturverteilung innerhalb der Schüttung wird nachgewiesen. Anhand der im Rahmen dieser Arbeit erzielten experimentellen und theoretischen
Ergebnisse für Li-RHC als Modellsystem können wichtige Aspekte für die Entwicklung und Auslegung von zukünftigen Speichersystemen auf
Basis von Leichtmetallhydriden abgeleitet werden.
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1. Introduction
The world energy consumption increased from 5 x 1012 kWh / year in 1860 to 1.2 x 1014 kWh / year in
2008, i.e. by two orders of magnitude, with more than 80 % of the energy originating from fossil fuels,
such as coal, oil and gas [1]. It is widely accepted that the reserves of fossil fuels are continuously
diminishing and, accordingly, the effort to convert energy resources into energy reserves will increase
strongly [2]. This circumstance will have a major influence on our economy and daily life and might
even lead to international conflicts. Since reserves of fossil fuels are limited and concentration of air
pollutants increases due to their combustion, new alternative energy sources and carriers are needed.
Therefore, a timely investigation of alternatives is necessary.
Hydrogen technology is one promising alternative [3-6]. The use of renewable energy sources like
wind, water or sun, the storage and distribution in form of hydrogen and the conversion to electricity
and heat by fuel cells, makes a hydrogen economy conceivable. Meanwhile, improvements in all fields
(supply, distribution and conversion) are necessary.
Hydrogen technology is since long considered as possible energy technology of the future [4]. The
storage of hydrogen is of special interest because the hydrogen molecules offer already at STP1 a
very high gravimetric energy density of 33.33 kWh / kg [4]. On the other hand, hydrogen gas has a
very low volumetric energy density of 2.99 kWh / m3 [7]. The volumetric energy density needs to be
improved without reducing the gravimetric density too much to be competitive with other energy
storage systems like natural gas or gasoline as shown in Fig. 1.

Fig. 1: Volumetric against gravimetric energy density for different energy storages based on [8]

According to Fig. 1 the direct electric energy storage in lithium ion batteries cannot play a major role
for large scale applications (e.g. automotive), due to its low volumetric and gravimetric energy density.
However, batteries have the advantages of a direct storage of electric energy and thus provide higher
efficiency. Hence, batteries are widely used and established for short-term and small scale
applications with low energy ranges. Hydrogen technology is not a competitor but a complement to the
battery technology for higher quantities of stored energy.
1

STP ≡ Standard temperature (0 °C) and pressure (1.01325 bar)
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The volumetric energy density can be drastically improved depending on the chosen hydrogen storage
technique. In physical storage, hydrogen is either compressed (GH2) or liquefied (LH2). These
techniques, also further explained in subsections 4.1.1 and 4.1.2, are relatively complex and energy
demanding. The most widely used alternatives are hydrogen stored at pressures of up to 700 bar or
liquefied at very low temperatures of -253 °C. These alternatives require additionally to the high
energy a highly developed storage system at high costs, as it will be shown later. Moreover, the safety
aspect, with respect to the temperature and pressure, is another motivation to find alternative storage
techniques. Thus, one of the major challenges remains the storage of hydrogen.
The highest volumetric energy density for hydrogen is known for the arrangement of hydrogen atoms
within the lattice of metal atoms or chemical compounds, referred to as solid-state storage. Here, the
hydrogen reacts chemically with the metal and forms a metal hydride or complex hydride. Hydrogen
stored in metal or complex hydrides benefits from the absence of intermolecular repulsive forces of
hydrogen in the molecular state, due to the chemical bonds with the metal atoms. The repulsive forces
of hydrogen molecules are the reason for the poor volumetric energy density in Fig. 1 and are also
present during physical storage in liquid or compressed form.
The reaction and thus finally also a tank system enclosing the storage material, are comparatively
simple and can be controlled just by the applied hydrogen pressure at a constant temperature. A high
hydrogen pressure above the equilibrium pressure leads to an absorption, whereas a pressure below
the equilibrium pressure leads to a desorption.
A wide range of metals and compounds have the ability to bond hydrogen and to form a hydride or a
complex compound. These chemical reactions are in many instances reversible and need milder
temperature and pressure conditions than the conventional physical storage systems mentioned
above. In addition, metal hydride systems can be used not only for hydrogen storage but also as heat
storage units [9], for gas purification [10] or pumping systems [11]. However, most of activities (e.g.
[12-14]) in metal or complex hydride systems, and also this study, are aiming at the energy storage by
hydrogen storage. Beside the well-known room temperature hydrides, like e.g. lanthanum nickel
hydride (LaNi5H6), sodium aluminium hydride (NaAlH4) [12] and magnesium hydride (MgH2) [15] are
currently attracting a lot attention [16]. Both hydrides are operating at elevated temperatures.
In the past, the practical use of the above mentioned hydrides was often limited by low reaction
kinetics ascribed to high activation energies. These activation energies are dominated inter alia by
slow diffusion rates of the reactants, insufficient nucleation and / or the dissociation of the hydrogen
molecule on the material surface. Recently, substantial progress could be achieved by the addition of
additives with catalytic effect (e.g. [17, 18]) and the use of suitable processing techniques (e.g. [19,
20]).
Due to some of the properties of the already mentioned MgH2 it is one of the most promising materials
for hydrogen storage. However, its high thermodynamical stability limits the practical use of the system
Mg / MgH2 [21, 22]. One of the possibilities to decrease the binding energy and increase the storage
capacity is to combine MgH2 with light-metal hydrides in the so-called Reactive Hydride Composites
(RHCs) [13, 14]. In RHCs, two hydrides react with each other and form exothermically a new
compound while releasing hydrogen (Fig. 2).
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Fig. 2: Schematic reaction of two hydrides according to the principle of the reactive hydride composite [HZG]

The complex lithium boron hydride (LiBH4) is among the materials with the highest theoretical
gravimetric hydrogen storage density (18.5 wt.% [23]) and thus particularly interesting. Combining
LiBH4 with MgH2 to the so called Li-RHC, the theoretical thermodynamic stability of both hydrides can
be reduced to 46 kJ / mol H2 [7] according to Eq. 1.1 and the exothermic formation of magnesium
boride (MgB2):
2 LiBH4 + MgH2 ↔ 2 LiH + MgB2 + 4 H2

(1.1)

This Li-RHC system still has a high theoretical gravimetric hydrogen storage capacity of 11.54 wt.%
(based on the absorbed state).
For on-board hydrogen storage systems, gravimetric and volumetric capacities as well as fast sorption
kinetics are still the major challenges. Conventional hydrogen storage methods, such as the already
mentioned high pressure gas or liquid hydrogen, cannot fulfil the storage goals, set by, among others,
the United States Department of Energy (DoE) [24], as it is illustrated in Fig. 3.

Fig. 3: Volumetric against gravimetric hydrogen storage density for different storage systems based on [24, 25]

Fig. 3 shows the energy density of the bulk material for some metal or complex hydrides against the
DoE system goals and the energy densities of the conventional storage systems. For the solid-state
storage systems, both the gravimetric and volumetric storage density, need to be reduced due to the
lower density of the material in powder state and the tank systems surrounding the storage material.
The reductions are difficult to estimate and depend among others on the particular storage material, its
processing and the operation conditions. The values for the conventional storage systems are shown
3

as elliptical shape areas due to the dependency of the energy density on e.g. the size of the system or
type of used shell materials. However, storage systems based on solid-state materials have a great
potential to meet the 2017 DoE system goals [26] and exceed to some extent the storage densities of
the conventional storage systems with less complex tank systems and at reduced costs. In particular,
the Li-RHC (LiBH4 / MgH2) could even meet the ultimate target of the DoE system goal in Fig. 3.
However, it is yet unknown to what extent the Li-RHC storage material is economically and technically
scalable.

4

1.1.

Scope of work

This study for the first time provides a concept and the associated essential key data and assumptions
to assess the economical and technical potential of some light metal hydrides for hydrogen storage. In
particular, general approaches to estimate upscalability and design strategies for tank systems are
developed and discussed. The study is organised in the following chapters. After a short review of the
theoretical background regarding thermodynamics of metal hydrides in chapter 2, the experimental
methods and parameters are described in chapter 3. Then, a first comparison of the conventional high
pressure and liquid storage systems with complex hydride systems based on NaAlH4 and
LiBH4 / MgH2 is shown in chapter 4. In chapter 5 and 6 the focus is on the promising but from an
engineering approach so far little studied LiBH4 / MgH2 storage material. Therefore important material
properties of the storage material (chapter 5) and the behaviour in a larger scale as storage system
(chapter 6) is analysed. In chapter 5 in particular the effect of the additive will be further investigated
and the correlation to the additive content and milling energy will be discussed in section 5.1. To
understand the correlation between the different milling parameters and the transferred milling energy,
a comprehensive investigation of this phenomenon is done and a modified transferred energy model
[27] is applied. In section 5.2 the thermodynamic, heat transfer as well as kinetic properties of Li-RHC
are determined. For larger bed sizes of hydride systems, the heat transport and not the intrinsic
kinetics can limit the overall reaction rate. Considering the reaction described in Eq. 1.1, an energy of
46 kJ mol-1 H2 is theoretically released or needs to be provided, for the absorption or desorption
reaction, respectively [28]. To provide solutions for this heat transport problem, the material was
compacted to pellets and investigated in section 5.3. The effect of the compaction is of particular
interest for this system because, due to the melting of LiBH4 [28] during the sorption process,
decrepitation or disaggregation of the pellets is expected. In chapter 6 finally the scale-up of the
storage material production and the design of storage systems is investigated on a pilot plant scale.
The difference in temperature profile in the larger material bed as compared to the smaller lab scale is
analysed and discussed in section 6.1. Further contribution to the understanding of scale-up systems
of the material is provided by numerical simulation in section 6.2. Chapter 7 summarises the main
results and chapter 8 gives an outlook for further work.
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2. Theoretic background and state of the art
The hydrogenation of materials to form hydrides could be simplified by the 4 steps in the schematic
plot in Fig. 4.

Fig. 4: Interaction between hydrogen molecule and storage material [29]

In the first step (Fig. 4a) the hydrogen molecule approaches the storage material surface. The second
step (Fig. 4b) is dominated by the interaction of the molecule with some atoms on the surface through
the van-der-Waals forces. In the third step (Fig. 4c) the hydrogen molecule dissociated and the
hydrogen atoms are chemisorbed by the storage material. Finally, in the forth step (Fig. 4d) the
hydrogen atoms diffuse into the bulk material. This diffusion process is faster along the phase and
crystallite boundaries. Initially the hydrogen atoms occupy the interstitial sites and form a solid solution
referred to as α-phase (Fig. 5). In this stage, only a low amount of hydrogen is absorbed. Once the αphase is completed, the nucleation and growth of the metal hydride starts. This stage is referred to the
β-phase. The transformation from the α-phase to the β-phase occurs without (or only little) increase of
pressure according to the Gibbs' phase rule. This is illustrated in the pressure concentration isotherms
in Fig. 5a by the pressure plateau.

Fig. 5: Schematic illustration of pressure concentration isotherms (a) and corresponding van’t Hoff plot (b) [29]

The applied pressure at this plateau is defined as equilibrium pressure. The length of the plateau and
the absolute value of the pressure depend on the storage material and are a function of the
temperature. Once the critical temperature Tc is exceed, the transformation from the α-phase to the βphase occurs continuously. The equilibrium pressure is related to the stability of the hydride, due to
the dependency of the reaction enthalpy and entropy. The determination of the enthalpy and entropy
by different equilibrium pressures at different temperatures is shown in Fig. 5b. By plotting the
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equilibrium pressure against the inverse of the temperature, the reaction enthalpy and entropy can be
calculated according to the van’t Hoff equation (Eq. 2.1):
 p eq
ln
 p0

 HR S
 

 RT R

(2.1)

where R is the gas constant, peq and p0 are the equilibrium pressure and the normal pressure
(~ 1 bar), respectively. The equilibrium pressure is a function of the temperature T and the constants:
reaction enthalpy ΔHR and entropy ΔS, being the slope and y-intercept of the plot in Fig. 5b. The
derivation of the van’t Hoff equation will be shown in subsection 6.2.3.2.
For the Li-RHC studied here, only a PCI measurement under absorption conditions was performed so
far by Vajo et al. [14]. As reported by Bösenberg [30] the absorption reaction proceeds in one single
step, while the desorption takes place in two steps. The formation of MgB2 is critical for the reversibility
of the system and only possible by creating a suitable hydrogen backpressure during the desorption
reaction. According to the literature, the reaction kinetics can be improved by the addition of titanium
trichloride (TiCl3) as an additive material and by processing the compounds using high energy ball
milling via a planetary mill [18]. However, the effect of the additive in combination with the milling
process is not yet completely understood. Assuming a complete reaction of the additive, the following
reaction is suggested:
2 LiH + MgB2 + x TiCl3 → (3·x) LiCl + x TiB2 + (2 - 3·x) LiH + (1 - x) MgB2 + x Mg + (1.5·x) H2

(2.2)

with 0 ≤ x ≤ 2/3 [mol]
The amount of 1.5 times x mol of gaseous hydrogen (H2) in Eq. 2.2 is released during the milling. The
titanium boride (TiB2) and lithium chloride (LiCl) phases are expected to be highly dispersed [18, 31].
The formation of LiCl can be seen by X-Ray Diffraction (XRD), while the formation of TiB2 was
observed so far only by X-ray Absorption Near-Edge Structure (XANES) as well as Extended X-ray
Absorption Fine Structure (EXAFS) analysis due to its nanocrystalline structure [30, 31]. However,
TiB2 was observed after milling only starting from the absorbed state of Eq. 1.1 and after cycling the
material [31]. Due to the low directional and interplanar misfit to the hexagonal lattice of the MgB2 and
the assumed fine distribution, TiB2 could act as heterogeneous nucleation sites for the MgB2 phase
and lower the diffusion distances due to the fine distribution and grain refinement in consequence [18].
The grain refinement, in this study described as crystallite refinement, by boron compounds, in
particular TiB2, has been already reported in literature [32-34]. Due to the observed reactions with the
starting reactants the term ”additive” instead of ”catalyst” better describes the role of TiCl3. In addition
the milling itself leads to smaller particle and crystallite sizes [35] of the reactants, which accelerate
the reaction of the material with hydrogen mainly due to a higher surface and more diffusion paths
along the phase and crystallite boundaries [36]. It is assumed that the size of the particles and
crystallites, and thus also the reaction kinetics, depend on the energy that is transferred by the milling
7

to the powder material. Experience on the compaction of the material after milling or in pilot plant scale
systems does not exist. Furthermore, only little is known about the basic material properties, like
thermodynamic, heat transfer or kinetic properties.
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3. Experimental details
The details about the basic model for the economic potential analysis in chapter 4 are given in section
3.1. The method for material preparation and techniques for characterisation of the LiBH4 / MgH2
storage material and system, discussed in chapter 5 and 6, is described in more detail in section 3.2
and 3.3, respectively. Details in particular on the system characterisation for chapter 6 are given in
section 3.4.

3.1.

Economic model

It should be mentioned here that previous studies have been carried out, however, they are based on
different assumptions [37], the data meanwhile are out-dated [38-42] or the studies have not yet been
comprehensively published in peer-reviewed journals [43]. The data available come very often from
presentations, which disclose only partial aspects of the models. A comparison with the official DoE
target for storage system cost [24] is also not significant since the current value is under review.
Therefore, any comparison with the present study is problematic.
The economic model is shown in the following subsections in more detail for the cost structure
(subsection 3.1.1), basic assumptions (subsection 3.1.2) and equations (subsection 3.1.3).

3.1.1. Cost structure
The model was developed with the aim of giving an answer to the following question: What would be
the total costs of one refuelling process in a mobile application of a certain size using different
hydrogen storage techniques? In the proposed model, the total refuelling cost per cycle is composed
of the following four cost fractions:
 Costs of hydrogen gas CH2
 Costs of hydrogen processing CHP
 Depreciation costs of the tank system CTS
 Depreciation costs of the storage materials CSM
The sum of these four fractions forms the total refuelling cost per cycle CT (Eq. 3.1):

CT  CH  CHP  CTS  CSM
2

(3.1)

It is important to mention that the major part of the information about the costs was obtained in Euros
since this study was carried out in Germany. Despite this fact and in order to provide a more
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straightforward comparison for the international field, the result of the economic analysis is expressed
in US-$2.

3.1.2. Assumptions
The basic assumptions relating to the general storage and evaluation criteria are shown in the
following in subsections 3.1.2.1 and 3.1.2.2, respectively.

3.1.2.1.

General storage criteria

The model is based on the following assumptions to define the general criteria for the storage
systems:


construction as on-board system with an integrated fuel cell application



manufacturing under the terms of a serial production



minimum size of series Xmin = 100 units



initial size of series Xmin,0 = 10 units



hydrogen supply at ambient pressure for the loading



hydrogen pressure after the unloading between 2 and 10 bar



minimum number of cycles Acycl = 1,000 cycles

The minimum and initial size of series opens the opportunity to include later cost effects for
underdeveloped technologies. The minimum life expectancy, demonstrated by the minimum number of
cycles [24], represents the basis for depreciations. To simplify the analysis, the depreciations are
linear on the basis of the minimum number of cycles and neither inflation-adjusted nor charged with
interest.

3.1.2.2.

Evaluation criteria

In addition, a few fundamental assumptions for the evaluation criteria are necessary. They are based
on the theory that the relation between the relative price of an economic good and the ordered
quantity is generally dominated by the quantity-discount-relationship. Hence, it is assumed that the
amount of stored hydrogen has the most important influence on the total cost due to the correlation
with the ordered quantity (e.g. storage material or tank system material). Therefore, the storage
capacity x, in kilograms of hydrogen, is defined as the only variable factor. Moreover, different
applications should be considered in the analysis. However, the applications are only distinguished on

2

based on currency rate from 27th of January 2011 (1 US-$ ≡ 0,729 €)
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the basis of their amount of stored hydrogen. The field of observation is therefore defined between 0.1
and 10 kg of H2. Only within this field of observation cost drivers are considered. This consideration is
another simplification and implies that not each cost structure is taken into account in detail.
In many cases, only few data points regarding the costs are known and an interpolation is necessary.
For all functions in this analysis, the power law function (Eq. 3.2) has been selected for interpolations:

 x
f x   a  
 x0





b

(3.2)

The constants a and b are calculated by fitting to the available data. The constant factor x0 is 1 kg H2.
If possible, all fittings are done including values outside of the field of observation. This ensures that
the conclusions reached inside the field of observation are significant and can be used for realistic
estimations. The power law function has been selected because the strong depression at the
beginning corresponds to the characteristic fixed cost degression known in other economic scenarios
and the slow stagnation at the end, to the approximation to the variable costs as marginal cost.
One of the major challenges of this analysis is the economic evaluation of energy. In this study the
energy is consistently evaluated by a German industrial consumer price for 1 kWh of electric energy:
cE = 0.1 € / kWh ($0.14 / kWh) [44].

3.1.3. Model equations
In the following, the calculations for the four cost terms CH , CHP, CTS and CSM from Eq. 3.1 are
2

described.
The cost of the hydrogen gas, CH , is equal for all the considered storage systems and could therefore
2

also be neglected for comparison. However, to give a clear answer to the previous question
concerning the refuelling cost in subsection 3.1.1, this part is also included. The total cost of the
hydrogen gas CH corresponds to the hydrogen cost function cH as shown in Eq. 3.3:
2

2

CH x   c H x 
2

2

(3.3)

The hydrogen cost function is based on a current quote requests, done with two gas suppliers, and
expected future cost of hydrogen produced by wind energy [45] as marginal cost. The marginal cost,
as studied in [45], is an extrapolation into the future which depends in a complex way on several
factors with centralised vs. distributed generation, origin of the energy and carbon emission taxation
being the most important. Due to this complexity we have strived to simplify our model by using the
calculated value for hydrogen produced by wind energy for the year 2020. The maximum offered
pressure of the quote requests was 300 bar (minimum purity 99.9 % at a purchase quantity up to
13 kg of H2). The average marginal cost of the above mentioned requests represents the cost at low
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ordered quantities due to the fact that the hydrogen gas should be actually supplied at standard
pressure in this analysis. The parameters a H and b H are shown in Tab. A 1 in appendix A 1.
2

2

The total cost of hydrogen processing CHP is calculated by the multiplication of the energy cost cE and
the energy demand for hydrogen processing EHP (Eq. 3.4):
C HP  c E  E HP

(3.4)

The total cost of hydrogen processing is the only cost fraction in this analysis without dependency on
the amount of hydrogen due to the intensive nature of the energy demand for hydrogen processing
and therefore not written as a function of the storage capacity.
The total tank system cost function CTS (Eq. 3.5) equates the depreciation of the tank system cost
Cdep,TS (Eq. 3.6) corrected by the experience curve effect [46]:

 X
C TS x   C dep,TS x    min
 X min,0

log l TS 

 log2 




(3.5)

The linear depreciation of the tank system cost Cdep,TS is calculated by Eq. 3.6, with the minimum life
expectancy Acycl as basis:

C dep,TS x  

c TS x 
A cycl

(3.6)

The tank system cost function cTS follows the power law function mentioned above (Eq. 3.2). The
constants a and b are fitted for each storage system. The experience curve effect implies that the
value added costs of a product fall by 20 - 30 % for each doubling of the cumulative production
volume. The correction term in Eq. 3.5 is a modified formula from Baum et al. [46] who provide also a
simplified derivation. The correction with the experience curve effect is necessary because of different
data for the tank systems. For instance, data from storage systems without a sophisticated production
status in terms of a series production (e.g. solid-state storage systems) can be therefore corrected to
compare these data with systems at a more developed production status (e.g. pressure storage
systems).
The total storage materials cost CSM is relevant only for the solid-state storage systems, and is based
on the amount of each storage material. The solid-state systems in the analysis rely on two storage
material components reacting with hydrogen, and one additive material as reaction rate enhancer. The
overall storage material results from the mass balance for each stoichiometric reaction. For instance,
in the case of sodium alanate (sa), the reaction and its compounds are shown in Eq. 3.7 [47]:
TiCl
2 NaH + 2 Al + 3 H2 
 2 NaAlH4
4
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(3.7)

For the sodium alanate system sodium hydride (NaH) is the storage material 1, aluminium (Al) is the
storage material 2 and titanium (IV) chloride (TiCl4) is the precursor for the additive material [48]. The
required quantity of each material is calculated by Eqs. 2.8 - 2.10. The ratio p (following from the mass
balance) is multiplied by the capacity factor k and the storage amount of hydrogen x:
x sm1 x   p sm1  k  x

(3.8)

x sm 2 x   p sm 2  k  x

(3.9)

x ad x   p ad  k  x

(3.10)

Through the share factors of Eqs. 2.8 - 2.10, multiplied by the initial size of series Xmin,0, the storage
material costs csm1, csm2 and cad are calculated. The multiplication of the initial size of series considers
the purchasing cost under the assumed series initial conditions. These costs are multiplied by the
share factors again and then added. The summation is multiplied by the inverse of the amount of
hydrogen and the inverse of the number of cycles. Thereby the dimension of the total storage material
cost function (Eq. 3.11) is dollar per kilogram hydrogen and the cost is again expressed as
depreciation for one cycle:

 1   1   ad
   c i xi  Xmin,0   xi 
CSM x      


 x   A cycl   i  sm1


(3.11)

The parameters for the cost functions and the share factors for the storage materials are again
calculated for each material. The capacity factor is calculated for each storage system. Costs of
processing the material, in particular for high energy milling, are negligible in comparison to the costs
for material acquisition due to the low energy consumption of the milling process, which is originated in
the high efficiency of the device and the short processing time [49]. In addition, some recent concepts
in the area of metal hydride synthesis, especially regarding plastic deformation, could lead to further
remarkable energy savings in this field [50, 51].

13

3.2.

Material preparation

The material preparation starts with the description of the raw materials of the Li-RHC in subsection
3.2.1. Afterwards the processing by high-energy ball milling and compaction is further described in
subsection 3.2.2 and 3.2.3, respectively. The used parameters, in particular for the milling and
compaction, are shown and discussed in section 5.1 and 5.3. All handling, processing or storage of
the material was carried out under continuously purified argon (Ar) inert gas atmosphere within a glove
box (MBraun, Germany). The measurements in the experimental sections 5.1, 5.2 and 6.1 were
mainly performed with loose powder after high-energy ball milling. Only in section 5.3 the material was
additionally compacted after previous milling.

3.2.1. Raw materials
The desorbed state (2 LiH + MgB2) of the Li-RHC in Eq. 1.1 was chosen as initial material adding
different contents between 0.001 to 0.05 mol of TiCl3 per mol of MgB2 as a reaction speed enhancer.
The individual contents are given in each section and will be analysed in particular in subsection 5.1.1.
All raw materials were purchased in powder form. LiH, with a purity of ≥ 99.4 %, and MgB2, with a
purity of 99 %, were purchased from Alfa Aesar. The additive TiCl3, with a purity of ≥ 99.995 %, was
purchased from Sigma Aldrich.

3.2.2. High-energy ball milling
The materials were processed in a planetary ball mill (Fritsch, Pulverisette 5, Germany) with a BPR of
5, 10, 20 and 40 to 1. The degree of filling varied between 10, 25, 50 and 75 %. The maximum milling
time was 30 h. The measurements were performed at different velocities of 50, 130, 230 and 330
revolutions per minute (rpm). The individual milling parameters are given in each section and will be
investigated in particular in subsection 5.1.2. Every 2 to 5 h (depending on the milling parameter) the
process was stopped for at least 1 h to avoid an increase in temperature during the milling process.
Milling vials and balls were made of tempered steel with a diameter of 7.6 cm and 1 cm, respectively.
The height of one milling vial was about 6.6 cm. The experiments with different milling parameter were
performed in the frame of the diploma thesis of Nina Busch [52] and the bachelor thesis of Tobias
Werner [53].
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3.2.2.1.

Energy calculation

In a planetary ball mill the milling vials are filled with the material and additionally with milling balls.
During the processing the milling vials and the ground plate are rotating contrariwise like the planets
surrounding the sun (Fig. 6).

Fig. 6: Schematic illustration of a planetary ball mill with 4 milling vials

The rotation allows the milling balls to collide with each other and with the milling vial wall. The powder
between milling balls and between balls and wall is thus milled and the kinetic energy of the balls is
transferred to the powder. The energy can be modified by the milling parameters (Tab. 1).
#

Milling parameter

Variation

1.

Type of mill

Planetary ball mill (Fritsch, Pulverisette 5)

2.

Milling time

2, 10, 30 h

3.

Ball to powder ratio (BPR)

5, 10, 20 and 40:1

4.

Velocity

50, 130, 230 and 330 rpm

5.

Degree of filling

10, 25, 50 and 75 %

6.

Material of milling vials / balls

Tempered steel

7.

Diameter of milling balls

1 cm

8.

Diameter of milling vials

7.6 cm

Height of milling vials

6.6 cm

9.

Tab. 1: Overview of possible milling parameters and their variation in this study (written in italic)

Additional parameters, but not further discussed in this study, could be the milling atmosphere,
temperature or the addition of so-called milling agents [19]. These parameters mainly influence the
chemical state of the milled material and / or provoke further reactions during the milling (e.g. with the
gaseous phase) but not so much the energy that is transferred to the powder. In this study no milling
agents were used and milling atmosphere was always inert Ar gas. The increase in temperatures was
tried to be avoided (as mentioned before by interval milling).
To quantify the milling energy, the trajectory of the milling balls needs to be predicted in a simplified
way: due to the contrariwise rotation of the milling vials and the ground plate, the balls are assumed to
be in contact with the wall along the semi-circle of the inner wall of the vial and then centrifuge to the
other side of the vial (Fig. 6). According to this supposed trajectory, the transferred energy to the
powder during the milling process was calculated based on the modified model by Burgio et al. [27].
This model assumes that the balls in the vial neither roll nor slide along the semi-circle of the inner
15

wall. The model is based on the kinetic energy ΔE of the balls in the moment of impact on the opposite
wall of the milling vial:

E 



1
2
2
 mb  v b  v s
2



(3.12)

The kinetic energy is calculated based on the finite mass of one ball mb, the absolute velocity of one
ball vb leaving the wall and the absolute velocity after the impact on the other wall side vs, which is
equal to the inner wall velocity of the vial. Finally, the energy transferred from the mill to the material
per mass unit P* is given by taking into account the finite number of balls and their interactions with
each other as well as the frequency of impacts and the geometry of the mill:
 
 3 
db 
db 
  rv  
  v   rv  
2 
2 

P*   b  Nb  m b  t   p   v   
  p  v  R p   


2    PW
p





(3.13)

with
φb
Ωp
ωv
db
mb
Nb
P*
PW
Rp
rv
t

Yield coefficient (milling balls interaction)
Absolute angular velocity of the plate
Absolute angular velocity of one vial
Finite diameter of the balls
Finite mass of one ball
Finite number of milling balls
Total power transferred from the mill to the material per mass unit
Total powder weight
Vectorial distance from the centre of the mill to the centre of the vial
Vectorial distance from the centre of the vial to its periphery
Total milling time

The total milling time t is equivalent to the milling parameter 2 in Tab. 1.The absolute angular velocity
of the plate Ωp is given directly by the milling parameter 4, while the angular velocity of one vial ωv, as
well as the vectorial distances Rp and rv, depends on the type of mill and thus on parameter 1. The
finite diameter db and mass mb of one ball is given by parameters 7 and 6, respectively. The finite
number of milling balls Nb is influenced by parameters 5, 7, 8 and 9 and the total powder weight PW
additionally by 3.
An important parameter is the yield coefficient φb that accounts mainly for the degree of filling. Burgio
et al. consider here a simple cubic arrangement of the balls inside the milling vial. Without evaluation
of the validity of this assumption, it could be seen already by empirical tests that this number differs
greatly from the real number of e.g. maximum number of balls that fit into one vial. Here the model
was modified and a hexagonal arrangement of the balls was assumed. The relevant equations Nb,v
(Eq. 3.14), to calculate the maximum number of balls in one vial, and Nb,s (Eq. 3.15), to calculate the
number of balls needed to cover one third of the inner surface wall, in the model were adjusted:
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  rv  h v
2

Nb,v 

N b ,s 

2

 db 
d 
   3  1.633  2   b 
 2
 2

2    rv  h v
2

d 
6 b   3
 2

(3.14)

(3.15)

with the height of the milling vials given by hv. The agreement of the maximum number of balls in one
vial between empirical measurements and calculated could be considerably improved. The relative
deviation was lowered from 24 % to only 7 % by assuming a hexagonal instead of a simple cubic
arrangement.

3.2.3. Compaction
For the compaction, a uniaxial manual hydraulic press (Specac, Manual Hydraulic Press, United
Kingdom) with a maximum force of 15 ton was used. The compaction was always performed in the
same way: (i) the desired pressure was applied for 2 min.; (ii) the pressure was released for 1 min.; (iii)
the desired pressure was again applied for another 2 minutes. To determine the apparent density as a
function of the compaction pressure, different diameters, i.e. 5 mm, 8 mm, 10 mm, 13 mm and 20 mm,
were used, while for the sorption measurements only pellets of 5 mm and 8 mm in diameter were
tested. The results are shown in section 5.3. The height of all pellets was at least 50 % and at most
150 % of the diameter, thus the weight of the pellets was not always the same. Different diameters for
the sorption measurement were chosen to investigate the correlation between the diameter and the
sorption rate. For the fitting of the apparent density against the compaction pressure, different
diameters and the 3-steps procedure of compaction was chosen to minimise the error due to
inhomogeneity in the density of the pellets, which is expected in particular for pellets with larger
diameters. However, according to the literature, cross section observations by optical micrograph for
different hydrogen absorption materials show no clear inhomogeneity for pellets up to 14 mm in
diameter [54-56].
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3.3.

Material characterisation

The material characterisation was done by applying different techniques, such as the X-ray diffraction
technique (subsection 3.3.1), differential scanning calorimetry (subsection 3.3.2), scanning electron
microscope (subsection 3.3.3), physisorption analyzer (subsection 3.3.4) and transient plane source
technique (subsection 3.3.5). For the characterisation of the sorption rate and hydrogen storage
capacity of the material a Sievert apparatus (subsection 3.3.6) was used. All characterisations of the
material were carried out under high-purity Ar or H2 gas atmosphere within the individual
characterisation system or rather sample holder. If not given in this section, the individual gas
atmosphere as well as temperature and pressure conditions are given for each experiment in chapter
5 and 6.

3.3.1. X-Ray diffraction (XRD)
X-Ray Diffraction (XRD) technique was applied to identify the different crystalline phases present in
the composite. The measurements were carried out using a Siemens D5000 X-ray diffractometer with
Cu Kα radiation (λXRD = 1.5406 Ǻ). The measurements were carried out in Bragg-Brentano geometry
using a plastic airtight X-ray transparent sample holder under Ar atmosphere. A low background
sample holder was used, made of a single crystal Si with high-index surface orientation.
The XRD technique was also applied to estimate the crystallite size. The measurements were
performed at the MAX-lab synchrotron in Lund (Sweden). The samples were placed inside thin-walled
capillaries made of quartz glass under Ar atmosphere. Only the diffraction peaks of the MgB2 phase
could be used for the crystallite size evaluation due to the low intensity and / or overlapping of the
reflexes of the other compounds. The measurements were carried out in transmission mode with a
wavelength λXRD of 0.992 Ǻ. The measurements were done only for the samples under variation of the
milling velocity and degree of filling. To estimate the crystallite size d in nm, the Scherrer equation [57]
was applied:

d

K   XRD 180

B  cos  

(3.16)

with the dimensionless shape factor K = 1, the line broadening at half of the maximum intensity B and
the Bragg angle θ. Instrumental broadening was neglected and neither lattice defects nor tensions
were taken into account by this equation. Rietveld refinement was not applied and thus the value for
the crystallite size is described only as estimated and the focus was in particular on the trend of the
different values. For the calculation, the main reflex of MgB2 at approximately 27 ° of 2θ was chosen.
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3.3.2. Differential scanning calorimetry (DSC)
Heat flow measurements were performed using a Differential Scanning Calorimeter (Mettler Toledo,
DSC-1, Switzerland) at ambient pressure. The maximum temperature was restricted to 250 °C. The
samples were charged inside 40 µl aluminium pans, which were sealed by cold welding, using a
suitable press. The material mass was 16.51 mg. Before the measurements, the DSC cell was
conditioned by keeping it inside an oven at a temperature of 500 °C for 15 min, in order to remove all
volatile impurities. With this procedure it was also assured that the sensors sit very tightly, improving
the reliability of the heat capacity measurements [58]. A compressed air flux was used to carefully
blow away from the oven any ash or dust. In order to obtain accurate heat capacity values, the DSC
signals of the sample were corrected by subtracting a blank curve. The first two blank curves were
considered as cell conditioning runs, thus only the third blank curve was taken into account. The
temperature and enthalpy calibrations for the DSC instrument were checked by measuring melting
temperature and enthalpy of tin and indium standards [59]. The experiments were performed in
cooperation with Dr. Benedetto Schiavo from the University of Palermo (Italy).
A Sensys high-pressure DSC (Setaram, France) was used for the activation energy determination:
measurements were performed under 30 bar and 50 bar of H2 pressure for absorption and 3 bar for
desorption by heating the samples at 0.5, 2, 5 and 10 °C / min. The material used for the activation
energy determination was cycled once in the manometric instrument (subsection 3.3.6) before
performing the measurement with the high-pressure DSC (HP-DSC). The conditions were 350 °C and
50 bar for absorption and 400 °C and 3 bar of H2 for desorption. The average material mass was
about 40 mg.

3.3.3. Scanning electron microscope (SEM)
The surface morphology and material distribution in the micrometer range was determined by a
Scanning Electron Microscope (SEM). The SEM (EvoMA10, Zeiss, Germany) was equipped with a
LaB6 filament. The composition of the samples is determined by Energy Dispersion Spectroscopy
(EDS) microanalysis, using an INCA Energy 350 X Max detector from Oxford Instruments, equipped
with a Be window. Cobalt standard is used for the calibration of the quantitative elemental analysis.
Backscattered electrons were used to determine the distribution of the different elements in the
different regions of the powder sample. To avoid oxidation during the handling of the samples, a
special sample holder was used. Thereby the sample was placed inside the glove box in the holder
and afterwards a vacuum was created inside to transport the sample to the SEM. All SEM
investigations and measurements with the HP-DSC were performed at the University of Pavia (Italy),
in cooperation with Dr. Chiara Milanese and Alessandro Girella.
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3.3.4. Physisorption Analyzer (BET)
The specific surface area (ssa) was measured based on the Brunauer–Emmett–Teller (BET) method
using a Physisorption Analyzer (ASAP 2020, Micromeritics, USA). For the preparation the sample was
heated up to maximum 100 °C under vacuum for 20 h. The measurement was performed at 77.3 K
using liquid nitrogen (N2). The determination based on the relative pressure range from 0.3 to
0.5 p / p0. Each experiment required 3.5 g of material, therefore, this method could be applied only for
samples after the final milling time of 30 h, because the withdrawal of such an amount of material
during the milling would have significantly affected the boundary conditions of the process (e.g. degree
of filling or BPR). The measurements were performed in the frame of the bachelor thesis of Gabriel
Sahlmann.

3.3.5. Transient plane source (TPS)
Thermal conductivity measurements were performed on powder samples in both absorbed
(LiBH4 / MgH2) and desorbed (LiH / MgB2) state including 5 mol of TiCl3 and using the modified
Transient Plane Source (TPS) technique [60, 61] employed by the Thermal Conductivity Analyzer
(TCi, C-Therm, Canada). The thermal conductivity sensor (cylindrical shape, active area cross section
diameter of 16 mm) was introduced into the glove box and a suitable air tight flange was used to
connect it with the instrument and the computer kept outside the box itself. Concerning the
measurements, 1.0 g of powder was weighed and placed on the sensor, in order to cover all its active
area. A suitable ring was used to contain the sample on the sensor. A calibrated weight of 500 g was
put on the samples and the whole system was wrapped with a heating metallic band with a diameter of
2.5 cm and a height of 10 cm (National Plastic Heater, Canada) connected to an external heat
controller, taking care that the samples were not in contact with the band itself. Measurements were
performed from room temperature up to 180 °C, the highest operative temperature of the sensor. The
effective temperature of the samples was directly monitored by the software of the instrument. For
each temperature, the samples were let equilibrating for about 45 min, till reaching a stable
temperature value. For each temperature, a set of 10 measurements was collected (about 2 min for
measurement) and the mean value is given in this study. The values for the relative standard deviation
vary between 0.4 % and 0.6 % of the measurement values.
For the measurements performed on compacted material the TPS method [60, 62] was applied by a
TPS 1500 system (C3 Prozeß- und Analysetechnik, Germany), with a gold sensor of 13 mm in
diameter. The applied power was between 100 and 350 mW. The measurements were performed at
room temperature with a measurement time of 80 seconds.
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3.3.6. Sievert apparatus
The sorption properties of the different samples were measured using a Sievert apparatus (HERA,
Canada) based on the differential pressure method and a manometric instrument (PCTPro, Setaram,
France) based on the absolute pressure method. The purity of the used hydrogen gas was 99.999 %.
The heating was provided by an oven surrounding the whole sample holder. The material quantities as
well as the temperature and pressure conditions are given in each section. The Sievert apparatus
could be used also for measurements with a so-called thermocell or coupled with a high-pressure
DSC, as it will be shown in subsection 3.3.6.1 and 3.3.6.2, respectively. To determine the reaction
enthalpy and entropy pressure-concentration-isotherms were performed, which is further described in
subsection 3.3.6.3.

3.3.6.1.

Thermo cell

A material quantity of 5 g was measured with a special sample holder, the so-called “thermocell”,
which was connected to the above described Sievert apparatus. The dimensions of the thermocell
were 15.2 mm for the inner diameter and 40 mm for the height. The thermocell is shown and
described in more detail by Lozano et al. [63]. The cell is equipped with 5 thermocouples T1 - T5 (type
K), which measures the temperature at different radial and axial positions inside the material bed. The
positions can be seen in Fig. 7.

Fig. 7: Sectional (a) and plan (b) view of the thermocell showing the axial and radial positions of the thermocouples [63]

The temperature at T5 will be neglected in the following since the radial position is identical to T4 and
the difference is only in axial direction. As a start the temperature distribution in axial direction will be
neglected and the investigation is focused on the radial distribution in this study.

3.3.6.2.

Coupled manometric – calorimetric measurements

Coupled manometric – calorimetric measurements were performed by connecting the PCTPro
instrument with the Sensys high-pressure DSC (HP-DSC) to determine the reaction enthalpy per mol
of hydrogen. Desorption measurements were performed by heating the samples from room
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temperature up to 450 °C at 0.5 °C / min under a H2 pressure of 3 bar, while absorption was
performed at 2 °C / min under 50 bar also up to 450 °C. The average material mass was about 40 mg.

3.3.6.3.

Pressure-concentration-isotherms (PCI)

For each Pressure-Concentration-Isotherm (PCI) the temperature was set constant and the pressure
was increased or decreased stepwise (depending on an absorption or desorption PCI), while for each
pressure step a complete kinetic measurement was performed. Pressure steps with high sorption
capacities, in terms of transformed fraction, identify reaction plateaus. The transformed fraction is the
ratio of absorbed / desorbed hydrogen to maximum amount of hydrogen that can be absorbed /
desorbed by the material. The measurements were repeated at different temperatures. In the final
van’t Hoff plot, the logarithm of the plateau pressures are plotted against the inverse of the
temperature so that the value of the enthalpy and entropy can be calculated from the slope of the
linear correlation (∆HR / R) and the intercept (∆S / R) according to Eq. 2.1.
PCIs were measured using only the manometric instrument. The reservoir volume used was 12.28 ml
and the pressure steps 1 bar of H2. The starting pressure was 40 bar and the final pressure 1 bar of
H2. The maximum equilibrium time for each pressure value was 48 h. All the measurements were
performed with 250 mg of sample.
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3.4.

System characterisation

To identify the loading and unloading characteristics of the storage systems based on Li-RHC storage
material, a custom loading station was developed and is described in more detail in subsection 3.4.1.
In the frame of this study two storage systems with different dimensions were designed and connected
to the loading station, a so-called 1st generation and 2nd generation tank system. The two systems at
pilot plant scale are further described in subsections 3.4.2 and 3.4.3.

3.4.1. Loading station
The sorption rates of the two different tank systems in this study were measured by using a custom
made loading (and unloading) station [64]. In it, the hydride tank was connected to a gas and heat
supply. During the measurements, the pressure and temperature conditions inside the tank were
recorded and the temperature outside the tank monitored. Simultaneously, the mass flow of the gas
into or out of the tank system was measured, depending on an absorption or desorption measurement,
respectively. The pressure was increased or decreased stepwise on average within 2 min to the
maximum or minimum value. For the calculation of the absorbed and desorbed mass of hydrogen only
the pressure and temperature conditions inside the tank and the corresponding mass flow were used.
As an example, the calculation of the absorbed mass of hydrogen mH2,abs between time interval t0 and
tx is shown in Eq. 3.17:

m H ,abs
2

tx

 m H ,abs
2

t0

 m H ,gaseous
2

t0

 m H ,flow
2

t 0 t x

 m H ,gaseous
2

(3.17)

tx

The mass of hydrogen that flowed into the tank mH2,flow between t0 and tx was added to the initial mass
of hydrogen in gaseous phase mH2,gaseous at t0 and the final mass of hydrogen in the gaseous phase at
tx then subtracted. Hence, only the stored mass of hydrogen by the storage material was obtained and
not the mass of the hydrogen in gaseous phase inside the tank. The calculation is described by
Eq. 3.18 in more detail:
t

 H  dt   Vg   H T, p 
 Vg   H T, p  t    m
t
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0
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(3.18)
x

0

The mass of the hydrogen in gaseous phase mH2,gaseous was calculated by the system volume Vg
multiplied by the hydrogen density ρH2 as a function of the temperature and pressure inside the tank.
The hydrogen density was calculated by the van-der-Waals equation. The mass of the hydrogen
 H over the period of time
flowing into the system was calculated by the integral of the mass flow m
2

from t0 to tx. For these calculations, the system volume (tank and connection pipes) of the gaseous
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phase Vg is a critical value. Therefore the volume was determined for each tank system by using Ar
gas. The purity of the H2 gas for the loading station was analogue to the Sievert apparatus 99.999 %
and for Ar 99.996 %.

3.4.2. Design of 1st generation tank system
Both tanks were designed to fulfil all safety aspects and were not optimised for weight reduction. The
layout for the 1st generation (1G) tank corresponds to a tubular reactor with double dished ends (Fig.
8).

Fig. 8: Sectional view along the axial direction of the 1G tank

The flange on the left side was built to enable the possibility to connect the tank to an additional liquid
heat exchanger. The liquid heat exchanger was not used since its maximum operation temperature
was 350 °C, limited by the boiling temperature of the heat exchanger fluid (dibenzyltoluene). Instead,
the heat supply for this tank system was provided by two electrical heating bands. The heating bands
did not cover the whole tank. Copper sheets between heating band and tank were used to improve the
heat flow and distribution along the tank. There was one control signal for both heating bands.
Insulation made of glass filament fabric covered the whole tank behind the flange. The gas distribution
inside the tank was provided radially by a sintered metal filter which was located along the central axis
of the tank. The tank was made from austenitic stainless steel 1.4571 (AISI: 316Ti) and fulfils the
German AD 2000 [65] standard for pressure vessels up to a maximum operation pressure of 100 bar
and maximum temperature of 400 °C. The total length of the tank was about 600 mm with an inner
diameter of 48 mm. With a safety factor of 50 % empty volume, the holding capacity for the loose
(uncompacted) powder was about 250 g. The temperature inside the tank Tbed was measured by a
thermocouple (type K), with a diameter of 1.5 mm, that was inserted on the right end of the tank. The
exact measuring position of the thermocouple could not be specified in radial direction. The position in
the axial direction was at the centre of the tank. The left adapter was welded with the sintered metal
filter. Both the adapter (½ inch) on the right and on the left side could be removed to allow for good
filling of the tank with the powder material. All sealings were metal-resilient jointing (copper gaskets).
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3.4.3. Design of 2nd generation tank system
The layout for the 2nd generation (2G) tank corresponds to a tubular reactor with double flanged ends
(Fig. 9).

Fig. 9: Sectional view along the axial direction (a) and plan view (b) of the 2G tank

The gas inlet was provided by a hole in the centre of the upper flange. On the lower flange 5 holes
allowed the entering of the thermocouples (type K) with a diameter of 1.5 mm. The tank was made of
highly heat resisting stainless steel 1.4922 and fulfils the German AD 2000 [65] standard for pressure
vessels. The maximum operating pressure was 150 bar and the maximum temperature, 450 °C. The
inner height of the tank was about 200 mm with an inner diameter of 100 mm. Thus, the diameter was
larger by a factor of approximately 2, in comparison to the 1G tank system. The holding capacity was
identical to the 1G tank (250 g uncompacted powder), but the safety factor was increased to 100 %
empty volume. The 4 thermocouples were radially distributed around the 5th centre thermocouple,
similar to the arrangement of the thermocouples inside the thermocell (Fig. 7). The radial distances to
the centre tank thermocouple (TT1) were: for the tank thermocouple 2 (TT2) 18.5 mm, for the tank
thermocouple 3 (TT3) 28.5 mm, for the tank thermocouple 4 (TT4) 38.5 mm and for the tank
thermocouple 5 (TT5) 48.5 mm. The measurement position of all thermocouples in axial direction was
50 mm above the lower flange end (approximately in the middle of the powder bed). Both flanged
ends could be removed to allow ease of filling of the tank with the storage material. The sealing
between the flange pipe section and the flange ends was done by a gas-pressurised metal o-ring
gasket with silver coating. Thermocouple and gas inlets were sealed again with copper gaskets. The
heat supply for this tank system was provided by a heater band embedded in an insulation jacket
made from glass filament fabric, covering the whole tank. The tank system was placed on a ceramic
stand.
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4. Economic potential analysis
The economic potential analysis of this chapter is divided into 3 sections: the model calculations in
section 4.1 describe the particular storage systems in general and the cost structure and cost driver in
particular. The comparison and discussion of the results, mainly related to the total cost function, is
shown in section 4.2 and 4.3, respectively.

4.1.

Model calculations

The model calculation, determining the individual cost parameter, is shown for the conventional
pressure (subsection 4.1.1) and liquid (subsection 4.1.2) storage system, as well as systems based on
the complex hydrides NaAlH4 (subsection 4.1.3) and LiBH4 / MgH2 (subsection 4.1.4). More details on
the fitting parameter of the cost fraction functions and the calculation of the energy for hydrogen
compression can be found in appendices A 1 and A 2, respectively.

4.1.1. Pressure storage system
Traditional pressure tanks are made of austenitic stainless steels [25]. Due to limitations in tensile
strength, these tanks can only withstand pressures of 250 to 300 bar as maximum operating pressure.
Thus, despite broad commercial availability, their capacity cannot compete with that of the systems in
this study. Novel tanks, like for instance the ones shown in the StorHy-Project [66], use a combination
of materials. The basic construction is made from two materials: An inner-liner material that blocks the
hydrogen from diffusing out and an outer-liner material that provides the tensile strength. In addition to
the tank, the storage system consists of loading and unloading devices (e.g. filling coupling), safety
devices (e.g. fusible safety plug) and control devices (e.g. pressure regulator).
It is assumed that the main cost drivers for the total cost of a pressure storage system over its life
cycle are only the cost of hydrogen processing, the cost of the tank system and the hydrogen gas cost.
For the loading of a pressure storage system with a final pressure of 700 bar, a 25 % overpressure is
necessary [67]. For the compression up to 875 bar, a standard piston compressor can be used [25].
However, for the calculation of the necessary energy a simplified adiabatic compression with an
isentropic efficiency factor  s,V of 0.9 [68] is assumed.
p
is,
The calculation is shown in appendix A 2. The total energy demand for hydrogen processing E HP

under the aforementioned assumptions, 4.4 kWh / kg H2. The calculation is based on thermodynamic
data from the NIST database by using the software REFPROP® 9.0.
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The cost of a pressure reducing regulator for the unloading process is neglected. For the tank system,
it is assumed that the main cost driver is the pressure vessel. It is in particular relevant for storage
systems with a capacity higher than 1 kg of H2 (which corresponds to 90 % of the analysis).
The outer shell mostly consists of carbon fibre composite material. The inner-liner can be made of
different materials like aluminium, steel or polyamide. The weight proportion of the inner-liner is only
around 25 wt.% of the total tank. The main part and also the most expensive one is the outer load
carrying shell and particularly the carbon fibre [66]. Based on quotes from producers, purchasers and
other stakeholders, the fitting parameters for the cost function of a 700 bar tank system are
ascertained. These systems are commercially available even though their introduction into the market
is very recent. The parameters a pTS and b pTS , the respective standard errors and the coefficient of
determination are shown in Tab. A 1 in appendix A 1.
Most of the data obtained from these quotes are based on early-stage series production aspects.
Therefore, an experience curve effect is not expected: l pTS  1.0.
Taking into account the described parameters, the total cost function for a pressure storage system
(Eq. 4.1) of 700 bar can be written as follows:
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4.1.2. Liquid storage system
For a liquid storage system, it is essential to keep an extremely low temperature by an excellent
isolation. The construction of this isolation follows the principle of a Dewar vessel. The inner-jacket
encloses directly the liquid gas, whereas the outer-jacket encloses the entire tank. The area between
the inner- and outer-jacket is evacuated (vacuum: 10-5 - 10-6 mbar) to diminish convective heat
transfer. Furthermore the inner-jacket is wrapped with aluminium foil and glass fibre [69] to avoid heat
transfer by radiation. Previous tanks used stainless steel for the inner- and outer-jacket. Novel tanks
are made of aluminium, replacing the steel and thus achieving up to 50 % weight reduction. Further
weight reductions are currently under investigation by using materials based on fibre-reinforced
polymer composites with a copper coating [66]. The liquid storage system, in a similar way as the
pressure storage systems, includes loading and unloading, safety and control devices.
It is assumed that the main cost drivers for the total cost of a liquid storage system, besides the
hydrogen gas cost, are the costs of hydrogen processing and of the tank system. The cost of the
storage materials is not applicable.
liq
 15.2 kWh / kg H2 is
The energy demand for hydrogen processing, i.e. liquefaction in this case, E HP

taken from Züttel [25]. This is almost half of the energy content (lower heating value) of the hydrogen
molecule. Because of the boil-off process, the pressure is always slightly above atmospheric pressure,
therefore a substantial pressure regulating valve for the unloading process is not necessary.
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It is very difficult to determine the cost of such a storage system since there are no official information
accessible. Novel tanks are mostly produced as unique examples in manual work. The level of
automation is estimated as 3 % [70]. The only available data sources are unofficial cost estimations
that vary from 20,000 to 100,000 € ($27,440 to $137,200) for one vehicle tank system (~ 4 kg H2) [71].
These cost estimates are extremely high because of the low level of automation during the
manufacturing.
For this analysis, the average of this estimates at $20,580 (15,000 €) per kilogram for a 4 kg storage
system is used. It is assumed that the cost can be reduced by $9,604 (7,000 €) to $10,974 (8,000 €)
per kilogram for a 50 kg storage system and by a further $ 4,116 (3,000 €) to $6,859 (5,000 €) per
kilogram for a 100 kg storage system. Thereby, the parameters a liqTS and b liqTS for the tank system cost
function (Tab. A 1) are calculated.
Owing to the potential to increase the level of automation by a higher quantity production and
therewith a real potential of cost reduction, a first experience curve effect of lliqTS  0.8 is selected.
Due to these parameters the total cost function for a liquid storage system (Eq. 4.2) can be expressed
as follows:
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4.1.3. NaAlH4 storage system
The basic construction of a metal hydride storage system resembles that of a heat exchanger. The
tubes filled with the storage material are typically surrounded by a heat transfer medium [72]. Other
configurations use cooling tubes inside a hydride filled pressure resistant hull [73, 74]. The heat
transfer medium controls the loading or unloading process: the heat of reaction that is produced by the
absorption of hydrogen during the loading process is discharged and the heat of reaction that is
necessary for the desorption of the hydrogen during the unloading is provided. Thus, the use of a
metal hydride storage system makes sense if a heat source, like an engine or a fuel cell, is available to
supply heat at the appropriate temperature level. According to the heat of reaction, the systems can be
classified in low, medium and high temperature systems. The temperature and pressure conditions
depend on the storage material, thus also the design and the type of heat transfer medium. First
results for magnesium hydride [75, 76] have shown a high correlation between the heat transfer
medium and the reaction time (corresponding to the loading and unloading time). For this analysis only
research systems are considered, because commercial products for middle and high temperature
hydrides have not been developed so far or are at the very early stages of commercialisation [77].
With an operational temperature of 125 - 170 °C, the sodium alanate (NaAlH4) storage material
belongs to the group of medium temperature hydrides. It is assumed that the main cost drivers are the
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costs of hydrogen gas and processing as well as the depreciation cost of the tank system and the
storage materials.
For the NaAlH4 storage material, a temperature of 125 °C and a H2 pressure of 100 bar is used during
the absorption process [47]. The calculation of the energy necessary for the compression follows what
was applied above for the pressure storage system. According to Eq. A.1 in appendix A 2 the total
sa
 3.04 kWh / kg H2. The desorption pressure can be at
energy demand for hydrogen processing is E HP

3.75 bar by creating a suitable backpressure [47]. Costs for a compressor during discharging are
therefore not applicable.
For the tank system costs, it is assumed that the main cost drivers are the heat exchanger and the
storage material vessels. In comparison to the pressure tank vessel, these vessels can be produced at
much lower cost because of the lower operating pressure and the resulting possibility of using lower
cost tank vessel materials. Around 80 % of the system costs of the so far produced research storage
systems resulted from the heating system, and in particular from the thermostat. These costs are
neglected in the present calculations due to system integration aspects with the fuel cell.
For the tank system cost function, two different research tanks are considered that were developed in
our laboratories. In both cases, the heat exchanger enclosed the storage material vessel in a tubeand-shell arrangement [72]. The first design was a prototype single tube storage tank for
approximately 100 g of H2 and costs of ~ 900 € ($1,234). The second system was designed in
cooperation with the Hamburg University of Technology and comprised 8 kg NaAlH4 [72], with a H2
capacity slightly less than 0.5 kg. In additions, the costs for a capacity of 50 kg of H2 are fitted.
sa
The resulting parameters a sa
TS and b TS for the tank system cost function are shown in Tab. A 1.

Because of the single-unit production, similar to the liquid storage tank, a potential of cost reduction
due to series production of l sa
TS  0.8 is expected.
The basic reaction of the storage material was already described in Eq. 3.7. The starting materials are
sodium hydride (storage material 1) with a ratio factor of p sa
sm1  0.437, aluminium (storage material 2)
sa
 0.071. The ratio factors
 0.492, and 5 mol-% of titanium (IV) chloride (additive) with p ad
with p sa
sm 2

are calculated by the mass balance of Eq. 3.7 plus the 5 mol-% of the additive material. For each
storage material or additive, a request for a cost estimation was sent to different suppliers. Based on
sa
sa
sa
these quotes, the parameters a sa
sm1 and b sm1 for the storage material 1, a sm 2 and b sm 2 for the storage
sa
sa
and b ad
for the additive are defined (Tab. A 1). Quotes were requested for
material 2 and a ad

quantities at gram, kilogram and ton scale, however these were not received in all cases.
Experimentally, a storage capacity of ~ 3.5 wt.% was reached [47]. Hence, the factor of storage
capacity is calculated to be k sa  28.57. There were no additional measurable losses during the

cycling of the material [47].
Taking into account these parameters, the total cost function for a NaAlH4 storage system (Eq. 4.3)
can be calculated by:
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4.1.4. LiBH4 / MgH2 storage system
With an operational temperature of 350 - 400 °C, the lithium boron hydride / magnesium hydride
(LiBH4 / MgH2) storage material belongs to the group of high temperature hydrides. In LiBH4 / MgH2,
Mg and B react exothermally upon desorption of hydrogen, thus compensating for the required
endothermal energy for desorption. This was already described in chapter 1 and will be further
discussed in subsection 5.2.4.1. Accordingly, hydride systems like this have been named “Reactive
Hydride Composites (RHC)” [13, 14].
Analogue to the NaAlH4 storage system, it is assumed that the cost drivers for the total cost of a
LiBH4 / MgH2 storage system are all four cost fractions.
For LiBH4 / MgH2, a temperature of 350 °C and a H2 pressure of 50 bar is used [30] during the
absorption process. Using the formulae from the pressure storage system, the total energy demand for
lm
hydrogen processing is calculated as E HP
 2.74 kWh / kg H2.

For the desorption pressure, it is known that a minimum backpressure of a few bar of hydrogen is
necessary to avoid the formation of elementary boron and concomitant loss in capacity [14, 78, 79].
Like for the other storage systems, additional cost of hydrogen processing (e.g. recompression due to
low delivery pressure) during the discharging process can therefore also be neglected.
In the same way as for the NaAlH4 system, it is assumed that the main cost drivers for the tank system
costs are the heat exchanger and the storage material vessel.
For the tank system cost function, no commercial data are available. There was only one experimental
test tank (1G tank) constructed by us at the time of the analysis that can be used for the calculations.
The construction is comparable to the NaAlH4 storage system mentioned above. The costs for this
prototype tank system are ~ 3,400 € ($4,663). The theoretical storage capacity is well below 100 g.
For storage capacities up to 50 kg of H2 it is assumed again that the production cost can be reduced to
lm
at least $2,744 (2,000 €) per kilogram. Hence, the parameters a lm
TS and b TS for the tank system cost

function (Tab. A 1) can be calculated.
For the LiBH4 / MgH2 storage system, a cost reduction potential of llm
TS  0.8 is also expected. The basic
reaction of the storage material can be described by Eq. 4.4 [30]:
Nb O
 2 LiBH4 + MgH2
2 LiH + MgB2 + 4 H2 
2

5

(4.4)

The starting materials are lithium hydride (storage material 1) with a ratio factor of p lm
sm1  0.21,
magnesium (II) boride (storage material 2) with p lm
 0.606 and 5 mol-% of niobium (V) oxide
sm 2
(additive) with p lm
ad  0.184. These ratio factors are calculated again by the mass balance of Eq. 4.4.
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The same requests as for the NaAlH4 system were also set in place to define the parameters a lm
sm1 and
b lm
a lm
b lm
sm1 for the storage material 1 (lithium hydride),
sm 2 and
sm 2 for the storage material 2 (magnesium
lm
(II) boride) and a lm
ad and b ad for the additive (niobium (V) oxide) in Tab. A 1.

The material showed an experimental reversible capacity of 7 wt.% [30]. Other additives like TiCl3,
used in chapter 5 and 6, have led to capacities above 9 wt.% [18] but they were not as cost effective.
Therefore the factor of storage capacity of k lm  14.29 is calculated. Until now, measurable losses
during the cycling of the material were not observed for this system.
The total cost function for a LiBH4 / MgH2 storage system (Eq. 4.5) can thus be calculated by:
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4.2.

Comparison of total refuelling costs

Fig. 10 shows the comparison of the results from Eqs. 3.1, 3.2, 3.3 and 3.5 with the deduced
parameters from this study. However, for a better understanding, the respective total refuelling costs
are multiplied by the storage capacity. Hence, the result is shown as absolute cost and the unit is $ per
cycle (instead of $ per kilogram hydrogen per cycle).

Fig. 10: Total refuelling cost per cycle against the storage capacity

The NaAlH4 storage system has the lowest cost per cycle, whereas the liquid system has the highest,
and, interestingly, this is independent from the storage capacity. The total refuelling cost functions for
the pressure storage system and LiBH4 / MgH2 system are almost equal. The pressure system is
slightly more favourable than the LiBH4 / MgH2 system up to a theoretical break-even-point at
16.38 kg H2 (beyond the field of observation). Apart from the liquid system, the average cost of one
refuelling process is between $4 and $75 for applications with capacities between 100 g and
10 kg of H2. For instance, for an automotive application (capacity ~ 4 kg H2, which is then about
comparable to the range of current vehicles based on fossil fuels) a refuelling process can cost
between $36.87 and $73.79 (including the liquid storage system). Thereby, it is shown in Fig. 11 that
the depreciation of the tank system has the greatest share of the total cost at 4 kg of H2, besides the
hydrogen cost. Hydrogen processing and, interestingly, storage material costs are rather less
important.
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Fig. 11: Cost distribution of the total refuelling cost per cycle for each storage system at a storage capacity of 4 kg of H2

This relation persists over the considered range from 100 g to 10 kg of H2. The absolute value for a
refuelling process for an automotive application based on a NaAlH4 storage system of approximately
$37 equals $0.28 per kWh.
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4.3.

Discussion

This section discusses the field of observation of the analysis made in section 4.1 as well as the
operational cost of the considered storage systems and, in particular for the liquid storage system,
further technically required cost in subsection 4.3.1 and 4.3.2, respectively. Finally the economic
potentials and challenges of the considered storage systems are discussed in subsection 4.3.3.

4.3.1. Field of observation
The field of observation and thus the scope of this analysis was defined from 100 g to 10 kg of H2. The
cost trends inside this field, in accordance with the quantity-discount-relationship and following the
power law function, are considered as realistic. However, the field of observation at lower capacities
should be evaluated in a different way. The assumptions of the main cost drivers in this area are too
imprecise. For example: Besides the vessel material, the almost constant cost of supply units like pipe
connections, safety installations and control devices become more important with decreasing capacity.
In this area, the analysis is therefore critical. However, the taken assumptions were chosen in order to
cover a wide range in the analysis.

4.3.2. Operation and additional technically required cost
Operation costs have been defined here as the cost of external energy to the overall storage system.
Almost no operation costs have been therefore expected for all storage systems: the pressure storage
system requires only a pressure reduction valve that operates without any external energy supply. The
complex hydride storage system requires external energy to release the hydrogen, but this is assumed
to be supplied by the fuel cell integrated with the storage system. The feasibility of this operation mode
without external energy has been shown first through simulation by Pfeifer et al. [80] and then
experimentally by Urbanczyk et al. [73]. The liquid storage system requires energy during the
operation as well. To use the hydrogen in gaseous form, it is necessary to evaporate the liquid
hydrogen. The thermal energy of evaporation can be supplied by the fuel cell, as in the case of the
hydride storage system. It can also be supplied by a heat exchanger that works with the ambient air. In
both cases there are no costs associated with the supply of this energy, since it is freely available.
On the other hand the permanent evaporation inside the liquid hydrogen tank leads to what we call
additional technically required cost. These costs, due to the so called “boil-off losses” of the system,
strongly depend on the duration of standstill or idle periods, when the vehicle is not used; and the
quality of the heat insulation of the system. Naturally, the duration of the standstill periods is
particularly difficult to predict for every user. The influence of these costs to the total costs depends
also on the economical evaluation of the losses. This can be done in a straightforward way by using
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the cost of hydrogen and considering the lost hydrogen as hydrogen that has to be bought in addition
to the regularly required amount. However, this approach cannot be used here, firstly, because it
would mean that the “boil-off” costs are proportional to the costs of hydrogen, which was left out of this
analysis, secondly, because we have no way at present to predict the idle time of the storage systems.
Thus, in the present study, the boil-off losses of the liquid hydrogen storage system have simply been
neglected. Due to this boil-off in real life, liquid hydrogen storage systems will be even more
disadvantageous economically than shown in Fig. 10 and Fig. 11.

4.3.3. Economic potentials and challenges
For calculation of some tank system data, certain assumptions and estimations have been made.
However, in all cases the assumptions are made carefully and in a transparent way for the discussion.
The cost distribution (Fig. 11) illustrates the potentials and challenges for each storage system. The
main cost fraction for all considered systems is the tank system cost, which is dominated by the vessel
cost. The pressure storage system benefits independently of the storage capacity from the fact that it
does not incur storage material costs. On the other hand, this limits the possible fields for improvement
to hydrogen processing and tank system cost. Since the hydrogen processing costs are always
present and are difficult to reduce, because of a physical minimum of work that needs to be carried out
in the compression, only the tank system costs remain for further cost reductions. Thus, the cost of
carbon fibre in the future will have a great influence on the total cost of this storage method. However,
the historical evolution of carbon fibre cost does not show much promise for reduced cost for the
pressure storage system due to the ongoing increase in demand [81].
The main challenges of the liquid storage system are the processing and tank system costs. According
to the previous evaluation, the hydrogen processing costs cannot be avoided. In view of this
background, liquid storage will always have difficulties to compete in the future. This holds despite the
high potential for cost reduction for the tank system, because of a less mature development status in
comparison with the compressed gas systems.
The assumptions for the complex hydride systems arise from first experience with systems at
laboratory scale and it can therefore be assumed that the actual cost will likely be significantly lower
for a serial production. The complex hydride storage systems have the advantage of their lowest tank
system cost. As seen above, the tank system costs of the NaAlH4 system are below the costs of the
LiBH4 / MgH2 system. This fact can be ascribed to the higher operation temperature of the
LiBH4 / MgH2 storage system. Nevertheless, for both hydride tank systems, the design is simpler and
the construction materials are less costly than for the pressure and liquid hydrogen alternatives. It is
conceivable that this cost advantage is also transferable to other metal hydride systems. In any case,
the NaAlH4 system has the lowest cost per cycle of all the considered storage systems.
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5. LiBH4 / MgH2 storage material
According to chapter 4, the LiBH4 / MgH2 storage material offers cost advantages in comparison to the
conventional storage systems in addition to the promising perspectives regarding the DoE goals.
However, only little is known about the feasibility of processing and the technical usability of this
storage material. Therefore, this chapter describes and discusses the influence of the additive TiCl3
and the processing of the desorbed Li-RHC storage material (2 LiH + MgB2) by high-energy ball milling
in section 5.1. Furthermore, material properties concerning thermodynamics, heat transfer and
sorption kinetics of the material are determined by different techniques in section 5.2. The respective
reaction mechanism, heat transfer and reversibility of the storage material is discussed. The influence
of compacting the loose powder to pellets on the technical behaviour is analysed and discussed in
section 5.3.

5.1.

Material processing

In this section, the effect of the additive will be further investigated and the correlation to the additive
content and milling energy will be discussed. The additive content is investigated in the range of 0.001
to 0.05 for x in Eq. 2.2. To understand the correlation between the different milling parameters and the
transferred milling energy, a comprehensive investigation of this phenomenon was done and a
modified transferred energy model [27] was applied. The considered milling parameters are: (i) ball to
powder ratio (BPR), (ii) milling velocity in revolutions per minute (rpm) and (iii) degree of filling (milling
balls per vial) under variation of (iv) milling time for each parameter. The term “rotation velocity” is
often used in literature and is expressed here using the term “milling velocity”. It describes the velocity
of the ground plate in the planetary mill. The powder quantity for all measurements was around
200 mg. The material underwent a complete first absorption at 350 °C and 50 bar of H2 and desorption
at 400 °C and 3 bar of H2. Afterwards, a second such cycle was performed under the same
temperature and pressure conditions and used for comparison as shown in the following sections and
in more detail in appendix B 1. The first absorption of this material is sluggish and so the first cycle can
be described as a kind of “activation”. The reason for this first sluggish absorption is still not well
understood but also reported in other publications (e.g. [30, 82]), and will be discussed in subsection
5.1.3.2.
For a better comparison, the time until 80 % of the transformed fraction of the 2nd absorption and 2nd
desorption is converted from absorbed state to desorbed state and vice versa, is plotted against the
different varied parameter. This time is called sorption time in unit of hours and is described in the
following sections. In appendix B 1 the results are shown in more detail. The different additive contents
(Fig. B 1) are summarised and described in subsection 5.1.1 and the different milling parameters (Fig.
B 2 to Fig. B 4) in subsection 5.1.2. In addition the maximum hydrogen capacity after desorption (here
called “reversible hydrogen capacity”) is shown and compared for the different parameters. The
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reason for showing the hydrogen capacity results only relative to the desorption reaction is because it
represents the reversible capacity of the material after previous absorption. However, the difference
between absorption and desorption capacities was in any case low.

5.1.1. Additive content
In Fig. 12a the kinetic data of Fig. B 1 are summarised and plotted against the different additive
contents and Fig. 12b shows the reversible hydrogen capacity as a function of the additive content.
The milling parameters were constant at 5:1 for the BPR, 230 rpm for the velocity, 2 h of milling time
and 20 % for the degree of filling.

Fig. 12: Sorption time at 80 % transformed fraction (a) and hydrogen capacity (b) as a function of additive content for the 2
cycle

nd

The effect of the additive can be seen by comparing the results of the different additive contents with
the sample without additive: the sorption time is improved initially as well as the achieved hydrogen
capacity. However, by increasing the additive content neither the sorption time nor the hydrogen
capacity can be significantly improved, on the contrary, the capacity decreases and the sorption time
remains stagnant for additive contents equal to or higher than 0.025 mol. The small improvement of
the sorption time is in the range between 0.005 and 0.025 mol of TiCl3 for absorption and desorption
by neglecting the value for 0.01 mol for desorption as a possible measuring inaccuracy.
In the following sections, the additive content is 0.05 mol for the variation of the BPR (subsection
5.1.2.1) and 0.025 mol for the variation of the milling velocity and the degree of filling (subsection
5.1.2.2 and 5.1.2.3). According to the previous results the sorption time should not be affected
significantly by these different contents.
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5.1.2. Milling parameter
The influence of the different milling parameter, BPR (subsection 5.1.2.1), milling velocity (subsection
5.1.2.2) and degree of filling (subsection 5.1.2.3), on the absorption and desorption time, as well as
reversible hydrogen capacity, is shown in the following sections. In subsection 5.1.2.2 and 5.1.2.3
additional information are given about the estimated crystallite size of MgB2 and the specific surface
area as a function of milling velocity and degree of filling, respectively.

5.1.2.1.

Ball to powder ratio (BPR)

The influence of the BPR on the sorption time is summarised in Fig. 13. The sorption time for the
absorption (Fig. 13a) and desorption reaction (Fig. 13b) is shown for different milling times against the
BPR. The degree of filling and the velocity were kept constant at ~50 % and 230 rpm, respectively.

Fig. 13: Sorption time at 80 % transformed fraction as a function of BPR for different milling times for absorption (a) and
nd
desorption (b) for the 2 cycle

Already a BPR of 5:1 shows considerable improvement of the sorption time for the hydrogen
absorption and desorption reaction, in comparison to the unmilled sample (indicated by BPR of 0:1).
The influence of the milling time on the absorption and desorption time is similar for all BPR. With
increasing milling time, the sorption time is reduced or at least almost at the same level as the
previous one. The sorption time is reduced also with increasing BPRs. However, this effect is more
visible for shorter milling times. After a milling time of 30 h the influence of the BPR becomes almost
negligible particularly for the desorption reaction. In Fig. 14 the influence of the milling time and the
BPR is shown for the reversible hydrogen capacity.
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Fig. 14: Reversible hydrogen capacity as a function of ball to powder ratio for different milling times for the 2 cycle

A clear trend is also visible for the influence of the milling time and BPR on the hydrogen capacity.
This does not include the measurement with a BPR of 5:1 after 2 h of milling, which is assumed to be
partially oxidised in view of the low capacity in comparison to the other results. In consequence of the
milling, the capacity should have increased, but with increasing milling time, and also partially
increasing BPR, the capacity is decreased again. This trend is more significant for longer milling times
(>2 h).

5.1.2.2.

Milling velocity

To understand the influence of the milling velocity, the sorption time is shown as a function of different
velocities and different milling times in Fig. 15a for the absorption and Fig. 15b for the desorption
reaction. The degree of filling and the BPR were kept constant at ~50 % and 5:1, respectively.

Fig. 15: Sorption time at 80 % transformed fraction as a function of milling velocity for different milling times for absorption (a)
nd
and desorption (b) for the 2 cycle

For the milling at 50 rpm the values for the sorption time at different milling times varied significantly. A
clear influence of the milling on the sorption time at this velocity cannot be seen in comparison to the
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unmilled sample since the values for the sorption time are for 30 h of milling even above the unmilled
reference value, for both absorption and desorption reaction. No clear trend is also visible for the
influence of the milling time on the sorption time for the whole range of velocities. Except for the
measurement at 50 rpm, the curves for the absorption and desorption time of the different milling times
are close to each other. However, for the influence of the velocity above 50 rpm on the sorption time a
clear trend for absorption reaction and slightly diminished for desorption is visible: with faster milling
velocity the sorption time decreases. The influence on the hydrogen storage capacity and the
estimated crystallite size of MgB2 as well as the specific surface area of the composite are shown in
Fig. 16a and b, respectively.

nd

Fig. 16: Reversible hydrogen capacity of the 2 cycle (a) and estimated crystallite size of MgB2 and specific surface area (b) as
a function of milling velocity for different milling times

No clear trend can be seen for the influence of the milling time and in addition also for the influence of
the velocity on the hydrogen capacity for 10 and 30 h of milling. However, the hydrogen capacity is on
average slightly improved in comparison to the unmilled sample. After 2 h of milling the capacity
increases with faster milling velocity, except for the sample milled at 50 rpm because of the
assumption of a partial oxidisation as discussed before. The absolute values are fluctuating on a
higher level around 9 wt.% with no clear negative trend against the x-axis in comparison to the values
obtained under variation of the BPR (Fig. 14). Similarly to the sorption time and the capacity also no
clear trend for the milling time on the estimated crystallite size of MgB2 can be observed. For higher
milling velocities (230 and 330 rpm) the influence of the milling time seems to be negligible. The milling
leads initially to a high reduction of the estimated crystallite size, even at 50 rpm after all milling times.
The crystallite size is further reduced with increasing milling velocity for the milling times of 2 and 10 h,
while it is almost constant after 30 h of milling. At the same milling time, the specific surface area is
enlarged for velocities higher than 50 rpm with faster milling velocity and reaches a local plateau
starting from 230 rpm at around 15.5 m2 / g. Between the unmilled reference sample and 50 rpm the
specific surface area seems to be constant. Independently from the crystallite size after milling, the
crystallite size after cycling is almost constant, without a negative or positive trend with in average
17.05 ± 1.48 nm. This value was determined by measuring the crystallite size of MgB2 for all samples
shown in Fig. 16b after two complete absorption and desorption cycles.
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5.1.2.3.

Degree of filling

In Fig. 17a and b the influence of the degree of filling on the absorption and desorption time is shown,
respectively. The BPR was kept constant at 20:1, as well as the milling velocity at 230 rpm.

Fig. 17: Sorption time at 80 % transformed fraction as a function of degree of filling for different milling times for absorption (a)
nd
and desorption (b) for the 2 cycle

Already the milling at low degrees of filling leads to a strong decrease of the absorption and desorption
time. A further increase of the degree of filling shows an optimum for the absorption time, which is
equal for all milling times, at 50 % of filling. For 10 and 30 h of milling this optimum starts already at
25 % and 10 % of filling, respectively. Beyond the optimum of 50 % filled, above and below, the
sorption time was improved with increasing milling time. For the desorption reaction the milling time
seems to have a minor impact and the optimum range from 10 % to 50 % of filling. The influence of
the degree of filling on the capacity is shown in Fig. 18a.

nd

Fig. 18: Reversible hydrogen capacity of the 2 cycle (a) and estimated crystallite size of MgB2 and specific surface area (b) as
a function of degree of filling for different milling times

Again the capacity could be slightly improved due to the milling in comparison to the unmilled sample
and no negative trend against the x-axis is visible for the different degree of fillings. However, with
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increasing milling time this improvement is less obvious and the capacity is decreased. There seems
to be also an optimum for the milling time of 2 and 10 h at 50 % of filling. Once again the fluctuation of
the absolute values is on a high level in comparison to the previous results (Fig. 14 and Fig. 16a) with
in average 9 wt.%.
The influence of the degree of filling on the estimated crystallite size of MgB2 and the specific surface
area is shown in Fig. 18b. Similar to the sorption time and the hydrogen capacity, the changes in the
estimated crystallite size are significant, already for a degree of filling of 10 %. With further increases
of the degree of filling the MgB2 crystallite size remains almost constant up to 50 % of filling and
increases beyond 10 and 30 h of milling. After 2 h of milling a local minimum occurs again at 50 % of
filling. With increasing milling time the crystallite size decreases, independently from the degree of
filling. After cycling the average crystallite size of the sample milled for 2 h at 50 % and 10 % of filling
was measured to be 16.75 ± 0.25 nm. According to the results obtained for the variation of the milling
velocities it is assumed that this size is again similar for all degrees of filling after cycling.
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5.1.3. Discussion
In this section the influence of the different milling parameters on the total energy that is transferred to
the powder will be discussed (subsection 5.1.3.1). Due to the calculation of the energy, the milling
parameters can be evaluated according to their individual energy impacts and the results obtained and
shown in subsections 5.1.2.1 to 5.1.2.3 on the sorption time and hydrogen capacity will be discussed.
Further contributions to the discussion are made by the specific surface area of the composite and the
estimated crystallite size of MgB2. Together with the results obtained for the different additive contents
and SEM, the effect of the additive itself in combination with the milling process will be discussed in
subsection 5.1.3.2.

5.1.3.1.

Transferred energy during milling

According to Eq. 3.13 an increase of milling time, BPR, velocity or degree of filling leads to an increase
of the total energy that is transferred to the material. This theoretical correlation will be discussed and
validated with the previously shown experimental data for the sorption time and the capacity.
To quantify the correlation between the reaction kinetic and the milling energy, the kinetic data are
summarised again to the time (in hours) the transformed fraction reaches 80 %. Additionally, the
theoretical transferred energy according to the milling parameter was calculated for each experiment
based on Eq. 3.13. These intermediate results are compared for the absorption time and the different
BPRs and velocities in Fig. 19a and b, respectively.

Fig. 19: Absorption time at 80 % transformed fraction as a function of total transferred energy for different milling times as well
nd
as BPRs (a) and milling velocities (b) for the 2 cycle

The triangular symbols show the sorption time after 2 h of milling and the square and circular symbols
after 10 h and 30 h, respectively. The absorption time as a function of the transferred energy for the
different BPRs and velocities drops exponentially and reaches a plateau in the region of 0.45 to
0.65 h. The improvement of the absorption time can be clearly attributed, as described before, to the
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higher amount of energy transferred to the powder as a consequence of the larger BPRs, faster milling
velocities and longer milling times used. However, the degree of filling (Fig. 20) does not completely
follow this correlation.

Fig. 20: Absorption time at 80 % transformed fraction as a function of total transferred energy for different milling times and
nd
degree of fillings for the 2 cycle

The reason will be discussed later. Due to the variation of the BPR the transferred energy could be
varied in the range of a few kJ to 130 kJ / g. The variation of the milling velocity leads to energies up to
45 kJ /g and finally the variation of the degree of filling to energies up to 80 kJ / g. However, the low
energies reached under the variation of the milling velocity are dominated by the low BPR. The strong
influence of the BPR on the total energy transferred to the powder can be seen in Fig. 19a.
To discuss the correlation between the milling energy and the desorption time, the same comparison
as the one shown in Fig. 19 and were made. The comparison is plotted again for the different BPRs
(Fig. 21a) and milling velocities (Fig. 21b).

Fig. 21: Desorption time at 80 % transformed fraction as a function of total transferred energy for different milling times as well
nd
as BPRs (a) and milling velocities (b) for the 2 cycle

Analogue to Fig. 19 and Fig. 20 it is shown the sorption time after milling for 2, 10 and 30 h by the
triangular, square and circular symbols, respectively. Similarly to the absorption time, the desorption
time drops exponentially for the variation of the BPR and the milling velocity and a plateau at 0.4 to
44

0.5 h is reached. Again the trend can not be completely applied to measurement at different degrees
of filling (Fig. 22).

Fig. 22: Desorption time at 80 % transformed fraction as a function of total transferred energy for different milling times and
nd
degree of fillings for the 2 cycle

According to Eq. 3.13 a lower degree of filling leads to higher transferred energy and it continuously
decreases with increasing degrees of filling. This theoretical correlation, based on Eq. 3.14 and 3.15,
results in an almost linear curve with a slightly convex trend. However, the assumptions made were
not correct and the kinetic data in Fig. 17 shows already that instead of a convex curve the correlation
between the degree of filling and the transferred energy is better described by an asymmetrical
distribution function with a flat maximum at 100 % transferred energy, which is equal to a yield
coefficient of 1, and a sharp increase at the lower border region of 10 % and slow decrease after 50 %
of filling, as drafted in Fig. 23.

Fig. 23: Yield coefficient as a function of degree of filling

Thus, by shifting the curves in Fig. 19c and Fig. 21c for 75 % of filling to lower energies, the
exponential trend would be identical to the previous results for the variation of the BPR and the milling
velocity. The reason for such an asymmetrical distribution function could be an inefficient number of
balls and thus a lower number of impacts for very low degrees of filling (<10 %) and too many
interactions of the balls with each other (reduced kinetic energy due to collisions or deflections) and
again a reduction of the impacts on the inner milling vial wall for high degrees of filling (>50 %). For a
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clear improvement of the energy model further measurements are necessary to clearly identify the
lower and higher borders. As a further correction, the measurement at 50 rpm in Fig. 19b and Fig. 21b
will be neglected because of the low energy that is transferred of 0.010 to 0.157 kJ / g, in comparison
to the other obtained energies. The spread of the sorption time values at 50 rpm is just taken as a
statistical fluctuation. The results for 75 % of filling and 50 rpm are neglected in the following. The
results for the absorption and desorption times are summarised in Fig. 24a and b, respectively.

Fig. 24: Sorption time at 80 % transformed fraction as a function of total transferred energy at different milling parameters for
nd
absorption (a) and desorption (b) for the 2 cycle

Fig. 24a and b show for the absorption and desorption reaction that, independently from the milling
parameter, the average sorption time against the total transferred energy to the powder is described
by a power function. The improvement of the sorption time, for both absorption and desorption
reaction, is strong up to approximately 20 kJ / g. Above this value the sorption time could be only
slightly improved by a further increase in energy. The influence on the absorption reaction is stronger
than on the desorption, as seen by the larger distribution of the values along the y-axis for absorption.
The reason for the correlation will be discussed in subsection 5.1.3.2.
The reversible hydrogen capacity is summarised for the second cycle and the individual milling
parameters in Fig. 25 and Fig. 26. The capacity is shown as a function of the transferred energy
according to the milling parameters from Eq. 3.13 for the different BPRs (Fig. 25a) and velocities (Fig.
25b).
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Fig. 25: Reversible hydrogen capacity as a function of total transferred energy for different milling times as well as BPRs (a) and
nd
milling velocities (b) for the 2 cycle

The capacities for a BPR of 5:1 and 2 h of milling in Fig. 25a and 50 rpm and 2 h of milling in Fig. 25b
are neglected, due to the previously mentioned partial oxidation. The different degrees of filling are
shown in Fig. 26.

Fig. 26: Reversible hydrogen capacity as a function of total transferred energy for different milling times and degree of fillings for
nd
the 2 cycle

The same corrections as in the previous section have to be applied for the degree of filling, in
particular for 75 % of filling in Fig. 26. For the higher transferred energy experiments in Fig. 25a and
Fig. 26 a clear negative trend is apparent, while the capacity remains almost constant for the lower
transferred energy experiments in Fig. 25b. All measurements are summarised in Fig. 27.
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Fig. 27: Reversible hydrogen capacity as a function of transferred energy at different milling parameter for the 2 cycle

The effect of the milling energy on the hydrogen capacity is not clear. To some extent the capacity
remains constant for transferred energies up to approximately 30 kJ / g. However, above this value the
capacity is clearly reduced. The linear fitting in Fig. 27 describes this decline, although the values are
widespread. The reason for this negative linear trend will be discussed in the following section.
Based on these results, the optimum set of milling parameters could be selected according to Eq. 3.13
to achieve a transferred energy of maximum 20 kJ / g. Thus, the sorption time can be improved
significantly while the capacity remains almost maximal. A low transferred energy of only 20 kJ / g is
also from an economical point of view profitable (e.g. if achieved by short milling times due to low
energy consumption and material wearing). Due to the calculation of the energy, the obtained results
can be compared with other milling or grinding techniques at different scales.

5.1.3.2.

Effect of additive and milling

The sorption time (Fig. 12a) and also the slightly diminished hydrogen capacity (Fig. 12b) can be
improved by the addition of TiCl3 to the 2 LiH + MgB2 composite as shown in subsection 5.1.1. At the
same time, increasing the milling energy the sorption time can be improved further while the capacity
is reduced. In the previous sections the influence of the transferred energy on the sorption time and
the capacity was discussed and their correlation was described by a power function with negative
exponent and a linear function with negative slope, respectively. The reason for the improvement of
the sorption time can be given by two explanations: (i) the decrease of particle, phase and crystallite
sizes and (ii) the more homogeneous dispersion of nucleation sites. The two theories will be discussed
in more detail in this section. The decrease of the capacity with increasing milling energy is most likely
due to the increasing contamination of iron. The impact between the vial and balls leads to attrition of
the tempered steel, which results mainly in an iron contamination upon milling. It can be explained
among others by the lower hardness of the tempered steel in comparison to TiB2 and in particular to
the highly available MgB2 as shown in Tab. 2.
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Material

Ref.

Tempered steel 1.3505

Hardness
[Knoop]
776

LiH

~67

[7, 83]

Mg

~40

[84]

MgB2

1800

[7]

TiB2

2850

[7]

[52]

Tab. 2: Overview of hardness of the different compounds during milling

The iron reduces the relative hydrogen capacity since the sample mass will increase but the iron can
not absorb further hydrogen. The formation of small amounts of phases like Mg2FeH6 would be
possible, but were not observed in the XRD patterns. According to a previous publication [85] it was
found that Mg2FeH6 would lead to agglomeration of larger Fe-particles upon cycling. The size of the
Fe-particles is assumed to be much larger in comparison to the milled material, which would hinder
any hydrogen reaction. The presence of Fe in the composite after milling will be shown later (Fig. 33)
and was investigated in more detail also in a previous publication [86].
The expected effect of increasing milling energy is the reduction of diffusion barriers due to decreasing
particle, phase and crystallite sizes, as mentioned already in the section 5.1 and above. The difference
of these sizes is illustrated in Fig. 28:

Fig. 28: Schematic description of the difference between agglomerate, particle, phase and crystallite size

Due to the high temperature the particle could form agglomerates e.g. by sintering. A particle consist
of several phases, in the desorbed state mainly MgB2 and LiH phases. These phases consist again of
different areas with identical crystalline order. However, the determination of the individual sizes is
complex. The measurement of the specific surface area in subsections 5.1.2.2 and 5.1.2.3 was taken
to estimate the particle size. Thereby it is assumed that with increasing surface area the particle size is
decreasing, as the milled particles are not assumed to be porous to any great extent. Agglomeration
during milling would lead to a decreased surface area, which was not observed for the investigated
samples (Fig. 16b and Fig. 18b). By assuming a homogenous size distribution of the particles with
smooth surfaces, no agglomeration or sintering and perfect spherical shape, the particle size dparticle
was estimated based on the results for the specific surface area ssa and Eq. 5.1:
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dparticle 

6
 solid  ssa

(5.1)

The calculation of the theoretical solid density of the composite ρsolid, will be shown in subsection
5.3.1.1 by neglecting the addition of TiCl3. The estimated particle size is shown in Fig. 29 against the
absorption (Fig. 29a) and desorption time (Fig. 29b).

Fig. 29: Sorption time at 80 % transformed fraction as a function of estimated particle size after milling for absorption (a) and
nd
desorption (b) for the 2 cycle

According to the assumptions made in Eq. 5.1 and the results for the specific surface area reported in
subsections 5.1.2.2 and 5.1.2.3, the estimated average particle size of the composite after milling
varies between 0.25 and 1 μm. The absorption and desorption time plotted as a function of the particle
size shows a tendency of a linear correlation. With decreasing particle size, the sorption time of both,
absorption and desorption, is improved.
By investigating the different samples via SEM, e.g. an unmilled and a milled sample in Fig. 30a and b,
it can be seen that the assumptions made for the estimation of the particle size are not applicable and
the absolute values need to be corrected or rather seen as average values. However, the basic
correlation between particle size and sorption time should not be affected.
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Fig. 30: SEM image of unmilled (a) and milled sample for 30 h under 330 rpm with a BPR of 5:1 and 50 % of filling (b) of the
composite 2 LiH + MgB2 + 0.025 TiCl3

The size distribution and the shapes of the particles are very heterogeneous and the surfaces are
rough. Furthermore, the formation of possible agglomerates can be seen for the milled sample,
although it is difficult to distinguish between agglomerates and particles using SEM. The maximum
size of these particles / agglomerates is by about two orders of magnitude above the estimated
particle sizes by the specific surface area, even if the effect of milling is also visible in these SEM
images. The largest particles / agglomerates before milling of about 120 μm could be reduced upon
milling to 65 μm maximum. The assumptions made were done, just to give an approximate value for
the particle size and the focus was more on the trend than on the absolute values. Other techniques to
determine the particle size more precisely, e.g. laser beam, failed due to the needs of dispersing the
powder in a liquid carrier, which reacts with the sample and changes in consequence of the reaction
the particle size. According to the results obtained, a correlation between the sorption time and the
particle size after milling, with a normal distribution in the range of several nanometres to tens of
micrometres, can be assumed. The results are in good agreement with results obtained for the
distribution of particle sizes of milled MgH2 [87]. In theory, the lowest size of the particle is given by the
crystallite size. The average crystallite size of MgB2 after cycling is determined at around 17 nm,
independent from the initial crystallite size. Thus, it can be assumed that the initial crystallite size does
not affect the sorption time. However, again a clear correlation between the absorption time and the
initial crystallite size can be seen as shown in Fig. 31a. A related correlation exists also for the
desorption time as shown in Fig. 31b.
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Fig. 31: Sorption time at 80 % transformed fraction as a function of estimated crystallite size of MgB2 after milling for absorption
nd
(a) and desorption (b) for the 2 cycle

The absorption time can be clearly improved with decreasing the initial crystallite sizes down to 12 nm
for MgB2 after milling. Below 12 nm the absorption time was not further improved. For the desorption
reaction, the correlation between the sorption time and crystallite size shows a more linear trend. The
crystallite size approaches a constant value after cycling. This could be due to the phase
transformation of the boron from solid MgB2 to liquid LiBH4 and vice versa. Although the crystallite size
changes after cycling, the correlation between sorption time and initial crystallite size could be an
indication for a homogeneous dispersion of the compounds and thus a finer phase distribution and
smaller diffusion paths and consequently explain the improvement of the sorption time. Smaller
crystallite sizes indicate higher plastic deformation and in consequence more homogeneous
dispersion of the additive material. This will be further discussed later.
The results so far only show the effect of milling on the crystallite size of MgB2. The effect on the
crystallite size of LiH is not certain since the hardness of LiH is considerably smaller in comparison to
MgB2 (Tab. 2). A more ductile deformation as known already for Mg [88], due to the comparable value
for the hardness (Tab. 2), would be possible. However, the effect of a constant crystallite size after
cycling would be also possible, due to the phase transformation of the lithium from solid LiH to liquid
LiBH4 and vice versa.
Based on this discussion it is most likely that the kinetic of the Li-RHC can be improved by reduction of
both, particle and crystallite size, in consequence of increasing milling energy and the reduction of
diffusion barriers.
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The previously described theory of an improved dispersion of the additive material upon milling can be
proven by the comparison of SEM images in backscattered electrons mode of an unmilled sample
(Fig. 32) with a milled sample (Fig. 33).

Fig. 32: SEM images in backscattered electrons mode of unmilled sample of the composite 2 LiH + MgB2 + 0.025 TiCl3 with
elemental analysis for Ti, Cl, Mg and O

Before milling, large particles / agglomerates of TiCl3 and MgB2 can be seen in the SEM images in Fig.
32. The presence of the unreacted TiCl3 can be assumed due to the overlapping of the elemental
analysis for Ti and Cl. MgB2 can be supposed in Fig. 32 only by the elemental analysis for Mg, since B
as well as Li and H are too light to be detected with this technique. Thus, also LiH cannot be clearly
identified. However, by EDS, MgB2 and TiCl3 phases in Fig. 32 were determined by the stoichiometric
ratio obtainable for their atomic percentage amounts (but is not shown in this study). The partial
oxidation of the compounds is relatively low according to the elemental analysis for O and most likely
only on the surface of the sample. The oxidation before and after milling (Fig. 32 and Fig. 33) might be
due to the handling of the sample outside the glove box after the mixing or milling, respectively, and is
not assumed to take place during the milling process.
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Fig. 33: SEM images in backscattered electrons mode of milled sample for 30 h at 330 rpm with a BPR of 5:1 and 50 % of filling
of the composite 2 LiH + MgB2 + 0.025 TiCl3 with elemental analysis for Ti, Cl, Mg, O and Fe

After milling, the compounds are highly dispersed, as it can be seen by the elemental analysis for Ti,
Cl and Mg. Due to the presence of LiCl after milling, shown by XRD (Fig. 34) it can be assumed that
the TiCl3 reacts at least partially with the other milled compounds.

Fig. 34: XRD patterns for milled sample at 330 rpm for 30 h with a BPR of 5:1 and 50 % of filling of the initial composite
nd
2 LiH + MgB2 + 0.025 TiCl3 before (as milled) and after the 2 cycle (cycled)
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However, it is not sure if the Ti in Fig. 33 can be already attributed to the dispersion and formation of
TiB2 in the composite after milling. The presence of elementary Ti would be also possible according to
the following assumed reaction upon milling:
2 LiH + MgB2 + x TiCl3 → (3·x) LiCl + x Ti + (2 - 3·x) LiH + MgB2 + (1.5·x) H2

(5.2)

with 0 ≤ x ≤ 2/3 [mol]
Again the formation of 1.5 times x mol H2 is expected to take place during the milling. The presence of
only LiCl, LiH and MgB2 in Fig. 34 in the as milled sample indicates that the reaction follows Eq. 5.2
rather than Eq. 2.2 after milling. However, upon cycling and the consequent decomposition of MgB2,
the partial formation of TiB2 is likely. Due to the high stability of TiB2 in comparison to the other boron
containing compounds (Tab. 3), the free Ti would react with B before it forms LiBH4 after the first
absorption.
Material

Ref.

TiB2

Enthalpy of formation
ΔHF [kJ / mol]
315.9

LiBH4

190.5

[90]

MgB2

92.0

[89]

[89]

Tab. 3: Overview of enthalpy of formation of the boron containing compounds

This can be seen also by the additional formation of Mg in Fig. 34 upon cycling. It would also explain
the different sorption times between the first and second absorption. So far only the second absorption
and desorption reaction were compared in this section since from the first to the second absorption a
strong improvement was noticed and treated as a kind of activation. This improvement is shown in Fig.
35a. For the desorption process, the reaction rate is almost the same for the first and second sorptions
(Fig. 35b).

Fig. 35: Hydrogen content as a function of time for a milled sample under 330 rpm for 30 h with a BPR of 5:1 and 50 % of filling
of the initial composite 2 LiH + MgB2 + 0.025 TiCl3 for absorption (a) and desorption (b)

55

The first absorption reaction takes about 28 h to reach a plateau at the maximum hydrogen content.
For the second absorption reaction a strong improvement takes place due to the fact that the
maximum capacity is reached after approximately 1 h. This effect shows that not only the reduction of
diffusion barriers by decreasing particle and crystallite sizes, as discussed previously, could explain
the effect of milling and additive, since it would be present already for the first absorption. In addition to
this effect, the formation of highly dispersed TiB2 as nucleation sites after the first absorption improves
the sorption time. The high dispersion leads to further crystallite refinement. According to Fig. 12a the
dispersion of the nucleation sites seems to reach already a maximum for an amount of TiCl3 equal to
0.025 mol per mol of MgB2.
At the same time as the dispersion of the additive is improved in Fig. 33 during the milling and the
particle and crystallite sizes are reduced, the Fe-contamination increases, as mentioned already
above. This Fe impurity is visible in the SEM image after milling (Fig. 33) and was not present before
(Fig. 32). However, it could not be seen by XRD (Fig. 34), neither after milling nor after cycling. The
reason for this might be given by the above mentioned theory of formation of larger Fe-particles and
thus a more randomly evidence by XRD.
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5.2.

Material properties

Regarding the potential application in larger storage tanks, the characterisation of material properties
of Li-RHC is still lacking. In this section thermodynamic, kinetic and heat transfer basic properties for
the Li-RHC system are reported jointly. The interpretations of the obtained results and the numerical
calculations of the storage systems in chapter 6 are based on the here obtained properties. The
additive content was kept constant in this section at 0.05 mol of TiCl3 per mol of MgB2 as well as the
milling parameters. The material was milled for 20 h with a BPR of 10:1 at 230 rpm and a degree of
filling of 20 %. This corresponds to a transferred energy of ~24 kJ / g. The temperature and pressure
condition as well as the atmosphere is given for each experiment in the following subsections, if not
indicated already in the experimental details section 3.3. The thermodynamic properties are shown in
subsection 5.2.1, the heat transfer properties in subsection 5.2.2 and the kinetic properties in
subsection 5.2.3.

5.2.1. Thermodynamic properties
The thermodynamic behaviour of the Li-RHC system was assessed via an indirect measurement in
equilibrium conditions (Pressure-Concentration Isotherm, PCI) and a direct measurement in nonequilibrium conditions. The measurement conditions of these two measurements were described in
more detail in subsection 3.3.6.3 and 3.3.6.2, respectively.
The former is the commonly used measurement even if it is time intensive and complex. The
measurement follows the van’t Hoff equation (Eq. 2.1). Fig. 36 shows the PCI curves, acquired on a
sample that was previously charged at 350 °C and 50 bar of H2, under desorption conditions (Fig. 36a)
in the range of 350 °C to 400 °C and the correlated van’t Hoff plots for the first and second plateau
(Fig. 36b). According to the van’t Hoff plot a reaction enthalpy value of 74.7 kJ and entropy of
134.9 J K-1 per mol composite are calculated for the first plateau. For the second plateau, an enthalpy
of 52.6 kJ and entropy of 96.1 J K-1 per mol composite are determined. However, the decomposition of
the MgH2 (first plateau) yields one mol of hydrogen per mol of composite, whereas the decomposition
of the LiBH4 (second plateau) yields three mol of hydrogen per mol of composite. Thus, in relation to
the released mol of hydrogen the results are 74.7 kJ mol-1 H2 and 134.9 J K-1 mol-1 H2 for the reaction
enthalpy and entropy of the first and 17.5 kJ mol-1 H2 and 32.0 J K-1 mol-1 H2 for the second plateau.
The average reaction enthalpy and entropy values of both steps are then 31.8 kJ mol-1 H2 and
57.8 J K-1 mol-1 H2, respectively. The corresponding equilibrium pressures for the calculation are also
indicated in Fig. 36a (dashed lines). The coefficient of determination (R2) for both van’t Hoff plots is
above 99.9 %. The values for the enthalpy and entropy are shown here positive since the dehydriding
reaction is endothermic.
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Fig. 36: Pressure concentration isotherms under desorption conditions for 2 LiBH4+MgH2 at 400 °C, 375 °C and 350 °C (a) and
van’t Hoff plot for first and second plateau (b) per mol of hydrogen

A more direct measurement can be performed calorimetrically by coupling of the Sievert apparatus
with the HP-DSC. At high or low pressure for absorption (Fig. 37a) or desorption (Fig. 37b),
respectively, and constant heating rate, the heat flow of the endothermic or exothermic reaction of the
system can be measured directly. The energy is determined by calculating the area under the
exothermal or endothermal peak of the heat flow against the time. Due to the coupling of the two
measurements this energy can be expressed as enthalpy per mol of hydrogen. According to the above
described integral calculation, an enthalpy value of -30.5 kJ mol-1 H2 for the absorption (Fig. 37a) is
obtained. For the first and second step of the desorption reaction, 63.2 kJ mol-1 H2 and
16.1 kJ mol-1 H2 are calculated (Fig. 37b). For the absorption reaction, a constant temperature rate of
2 °C / min was used, while for the desorption 0.5 °C / min was needed to completely separate the two
desorption processes.

Fig. 37: Hydrogen content and HP-DSC signal versus sample temperature for 2 LiH+MgB2 under absorption conditions at
50 bar of H2 (a) and for 2 LiBH4+MgH2 under desorption conditions at 3 bar of H2 (b)

The endothermic event before the exothermic absorption at 280 °C in Fig. 37a might be due to the
fusion of some initially formed LiBH4. However, the direct formation of liquid LiBH4 upon absorption is
more likely due to the reaction temperatures clearly above the melting point (see also Fig. 47a). Thus
the enthalpy of fusion, given in the literature with around 4 kJ / mol H2 [91, 92], is included in the
calculated enthalpy by the direct formation of liquid LiBH4, but needs to be subtracted from the
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theoretic value calculated in chapter 1, since the theoretic enthalpy data are given at STP. The
different values will be discussed in subsection 5.2.4.1.

5.2.2. Heat transfer properties
The following heat transfer properties might be considered also as thermodynamic properties.
However, due to the already mentioned importance of these properties they are shown in a separate
section. The relevant properties are the heat capacity, determined in subsection 5.2.2.1, the thermal
conductivity determined in subsection 5.2.2.2 and the thermal diffusivity calculated by the two previous
heat transfer properties in subsection 5.2.2.3.

5.2.2.1.

Heat capacity

Differential scanning calorimetry (DSC) measurements were performed in order to determine the
specific heat capacity of the desorbed material (LiH / MgB2) under Ar atmosphere, referred to the
mass unit and hereafter indicated as cp, in the range of 50 °C to 250 °C. Further details to the DSC
measurements were given in subsection 3.3.2. Similarly to what was reported by El Kharbachi et al.
for LiBH4 [93], the heat capacity determinations were performed by using two different and separate
scanning methods: “linear temperature ramp” (Fig. 38a) and “enthalpy method” (Fig. 38b), the latter
being an alternate sequence of isothermal and 20 °C heating segments. In both methods, 5 min
isotherms were used before each ramp, in order to reach steady-state dynamic equilibrium conditions.
For all the heating segments, a rate of 5 °C / min was used. In the “enthalpy method” the full
temperature range 50 - 250 °C was covered by two consecutive measurements of 50 °C to 150 °C
and 150 °C to 250 °C, due to the instrument’s software restrictions (the maximum number of the
allowed consecutive segments is ten, thus corresponding to five isotherms and five heating ramps).
After the measurements, the sample weight was checked inside the glove box and showed a good
agreement with that acquired before the DSC measurements.
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Fig. 38: DSC signal and temperature in the range 50 - 250 °C for 2LiH+MgB2 under Ar atmosphere using a linear temperature
ramp of 5 °C / min (a) and the enthalpy method (b)

The calculation of the specific heat capacity is based on the standard equation for the heat capacity of
solids, where the isobaric and isochoric heat capacity is equal and a constant volume is assumed. For
simplification, the change of internal energy of the system is assumed to be equal to the change of
heat energy and thus the heat capacity Cp is defined as ratio of transferred heat energy ΔQ to the
resulting increase in temperature ΔT at constant pressure p:

Cp 

Q
T p

(5.3)

Due to the definition of the heat flux Φ as change of heat energy Q over the time t:
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and the heating ramp β as change of the temperature T over the time t:
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(5.5)

Eq. 5.3 can be changed to:

Cp 




(5.6)

In addition and under consideration of the instrument, the heat flux of the blank measurement Φb
needs to be subtracted from the heat flux of the sample measurement Φs (Φ = Φs - Φb) and the
sample mass ms added to express the result as specific heat capacity per unit of mass (Cp = cp · ms).
Hence, the specific heat capacity cp of the sample can be determined according to the following
formula:
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cp 

s  b
ms  

(5.7)

The calculated heat capacities obtained by the two different methods are shown in Fig. 39a as a
function of the temperature.

Fig. 39: Specific heat capacity cp values against temperature obtained by using a linear temperature ramp of 5 C°/ min (filled
circle) and enthalpy method (empty circle) for 2LiH+MgB2 under Ar atmosphere (a) and in comparison to other hydrides (b)

The orientation of the y-axes in the Fig. 38 shows exothermic features as peak upwards; this implies
that a decrease in the DSC signal corresponds to an increase in the heat capacity value of the sample.
Thus, according to the obtained DSC profiles, the specific heat capacity of the system is found to
slowly increase before reaching 150 °C. For higher temperatures, the increase becomes faster up to a
local maximum value reached at about 200 °C for the linear temperature ramp and at ~230 °C for the
enthalpy method. The two different measurement methods are in good agreement for temperatures
between 150 °C and 200 °C. Below 150 °C the values obtained by the enthalpy method are lower than
the values obtained by the linear temperature ramp. This correlation is reversed for temperatures
above 200 °C. The fitting was only done for the linear temperature ramp method according to the
standard fitting function (Shomate equation):
c p T   A  B  T  C  T 2  D  T 2

(5.8)

The coefficient of determination of this fitting is due to the underestimation of the local maximum only
around 80 % (Fig. 39a). In Fig. 39b the fitting of the composite material LiH / MgB2 is compared with
heat capacity functions of other single materials (hydrides and borides) from the literature. The heat
capacity function against temperature for LiH, MgB2 and MgH2 was obtained from Kubaschewski et al.
[89]. The function for LiBH4 refers to the already mentioned publication by El Kharbachi et al. [93]. The
fitting parameters are shown in Tab. 4.
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Material /
Composite
LiH

A

C
x 103
0

D
x 10-5
-2.93

Crystal
structure
cubic

Temp. range

Ref.

16.4

B
x 103
52.72

-

[89]

LiBH4

23.479

543.9

-0.7885

-30.1

orthorhombic

25 - 81 °C

[93]

LiBH4

-29738.5

107620

-108.78

6724.6

orthorhombic

81 - 113 °C

[93]

LiBH4

-494.068

1594

-1.13

205

hexagonal

113 - 280 °C

[93]

MgB2

49.79

22.72

0

-7.61

hexagonal

-

[89]

MgH2

27.2

49.37

0

-5.86

tetragonal

-

[89]

2 LiH + MgB2

114.63

-35.19

0

-32.2

-

50 - 250°C

this study

-1

-1

Tab. 4: Fitting parameter for cp in J K mol for different materials according to the fitting Eq. 5.8

The heat capacity of the Li-containing single materials is higher by a factor of approximately 3 in
comparison to the Mg-containing single materials. The reason for the discontinuous function of LiBH4
is the phase transformation from the orthorhombic to the hexagonal phase at 113.45 °C. The increase
before this polymorphic phase transition is called “abnormal” trend and is assumed to be caused by an
increase of crystal defects [93]. A further discussion is given in subsection 5.2.4.2.

5.2.2.2.

Thermal conductivity

The effective thermal conductivity λeff was measured by the transient plane source (TPS) method
under Ar atmosphere, as described in subsection 3.3.5. The sensor was surrounded by a heater so
that temperatures up to 180 °C could be reached, limited only by the sensor characteristics. The
effective thermal conductivity was measured for absorbed (LiBH4 / MgH2) and desorbed (LiH / MgB2)
material. The results are shown in Fig. 40 with an interpolation of the measured points and an
extrapolation up to 300 °C and 400 °C, respectively.

Fig. 40: Thermal conductivity against temperature from RT to 175 °C under Ar atmosphere for absorbed (LiBH4 / MgH2) and
desorbed (LiH / MgB2) material and extrapolation for T>175 °C

The phase transformation of LiBH4 from orthorhombic to hexagonal inside the absorbed material at
around 100 °C [28] clearly affects the thermal conductivity of the material. Hence, the exponential
interpolation was done for the measured points after this phase transformation. The extrapolation for
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the absorbed state is done only up to a temperature of 300 °C because at around this temperature
LiBH4 change from solid to liquid phase [28] and it is expected that the trend of the extrapolation
changes drastically at this point. For the desorbed state the interpolation was done for the whole
measurement range, as no phase transformation is expected.
These measurements were performed ex-situ and under argon atmosphere and give a first good
impression about possible values for the effective thermal conductivity. However, during the reaction a
mixed phase of absorbed and desorbed material exists, and only at the beginning or end of the
reaction the above measured values for the thermal conductivity can be expected. Lozano et al. [63]
provided therefore a new measurement type during the reaction under H2 atmosphere. Inside a so
called thermocell, three radially arranged thermocouples are installed around a centred one at defined
distances. The thermocouples are located inside the powder bed. The cell can be connected to a
Sievert apparatus and so absorption and desorption reactions can be performed while measuring the
temperature distribution inside the bed. By assuming a homogeneous cylindrical system in a stationary
state, the effective thermal conductivity can be calculated. The calculation based on the determination
of the local heat flux q (Fourier law):

q     2 T

(5.9)

The temperature gradient  2 T can be expressed as one dimensional function of the radial distance r
due to the stationary state assumption:

0

dT q

dr 

(5.10)

To solve this differential equation the following Laplace operator for cylinder coordinates is used,
according to Baehr and Stephan [94]:

0

d 2 T 1 dT q
 

dr 2 r dr 

(5.11)

Under the assumption of constant heat generation ( dq / dt  0 ) the solution of Eq. 5.10 is:

r
Tr   c 0  c 1  ln
 r0

 q  r 2
 
 4

(5.12)

The two constants c0 and c1 can be solved due to the definition of the boundary conditions of the
thermocell by assuming a known and constant centre temperature T0:

Tr 0   T0 and

dT
dr

0

(5.13)

r 0
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After solving the constants c0 and c1 Eq. 5.12 can be expressed as:

T( r )  T0  T  

q  r 2
q  r 2
or   
4
4  T

(5.14)

Finally, the effective thermal conductivity λeff can be calculated by taking the powder bed density ρ into
account:

 eff  

q    r 2
4  T

(5.15)

where r is the distance between the thermocouples and ∆T the corresponding temperature differences
during the measurement of the thermocell. The rate of heat q , given per unit of mass, is calculated
according to Eq. 5.16:
d
q 
 HR
dt

(5.16)

and is the product of the change of the transformed fraction α over time t - the sorption rate - and the
reaction enthalpy. Assuming temperature differences inside the bed, ∆T can be expressed as a
function of the radial distance to the second power as shown in Eq. 5.17 (parabolic temperature
profile):
T  T  TC  n  r 2

(5.17)

where n is a constant factor according to Eq. 5.15 and equal to:

n

q  
4   eff

(5.18)

This constant can be determined by plotting the experimental values for ∆T against the distances (Fig.
41b). The sorption rate and ∆T values are given by the thermocell experiment (Fig. 41a).
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Fig. 41: Hydrogen content and temperature inside hydride bed for desorption at initially 360 °C and 3 bar H2 (a) and
temperature profile against distance to centre (b)

The calculation of the loose powder density will be shown in subsection 5.3.1.1. For the reaction
enthalpy we chose the determined value of the first plateau in subsection 5.2.1. As an example, the 5th
desorption and the corresponding calculation (Fig. 41a and b) are shown. The coefficient of
determination (R2) for this calculation was above 99 %. Different desorption reactions at different
temperatures were performed and the calculated thermal conductivity is shown in Fig. 42. For the
other measurements the coefficient of determination was always above 99 % with the exception of the
measurement around 338 °C (>92 %). Finally, the measurement above 365 °C was not considered for
the fitting. The same measurements were also performed under absorption conditions (not shown in
this study). However, it was not possible to fit the ∆T parabolic function of the distance.

Fig. 42: Thermal conductivity against temperature measured in-situ at high temperatures under H2 atmosphere by thermocell

A comparison of the methods leads to an assumption of the trend of the thermal conductivity against
temperature. The extrapolation, based on the measurement at elevated temperatures by the TPS
method (Fig. 40), should be corrected in connection with the measurement at high temperatures. This
will be further discussed in subsection 5.2.4.2. In Fig. 43 the former extrapolation is shown (dotted
line) in comparison with the interpolation based on the high temperature measurements (dashed line).
The trend and the influence of the density will be also discussed in subsection 5.2.4.2.

65

Fig. 43: Thermal conductivity against temperature measured ex-situ at elevated temperature up to 180 °C under Ar atmosphere
by TPS method and in-situ at high temperatures up to 360 °C under H2 atmosphere by thermocell

5.2.2.3.

Thermal diffusivity

The thermal diffusivity a gives an impression of the spatial and temporal change of the temperature
inside the powder bed and is not directly measured but calculated from other quantities such as
effective thermal conductivity λeff, heat capacity cp and density ρ. It is defined as shown in the following
equation:

a

 eff
  cP

(5.19)

The calculation was done based on the fitting functions of the heat capacity (Fig. 39b) and the thermal
conductivity function (Fig. 43) between 100 °C and 350 °C by the available data from this study (Fig.
44). For the thermal diffusivity calculations, it is assumed that the density of the material did not
change in the considered temperature range.

Fig. 44: Thermal diffusivity against temperature for the desorbed material (2 LiH / MgB2) with constant density
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The value of the thermal diffusivity is between 0.15 x 10-6 m2 s-1 and 1.35 x 10-6 m2 s-1. Starting from
approximately 225 °C the value increases exponentially, clearly driven by the rise of the thermal
conductivity. The value of the thermal diffusivity, even at high temperatures, is relatively low in
comparison to other materials, in particular to pure metals (e.g. aMg ≈ 87 x 10-6 m2 s-1 [7]).

5.2.3. Kinetic properties
While thermodynamics determines the driving force between an initial and a final state, kinetics
defines the time of transformation from the initial to the final state. As illustrated in Fig. 45, it is always
necessary to pass by a activated state before going from the initial to the final state.

Fig. 45: Schematic draft of the free energy during initial, activated and final state

Therefore, additional energy is necessary besides the free energy of the reaction ∆G. This additional
energy can be called free energy of activation ∆GA or activation energy. The initial and final states are
thermodynamic stable or metastable states and could be the hydrogenated and dehydrogenated
phase of a metal hydride. The activated state is thermodynamically unstable. In the following
subsection 5.2.3.1 the activation energy of the absorption and desorption process is determined.
Finally the cycling behaviour is shown concerning reversible hydrogen capacity and overall sorption
rate in subsection 5.2.3.2.

5.2.3.1.

Activation energy

Two different methods were applied to determine the value of the activation energy. First, the
activation energy was measured by the DSC method, also known as Kissinger method [95], using a
HP-DSC. The applied hydrogen pressure under absorption conditions was 50 bar and 30 bar, while
under desorption conditions it was 3 bar. The activation energy Ea is calculated according to the
equation:
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d ln 2 
 Tmax    E a
R
 1 

d
 Tmax 

(5.20)

using the heating rate β and the temperature at the peak of the curve Tmax. By plotting ln(β/Tmax2)
against 1000/T the activation energy can be calculated by the slope of the linear fit. In Fig. 46a the
HP-DSC signal against temperature is shown for the measurement at 50 bar. The corresponding
Kissinger plot at 50 bar is illustrated in Fig. 46b. For the measurement at 30 bar only the Kissinger plot
is shown in Fig. 46c.

Fig. 46: HP-DSC signal against temperature for 4 different temperature ramps under absorption condition at 50 bar of H2 (a),
the corresponding Kissinger plot for the hydrogenation of LiH / MgB2 (b) and Kissinger plot for the hydrogenation of LiH / MgB2
at 30 bar (c)

According to the slope of Fig. 46b and c an activation energy of 103 kJ / mol at 50 bar and
155 kJ / mol at 30 bar applied H2 pressure are calculated, respectively. The measurement under
desorption conditions at 3 bar of H2 is shown in Fig. 47. As well as for the desorption PCIs, two
decomposition steps in dynamic conditions are observed. From these dehydrogenation processes of
MgH2 (III in Fig. 47a) and LiBH4 (IV in Fig. 47a) the activation energies are calculated as shown in Fig.
47b.

Fig. 47: HP-DSC signal against temperature for 4 different temperature ramps under desorption condition at 3 bar of H2 (a) and
the corresponding Kissinger plot for the dehydrogenation of MgH2 and LiBH4 (b)

The values for the activation energies are 347 kJ / mol and 238 kJ / mol for the dehydrogenation of
MgH2 and LiBH4, respectively. The two phase transformation steps I and II in Fig. 47a, also seen in the
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coupled measurement in Fig. 37b, were already described by Bösenberg et al. [28]. However since
they are not connected with a release of hydrogen, their activation energies are not of interest for this
study.
The activation energy can be calculated in a different way by identifying the rate constant for different
sorption measurements at different temperatures (Fig. 48a). Both methods are also described in more
detail in Varin et al. [8]. The rate constant k is a function of the temperature and defines the change of
transformed fraction over time by being multiplied with the reaction model function g(α) [96]:
d
 k T   g 
dt

(5.21)

The reaction model is a function of the transformed fraction α and is defined in this study as hydrogen
absorption fraction. The temperature dependence of the rate constant k, at constant pressure p, is
represented by the Arrhenius term:

k T  p  A  e



Ea
R T

(5.22)

Before calculating the value for the rate constant k it is important to select the best-fit model g(α) of the
reaction for Eq. 5.21. Then the rate constant k can be determined by converting Eq. 5.21 and building
the integral of dα after g(α), hereafter called as integrated equation:
d

 g   kT   t

(5.23)

By plotting the integrated equation against the time the value of the rate constant is equal to the slope
of the graph. In this study the calculation was done for the absorption process only at 30 bar of H2
(Fig. 48a). For the model g(α) the Johnson-Mehl-Avrami (JMA) model with one dimensional growth
(n = 1) was found to be the best-fitting model. The selection of the model will be shown in more detail
in subsection 6.2.1.1. After defining the rate constants for different temperatures, the activation energy
can be calculated by plotting ln(k) versus 1/T (Fig. 48b).
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Fig. 48: Transformed fraction against time at 30 bar of H2 at different temperatures with the corresponding fitting by JMA model
(a) and the related calculation of activation energy according to Arrhenius equation (b)

According to Eq. 5.22, the slope of the linear regression is equal to the activation energy divided by
the ideal gas constant R. According to this method, the value for the activation energy at 30 bar of
applied H2 is 127 kJ / mol. The difference between this value and that obtained by the Kissinger
method is discussed at length in subsection 5.2.4.3.

5.2.3.2.

Cycling behaviour

In this section the final and reversible hydrogen capacity as well as the corresponding kinetics, in the
sense of the overall sorption rate, is analysed. The theoretical capacity of the material of 13.04 wt.%,
based on the desorbed material (Eq. 1.1) excluding the mass of the gaseous hydrogen, could not be
reached so far. The reason for this could be a correlation between the capacity and the sorption rate.
This will be discussed later in subsection 5.2.4.3. Due to the liquid / solid phase at the absorbed state
(LiBH4 / MgH2) for temperatures above 300 °C [28] and the ongoing phase transformation over cycling
from solid to liquid and vice versa, phase separation was always suspected. Phase separation would
lead to a hydrogen capacity decrease upon cycling since the reactants would be hindered to react with
each other. This will be investigated in more detail in section 5.3 for compacted material. In Fig. 49a
the reversible hydrogen capacity as a function of cycles is shown for the sample mass of 150 mg,
compacted and uncompacted. Additionally the behaviour of a sample mass of 500 mg is shown and
compared.
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Fig. 49: Desorbed hydrogen content over cycling for different amounts and densities of material after absorption at 350 °C and
50 bar H2 and desorption at 400 °C and 2 bar H2 (a) and sorption time at 80 % transformed fraction over cycling for absorption
and desorption for the uncompacted 500 mg sample (b)

At the y-axis is illustrated the desorbed capacity (reversible hydrogen capacity), after previous
absorption, over 20 cycles (x-axis). The absorption was done at 350 °C and 50 bar and the desorption
at 400 °C and 2 bar of H2. Except for the first 3 cycles of the compacted sample, the values are
fluctuating with a negative linear trend. For the compacted sample this trend is lower by a factor of
approximately 2.5 and for 500 mg even by a factor of almost 8.5 in comparison to the uncompacted
150 mg sample. The fluctuation degree is almost the same for the different samples. The reason for
the strong increase in capacity for the first 3 cycles of the compacted material will be discussed in
section 5.3.
The absolute values of the capacities over cycling, shown in Fig. 49a, differ in the way that the
compacted sample reached the highest capacity with an average of 9.16 wt.%, followed by the
uncompacted samples at 500 mg with 8.76 wt.% and 150 mg with 8.29 wt.%. A strong and clear
degradation of the capacity could be only seen for the uncompacted 150 mg sample.
The kinetic behaviour of the 500 mg samples from Fig. 49a is investigated upon cycling in Fig. 49b.
The time to reach 80 % of the transformed fraction for the sorption processes as a function of the
cycles, so-called sorption time, is shown. The first sluggish absorption was reported by many other
authors (e.g. [30, 82]) and could be explained by the formation of highly dispersed nucleation sites of
TiB2 after the first absorption, which accelerated the growth of MgB2 phases and led to a further
crystallite refinement, as shown in subsection 5.1.3.2. After some cycles the absorption time reaches
almost the same value as for the desorption reaction. The desorption time is almost constant over
cycling.
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5.2.4. Discussion
The discussion about the material properties is divided into the thermodynamic properties and the
reaction mechanism of the LiBH4 / MgH2 material (subsection 5.2.4.1) and the heat transfer influence
for scaled-up systems (subsection 5.2.4.2). Finally the influence of the kinetic and reversibility is
discussed (subsection 5.2.4.3).

5.2.4.1.

Thermodynamic properties and reaction mechanism

For the same material as in this study, Vajo et al. calculated a value of -40.5 kJ mol-1 H2 for the
reaction enthalpy and -81.3 J K-1 mol-1 H2 for the entropy [14] by a PCI measurement under absorption
conditions. The measurements were performed in the range of 315 °C to 400 °C. The material
preparation was slightly different (shorter milling time but higher milling velocity) [97] and the amount
of additive was only 0.02 mol of TiCl3 per mol of LiH [14]. Nevertheless, the results can be compared
to the obtained values from this study because the preparation procedure differs only slightly and
should at most affect kinetics, but not thermodynamics.
As shown in subsection 5.2.1, the value for the enthalpy of the first desorption reaction step as
measured by HP-DSC is lower than that obtained by PCI measurements, while the values for the
second step are in good agreement. The first reaction step is faster in comparison to the second, as it
can be seen for instance in appendix B 1. This might influence the obtained results because as
mentioned before, the disadvantage of the DSC method stems from the non-equilibrium conditions
due to a certain heating rate. In theory the heating rate should not affect the result. Although a lower
heating rate leads to a broader peak, while a higher heating rate leads to a narrower peak, the peak
area should, in theory, be identical in both cases. Both extremes have particular advantages and
disadvantages: On the one hand, a lower heating rate is closer to the thermodynamic equilibrium, but
the peak may then be barely discernible from the background and difficult to evaluate. On the other
hand, a steep temperature ramp could make it difficult to clearly separate the two desorption steps.
Hence, the determination of the temperature ramp is a trade-off between a low rate of temperature
change for approaching a quasi-equilibrium state against a high rate for a clear DSC signal. This
circumstance will be further investigated in more detail in the future. However, the average value of the
desorption PCI measurement (31.8 kJ mol-1 H2) is in good agreement with the one-step absorption
value measured by the HP-DSC (30.5 kJ mol-1 H2) and thus also the two measurement methods are in
agreement.
Both values, measured by HP-DSC and PCI, for absorption are below the theoretical value of
-46 kJ / mol H2. However, as mentioned already in subsection 5.2.1, the theoretic value needs to be
reduced to -42 kJ / mol H2 by the enthalpy of fusion due to the theoretic enthalpy data at STP. Thus,
the value is in good agreement with the obtained by Vajo et al. [14] (-40.5 kJ mol-1 H2) and in better
agreement with the one obtained here (~30 kJ mol-1 H2). However, this latter value for the enthalpy
could be confirmed by two independent measurement techniques. The validation of the value
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measured by Vajo et al. and the difference between the values for absorption and desorption, i.e. the
hysteresis, will be discussed later. First the discussion will focus on the values measured by PCI.
By calculating the equilibrium pressure (Eq. 2.1) according to the measured enthalpy and entropy
values obtained by PCI, and plotting them against the temperature, it can be seen that an area is built
up by the two curves of the first and second desorption step (Fig. 50). Inside this area we assume that
the reaction cannot or can only partially proceed, so that the complete absorption and desorption
according to Eq. 1.1 can only occur above or below this area, respectively. The equilibrium pressure
calculated by the enthalpy and entropy measured by Vajo et al. [14] under absorption conditions is
inside the considered area only for temperatures above 362 °C.

Fig. 50: Equilibrium pressure against temperature for the first and second plateau according to the PCI measurements under
desorption conditions and the equilibrium pressure measured by Vajo et al. [14] under absorption conditions

As mentioned before, the average value obtained by desorption PCI measurement is in agreement
with the one-step absorption value determined by HP-DSC measurement. The small difference
between the values for absorption and desorption (hysteresis) is comparable to other metal hydride
systems like MgH2 [98, 99] or NaAlH4 [100]. One explanation for the hysteresis given by Schwarz et al.
[101] could lie in surface tensions between the hydrogenated and dehydrogenated phase. Another
contribution to the hysteresis phenomenon is the presence of two hydride phases with different
equilibrium pressures as for example happens in the Mg-Fe-H hydride system [102]. The value for
enthalpy and entropy measured by Vajo et al. was considered as preliminary result due to the slow
kinetic behaviour and the consequent long time to reach an equilibrium state [14]. Moreover, the
reaction mechanism of the absorption is still not well-understood, hence also the measured values for
enthalpy and entropy could not be reasonably interpreted or related to different mechanisms. In
theory, the reaction mechanism should not affect the thermodynamic parameters, i.e. enthalpy and
entropy, if initial and end products are identical. However, if the absorption reaction proceeds in one
step and the desorption in two steps, the equilibrium pressure function for absorption should fall within
the area that is built by the two equilibrium functions for desorption. The previous observation e.g. by
in-situ XRD that the desorption reaction proceeds in a two-step reaction while the absorption seems to
proceed in one step [28], can be confirmed by the coupled manometric / calorimetric and the PCI
measurement from this study. The reported two steps of the desorption reaction and the measured
values for enthalpy and entropy by PCI from this study are:
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2 LiBH4 + MgH2 → 2 LiBH4 + Mg + H2

(5.24)

∆HR = 74.7 kJ mol-1 H2; ∆S = 134.9 J K-1 mol-1 H2

2 LiBH4 + Mg → 2 LiH + MgB2 + 3 H2

(5.25)

∆HR = 17.5 kJ mol-1 H2; ∆S = 32.0 J K-1 mol-1 H2
The enthalpy and entropy of reaction for the first step (Eq. 5.24) are in very good agreement with
values for the sorption of pure MgH2 (an overview of different theoretical and experimentally obtained
values can be found in Bogdanovic et al. [98]). The second step (Eq. 5.25) shows the basic idea of the
RHC’s, since the initial reaction enthalpy of pure LiBH4 desorbing into LiH, B and H2 of 74 kJ / mol H2 ,
measured experimentally by Mauron et al. [103], is lowered to 17.5 kJ mol-1 H2 through the exothermic
reaction to MgB2, which is in good agreement with the theoretic value according to the enthalpy of
formation data from the literature [89] of 18.7 kJ / mol H2.
The entropy value for most of the metal hydrides is dominated by the phase transformation of
molecular hydrogen from gaseous to dissolved hydrogen and vice versa (e.g. Eq. 5.24). This value is
theoretically
-1

around

130 J K-1 mol-1 H2

[89].

The

measured

entropy

-1

-1

value

for

Eq. 5.25

-1

(32.0 J K mol H2) and for pure LiBH4 desorbing into LiH, B and H2 (115 J K mol H2 [103]) is lower.
The difference for these reactions and therefore also a possible explanation why the entropy value is
lower, is the formation of a different phase (MgB2), in case of Eq. 5.25, and additionally for both the
phase transformation of hydrogen from liquid (LiBH4) to gaseous. The phase transformation of LiBH4
from solid to liquid is reported in literature to take place between 280 °C [93] and 300 °C [28].
For the reaction mechanism of the absorption, we assume that the exothermal reaction of formation of
MgH2 and LiBH4 supports the endothermal reaction of MgB2 with LiH and H2. However, the reason for
one-step absorption and two-step desorption reaction cannot be given by thermodynamics only. Many
publications are investigating the reaction steps also from a crystallographic point of view [28, 104107]. In particular the presence of a ternary compound (Mg1 - xLi2x)B2 , proved by nuclear magnetic
resonance (NMR) [105-107], is of special interest with respect to the diffusion processes for the Li-Mg
ion exchange.
To summarise: (i) the presence of LiH and (ii) the exothermal energy of both MgH2 and LiBH4 during
absorption enable the reaction of the otherwise rather stable MgB2 (∆HF = 92.0 kJ mol-1 [89]). During
the desorption, the exothermal energy of formation of MgB2 reduces the value of reaction enthalpy of
the second step of the reaction only. The reason for the different reaction mechanism for absorption
and desorption is most likely dominated by different diffusion processes.
The assumed reaction mechanism and thermal energy transfers for absorption and desorption under
the applied conditions are schematically summarized in Fig. 51.
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Fig. 51: Schematic reaction mechanism during one-step absorption and two-step desorption process

For the determination of the individual enthalpy and entropy values of LiH reacting with B and H2 and
Mg with H2 during absorption it might be that the used measurement methods reach their limits and a
multi-step reaction with concurrent running steps gives only a single value resulting from two
overlapped values. A possible way to circumvent this could be done by a better contact through
nanostructured phases, if diffusion is the rate-limiting step, or by changing the temperature and
pressure conditions, so that the individual reactions could be strengthened or weakened and so be
more highlighted and differentiated.

5.2.4.2.

Heat transfer influence for scaled-up systems

The value of the thermal diffusivity gives an impression of the spatial and temporal change of the
temperature inside the powder bed. Hence, the heat capacity and the thermal conductivity, combined
in the thermal diffusivity, are determinant for the heat distribution inside a hydride bed. This distribution
is of particular interest for larger bed sizes where the mass ratio of the hydride bed (typically low
thermal diffusivity) to the tank wall (typically high thermal diffusivity) becomes larger. A low thermal
diffusivity against a high increase in temperature could lead to accumulation of heat. At this high
temperatures, equilibrium conditions could be easily reached and so the overall reaction rate could
slow down [63]. This is illustrated in Fig. 50: starting from 350 °C and 30 bar of H2, an increase of
75 °C could slow down the reaction rate due to approaching to the equilibrium pressure of the first
plateau. A further increase in temperature, only possible by external supply of energy, would lead even
to a “negative” reaction rate in the sense of partial dehydrogenation. According to the previous section
this would lead to the decomposition of MgH2. To evaluate the behaviour of the material inside a large
powder bed, the heat transfer properties are determined in this study and the result will be discussed
in the ongoing sections.
The heat capacity was measured by two different methods: the linear temperature ramp and enthalpy
method (subsection 5.2.2.1). The discontinuous trend of the heat capacity measured by enthalpy
method can be explained by the interrupted measurement at around 150 °C. Besides that, the two
different measurement methods are in good agreement.
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The heat capacity function of the measured composite, consisting of 2 LiH + MgB2, is clearly
dominated by the function of MgB2. While the mean value in the considered temperature range from
50 °C to 250 °C for LiH is about 4.65 kJ kg-1 K-1 and only 1.20 kJ kg-1 K-1 for MgB2, the average value
for the composite LiH / MgB2 is about 1.30 kJ kg-1 K-1. This could be explained by the much higher
molar mass of MgB2 (45.927 g mol-1) in comparison to LiH (7.949 g mol-1), thus just ~35 wt.% of the
sample is LiH.
The thermal conductivity is measured by a direct ex-situ measurement and an indirect in-situ
measurement (subsection 5.2.2.2). The former measured the conductivity of the hydrogenated and
dehydrogenated final state, while the latter measured a mixture of both. The average values obtained
ex-situ

at

temperatures

up

to

180 °C

are

relatively

low

(λØ,abs state = 0.12 W m-1 K-1;

λØ,des state = 0.09 W m-1 K-1) in comparison to the values obtained in-situ in the temperature range from
335 °C to 365 °C (λØ,mixed state = 1.14 W m-1 K-1). One reason for the higher values could be the
presence of 3 bar of hydrogen during the in-situ measurement, in comparison to 1 bar of argon during
the ex-situ measurement and the higher thermal conductivity of hydrogen in comparison to argon by
one order of magnitude [108]. For the interpretation it is important to mention that the in-situ approach
by the thermocell supposes only radial conduction and no axial conduction as well as a constant and
homogeneous heat generation. According to the stationary state assumption, the density and heat
conduction of the powder bed are assumed to be constant as well. As can be seen in the Fig. 41a, the
heat generation is in the considered time frame almost constant, due to the linear sorption rate.
However, it is not clear to what extent the density of the bed is constant in this time frame. It is known
that there are density changes due to the phase transformation from the desorbed to absorbed state
(and vice versa), but the considered time frame are 2 minutes of the first step of the reaction that takes
about 30 minutes. However, the value of the thermal conductivity might need to be corrected
downward, since the used absolute value for the density is for the desorbed state. In the considered
mixture of absorbed and desorbed state, the share of the absorbed state will outweigh due to the fact
that the conversion from absorbed state to desorbed state is just at the beginning. The loose powder
bed density of the absorbed state is assumed to be below the value of the desorbed state based on
the comparison of the solid densities (will be shown in subsection 5.3.1.1). The influence of the density
on the thermal conductivity is, according to Eq. 5.15, linear. Fig. 52 shows the curves of thermal
conductivity versus temperature for different values of powder bed density (dashed lines) in
comparison to the used value in this study (solid line).

76

Fig. 52: Thermal conductivity against temperature for different densities calculated by the in-situ measurement under H2
atmosphere

The actual measured values of the thermal conductivity might also be slightly lower due to the fact that
in the cell also axial conduction occurs.
For the calculation of the thermal diffusivity, the change in density is an additional problem, since here
the calculated temperature range varies from 100 °C to 350 °C, and thus also beyond the phase
transformation temperatures of the LiBH4 from orthorhombic to hexagonal at around 115 °C and even
more important from solid to liquid at around 300 °C. Even though for the calculation of the thermal
conductivity the absolute value for the density is unsure, it is assumed that it is constant. For the
thermal diffusivity comes additionally the uncertainty about the change over temperature.
However, the obtained values should give a first impression about the expected heat distribution and
the change of these over temperature. By combining these values with suitable finite elements method
(FEM) simulation, forecast of the need of further improvement of e.g. the thermal conductivity is
possible and will be shown in chapter 6. This improvement could be done for example by the addition
of expanded natural graphite [63], the compaction of the material [109] or constructional aspects on
the tank system [110]. The improvement by compaction will be demonstrated and discussed in section
5.3.
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5.2.4.3.

Influence on the kinetic and reversibility

The activation energy is determined by the DSC method for desorption at 3 bar and absorption at
30 bar and 50 bar of H2 (subsection 5.2.3.1). As a comparison, the value for absorption at 30 bar is
also identified by the determination of the rate constant. The two values obtained by the different
methods are not in good agreement. The value measured by rate constant at 30 bar (127 kJ / mol) is
exactly between the value measured by HP-DSC for 30 bar (155 kJ / mol) and 50 bar (103 kJ / mol).
However, the different values at different pressures show that the activation energy is clearly affected
by the hydrogen pressure. With higher hydrogen pressure less activation energy is necessary. The
Arrhenius term does not consider this correlation. Even if the measurement for the determination of
the rate constant was performed under constant pressure, the equilibrium pressure changes due to its
dependency on the temperature (Eq. 2.1), which changes during the different measurements.
Therefore, according to Rudman [111], the equation for the rate constant (Eq. 5.22) needs to be
expanded by a driving force term f(p,peq):
E



k p, T    A  e RT   f p, p eq 


a

(5.26)

The driving force term represents the relation between the applied pressure p and the corresponding
equilibrium pressure peq at the temperature T. The equilibrium pressure is calculated by Eq. 2.1 and
thus also the driving force term is, together with the pressure, a function of the temperature just like
the Arrhenius term. For the driving force term, different functions were applied. The most commonly
used function in literature (e.g. [112, 113]) and also the function applied in this study is:
 p
f p, p eq   ln
p
 eq






(5.27)

The logarithm of the pressure p over the equilibrium pressure peq reflects the change of free energy
during the sorption process [112]. To calculate the equilibrium pressure, the experimentally obtained
values of enthalpy and entropy from Vajo et al. [14] are used. By applying this approach, the
calculated value for the activation energy is increased from 127 kJ / mol to 164 kJ / mol and the
coefficient of determination could be improved from 93.44 % to 96.45 % in comparison to the
calculation without driving force term (Fig. 53). This value is in better agreement with the obtained
value by the DSC method (155 kJ / mol) by a difference of only 5.81 % in comparison to 18.07 %
before.
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Fig. 53: Calculation of absorption activation energy according to the Arrhenius equation expanded by the driving force term

The values for the activation energy of the two steps of desorption are higher by a factor of 1.5 to more
than 3. The value for the first desorption step (347 kJ / mol), according to the previous discussion
(subsection 5.2.4.1) the decomposition of MgH2, is reported in the literature lower for pure MgH2
(Ea ≈ 160 - 206 kJ / mol [114, 115]) or doped with e.g. Nb2O5 (Ea ≈ 62 - 120 kJ / mol depending on the
additive content [15]). It shows that TiCl3 is much more effective as a catalyst for the absorption than
for the desorption of the Li-RHC system [116] due to the assumption of different rate-limiting steps as
indicated already in subsection 5.2.4.1. The higher activation energies for the first and second
desorption reaction steps could also explain the need of higher temperatures in comparison to the
absorption.
In the following, the discussion will focus on the reversible hydrogen capacity. The theoretical capacity
of the material of 13.04 wt.%, based on the desorbed state, could not be reached in this study (e.g. in
subsection 5.2.3.2) over several cycles. As mentioned before in section 5.1, we suppose that this
capacity is already reduced by taking into account the addition of x equal to 0.05 mol of TiCl3 in the
general reaction equation (Eq. 2.2) and the assumed reaction during milling according to Eq. 5.28:

2 LiH + MgB2 + 0.05 TiCl3 → 0.15 LiCl + 0.05 TiB2 + 1.85 LiH + 0.95 MgB2 + 0.05 Mg + 0.075 H2 (5.28)

The formation of TiB2 [117] and LiCl [14, 30] was already discussed at length in section 5.1. The
0.075 mol of H2 are assumed to be released during the milling process, as is already known for other
complex hydrides [48], and LiCl as well as TiB2 do not absorb hydrogen. Hence, after milling the
material should absorb 3.75 mol of H2 according to Eq. 5.29:
1.85 LiH + 0.95 MgB2 + 0.05 Mg + 3.75 H2 ↔ 1.85 LiBH4 + 0.975 MgH2 + 0.025 MgB2

(5.29)

The general reaction equation for the absorption and desorption reaction will be shown in subsection
6.2.2 (Eq. 6.5). Based on the amount of hydrogen in Eq. 5.29 and the solid masses of the right side of
Eq. 5.28 (excluding the mass of the released hydrogen), 10.9 wt.% could be absorbed and desorbed
in theory. The maximum reached reversible capacity, shown in Fig. 49a, is still below this value
(9.42 wt.% at the 3rd cycle, 150 mg, compacted) and is reduced during cycling. This reduction is more
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obvious for an uncompacted small amount of material (150 mg) and less obvious for the same amount
of material if compacted, as well as for a higher amount of material (500 mg). The reason for the
missing 1.48 wt.% and the reduction over cycling could be given by ineffective kinetics or mobility of
the reactants. The reason for the latter may be phase separation. With larger bed sizes, higher
temperatures arise and thus better reaction rates are possible. At the same time, the higher
temperature improves the mobility of the reactants inside the bed. In the same way, the high initial
capacity of the compacted sample and the lower reduction over cycling could be explained, under the
assumption that the separation starts during the first reaction and is not present after milling. The
compaction and the local fixation of the reactants could avoid or at least partially inhibit long-range
phase separation. The compaction will be investigated in the next section and the reason for the
reduced capacity will be discussed again in subsection 6.1.3.2 and 6.2.3.3 by scale-up systems and
finite element simulation of those.
For the sorption rate over cycling, only an effect on the absorption reaction and not on the desorption
can be clearly observed. The improvement over cycling could be explained by an enhanced diffusion
of hydrogen at high pressure into the material due to cracks and holes that might have formed during
the reaction due to the difference in the absorbed and desorbed density.
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5.3.

Material compaction

For larger bed sizes of hydride systems, the heat transport gets more and more important and can
limit the overall reaction rate instead of the intrinsic kinetics. Considering the reaction described in
equation 1.1, an energy of 42 kJ mol-1 H2 is theoretically released or needs to be provided, for the
absorption or desorption, respectively [28]. To provide solutions for this heat transport problem, the
materials in previous studies were mixed with additives that improve the thermal conductivity (e.g.
expanded natural graphite) [54, 118-120]. Hence, the transformation rate was successfully enhanced,
but with the drawback of a reduced volumetric and gravimetric capacity due to the addition of inert
material.
In this section the pure material without any additional heat transfer materials was compacted to
pellets as a start for further improvement of the volumetric hydrogen capacity. Beside the improvement
of the volumetric capacity, it is also expected that the compaction itself will lead to an improved
thermal conductivity of the material.
The effect of the compaction is of particular interest for this system because, due to the melting of
LiBH4 [28] during the sorption process, decrepitation or disaggregation of the pellets is expected.
The additive content and the transferred energy by milling were kept constant in this section at
0.05 mol of TiCl3 per mol of MgB2 and ~24 kJ / g, respectively, analogue to the previous section. The
temperature and pressure condition for the sorption measurements were 350 °C and 50 bar of H2 for
absorption and 400 °C and 5 to 2 bar for desorption. The change of initial material properties before
cycling is described in subsection 5.3.1. The influence of the compaction upon cycling on kinetic and
hydrogen capacity as well as on the surface morphology is shown in subsection 5.3.2 and 5.3.3,
respectively. Finally the obtained results are discussed in subsection 5.3.4.

5.3.1. Change of initial material properties
Due to the compaction, some of the previous described material properties (section 5.2) might change.
However, any changes are expected to be small, and this study focuses on the initial gain in apparent
density and thermal conductivity as described in subsection 5.3.1.1 and 5.3.1.2, respectively.
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5.3.1.1.

Apparent density

Initially, and as a reference, the loose powder density of the desorbed material was determined to
0.6243 ± 0.018 g cm-3 by using a defined volume and measuring the mass of the powder that fits
inside without compacting it. The maximum density was calculated theoretically by using the
crystalline solid density and the molar mass of the two components LiH and MgB2 for the desorbed
state and LiBH4 and MgH2 for the absorbed state (Tab. 5).
Material

Molar mass
M [g/mol]
21.78

Reference

LiBH4

Solid density
ρ [g/cm3]
0.66

LiH

0.82

7.95

[121]

MgB2

2.57

45.93

[7]

MgH2

1.45

26.32

[121]

[7, 23]

Tab. 5: Solid density and molar mass of the different components in absorbed and desorbed state

The stoichiometric composition of the desorbed and absorbed material follows the simplified reaction
in Eq. 1.1. For this equation and for the calculation of the maximum density, the addition of TiCl3 was
neglected.
The maximum density is calculated to be 0.83 g cm-3 for the absorbed state and 1.66 g cm-3 for the
desorbed state, which is defined, for practical purposes, as zero point of the porosity. Following this
definition, the porosity of the loose desorbed powder material is calculated to be around 65 %. As can
be seen in Fig. 54, the apparent density clearly increases with increasing compaction pressure. The
change in apparent density and porosity is strong at the beginning of the compaction process up to
approximately 50 MPa and levels off at higher pressures towards the maximum i.e. solid density of the
desorbed state. The trend of the apparent density curve is similar to other hydride systems like MgH2
[118] or NaAlH4 [119].

Fig. 54: Apparent density / Porosity and thermal conductivity in axial and radial direction against compaction pressure of the
desorbed state of the material (LiH / MgB2)
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5.3.1.2.

Thermal conductivity

The increase in apparent density and decrease in porosity of the initial desorbed material affects also
the thermal conductivity of the pellet. The relatively poor thermal conductivity of the material in the
loose powder state of ~0.1 W m-1 K-1, as shown in subsection 5.2.2.2, increases with the apparent
density. This correlation is independent from the direction of the thermal conductivity. However, the
rate of increase is different. As seen in Fig. 54 the influence of the change in apparent density on the
radial thermal conductivity is greater then on the axial one. Additionally it seems that the axial thermal
conductivity reaches a maximum value after 300 MPa compaction pressure while the radial
conductivity still increases above this value.
All these property changes can be observed for the initial powder (desorbed state) at room
temperature and under Argon atmosphere. Due to the absorption and desorption reaction and the
related temperature and hydrogen pressure these properties might change again.

5.3.2. Kinetic and hydrogen capacity
To show the effect of compaction on hydrogen capacity and kinetics, four different samples were
compacted at 600 MPa (sample 1), 300 MPa (sample 2), 150 MPa (sample 3) and 75 MPa (sample 4).
The samples have absorbed and desorbed hydrogen for 4 cycles and they are compared to an
uncompacted sample that was cycled in the same way (sample 5). The comparison of the 4th
absorption and desorption is shown in Fig. 55.

th

Fig. 55: Hydrogen content against time of the 4 absorption at different compaction pressures at 350 °C and 50 bar H2 during
absorption (a) and 400 °C and 2 bar H2 during desorption (b)

The absorption of the compacted specimens stagnates at different fractions of the regular capacity of
the loose powder. Thus, the compaction pressure clearly influences the final absorbed capacity.
Starting at approximately 9 wt.% for the uncompacted loose powder, the final capacity decreases with
increasing compaction pressure, reaching only 2 wt.% for 600 MPa compaction pressure. The
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absorption rate correlates with the compaction pressure in the same way. In contrast, the desorption
rate is similar for all compaction pressures.
The lost capacity can be regained with increasing number of cycles. For example for a compaction
pressure of 75 MPa (comparable to sample 4 in Fig. 55), the maximum regular capacity at around
9 wt.% is reached after 9 cycles (Fig. 56).

Fig. 56: Hydrogen content against time of different cycles at 75 MPa compaction pressures at 350 °C and 50 bar H2 during
absorption (a) and 400 °C and 5 - 2 bar H2 during desorption (b)

As for the loose powder discussed in subsection 5.1.3.2, the kinetics of the first absorption is sluggish
also for the compacted sample. Afterwards, the capacity and also the kinetics increase from cycle to
cycle with the exception of the second cycle. For the second cycle the capacity drops uniquely under
the capacity of the previous first cycle. This behaviour of the second cycle was also observed for other
compacted and uncompacted samples (see also Fig. 58). The system is fully reversible and desorbs
the full amount that was previously absorbed (Fig. 56b).
Beside the capacity, also the kinetics of the compacted sample after 9 cycles is in good agreement
with a cycled loose powder sample (Fig. 57).

Fig. 57: Hydrogen content against time of compacted and uncompacted sample at 350 °C and 50 bar H2 during absorption (a)
and 400 °C and 2 bar H2 during desorption (b)

In this figure, the 9th absorption and desorption of a compacted sample are compared to an 8th
absorption and a 4th desorption of an uncompacted sample, respectively. The 9th cycle of the
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compacted sample was chosen because of the fact (see Fig. 56) that it takes at least 9 cycles at this
compaction pressure until the material reaches its complete capacity. The comparison to an 8 times
cycled loose powder sample for absorption and an only 4 times cycled sample for the desorption were
made because it is know from section 5.2.3.2 (Fig. 49b) that the influence of the cycles on the
absorption is strong while there is almost no influence on the desorption.
In Fig. 57 it can be noted that the compaction of the material and the consequent initial improvement
of the volumetric capacity (Fig. 54) has no negative influence on the kinetics of the material during the
absorption and desorption processes. The influence on the capacity can be summarised with Fig. 58a:
a lower compaction pressure leads to higher capacities and upon cycling, capacities comparable to
loose powder systems can be reached faster.

Fig. 58: Final hydrogen capacity after absorption at 350 °C and 50 bar H2 for different compaction pressures and dimensions for
maximum 9 cycles (a) and over 20 cycles (b)

This depends, besides the compaction pressure, also on the geometry of the pellet. The so far shown
measurements were performed with pellets of 8 mm in diameter. Comparable measurements with
5 mm pellets show a similar behaviour. However, capacities approach the loose powder capacity
faster for a given compaction pressure (Fig. 58a).
As shown already in subsection 5.2.3.2 and discussed in subsection 5.2.4.3, Fig. 58b indicates, that
the decrease in capacity upon cycling is less pronounced for compacted specimen in comparison to
loose powder beds (mMATERIAL ≤ 150 mg). A possible explanation was given by increasing segregation
of the reaction partners upon cycling, which may be less pronounced in compacted material. This will
be further investigated in this section.

5.3.3. Surface morphology
The increase in capacity during cycling of the compacts may be related to crack formation, as it was
reported for pellets made of NaAlH4 [119], and / or disintegration of the compacts. Furthermore,
morphology changes could be expected due to the phase transformation from solid LiH to liquid LiBH4
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during cycling, which may also change the apparent density and the correlated volumetric capacity.
Therefore, the pellets and in particular their surface morphology was investigated.
For the influence of the compaction pressure on the surface morphology upon cycling, three different
compaction pressures were investigated: lightly (50 MPa), medium (300 MPa) and high (950 MPa).
The initial diameter of each specimen was ~5 mm and the height roughly the same. The samples were
cycled four times with four complete absorption and desorption runs under the standard reaction
conditions of 350 °C and 50 bar for absorption and 400 °C and 5 to 2 bar for desorption. After each
sorption, a “macroscopic” SEM image was taken to observe the shape of the complete diameter or
shell. After the 3rd absorption and the 3rd desorption respectively, additionally “microscopic” SEM
images were taken to observe the surface morphology in detail with a magnification of 300 to 5,000.
The results of the kinetics and hydrogen capacity tests with these pellets were in agreement with
previous ones, as shown in section 3.2: the lightly compacted sample reaches the full capacity
(9 wt.%) within 3 cycles and the medium compacted within 4 (sample 2 (5 mm) in Fig. 58). The highly
compacted sample absorbed only a few weight percent, even after 4 cycles (comparable to sample 1
in Fig. 58).
In Fig. 59 the macroscopic surface of the lightly compacted pellet is shown in radial direction
(complete diameter) upon cycling. The effect of the first sluggish absorption on the surface
morphology is rather small in comparison to the subsequent sorption reactions. After the first
desorption the formation of cracks and fractures on the surface is clearly visible in this radial view.

st

Fig. 59: SEM images of the surface morphology in radial direction of lightly compacted pellet before cycling (0), after 1 abs.
st
nd
nd
rd
rd
th
th
(1a), 1 des. (1d), 2 abs. (2a), 2 des. (2d), 3 abs. (3a), 3 des. (3d), 4 abs. (4a) and 4 des. (4d)
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The upper surface of the pellet remains mostly in a circular shape in this view, but the overall
expansion and change of the shape of the sample is clearer in the axial direction (shell) for the lightly
compacted sample (Fig. 60a). The initial 4.70 mm height grows to 5.91 mm (+25.8 %) while the
diameter changes from 5.362 mm to 5.806 mm (+8.3 %) after 4 cycles. The expansion is irregular and
asymmetric. The apparent density changes thus from the initial 0.94 g cm-3 to 0.64 g cm-3 (-32.2 %).

Fig. 60: SEM images of the surface morphology in axial direction after 4 cycles for lightly (a), medium (b) and highly compacted
(c) pellets

The same swelling can be observed for the medium compacted sample (Fig. 60b) even though the
growing is less extensive in comparison to the lightly compacted sample after four cycles (height
change: from 4.65 mm to 5.82 mm, +25.2 %; diameter change: from 5.362 mm to 5.660 mm, +5.6 %;
apparent density change: from 1.09 g cm-3 to 0.79 g cm-3, -28.3 %). The expansion of the highly
compacted sample (Fig. 60c) is clearly lower and the pellet keeps its cylindrical shape in axial but
especially in radial direction almost completely (height change: from 5.60 mm to 6.34 mm, +13.2 %;
diameter: from 5.378 mm to 5.474 mm, +1.8 %; apparent density: from 1.22 g cm-3 to 1.04 g cm-3,
-14.7 %).
The microscopic SEM observation for the lightly compacted sample after the 3rd absorption using two
different magnification settings (500x and 1500x) is shown in Fig. 61a and b. As a comparison, an
uncompacted loose powder sample after the 3rd absorption (Fig. 61c and d) and the 3rd desorption
(Fig. 61e and f lightly compacted and Fig. 61g and h uncompacted) are also shown. The porous
structure of the pellet after cycling with many cracks and holes (Fig. 61a and e) can be clearly
distinguished from the loose particle structure of the uncompacted sample (Fig. 61c and g) after
absorption and desorption. A closer examination on the compacted sample reveals small areas with
very smooth surfaces homogeneously dispersed, which may be related to the solidification of a liquid
phase. After desorption (Fig. 61f) these features have almost disappeared and only a porous solid
matrix is visible.
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Fig. 61: SEM images of the surface morphology after the 3 absorption for lightly compacted (a) + (b) and uncompacted sample
rd
(c) + (d) and after the 3 desorption for lightly compacted (e) + (f) and uncompacted sample (g) + (h)
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5.3.4. Discussion
The following subsection discusses a possible correlation between the apparent density and the
sorption behaviour (subsection 5.3.4.1). Finally the change of the initially influence thermal
conductivity over cycling is discussed (subsection 5.3.4.2).

5.3.4.1.

Correlation between density and sorption behaviour

The above mentioned changes in diameter and height are shown as relative change also for the
density in Fig. 62. The density is calculated according to the measured height and diameter after 4
cycles. Calculation for the lightly and medium compacted samples is hindered by the irregular and
asymmetric expansion and therefore just seen here as a rough estimation. As described in section 3.3,
the change in height is greater than the change in diameter by a factor of 3 to 4.5. This is comparable
to pellets made of pure MgH2 were the axial expansion is mentioned in literature to be 3 times greater
than the radial expansion [122]. The reason for the asymmetric expansion may be directional
recrystallisation of the hydride but is still not well understood [122, 123]. The higher dimensional
change in height could also be explained by the uniaxial compaction, where the force in axial direction
is higher and therefore also the deformation. This may lead to texturing.

Fig. 62: Change of the geometrical density, height and diameter for a low, medium and high compacted pellet after 4 cycles

Interestingly, the initial hydrogen capacities of the compacts are significantly lower than the capacities
of loose powder beds. Upon cycling, the capacity is gradually regained. The lightly and medium
compacted samples reach their full capacity of 9 wt.% after 4 cycles, while the highly compacted
samples reach only less then 2 wt.% hydrogen storage capacity after 4 cycles. Moreover the recovery
of the full capacity is faster upon further cycling for pellets with smaller diameters.
In principle, this could be explained by two different reasons:
(i) as described in subsection 5.3.2 (e.g. in Fig. 55 and Fig. 56) high stresses may develop between a
hydrogen absorbing region of the compact and the adjacent dehydrogenated material, in particular in
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the highly compacted samples (≥ 600 MPa), which may hinder or even suppress the hydrogenation
reaction. These stresses will be reduced during the cycling due to the expansion of the pellets and
crack formation, which can explain the improvement of the hydrogen capacity upon cycling.
(ii) The highly compacted material may reach a state of closed porosity after compaction and the other
compacts would reach this state at higher hydrogen levels due to the concomitant swelling. Then,
hydrogen gas would have no direct access to the core of the compacted cylinders. The outside shell of
the pellet would be hydrogenated first, and this hydride shell would effectively block diffusion of
hydrogen to the core. E.g., the diffusion coefficient of hydrogen in MgH2 [124] is lower by a factor of
5,000 as compared to the pure Mg [125, 126]. Then, further hydrogen uptake would be below the
detection limit in the given time for the measurement. Upon desorption, cracks would form and, during
cycling, the respective expansion and crack formation would gradually increase the depth that is
quickly accessible to hydrogen gas.
Finally the main cause for the approaching of the loose powder capacities in the two above described
theories is the volumetric expansion and the consequent formation of cracks and defects. For pellets
with smaller diameter, the whole volume is accessible sooner, if constant crack growth towards the
centre of the pellet is assumed upon cycling. This would explain the faster recovery of the capacity for
pellets made of smaller diameters.
To elucidate this point and to compare the residual porosities, Fig. 63 shows the experimentally
determined densities for the respective measured capacities of the samples 1 to 5 of subsection 5.3.2
after the first absorption. Fitting of these points gives a perfect straight line that falls below the line for
the theoretical density, which is calculated based on the solid density of the desorbed state
(1.66 g cm-3) and the maximum capacity (9 wt.%) for the solid density of the absorbed state
(0.83 g cm-3), and assuming a direct correlation between the phase fraction of the hydride phase and
the hydrogen capacity. The gap between these lines represents the residual porosity of the pellets.
This porosity is reduced with high compaction pressure and, thus, the distance between the two lines
is less for high densities. The residual porosity for the highly compacted specimen is about 10 %,
which is indeed around the limits for closed porosity and can explain the low capacities in the first
cycles, as well as the gradual improvement upon gradual expansion.

Fig. 63: Gap between measured density and theoretical density for the given capacities after the first absorption
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Even though the initial improvement of the volumetric density gradually decreases and is almost lost
according to the final densities in Fig. 62, the pellets still retain their cylindrical shape. The reason why
the pellets do not decrepitation or disaggregate, in particular after absorption, may be the framework
that can be seen in Fig. 61a. The framework presumably consists mainly of the solid Mg-compounds,
and after absorption in particular MgH2, by assuming that the small and well dispersed particles with
the smooth surface are consisting of LiBH4, which was liquid during the reaction and solidified on the
MgH2 lattice after cooling down. In this sense, the Mg-compounds act as shape-retainer.
Unfortunately, this theory could not be proven yet by local EDS analysis, because lithium and boron
atoms are too light and the only atoms detected were magnesium and some small amounts of oxides.

5.3.4.2.

Change in thermal conductivity

The initially improved thermal conductivity with higher apparent densities by increased compaction
pressure can be explained by the reduced porosity and the improved thermal contact between the
powder particles. The different behaviour of the axial and radial thermal conductivity can moreover be
explained by the uniaxial compaction. Due to this compaction, the particles are compressed together
preferentially in the axial direction and to a lesser extent in radial direction. Therefore, the thermal
conductivity is improved in the radial direction due to the alignment of larger particles in this direction.
In addition, the uniaxial compression results in a high density of interfaces between different phases in
axial direction, which limit heat transfer. In contrast, the predominantly elongated single-phase
particles in the radial direction provide better heat transfer.
The thermal conductivity will be reduced during cycling due to the expansion and the resulting lower
density, but the above mentioned Mg-compound framework may still facilitate reasonably high thermal
conductivity. Unfortunately, this effect could not be measured because the method used in this study
needs perfect thermal contact on the sensor / sample interface. Due to the porosity and irregular
surfaces generated during cycling, this contact could not be ensured.
Even though the improvement of the volumetric density and thermal conductivity is gradually lost
during cycling, capacity (after some cycles) and kinetics are as good as for loose powder and the long
time cycling stability can even be improved. Obviously, segregation of the reactants is avoided by
compaction and the formation of an Mg-based framework. An additional advantage of compaction is
that handling of compacts in the tank manufacture process is much safer than using loose powders,
since the reactivity with oxygen is reduced due to a significantly reduced surface area.
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6. LiBH4 / MgH2 storage system
The investigation in chapter 5 was carried out in order to obtain a better basic understanding of the LiRHC storage material, i.e. the material properties as well as the influence of the additive, milling or
compaction. The data are the reference for investigation of material and system behaviour on a larger
scale, which is the focus of this chapter, including both experimental (section 6.1) and numerical
(section 6.2) analysis. In a first step, scale-up was investigated in the laboratory (lab) scale of a few
grams of storage material and the sorption rates and hydrogen capacities were compared. The second
step was the design, manufacturing and testing of storage systems, hereafter referred as tank system,
of a so-called pilot plant scale of a few hundred grams. The scale-up is focused on the absorption
process, since recharging is, from a technical perspective, the more time relevant process. A fast
loading at the filling station is important, as opposed to a comparatively slow consumption of the fuel
(e.g. by a fuel cell) during practical use.

6.1.

Upscaling

TiCl3 was added in concentration of 0.025 and 0.05 mol per mol of MgB2. The smaller amount of
additive (0.025 mol TiCl3) was added only for the material of the 2nd generation tank system. All other
mixtures in this section contained 0.05 mol of TiCl3 and were milled at 230 rpm with a ball to powder
ratio of 10:1 for 20 h and 20 % filling of the vials, analogue to the material processing in section 5.2
and 5.3. Thus, the transferred energy during milling equals ~24 kJ / g. By using the planetary ball mill
with in total 4 vials, 120 g of material could be processed in one batch. Overall 3 batches were
processed, resulting in the preparation of 360 g of material. The quality of the milling process was
checked by XRD, as shown in Fig. 64.

st

Fig. 64: XRD patterns of 2 LiH + MgB2 + 0.05 TiCl3 milled for 20 h at 230 rpm with a BPR of 10:1 and 50 % of filling during 1 ,
nd
rd
2 and 3 batch of milling

No oxides or unexpected reaction products were detected. The formation of LiCl results from the
reaction of TiCl3 with LiH and was described in detail in section 5.1. For the 2nd generation tank a 4th
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batch was processed with the same milling parameter except for the BPR of 5:1 and the degree of
filling with 50 %. Due to the lower BPR and the higher degree of filling, ~530 g of material could be
processed in one batch. However, also the transferred energy was thus reduced to ~10 kJ / g. Again
for this batch of material no oxides or unexpected reaction products were detected by XRD (not shown
in this study). The absorption and desorption temperature and pressure conditions as well as material
quantities and cell diameters are given for each experiment.
In subsection 6.1.1 the sorption rates and hydrogen capacities are shown and compared for different
cell diameters and quantities of material as well as the temperature profile inside the hydride bed of
the thermocell (Ø15.2 mm and 5 g of material) for the lab scale. In subsection 6.1.2 results for the two
tank systems, both containing 250 g of material, are shown including sorption rates, hydrogen
capacities and temperature profiles inside the material beds.

6.1.1. Lab scale
Three different material quantities, 0.25, 1.25 and 5 g, were cycled for at least 8 times. This was done
because according to the study explained in subsection 5.2.3.2 the sorption rate should stabilised
within 6 to 8 cycles (Fig. 49b). One cycle consisted again of a complete absorption and a complete
desorption. The cell diameter for the first two quantities was identical, 10 mm. The 5 g of material was
measured inside a cell with a diameter of 15.2 mm. The results concerning sorption rate are shown in
subsection 6.1.1.1 and concerning temperature profile in subsection 6.1.1.2.

6.1.1.1.

Sorption rate

The hydrogen content as a function of time under absorption conditions at 50 bar of H2 and initial
temperatures between 340 and 350 °C is shown in Fig. 65a for 0.25 g, in Fig. 65b for 1.25 g and in
Fig. 66 for 5 g of material.
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Fig. 65: Hydrogen content against time under absorption condition at 50 bar of H2 and 340 - 350 °C for a diameter of 10 mm
and 0.25 g (a) and 1.25 g (b) of material

The absorption rate increased for all quantities with increasing number of cycles. The only exception is
the 5th absorption in Fig. 65b. This effect is most obvious for the largest lab scale quantity of 5 g of
material with constant increase of the absorption rate upon cycling up to the 8th absorption (Fig. 66).

Fig. 66: Hydrogen content against time under absorption condition at 50 bar of H2 and 340 - 350 °C for a diameter of 15.2 mm
and 5 g of material

The sorption rate does not stabilise completely within the 8 cycles, but the changes become less with
increasing number of cycles. The strongest improvement takes place between the 1st and 2nd
absorption for all quantities. This was already observed for small quantities of material and explained
by the formation of highly dispersed nucleation sites of TiB2 after the first absorption, which
accelerated the growth of MgB2 phases and led to a further composite phase and crystallite refinement
(subsection 5.1.3.2).
Even if the behaviour upon cycling is different for the different cell diameters and quantities of material,
the sorption rates of the 8th absorption are almost equal (Fig. 67).
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Fig. 67: Hydrogen content against time for 8 absorption at 50 bar of H2 and 340 °C

The quantity of material or cell diameter does not seem to influence the absorption rate of the material
in the range of 0.25 g to 5 g of material and diameter of 10 mm to 15.2 mm, respectively. A conclusive
trend of hydrogen capacity as a function of material quantity is not observed.

6.1.1.2.

Temperature profile

The thermocouples inside the 15.2 mm cell allow simultaneous recording of the temperature as a
function of the time at different positions inside the hydride bed during the absorption reaction. The
temperature development during the 2nd and 8th absorption is shown in Fig. 68a and b, respectively.

Fig. 68: Hydrogen content and temperature inside the material bed against time at 50 bar of H2 and initial temperature of 340 nd
th
350 °C for 2 (a) and 8 absorption (b) for a diameter of 15.2 mm and 5 g of material

At the slower rate of the 2nd absorption, a clear temperature peak can be seen initially within the first
few minutes and the approach of a second after approximately 15 min (Fig. 68a). The second peak
increases upon cycling and is distinct and visible for the 8th absorption (Fig. 68b). The highest
temperature in both peaks is reached at the centre temperature T1, followed by T2, T3 and T4. The
order is related to the radial distances of the thermocouples inside the cell (Fig. 9). The maximum
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temperature of the second peak is 355 °C and approximately 4 °C above the first peak at initially
340 °C in Fig. 68b. The peak position for all temperatures inside the hydride bed (T1 - T4) for the
second peak is equal at ~20 min and coincides with the highest sorption rate of the reaction. The
temperature at the heat source Theat

source

in Fig. 68a and b was almost equal to the desired initial

temperature inside the material bed, due to the large size of the heat source in comparison to the
sample holder at the Sievert apparatus.
The hydrogen content and the centre temperature T1 as a function of time are compared in Fig. 69 for
different cycles with different sorption rates.

Fig. 69: Hydrogen content and temperature against time at 50 bar of H2 and initial 340 - 350 °C for a diameter of 15.2 mm and
5 g of material

The temperature at the centre of the bed increases with increasing cycle number. Simultaneously a
faster absorption rate for the second peak is also observed, while the first peak shows an almost
reverse order. However, the difference in temperature for the second peak might be explained by the
different sorption rates, but the absorption rate during the first temperature peak is equal for all cycles.
This will be further discussed in subsection 6.1.3.1.

6.1.2. Pilot plant scale
The two tank systems, further described in subsection 3.4.2 and 3.4.3 , were filled with 250 g of loose
powder and connected to the loading station and the individual heat source. Analogue to the lab scale
results, this section is divided into the results on the sorption rate in subsection 6.1.2.1 and the results
on the temperature profile in subsection 6.1.2.2 for the pilot plant scale tank systems.
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6.1.2.1.

Sorption rate

The 1G tank was cycled 6 times, while in case of the 2G tank 12 complete cycles were performed. The
hydrogen content plotted against the time is shown for the 1G (Ø48 mm) and 2G (Ø100 mm) tank in
Fig. 6a and b, respectively.

Fig. 70: Hydrogen content against time under absorption condition at 50 bar of H2 and 340 - 350 °C for 250 g of material and
diameter of 48 mm (a) and 100 mm (b)

The reaction rate for the 1st absorption appears to be sluggish in comparison to the following cycles,
similar to the lab scale and independent of the diameter. However, the slope of the 1st absorption is
different for the two tank systems: the 1G tank absorbed the hydrogen much faster in comparison to
the 2G tank system. The absorption rate of both tanks does not change much upon further cycling.
The sorption rate of the 1G tank changes after approximately 30 min and is reduced drastically. It
takes about 24 h to reach the maximum capacity of approximately 6 wt.% for the 1G tank. The 2G tank
shows similar behaviour concerning the sorption rate upon cycling, with the exception of the 2nd
absorption, but reaches in the first cycles capacities comparable to the ones obtained in the lab scale.
The reason for the slow 2nd absorption of the 2G tank can be given by the lower absorption pressure
of 30 bar H2 in comparison to 50 bar for all other cycles. The maximum capacity remains constant for
the 6 cycles of the 1G tank. In Fig. 71 the maximum hydrogen capacity after desorption of the 2G tank
is shown upon the 12 cycles.
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Fig. 71: Hydrogen capacity against cycle for 2G tank with 250 g of material and Ø100 mm

The capacity is reduced significantly with a reduction of -0.17 wt.% per cycle. The trend can be
described by a linear function with a coefficient of determination (R2) of about 95.85 %.

6.1.2.2.

Temperature profile

The temperature inside the hydride bed and hydrogen content against time for the 1G and 2G tank is
shown in Fig. 72a and b for different absorption cycles.

Fig. 72: Hydrogen content and temperature inside the material bed against time at 50 bar of H2 and initial temperature of 340 350 °C for 250 g of material and diameter of 48 mm (a) and 100 mm (b)

For both tank systems only one clear temperature peak can be seen inside the powder bed for faster
absorption cycles like the 6th absorption of the 1G or 2G tank. The discontinuous trend for the
temperature of the 6th absorption for first 10 min in Fig. 72b cannot be explained. A technical error
could not be excluded. Similar to the lab scale results in subsection 6.1.1, the temperature rise inside
the hydride bed for the pilot plant scale is driven by the rate of absorption. The slow 1st absorption in
Fig. 72a leads only to a small rise in temperature Tbed(1st abs), while the faster 6th absorption causes a
temperature peak up to ~375 °C after approximately 25 min. For the 2G tank the slow sorption rate of
the 2nd absorption leads to a slow increase of the tank temperature TT1(2nd abs), while after 20 min the
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faster sorption rate of the 6th absorption leads to a rise to 415 °C. The peak position of the centre
temperature in Fig. 72a and b shifts slightly, in comparison to the lab scale results, behind the point of
the maximum sorption rate of the reaction. The temperature profile inside the hydride bed of the 2G
tank is shown in Fig. 73a and b for the 3rd and 7th absorption, respectively.

Fig. 73: Hydrogen content and temperature against time at 50 bar of H2 and initial temperature of 350 °C for a diameter of
rd
th
100 mm and 250 g of material for the 3 (a) and 7 absorption (b)

The temperature development in the 2G tank shows more complex behaviour in comparison to the
thermocell experiments (Fig. 68b). The position of the temperature peaks is different in the bed. The
highest absorption rate and temperatures were reached for 2G tank for the 3rd absorption. The peak
position for TT5 (r = 48.5 mm) and TT3 (r = 28.5 mm) is reached simultaneously after approximately
15 min. The temperature TT2 (r = 18.5 mm) and TT1 (r = 0 mm) reach a maximum temperature of
approximately 445 °C after 12 min and remain constant at this temperature for further 12 min for TT2
and 18 min for TT1. However, the temperature TT1 drops in between after approximately 15 min down
to 410 °C at the moment of highest sorption rate and thus maximum hydrogen flow (~20 litre / min at
STP). The reason for the temperature drop can be given by this hydrogen flow, since the hydrogen
inlet is in the centre of the tank and thus directed to the thermocouple TT1. For the 7th absorption the
maximum temperature is reached simultaneously for TT5 and TT3 after approximately 10 min. This is
the moment of the highest sorption rate for the 7th absorption. For the temperature TT2 the peak
position is after 16.5 min and for the temperature TT1 after 19 min. The highest temperature is again
reached in the centre temperature TT1 for both absorptions. The temperature TT4, could unfortunately
not be used for evaluation, because the signal was disturbed. The heat source temperature Theat source
in Fig. 73a was set to 400 °C and in Fig. 73b to 375 °C to reach the desired 350 °C inside the hydride
bed as initial temperature. The different set points can be explained by improvement of the isolation
after the 4th cycle. Nevertheless, a offset of at least 25 °C was still necessary due to the small size of
the heat source in comparison to the tank system and the consequently heat losses.
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6.1.3. Discussion
The discussion section is divided into two subsections: the first concerns the influence of larger
material quantities and bed diameters on the absorption rate and the temperature development inside
the bed (subsection 6.1.3.1). The second is focused on tank design and discusses possible
explanations for the unachieved hydrogen capacity in comparison to the lab scale and the reduction of
capacity upon cycling for the 1G and 2G tank, respectively (subsection 6.1.3.2). Finally, important key
aspects of the design will be derived from the obtained discussions.

6.1.3.1.

Correlation between absorption rate and temperature

Although an effect of the scale-up for the 8th absorption was not present in the lab scale (Fig. 67), it
can be seen in comparison to the pilot plant scale for the 6th absorption. In Fig. 74 the results for lab
scale are shown in contrast to the pilot plant scale for the first 90 min.

th

Fig. 74: Hydrogen content against time for 6 absorption at 50 bar of H2 and 340 - 350 °C

For the 6th absorption it can be seen that with increasing diameter or material quantity the sorption rate
within the first 30 min was improved, also for the lab scale, even though slightly diminished and not
visible for the 8th absorption anymore (Fig. 67). The reason for the behaviour of the two tank systems
beyond this time will be discussed in the next section. The second temperature peak in the lab scale
(Fig. 68 and Fig. 69) and the single peak in the pilot plant scale (Fig. 72 and Fig. 73) have their origin
almost certainly in the exothermic nature of the absorption reaction, according to the coupled
manometric – calorimetric measurements in subsection 5.2.1 and Fig. 37a. The first temperature peak
in the lab scale was not present in the coupled measurement and cannot be explained by the reaction
rate, because the maximum temperature of this peak changes upon cycling even though the reaction
rate was constant. The rise of this peak might be due to initial surface reactions of the material and / or
temperature increase of the hydrogen gas due to its positive Joule-Thomson coefficient. The latter
theory would explain why this peak is not present for the pilot plant scale, since the increase of
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pressure is not done abruptly by opening a valve like in the case of the lab scale but comparatively
slowly by increasing stepwise the flow of hydrogen. In addition, the distances between the gas inlet
and thermocouples, as well as the material surface and thermocouples, are much greater for the tank
system, again in comparison to the thermocell. However, for the further discussion the first
temperature peak is of minor importance, because of the low increase in temperature and the
impossibility to detect using the setup of the pilot plant scale.
According to the results obtained for the centre temperature at the peak inside the hydride bed for
different absorption rates (Fig. 69 and Fig. 72), it can be seen that a correlation between bed
temperature and sorption rate exists, for both the lab and pilot plant scale experiments. However, after
the initial temperature rise it cannot be distinguished, whether the temperature is driven by the sorption
rate or the sorption rate driven by the temperature. It is most likely that both interactions occur in a
feedback loop. The theoretical correlation of the sorption rate being a function of the temperature (and
pressure) was described already in subsection 5.2.4.3 by Eq. 5.26. Due to the exothermic reaction, the
rate of the reaction is also simultaneously associated with a heat flow rate that is released into the
material during the ongoing reaction. This approach was already used for the estimation of the thermal
conductivity by Eq. 5.16 in subsection 5.2.2.2. Due to these correlations, the local temperature can be
seen as a measure for the local sorption rate.
The difference in temperature profile for the lab and pilot plant scale, Fig. 68b in comparison to Fig.
73a and b, is supposed to be influenced by the heat capacity. Heating-up larger powder beds takes
longer due to the heat capacity as extensive quantity. A further reason for the difference between lab
and pilot plant scale, with regard to the temperature profile, can be given by the accumulation of heat.
Both effects were already discussed in subsection 5.2.4.2 in connection with the thermal diffusivity.
The reason for the accumulation of heat can be given by the poor radial (and axial) thermal
conductivity of the loose powder composite, even at higher temperatures and under hydrogen
atmosphere, as determined in subsection 5.2.2.2. The influence of the accumulation of heat and the
heat capacity increases with increasing diameter and would thus explain the differences between Fig.
68b and Fig. 73a and b. In the lab scale the accumulation of heat and the influence of the heat
capacity are relatively low and the reaction is running almost homogeneously. In the pilot plant scale
the heat accumulation and the influence of the heat capacity is higher and the reaction is running
heterogeneously (always regarding the spatial and temporal distribution). This can be seen by the
different positions of the temperature peaks and the assumed correlation to the absorption rate at this
position. The reaction starts close to the wall (with high thermal conductivity and thus low
accumulation of heat) and proceeds in the direction of the centre. However, the heat accumulation
does not lead to a clear decrease of the overall sorption rate, as it has been reported in the literature
(e.g. [127, 128]) in particular for NaAlH4 [63] or MgH2 [122], where plateau areas of the sorption rate
have been reported due to the high temperature approaching equilibrium conditions. The reason why
this could not be seen for the Li-RHC system can be given by the greater distance away from the
equilibrium conditions. However, the constant temperatures for TT1 and TT2 in Fig. 73a can be
explained by this phenomenon. The overall reaction rate does not clearly slow down, because the
border region is still reacting, and in fact comparatively fast - due to the high temperatures. The
plateau temperature of ~445 °C reached according to Fig. 73a is close to ~456 °C, the equilibrium
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conditions for MgH2, i.e. the first plateau of desorption of the composite. Consequently, a slow-down of
the overall absorption process is expected, if higher initial temperatures or lower pressures are
applied, or if larger bed diameters are used. In the contrary, the slow-down of the sorption rate after
30 min (Fig. 74) for the pilot plant scale cannot be explained by approaching equilibrium conditions,
because it takes place after the peak of temperature was reached already. Further possible
explanations will be discussed in the next section.

6.1.3.2.

Important design aspects

The reason for the low sorption rate after 30 min for both tank systems and the lower final hydrogen
capacity for the 1G tank as well as the decreasing of the capacity for 2G tank might be due to: (i)
restricted diffusion through the hydride phase that forms first on the outside of the powder bed, (ii) an
inhomogeneous temperature profile within the powder bed or (iii) macroscopic and / or microscopic
phase separations. The restricted diffusion of hydrogen was already discussed in the context of the
compaction of the material in subsection 5.3.4.1: at low compaction pressures, or for loose powder,
continued cycling of the material cannot lead to inhibition of the diffusion. The high porosity of the
powder material and, after compaction, the formation of cracks and defects upon cycling should still
allow easy access of hydrogen gas to the core of the powder bed. However, in particular for larger
beds of loose powder material this might change upon the reaction. Therefore this theory will be
discussed again in subsection 6.2.3.3. The inhomogeneous temperature profile would conceivably be
caused by heat losses due to conduction or convection at the flange end of the 1G tank, which was
not completely isolated, and some isolation gaps at the lower flange end of the 2G tank. However, the
isolation of the 2G tank was improved after the first cycles in the area of the lower flange end, without
any changes of the sorption behaviour or final capacity. Thus, only explanation (iii) remains plausible,
i.e. macroscopic or microscopic phase separation or both. Unfortunately, a direct investigation of
inhomogeneities within the powder bed was experimentally not feasible thus far, so respective
arguments can only be discussed hypothetically in the following.
Due to the liquid / solid mixed phase, macroscopic and microscopic phase separation is in principle
possible and was discussed already as a reason for the reduction of the capacity upon cycling for the
small scale experiments in subsection 5.2.4.3. The phase separation may be promoted, in particular
for larger diameters and powder beds, due to the higher temperatures that lead to reduced viscosity of
the molten phase. In addition, upon scale-up, macroscopic phase separation could be driven, even in
the solid / solid state, by the granular convection, also known as the “muesli effect”, which occurs in
loose powder blends with different particle sizes. In the present case, a heterogeneous size
distribution may originate from milling due to the different hardness values of the compounds
(subsection 5.1.3.2) and is indeed observed after milling (e.g. Fig. 30b in subsection 5.1.3.2). Larger
particles / agglomerates may end up on the top surface of the bed, due to the motion that can be
caused by the hydrogen flow in and out as well as the reaction itself and the consequently changes in
density.
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For both, macroscopic and microscopic phase separation, material compaction was shown as a
promising method to avoid or at least minimise the separation (section 5.3). As mentioned before, the
more pronounced rate of the capacity decrease per cycle may be an effect of the scale-up. However,
the strong difference in final hydrogen capacity between the 1G and 2G tank as well as in comparison
to the lab scale experiments is higher than expected. It seems that for the 1G tank the separation
reached already a final state. Another explanation could be a design mistake. After disconnecting the
1G tank from the loading station, some greyish white powder was found in the hydrogen supply line of
the loading station (sample outside) and more powder inside the sintered metal filter (sample inside).
The XRD patterns of these two samples, referred to sample outside and inside, are shown in Fig. 75.

Fig. 75: XRD patterns of loose powder samples from inside the sintered metal filter (sample 1) and outside the tank in the
hydrogen supply line (sample 2)

The powder consists mainly of LiBH4 and LiCl as well as some unknown phases. The unknown
phases are assumed to be different oxides of the two compounds due to contact with air at the
moment of disconnecting the tank. No Mg-containing compounds are found in the samples. It is
therefore assumed that the sintered metal filter acts as additional phase separator by only blocking the
solid phase particles (LiH, MgB2 or MgH2) but enabling the liquid phase of LiBH4, with some dissolved
LiCl, to pass though even the smallest pores. The driving force behind the passing of the liquid phase
through the sintered metal filter may be capillary forces. Then, the sintered metal filter acts as a
reaction barrier between the two reactants. This would take place already during the first absorption
and formation of liquid LiBH4 and hence explain the reduction of the capacity already for the first
absorption. Nevertheless, theoretical estimation indicates that, even if the total volume of the sintered
metal filter inside the tank was occupied by LiBH4, the difference between the 1G tank in comparison
to the lab scale cannot be explained. Therefore it is assumed that some LiBH4 flows out of the tank
system into the hydrogen connection line (1.5 m length) and solidifies there. The loading station, at the
other end of the hydrogen connection line, was protected by an additional filter that did not show
contamination afterwards.
As an important design aspect it can be concluded that any structures inside the bed that might
separate the phases needs to be avoided and further phase separation should be minimised by
compacting the material. The tank diameter may be up to 100 mm, since the heat accumulation does
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not lead to a slow-down of the overall reaction rate but, on the contrary, leads to faster sorption rates,
under 50 bar of hydrogen and 350 °C initial temperature. However, the temperature profile may
change due to the compaction of the material and improvements in thermal conductivity.
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6.2.

Modelling and simulation

For tank design, the temperature development inside the material bed and the overall sorption rate are
particularly important. To assess these critical data, the complex behaviour of the tank system based
on LiBH4 / MgH2 is simulated, which requires a wide range of input data. Therefore the basic material
properties, determined in section 5.2, will be used. Furthermore a good knowledge of the sorption rate
as a function of temperature and pressure is necessary. This can be done by determining a suitable
model based on the empirical sorption measurements. This empirical kinetic model will be determined
in subsection 6.2.1. The already described determination of the model g(α) and the rate constant k in
subsection 5.2.3.1 is shown here in more detail. The simulation results are finally presented in
subsection 6.2.2.

6.2.1. Empirical kinetic model
The empirical kinetic model, describing the change of transformed fraction α over the time t, consists
of a basic dependency on the transformed fraction g(α) and the rate constant k as a function of the
temperature T and pressure p:
d
 k T, p   g 
dt

(6.1)

This approach was shown already by Eq. 5.21 in subsection 5.2.3.1. In addition to the determination of
the activation energy at constant pressure in subsection 5.2.3.1, the rate constant is determined also
at different pressures here. Therefore, the extension of the driving force term f(p,peq), discussed in
section 5.2.4.3, will be applied in this section. The basic model g(α) is defined in subsection 6.2.1.1,
while the determination of the function for the rate constant k(T,p) is shown in subsection 6.2.1.2.

6.2.1.1.

Model for the dependency on the transformed fraction

In a first step several models were considered to find the best-fit. These models are theoretical and
mathematical descriptions of experimental phenomena. In solid-state reactions, a model can describe
a particular reaction type and translate mathematically into a rate of reaction [96]. As a simplification,
the liquid state of the LiBH4 during the reaction is in the following neglected. An overview of the
applied models with the corresponding formulae can be found in the literature [15, 18, 96, 112]. The
best-fitting models of this study are shown in Tab. 6:
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Model

Rate-limiting step

g(α)

Integrated
equation

JohnsonMehlAvrami
n=1

one dimensional
growth of random
nuclei with constant
interface velocity

1   

 ln1     k  t

3-D
diffusion

three dimensional
diffusion of spherical
solid particles

Contracting
volume

three dimensional
growth of a
contracting volume
with constant
interface velocity

31   3

Acronym

Ref.

JMA n=1

[129-131]

1  1   31   k  t





3-D diff.

[96, 132]

1  1   3  k  t

CV-3D

[133]

2

1
21  1   3 



31   3

2

2

1

Tab. 6: Overview of best-fit models of this study

The fitting was done on an exemplary 8th absorption reaction at 340 °C and 50 bar of applied hydrogen
pressure (Fig. 76). For evaluation, the integrated equation (Tab. 6) is plotted against the time of
reaction (Fig. 76a). A linear correlation shows the quality of the fitting. The slope of the linear
correlation is the individual empirical k factor. As it can be seen in Fig. 76a, all considered models
reach coefficients of determination (R2) above 98 %. However, plotting the transformed fraction
against time for each model directly in comparison to the experimental data (Fig. 76b), the JohnsonMehl-Avrami (JMA) model obviously provides the best fit.

Fig. 76: Integrated equations for g(α) against time (a) and transformed fraction against time (b) for different models

In particular the first hour of experimental data is described by JMA with the one dimensional growth
(n = 1) more accurately than by the other three dimensional (3-D) growth or diffusion models. The
related microscopic mechanisms will be further discussed in subsection 6.2.3.1.
Different kinetic experiments were performed to determine the empirical rate constant k under different
temperature and, in addition to subsection 5.2.3.1, different pressure conditions. The individual rate
constant k is determined according to the fit, as the slope of the linear correlation of the integrated
equation. Thereby, the experimental conditions were chosen in such a way that at a certain pressure
different temperatures and at a certain temperature different pressures were investigated (Fig. 77).
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Fig. 77: Equilibrium pressure against temperature with points of experiments

The absorption experiments were performed in the range of 325 to 425 °C and 15 to 75 bar of
hydrogen. Before measuring at the different conditions the material was absorbed and desorbed for 20
cycles at 350 °C and 50 bar of hydrogen for absorption and 400 °C and 3 bar for desorption to ensure
that the sorption rate is influenced only by the temperature and pressure condition and not by the
number of cycles. The influence of the cycle number up to the 6th to 8th absorption was shown already
in subsection 5.2.3.2 (Fig. 49b) and also for the scale-up in section 6.1.1.1 (Fig. 65 and Fig. 66).
Fig. 78 shows the fitted transformed fraction at different temperatures (Fig. 78a) and hydrogen
pressures (Fig. 78b) in comparison to the experimental (exp.) transformed fraction as a function of
time for the JMA with n = 1.

Fig. 78: Transformed fraction against time at constant pressure (a) and temperature (b) and the corresponding fitting according
to the JMA n=1

As Fig. 78 demonstrates, the JMA model can be applied for all technically relevant temperature and
pressure conditions of this study, between 350 °C and 425 °C as well as between 15 bar and 75 bar of
hydrogen. Only at 325 °C the rate-limiting step seems to change and the reaction is not well described
by the JMA model with the one-dimensional growth anymore. However, this temperature lies outside
the applied temperature in this study (in particular section 6.1) and this matter was thus neglected.
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6.2.1.2.

Rate constant function

In the final step of the determination of the empirical kinetic model, a function for the rate constant k
should be identified. As mentioned before, the equation for the rate constant k(T,p) was expanded by
the term that considers the hydrogen pressure f(p,peq), according to the discussion in subsection
5.2.4.3:
E



k T, p    A  e RT   f p, p eq 


a

(6.2)

The pressure dependence refers to the driving force term. This term is represented by the relation of
the pressure p to the equilibrium pressure peq. For this relation ln(p/peq) was used in subsection 5.2.3.1
since it defines the change of free energy of the sorption process [112]. However, for modelling of the
absorption reaction kinetic under variation of the temperature and in particular the pressure the fitting
could not be done in an acceptable way. Possible reasons will be discussed later. In this study the
following power function was found as the best-fit equation:

 p  p eq
f p, p eq   
 p
eq







2

(6.3)

As an important constraint it shall be p ≥ peq (absorption case). The term (p - peq)/peq is often used in
literature, e.g. for the modelling of the absorption reaction of NaAlH4 [112] or MgH2 [76], and
corresponds to the first-order Taylor series approximation of the before described ln(p/peq). The
equilibrium pressure peq is calculated by the van’t Hoff equation (Eq. 2.1), considering the values for
enthalpy and entropy determined by Vajo et al. [14] under absorption conditions. Due to the difference
in the driving force term of Eq. 6.3 in comparison to Eq. 5.27, also different values for the activation
energy and the Arrhenius factor were determined. The determination is shown in Fig. 79a.

Fig. 79: Fitting plot to determine the activation energy and Arrhenius term (a) and validation plot of the fitted parameter (b)
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The activation energy was calculated with 250 kJ / mol and the Arrhenius factor with 1.2 x 1016 1 / s for
different applied pressures and applying Eq. 6.3 for the driving force term, instead of 164 kJ / mol and
5.90 x 109 1 / s before at constant pressure and Eq. 5.27 for the driving force term (subsection
5.2.4.3). Also these values will be discussed later. The validation of the fitting is shown in Fig. 79b, by
plotting the empirical rate constants divided by the Arrhenius term against the driving force term.
According to Eq. 6.2 the fitting of these data need to have a slope that is equal to 1. The driving force
term used here of Eq. 6.3 and the corresponding fitting of the activation energy and Arrhenius factor
led to a slope of 1.00078. Based on these results, the rate constant can be calculated as a function of
pressure and temperature (Fig. 80).

Fig. 80: Different rate constants (grey) against temperature and pressure and corresponding optimal temperature (dotted)
determined by the experimental conditions (points) inside the determination area (dashed), as well as equilibrium pressure
(solid) based on Vajo et al. [14]

The contour lines in Fig. 80 show the trend at stable rate constants k in unit of h-1. The dotted line
describes the optimal temperature Topt at a certain pressure (or vice versa) to obtain the maximum rate
constant. It can be calculated by combining Eq. 6.2 with Eq. 6.3 and setting the partial derivative with
respect to the temperature equal to zero and identify thus the local minimum of the rate constant k.
However, this calculation is very complex for the applied Eq. 6.3. Therefore Eq. 6.2 together with
Eq. 6.3 was changed to the pressure and thus the contour lines are calculated for defined rate
constants by Eq. 6.4:

pk, T   p eq  p eq 

k
E a

(6.4)

A  e R T

Finally the minimum for each function was determined by a numerical analysis and a polynomial fitting
of the different minima shows the optimal temperature function in Fig. 80.
According to the obtained reaction model parameter, the sorption rate for each experiment in Fig. 78a
and b can be calculated and the validation with the experimental data is shown in Fig. 81a and b.
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Fig. 81: Transformed fraction at constant pressure (a) and at constant temperature (b) against time and the corresponding
calculated fraction according to the JMA n=1 and the fitting of the rate constant

6.2.2. Finite element simulation
For the finite element method (FEM) simulation the basic model and assumptions of Lozano et al.
[134] were used. The following simplified composition of the bed is assumed for the simulation
according to the reaction equation:
x
 x
(1 - x) MgB2 + x Mg + (2 - 3·x) LiH + (4 - 5·x) H2 ↔ 1   MgH2 + (2 - 3·x) LiBH4 +
MgB2
2
 2

(6.5)

with 0 ≤ x ≤ 2/3 [mol]
This reaction mechanism takes into account that the x mol of TiCl3 react with the desorbed material
already during milling. This reaction was further described in section 5.1. Some of the material that is
not reacting during the absorption and desorption process, so-called inert material, is already
neglected in Eq. 6.5. This material was shown inter alia in Eq. 2.2 and represents, under the addition
of x = 0.05 mol of TiCl3 in Eq. 6.5, 15.83 wt.% of the total weight of the desorbed material. It is a
mixture of (3·x) LiCl and x TiB2 as well as x / 2 MgB2 that does not react due to the non-stoichiometric
composition after the reaction with the additive. The theoretic hydrogen capacity is thus reduced to
10.9 wt.%. However, in order to fit the theoretic data to the experimental data, the maximum achieved
capacity of the individual experiment was taken into account. For the reaction inside the thermocell we
measured for instance a maximum hydrogen capacity of 9 wt.%. The difference to the theoretic
capacity was already discussed in subsection 5.2.4.3. For the simulation it is assumed that in total
29.04 % of the material, thus including beside the above mentioned inert material also storage
material, does not react. The reason for the not reacting storage material might be given by the phase
separation as it was discussed in subsection 6.1.3.2.
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6.2.2.1.

Governing equations

In the following the stoichiometric composition is based on an exemplary additive content of 0.05 mol
of TiCl3 per mol of MgB2. The reaction material is described according to Eq. 6.5 by the following two
species:
SI: 0.95 MgB2 + 0.05 Mg + 1.85 LiH + 3.75 H2

(6.6)

SII: 0.975 MgH2 + 1.85 LiBH4 + 0.025 MgB2

(6.7)

The absorption reaction is described by the transformation form species I to species II:
r
SI 
S II

(6.8)

a

with the rate of transformation ra. The transformed fraction α is described by the ratio:



mH

(6.9)

2

m H ,max
2

An equivalent definition can be made for the absorption process in terms of the masses of the species:



mS

(6.10)

II

mS  mS
I

II

The total mass m S  m S is assumed to be constant during the reaction. The mass balance of the
I

II

reaction is shown in equation 11:
dm S
dt

I

 ra

(6.11)

Finally based on equation 1, 10 and 11 as well as the JMA n = 1 equation (Tab. 6) the instantaneous
rate of the absorption reaction for the Li-RHC can be calculated by:
ra  k(T, p)  m S

I

(6.12)
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6.2.2.2.

Initial and boundary conditions

The initial temperature of the system and the heat source temperature were set equal to the
experimental initial bed temperature. At the boundary between tank wall and heat source we assume a
heat transfer coefficient of 40 W m-2 K-1 for the simulation of the lab scale experiments (thermocell).
This value was estimated in this range due to the low heat transfer from the thermocell wall into the
oven and accordingly vice versa. The thermocell is surrounded by air inside the oven, thus we assume
only convective heat transfer. For the pilot plant scale we assume a higher value by at least one order
of magnitude due to the good thermal contact between the tank wall and the heat source. The
temperature of the heat source was constant during the experiment and is therefore also assumed to
be constant for the simulation. As a start we assume analogue to Lozano et al. [134] and Franzen
[135] a value of 500 W m-2 K-1. This value will be discussed later. Starting from a pressure of 1 bar of
hydrogen, the pressure was increased within 5 or 150 s to the final pressure. The time to reach the
maximum pressure depends on the simulated experiment conditions again. During the measurement
in the thermocell the pressure was assumed to reach the final value within 5 s, while the
measurements at the pilot plant scale for the 1G and 2G tank systems needed 150 s. Due to the
strong dependency of the thermal conductivity on the temperature, the determined fitting function in
Fig. 43 (subsection 5.2.2.2) was applied. However, the maximum thermal conductivity was set to
5 W m-1 K-1 by rule of thumb. For the heat capacity a constant average value of 1350 J kg-1 K-1 was
assumed according to the determination in subsection 5.2.2.1. The permeability of the material bed
was estimated according to the Carman-Kozeny-equation [135]:

K

3
2
 dparticle
2
144  1   

(6.13)

The porosity ε and the average particle size dparticle are based on the obtained data in subsection
5.3.1.1 and 5.1.3.2, respectively. For the porosity we assume a value of 0.65 and for the average
particle size 30 μm. These values were obtained for the desorbed material and used here for the
calculation of the permeability of the absorption process since the hydrogen flow inside the powder
bed is important in particular at the beginning of the reaction. At this moment the larger fraction of
material will be in the desorbed state. Finally the permeability of the bed is calculated to 1.4 x 10-11 m2.
The influence of this value on the system will be discussed later. The initial temperature of the
hydrogen gas was set at the initial temperature of the experiment.
An overview of these values and further parameter as well as their origin is shown in Tab. 7.
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Symbol

Description

Value / Equation

Ref.

T0

Initial temperature

340 / 350 °C

by def.

Theat source

Heat source temperature

340 / 350 °C

by def.

-2

-1

h

Heat transfer coefficient

40 / 500 W m K

by def.

p0

Initial pressure

1 bar

by def.

tmin

Time to reach pend

5 / 150 s

by def.

pend

Final pressure

50 bar

by def.

λeff

Thermal conductivity

Fitting function

λeff,max

Max. thermal conductivity

cp

Heat capacity

-1

-1

5Wm K

by def.

-1

-1

subsection 5.2.2.1

-11

2

subsection 6.2.2.2

1350 J kg K
1.40 x 10

subsection 5.2.2.2

K

Permeability

m

TH2,0

Initial hydrogen gas temp.

340 / 350 °C

by def.

ρ

Material density

624 kg / m3

subsection 5.3.1.1

g(α)

Model

1   

subsection 6.2.1.1

16

A

Arrhenius factor

1.18 x 10 1 / s

subsection 6.2.1.2

Ea

Activation energy

250 kJ / mol

subsection 6.2.1.2

 p  p eq

 p
eq







2

f(p,peq)

Driving force term

∆HR

Reaction enthalpy

-40.5 kJ mol-1 H2

Vajo et al. [14]

∆S

Reaction entropy

-81.3 J K-1 mol-1 H2

Vajo et al. [14]

subsection 6.2.1.2

Tab. 7: List of parameters used for the FEM simulation of absorption process at T0 and p0

The simulation was performed by using COMSOLTM Multiphysics 3.4. The applied modules were the
“Transport of diluted species” module (describing the chemical reaction), the “heat transfer” module
and the “Darcy’s law” module (describing the hydrogen flown into the storage material). Furthermore
the “Global ODEs and DAEs” module was applied to solve the differential equations. As mentioned
before, a detail description of the equations and assumptions can be found in the study of Lozano [64].

6.2.2.3.

Model validation

For the first validation of the model and the assumptions, the experimental setup of the lab and pilot
plant scale systems of section 6.1 were simulated. The comparison to the experimental data is shown
Fig. 68 and Fig. 72.
For the lab scale in Fig. 68 the results of the simulation are in good agreement with the experimental
obtained results.
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Fig. 82: Experimental and simulated hydrogen content and temperature inside the material bed against time at 50 bar of H2 and
initial temperature of 340 °C for a diameter of 15.2 mm and 5 g of material

However, already for the lab scale it can be seen, that the simulated absorption reaction and the
corresponding temperature rise start before the experimental ones. Thus, the calculated rate of
absorption is in the first 40 min above the experimental rate. For the first minutes the simulation and
experimental data are in very good agreement. However, the delay of the experimental absorption
after approximately 2 min is not considered by the simulation. In the lab scale, the reaction is slow until
approximately 8 min. Beyond this time the sorption rate (slope of the curve) is again in good
agreement with the simulation. In the pilot plant scale this effect is even more pronounced (Fig. 72).

Fig. 83: Experimental and simulated hydrogen content and temperature inside the material bed against time at 50 bar of H2 and
initial temperature of 340 - 350 °C for 250 g of material and diameter of 48 mm (a) and 100 mm (b)

Even in comparison to the fastest experimental reactions of the 1G (2nd absorption) and 2G tank
system (3rd absorption), the simulated reactions starts already a few minutes before the experimental
ones and reaches temperatures much higher than the experimentally determined ones. The reaction is
slow until approximately 10 min for the experimental data at the pilot plant scale, irrespective of the
diameter of the tank. The rate of reaction beyond this delay is still below the simulated once.
As mentioned in subsection 6.2.2, the simulation was adjusted to the maximum achieved hydrogen
capacity during the experiment. The slow increase after 30 min for the 2G tank system was also not
described by the simulation. The reason for the difference in maximum achieved capacity was already
discussed in subsection 6.1.3.2.
114

6.2.3. Discussion
This section discusses in subsection 6.2.3.1 the rate-limiting step according to the JMA reaction model
determined in subsection 6.2.1.1. The temperature and pressure dependence of the driving force term,
in particular against the background of the strong hysteresis of absorption and desorption equilibrium
pressure (Fig. 50 in subsection 5.2.4.1), is discussed in subsection 6.2.3.2. Finally the characteristic of
modelling and simulation of larger quantity of the Li-RHC storage material is discussed in subsection
6.2.3.3 and possible theories are given to explain the misfit of the simulation data with the
experimental data in subsection 6.2.2.3.

6.2.3.1.

Rate-limiting step of the absorption reaction

The reaction mechanism of the absorption and desorption process was already discussed in
subsection 5.2.4.1. In this section the focus is only on the rate-limiting step of the mechanism, during
absorption reaction according to the results of the modelling. The absorption curve in Fig. 76b, shown
in subsection 6.2.1.1, is characterised by this slowest step of the overall reaction. The three models
with good agreement according to the fitting of this experimental curve were: (i) the contracting volume
model, (ii) the 3-D diffusion model and (iii) the Johnson-Mehl-Avrami model with the one-dimensional
growth (n = 1). All three models assume a different rate-limiting step. The contracting volume model
assumes that the reaction starts on the surface of the spherical particles and grows into the direction
of the core. This nucleation and growth is assumed to be rate-limiting and is three-dimensional
assuming constant velocity of the hydrogenated / dehydrogenated interface. The 3-D diffusion model
assumes a similar nucleation and growth but diffusion controlled i.e. the diffusion through the
hydrogenated phase is the rate-limiting step. Finally the JMA model assumes a different nucleation
and growth of the hydride phase, where the nucleation starts randomly, i.e. on the surface and inside
the bulk particle, with again constant interface velocity. An important constraint of the JMA model is
that the nucleation rate is time independent. Only the JMA model could describe the reaction in an
acceptable way, in particular for the first minutes of the reaction. Thus, the rate-limiting step of the
absorption reaction might be the (constant) velocity of the nucleation starting at random positions on
the surface and inside the particles. The determined highly dispersed nucleation sites of TiB2 for the
nucleation and growth of MgB2 in subsection 5.1.3.2 would explain the more random instead of only
surface-orientated nucleation. However, the formation of MgB2 is a sub-process of the desorption
reaction, as shown and discussed in subsection 5.2.4.1. Bösenberg [30] described the formation of
MgB2 as one-dimensional growth of plate-like structures. If the formation of MgB2 is one-dimensional,
the decomposition might be also one-dimensional as described here by the JMA model with n equal to
1. However, as mentioned before in subsection 5.2.4.1, the decomposition of MgB2 is a critical
process and still not well understood. The instantaneous solid / gaseous reaction of MgB2 with LiH and
H2 is a key process, due to the avoidance of the formation of elemental boron, which would make the
reaction irreversible. Even if this process could not be further described and is most likely dominated
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by the diffusion processes of the Li-Mg ion exchange, as mentioned in subsection 5.2.4.1, this study
underlines the significance of the nucleation process since it seems to be the rate-limiting step.
According to the obtained results, the diffusion of the ion exchange seems not to be the rate-limiting
step but the nucleation velocity.

6.2.3.2.

Temperature and pressure dependence of the driving force
term

The driving force term f(p,peq) is defined in subsection 5.2.4.3 as ln(p/peq), according to the change in
free energy ΔG for Eq. 6.14:
G  G 0  R  T  lnX a 

(6.14)

were ΔG0 is the free energy at STP and Xa is the thermodynamic activity. For an ideal gas, the
thermodynamic activity is defined as ratio between the applied pressure p and the standard pressure
p0. If the applied pressure p is equal to the equilibrium pressure peq, the reaction is in equilibrium and
ΔG = 0. Thus Eq. 6.14 changes to:
 p eq
G  R  T  ln
 p0


  0


(6.15)

For the free energy at STP in equilibrium we assume ΔG0 = 0. The van’t Hoff equation (Eq. 2.1) could
be derived from the combination of Eq. 6.15 with the standard equation for the free energy (Eq. 6.16)
in equilibrium state:
G  H  T  S  0

(6.16)

However, for the driving force term of the absorption reaction, the thermodynamic activity is defined as
ratio between applied pressure p and equilibrium pressure peq. In this study the fitting could not be
done in a good agreement according to this driving force term. Thus, the first-order Taylor series
approximation (p - peq)/peq was applied. However, this function provides good fitting results only being
raised to the second power. The square of the function might be explained by the parabolic law, also
known as Fick’s second law, that defines already the origin of the second power of the above
mentioned 3-D diffusion model [96]. The correlation between thermodynamic activity and the diffusion
coefficient was assumed already by Rudman [111]. Thus, the driving force term might become
diffusion dependent.
After fitting, the calculated value for the activation energy needs to be considered as an average value
due to the non-constant pressure conditions during the determination, and would explain thus the
difference to the value obtained in subsection 5.2.4.3.
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In the following the discussion is focused on the calculated equilibrium pressure. In subsection 6.2.1.2
the equilibrium pressure was calculated by the reaction enthalpy and entropy, which were
experimentally determined by Vajo et al. [14] under absorption conditions. However, the possible
plateau temperature inside the 2G tank system for the 3rd absorption (Fig. 73a) in subsection 6.1.2.2
belongs to the first plateau of the desorption reaction and represents the highest measured
temperature in all the measurements. The different rate constants of Fig. 80 are shown in Fig. 84
against the different obtained equilibrium pressure for absorption and desorption.

Fig. 84: Different rate constants (grey) against temperature and pressure and corresponding optimal temperature (dotted)
determined by the experimental conditions (points), as well as equilibrium pressure based on Vajo et al. [14] (solid), first
(dashed) and second plateau (dashed / dotted) of the desorption reaction

As it can be seen in Fig. 84 the optimal temperature curve falls into the area that is caused by the
already discussed hysteresis between absorption and desorption equilibrium pressure. In subsection
5.2.4.1 it was assumed already that inside this area the reaction cannot or can only partially proceed.
Therefore the driving force term should consider also this equilibrium pressure. However, the fitting
could neither be obtained in an acceptable way by using the enthalpy and entropy of the first plateau
nor by a combination of both plateau pressures. For the latter the best results could be obtained for a
driving force term according to Eq. 6.17:
 p   p  p eq2

f p, p eq1, p eq2   ln
p   p
eq 2
 eq1  






(6.17)

with peq1 calculated by the enthalpy and entropy of the first plateau of the desorption (subsection 5.2.1)
and peq2 calculated by the enthalpy and entropy of the absorption [14]. This fitting leads only to a slope
of 1.19966 in the validation plot and thus does not describe the experimental data in an acceptable
way. The best fitting might be obtained for a model with less simplification. One of the most important
simplifications was the assumption of a one-step reaction. To account for two different equilibrium
pressures, two different reaction steps should be defined that run simultaneously, as discussed
already in subsection 5.2.4.1. However, then the individual steps need to be identified and the
individual parameters (activation energy, Arrhenius factor, driving force term etc.) need to be
determined, which is currently impossible.
117

6.2.3.3.

Characteristic of modelling and simulation of larger hydride
beds

The discussed changes in the driving force term, e.g. the consideration of two equilibrium pressures
instead of only one by Eq. 6.17, does not change the strong increase of the simulated reaction rate in
Fig. 72 at the beginning and thus the most significant difference to the experimentally obtained data.
Only the maximum temperature could be reduced. In the following the discussion is about the strong
misfit of the simulation in comparison to the experimentally obtained results, in particular for the pilot
plant scale. As mentioned before, changes in the model could not improve the simulation reasonably.
The basic model and assumptions are thought to be correct, with respect to the comparison of the
simulation to the lab scale results. The only predicted and not directly or indirectly measured
parameter was the heat transfer coefficient. Franzen [135] estimated the heat transfer coefficient for
free convection on the sample holder wall between 3 and 10 W m-2 K-1 for lab scale experiments.
However, this value was increased to 40 W m-2 K-1 for a good agreement between simulation and
experimental data, but is still in the range of free convection. A sensitivity analysis (not shown in this
study) indicates that the influence on the reaction rate and temperature rise is in any case low for the
pilot plant scale, even up to values of 5000 W m-2 K-1. The difference between the simulation and
experimental data might be explained by changes in the hydrogen permeability of the bed during the
reaction, which was initially not considered. This could be caused for instance by changes in particle
size distribution or particle shape. Thus, the process would be decelerated by slower diffusion or
transport of the hydrogen gas. For the solid species no diffusion was assumed by the basic model, but
it is indirectly considered by the reaction model g(α) and the determination of the rate-limiting step, as
mentioned above. This rate-limiting step might change as well upon the reaction at higher temperature
and could decelerate the reaction additionally. To illustrate this effect related to the permeability, Fig.
85 shows the experimental against simulated reactions at different values for the permeability, but
without changing the model function (JMA).

Fig. 85: Sensitivity analysis for different values of the permeability of the simulated hydrogen content at 50 bar of H2 and initial
temperature of 340 °C for 250 g of material and diameter of 100 mm
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According to Fig. 85 the value of the permeability changes the sorption rate, starting at around
10-16 m2. The best fitting is obtained for a value of 3.5 x 10-17 m2. This value can be reached already by
a particle size of 0.25 μm and a porosity of 0.33 according to Eq. 6.13. Such a value for the particle
size was indeed estimated for the initial powder in subsection 5.1.3.2 after milling at high transferred
energy. The value for the porosity is an assumption, considering that with the particle size most likely
also the porosity of the bed is changing. If the porosity and thus the density of the bed are changing so
strongly, it might explain also the reduced hydrogen capacity for the pilot plant scale. According to Fig.
63 in subsection 5.3.4.1 a correlation between the density and the maximum achieved hydrogen
capacity exists. However, this new findings does not contradict the discussion in subsection 6.1.3.2
about the explanation of the reduced capacity. Instead, both processes, the microscopic and
macroscopic phase separation and the formation of a highly dense material bed upon reaction, with
inhibited hydrogen diffusion in consequence, is possible and may occur. The reduced permeability can
be a consequence of the phase separation and the corresponding movement of the species.
Furthermore a permeability value of 3.5 x 10-17 m2 would not change the so far obtained simulated
results for the thermocell experiments and would be a real effect of the scale-up.
However, as mentioned before, if the rise of diffusion barriers is the reason for the misfit between
experimental and simulation, it might be also explained more dynamically by adapting the reaction
model g(α) at higher temperatures. This will be investigated in the near future.
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7. Summary
Based on a total life time of 1,000 cycles, the estimated costs for one refuelling cycle for a NaAlH4
storage system already demonstrate an economical advantage over a conventional high pressure
(700 bar) or liquid storage system. This is due to a simpler structure of the tank vessel, which can be
achieved because of the lower pressure and more moderate temperature conditions. Among the
different alternatives, the hydride-based systems have the highest potential for further cost reduction.
A LiBH4 / MgH2 storage system also benefits from this advantage, but due to higher depreciation of the
storage material and the tank system, the cost function is almost equal to the pressure storage
function. However, the LiBH4 / MgH2 storage material has the highest potential to meet the storage
capacity goals, set by the United States Department of Energy. Therefore this storage material was
further investigated. For the processing of the LiBH4 / MgH2 storage material by a planetary ball mill,
the increase of the BPR, velocity and milling time leads to an increasing energy that is transferred to
the powder material. Also the increase in the degree of filling of the milling balls in the vials leads to an
increase between 10 % and 50 %. The milling energy could be determined in the range of a few kJ to
130 kJ / g, while 20 kJ / g, provided by any processing technique in arbitrary scale, could be already
sufficient for a clear improvement of the reaction kinetic. Higher milling energy causes faster reaction
kinetics, but at the same time a reduction of the relative hydrogen storage capacity. As additive
material, TiCl3 was investigated. The improvement in reaction kinetics due to the milling and the
additive could be explained by: (i) the decreasing of particle and crystallite size and (ii) the
homogeneous dispersion of nucleation sites. Upon milling the particle size can be reduced to some
micrometres with crystallite dimensions down to a few nanometres. This reduces the diffusion barriers
and thus accelerates the reaction. Previous studies have already emphasised the role of TiB2 for
nucleation of MgB2 [30]. In this study, it was shown for the first time that these highly dispersed TiB2
particles form only after the first absorption. The decrease of the hydrogen capacity is attributed to the
increasing attrition of the milling tools (vial and balls made of tempered steel) upon milling. The kinetic
improvement achieved by the additive reaches a maximum for a molar ratio of 2:1:0.025 for LiH, MgB2
and TiCl3. Finally an optimum set of milling parameters (BRP, degree of filling, milling velocity and
time) and additive content were identified and could be applied for scaled-up production of the material
due to the general validity of the energy model.
The reaction mechanism of a one-step absorption reaction and a two-step desorption is confirmed by
this study and explained by different diffusion processes during the absorption and desorption reaction
and, therefore, also different rate-limiting steps. For the first desorption plateau (decomposition of
MgH2), a reaction enthalpy and entropy value of 74.7 kJ mol-1 H2 and 134.9 J K-1 mol-1 H2 are
determined, respectively. For the second plateau (decomposition of LiBH4 with simultaneous formation
of MgB2), an enthalpy of 52.6 kJ mol-1 H2 and entropy of 96.1 J K-1 mol-1 H2 are determined. Both value
pairs are determined by PCI measurement. In contrast, the values derived from the coupled
manometric-calorimetric measurement are 66.0 kJ mol-1 H2 for the first and 51.7 kJ mol-1 H2 for the
second step of the desorption and -32.3 kJ mol-1 H2 for the absorption reaction. The observed
difference can be explained by non-equilibrium conditions of the coupled measurement.
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The specific heat capacity of the composite amounts to 1.30 kJ kg-1 K-1 and is clearly dominated by
MgB2. At lower temperatures, the effective thermal conductivity is 0.12 W m-1 K-1 and 0.09 W m-1 K-1
for the absorbed and desorbed material, respectively, which is relatively low in comparison to
1.14 W m-1 K-1 for the composite at higher temperatures. The reason may be the presence of
hydrogen and the simplifying assumptions of constant density and only radial conductivity. The
exponential increase of the calculated thermal diffusivity, starting from approximately 225 °C, is clearly
driven by the increase of the conductivity. The value before and after the increase of 0.15 x 10-6 m2 s-1
and 1.35 x 10-6 m2 s-1, respectively, is rather low and could lead to a slowdown of the overall reaction
rate during absorption inside a scaled-up tank system.
The activation energy during absorption at 50 bar of H2 is 103 kJ / mol and 155 kJ / mol at 30 bar as
measured by HP-DSC and the Kissinger method. The second value at 30 bar H2 is in good agreement
with 164 kJ / mol, as determined by the rate constant calculation. For the two steps of desorption the
activation energies are 347 kJ / mol and 238 kJ / mol for the dehydrogenation of MgH2 and LiBH4,
respectively, measured by HP-DSC. These energies are much higher in comparison to the energies
for absorption even at lower pressure. It shows that the used additive in this study, TiCl3, is rather
more suitable for the absorption process than for the desorption one. Again, this indicates different
rate-limiting steps during the absorption and desorption reaction.
The maximum average hydrogen capacity measured in the experiments amounts to 9.16 wt.% for a
compacted sample. This capacity remains almost constant over 20 cycles with a slightly negative
trend (-0.00694 wt.% / cycle). For uncompacted material, the average capacity is lower (8.29 wt.%)
and the negative trend is more pronounced (-0.01858 wt.% / cycle). The reason for the lower capacity
as compared to the theoretical maximum of 10.9 wt.% and for the reduction upon cycling could be
given by ineffective kinetics or mobility of the reactants. Compaction and thus local constraining of the
reactants suppresses long-range phase separation at least partially.
This was further investigated and the influence of the compaction pressure on density, thermal
conductivity and sorption behaviour during cycling was determined. A strong influence of the
compaction pressure on the accessible hydrogen storage capacity is found as well as a slight
influence on the kinetics. The low hydrogen sorption in the first cycles and the continuously improving
sorption with cycling can be explained either by the suppression of the necessary expansion with
increasing hydrogen content or by the sluggish access of hydrogen to the core of the compact by a
dense layer of hydride phase forming on the outer shell. The compacts recover the maximum
hydrogen capacity gradually over cycling, but lose their initial improvement in volumetric density
concomitantly. Nevertheless, and although LiBH4 melts during cycling, complete decrepitation or
disaggregation of the pellets, as well as segregation of the RHC components, is not observed for any
of the investigated compaction pressures. The observed form stability of the pellets may be explained
by a stable framework of solid Mg-compounds, i.e. MgB2 or MgH2, respectively. Thus, the results
indicate that compaction may be a possible way to solve problems related to segregation of the
reaction partners in RHCs.
These results could be implemented in the design and evaluation of two scaled-up storage systems.
The temperature profile of these systems shows a more complex behaviour and significantly higher
temperatures in comparison to the lab scale results. This may be due to the low thermal conductivity
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and thus the accumulation of heat. However, for the investigated storage systems with a maximum
diameter of 100 mm, the heat accumulation did not lead to a clear decrease of the overall sorption rate
as a possible consequence of the high temperature approaching equilibrium conditions. This was
reported in the literature in particular for scaled-up NaAlH4 [63] or MgH2 [122] systems. The reason
why this was not seen for the Li-RHC system could have been that under the applied conditions the
system was still too far away from the equilibrium conditions. However, the maximum hydrogen
capacity of these pilot plant systems was below the values obtained in the lab scale. The reason might
be given by macroscopic and / or microscopic phase separation. Further contribution to the
understanding of scaled-up systems could be obtained by FEM simulation. Beside the phase
separation, the formation of a highly dense material bed upon reaction, with restricted hydrogen
diffusion in consequence, is possible. This effect can be a consequence of the phase separation and
the corresponding movement of the species. Thus, as an important design aspect it could be
concluded that any structures inside the bed that might separate the phases needs to be avoided and
further phase separation should be diminished by compacting the material. These results provide the
basis for systematic optimisation of larger hydrogen storage systems based on high temperature solidstate storage materials.
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8. Outlook
From an economic perspective, the research efforts on hydrogen storage in metal hydrides need to
focus particularly on the tank development. According to the trends identified in the present study,
improvements in the cost effectiveness of hydrogen storage tanks should endorse metal hydrides and
in particular the complex hydride systems LiBH4 / MgH2 and NaAlH4 as economically highly promising
storage methods.
For further economic analysis of the complex hydride system at larger scale, it is necessary to gather
more experience. In addition, more accurate data about the tank system costs, especially of liquid
hydrogen storage systems, needs to be collected for more detailed comparisons. More precise data
would also enable a comparison with other energy storage systems like accumulators or batteries.
However, an important precondition would be a reliable cost estimate of hydrogen gas based on the
real manufacturing cost plus a realistic profit margin. Then, hydrogen economy could finally also be
compared to the main competitive energy carrier: the fossil fuels.
From a technical point of view the energy model of the LiBH4 / MgH2 storage material, describing the
processing of the material, needs to be modified regarding the parameter “degree of filling”. In
addition, the milling ball diameter, as one of the last milling parameters not considered in this study,
should be investigated. Iron impurities due to abrasion of the hard borides and concomitant decrease
of the hydrogen capacity may be avoided by using harder tungsten carbide tools.
The ongoing work for storage systems based on LiBH4 / MgH2 will focus in particular on the scaling
effect of the compaction and will show whether this influence is also present for larger diameters like
60 mm and more. This can then further endorse the simulations or indicate improvements regarding
the models. Beside a possibly negative influence by larger diameters on the kinetics, there may still be
a positive influence by the improved thermal conductivity. The 2G tank system will be investigated via
neutron radiography to analyse any inhomogeneities in the powder bed or potential macroscopic
phase separation. Finally a 3rd generation tank system should be built with compacted material instead
of loose powder. This 3rd generation tank system could be also optimised towards weight reduction,
and thus also cost reduction, by using other alloys or joining techniques to avoid the heavy flange
ends.
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Appendix
A 1. Fitting parameter
Parameter
aH
bH

2

Value

8.14 € / (kg H2)

Standard error
2

0.23

-0.389

0.013

a pTS

5192.11 € / (kg H2)2

1411,43

b pTS

-0.299

0.175

a liqTS

25,964.23 € / (kg H2)2

2993.53

-0.392

0.053

4134.39 € / (kg H2)2

914.73

-0.307

0.108

a sa
sm1

340 € / (kg H2)2

-3

b sa
sm1

-0.464

-3

a sa
sm 2

64.31 € / (kg H2)2

1.57

b sa
sm 2

-0.3

0.022

sa
a ad

33.32 € / (kg H2)2

0.065

-0.587

8.869 x 10-4

a lm
TS

11,956 € / (kg H2)2

-3

b lm
TS

-0.457

-3

a lm
sm1

447.43 € / (kg H2)2

22.75

-0.203

0.06

2,121 € / (kg H2)2

-3

-0.707

3

b

2

liq
TS

a sa
TS
b

sa
TS

b

b

sa
ad

lm
sm1

a lm
sm 2
b

lm
sm 2

a

lm
ad

b

lm
ad

-

317.83 € / (kg H2)
-0.151

2

26.22
0.049

Coefficient of determination

0.99914
0.37898
0.97002
0.89787
03
0.99649
1
03
0.9149
03
0.8124

Tab. A 1: Fitting parameter

A 2. Simplified calculation for the compression of
hydrogen
A simplified thermodynamic calculation is shown to give a reasonable estimate on the energy input
which is necessary for the compression of the hydrogen. From a thermodynamic point of view, the
change in enthalpy and entropy of a fluid necessary to reach a given end state is independent of the
way this state is reached. If mechanical power and heat fluxes are calculated, these process

3

No standard error / coefficient of determination because only 2 data points for the interpolation were available
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dependent values are influenced by the specific process steps involved. For this calculation a two step
compression with intermediate cooling is chosen, as shown in Fig. A 1. This is to avoid high
temperatures where high cost materials might be necessary for the equipment.

Fig. A 1: Process chain of a two-stage compression with 3 cooling processes

Each compression stage is followed by a cooling process. A possible heat recovery of these two
cooling processes is neglected, the heat flux is discarded to the environment. The final cooling
process is necessary for the precooling of the gas before it is loaded to the tank. Otherwise, there will
be local overheating because of the poor heat conductivity of the liner materials [66].
p
Therefore, the calculation of the total energy demand for hydrogen processing EHP
includes the
p
p
of step 1 and E HP
of step 2, and additional mechanical or
mechanical compression energy E HP
,12
, 34
p
electrical energy to cool down the gas E HP
to a temperature of -80 °C.
, 56

p
EHP
 EPHP,12  EPHP,34  EPHP,56

(A.1)

Initially, the hydrogen is compressed to 50 bar in step 1 and finally to 875 bar in step 2. The energy
which is necessary for these compression steps is calculated using the first law of thermodynamics.
The resulting energy balance (kinetic and potential energy is neglected) [68] is given in Eq. A.2:
dE
 in  hin   m
 out  h out
 0  Q  P  m
dt
in
out

(A.2)

Assuming a stationary state and an adiabatic compression process, the derivative of the energy with
respect to time and the heat flow are zero. The engine of the piston compressor is the only considered
 of 1 kg / h over the entire process
power source ( P  E PHP,nm ), and we assume a constant mass flow m

 in  m
 out ). For a single compression stage from step n to step m, Eq. A.2 can be therefore simplified
(m

to:
134

 h m  h n  
E PHP,nm  m


m
hism  hn 
 s, V

(A.3)

The isentropic efficiency s,V is defined as  s,V  h ism  h n  / h m  h n  and gives the ratio of the ideal
isentropic enthalpy change necessary for a given compression step as compared to the true enthalpy
change in reality. In this context h ism is the isentropic enthalpy h ism  hTm , s m  s n  . The isentropic
!

compression efficiency is arbitrarily assumed to be  s,V  0.9 [68].
p
The necessary energy for the compression of the first stage E HP
is 2.74 kWh / kg H2 and
,12
p
1.88 kWh / kg H2 for the second stage E HP
.
, 34

The final cooling of the hydrogen gas is thought to be performed by a reversible refrigeration cycle.
The coefficient of performance (COP) for such an ideal refrigeration cycle [68] is given as:

COPrev 

Q PHP,56
T0

Prev ,56
Tamb  T0

(A.4)

Where T0 = 193 K is the lowest thermodynamic temperature of the cold side, Tamb is the ambient
temperature (Tamb = 298 K). Using the COP and again the first law of thermodynamics (Eq. A2) for the
calculation of the heat flow QHP,56 the cooling power (EHP,56 = Prev,56) can be calculated by:

p
E HP

,56

 h 6  h 5 
m
COPrev

(A.5)

Thus the mechanical or electrical power needed for cooling down the hydrogen in the last process
step is (at least) 0.24 kWh / kg H2.
Following this calculation based Eq. A.1, the total mechanical (or electrical) energy demand for
hydrogen processing EPHP is 4.4 kWh / kg H2. The values for the enthalpy and entropy used in this
calculation are from the software REFPROP® 9.0 (NIST).
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B 1. Transformed fraction (different additive contents and
milling parameter)
In the following the hydrogen capacity is transformed to the maximum capacity of each experiment to
enable the comparability of the kinetics of the different measurements. The maximum capacities are
given in section 5.1. The milling parameters are given in the caption and each individual figure.

Additive contents

Fig. B 1: Transformed fraction as a function of time for different additive contents under absorption (a) desorption (b) conditions
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BPR

Fig. B 2: Transformed fraction as a function of time for different milling times under absorption conditions at 5:1 (a), 10:1 (c),
20:1 (e) and 40:1 (g) of BPR and desorption conditions at 5:1 (b), 10:1 (d), 20:1 (f) and 40:1 (h) at constant degree of filling of
~50 % and velocity of 230 rpm
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Milling velocities

Fig. B 3: Transformed fraction as a function of time for different milling times under absorption conditions at 50 rpm (a), 130 rpm
(c), 230 rpm (e) and 330 rpm (g) of milling velocity and desorption conditions at 50 rpm (b), 130 rpm (d), 230 rpm (f) and
330 rpm (h) at constant degree of filling of ~50 % and BPR of 5:1
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Degrees of filling

Fig. B 4: Transformed fraction as a function of time for different milling times under absorption conditions at 10 % (a), 25 % (c),
50 % (e) and 75 % (g) of filling and desorption conditions at 10 % (b), 25 % (d), 50 % (f) and 75 % (h) at constant velocity of
230 rpm and BPR of 20:1
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Nomenclature
List of acronyms
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Acronym

Description

1G

1st generation

2G

2nd generation

3-D diff.

Three dimensional diffusion

AISI

American Iron and Steel Institute

BET

Brunauer–Emmett–Teller

BPR

Ball to powder ratio

CV

Contracting volume

DoE

United States Department of Energy

EDS

Energy Dispersion Spectroscopy

EXAFS

Extended X-ray Absorption Fine Structure

GH2

Compressed hydrogen

HP-DSC

high-pressure Differential Scanning Calorimeter

JMA

Johnson-Mehl-Avrami

LH2

Liquefied hydrogen

PCI

Pressure-Concentration-Isotherm

RHC

Reactive Hydride Composite

rpm

Revolutions per minute

SEM

Scanning Electron Microscope

STP

Standard temperature and pressure

TPS

Transient Plane Source

XANES

X-ray Absorption Near-Edge Structure

XRD

X-Ray Diffraction

List of symbols and indexes
Economic potential analysis
Symbol

Dimension

Description

-1

a

[(€ or $) kg H2]

Dilation factor

Acycl

[cycles]

Minimum number of cycles

b

[-]

Exponential factor
-1

k

[kg sm kg H2]

Hydrogen capacity factor as unit mass of total storage
material (sm) per unit mass of stored hydrogen (H2)

-1

cad

[€ kg ad]

Cdep, TS

Cost function of additive material (ad)

-1

-1

[€ kg H2 cycle ]

Depreciation of the tank system cost per cycle

-1

cE

[€ kWh ]

CHP

Energy cost

-1

-1

Total cost of hydrogen processing per cycle

-1

-1

[$ kg H2 cycle ]

CH

[$ kg H2 cycle ]

Total cost of the hydrogen gas per cycle

cH

[€ kg-1 H2 cycle-1]

Cost of hydrogen gas per cycle

CSM

[$ kg-1 H2 cycle-1]

Total cost of the storage materials per cycle

2

2

-1

csm1

[€ kg sm1]

csm2

-1

CT
CTS
cTS

Cost function of storage material 1 (sm1)

[€ kg sm2]

Cost function of storage material 2 (sm2)

-1

-1

Total refuelling cost per cycle

-1

-1

Total cost of the tank system per cycle

[$ kg H2 cycle ]
[$ kg H2 cycle ]
-1

[€ kg H2]

Cost of tank system

-1

-1

EHP

[kWh kg H2 cycle ]

Energy demand for hydrogen processing per cycle

lTS

[-]

Factor for experience curve effect

pad

-1

[kg ad kg sm]

Ratio factor additive material (ad) as unit mass of additive
material per unit mass of total storage material

psm1

-1

[kg sm1 kg sm]

Ratio factor storage material 1 (sm1) as unit mass of
storage material 1 per unit mass of total storage material

psm2

-1

[kg sm2 kg sm]

Ratio factor storage material 2 (sm2) as unit mass of
storage material 2 per unit mass of total storage material

x

[kg H2]

Mass of stored hydrogen

x0

[kg H2]

Constant assumed to be 1 kg of H2 for scaling purposes

xad

[kg ad]

Total share of additive material (ad)

Xmin

[-]

Minimum size of series

Xmin,0

[-]

Initial size of series

xsm1

[kg sm1]

Total share of storage material 1 (sm1)

xsm2

[kg sm2]

Total share of storage material 2 (sm2)

s,V

[-]

Isentropic efficiency
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Index

Description

liq

Liquid storage system

lm

Lithium boron hydride - magnesium hydride storage system

p

Pressure storage system

sa

Sodium alanate storage system

Storage material / system
Symbol

a

2

-1

[m s ]

Description

Thermal diffusivity

-1

A

[s ]

Arrhenius factor

B

[°]

Line broadening at half of the maximum intensity

c0 / c1

[-]

cp

constant
-1

-1

[J kg K ]
-1

Specific heat capacity

Cp

[J K ]

Heat capacity

d/Ø

[m]

Diameter

db

[m]

Ea

Finite diameter of the balls
-1

Activation energy

-1

[kJ mol ]

∆G

[kJ mol H2]

Free energy

∆G0

[kJ mol-1 H2]

Free energy at STP

∆H

-1

[kJ mol H2]
-2

-1

Enthalpy

h

[W m K ]

Heat transfer coefficient

hv

[m]

Height of the milling vial

-1

k

[s ]

K

2

[m ]

Permeability

K

[-]

Dimensionless shape factor

m

[g]

Mass

mb

[g]

Rate constant

Finite mass of one ball
-2

n

[K m ]

Constant

Nb

[-]

Finite number of milling balls

p

[bar]

Pressure

-1

P*

[J g ]

Total power

PW

[g]

Total powder weight

Q

[J]

Heat energy
-1

q

[W g ]

r

[m]

ra
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Dimension

Specific heat flux (reaction)
Radial distance
-3

-1

[mol m s ]

Rate of transformation

[m]

rv

Distance from the centre of the vial to its periphery
-1

R

-1

[J mol K ]

Gas constant

[-]

Coefficient of determination

Rp

[m]

Distance from the centre of the mill to the centre of the vial

S

[-]

R

2

Species
-1

-1

∆S

[J K mol H2]

Entropy

t

[s]

Time

T

[K]

Temperature

3

Vg

[m ]

System volume

x

[kg H2]

Variable

Xa

[-]

Thermodynamic activity

Φ

[W]

Heat flux
-1

Ωp

[rad s ]

Angular velocity of the plate

α

[-]

Transformed fraction
-1

β

[°C min ]

Heating rate

ε

[-]

Porosity

θ

[°]

Bragg angle
-1

-1

λ

[W m K ]

Thermal conductivity

λXRD

[Å]

ρ

[g cm-3]

Density

φb

[-]

Yield coefficient
-1

ωv

[rad s ]

2

   
 , 
 x y 

Angular velocity of one vial
Gradient

T

Index

Description

0

Normal / Initial



Infinite

b

Blank

eff

Effective

eq

Equilibrium

F

Formation

max

Maximum

R

Reaction

s

Sample
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