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Aufgabenstellung

Wasserstoff gilt als vielversprechender Energietrager fur die Energiewende, da er emissions-
frei verbrennt und eine hohe Energiedichte besitzt. Die Speicherung und der Transport von
Wasserstoff stellen jedoch eine Herausforderung dar, insbesondere bei Verwendung von
flissigem Wasserstoff, der aufgrund seiner extrem niedrigen Temperatur (-253 °C) verduns-
tet und Boil-off-Gas erzeugt. Dieses Boil-off-Gas stellt einen Verlust von wertvollem Wasser-
stoff und ein Sicherheitsrisiko dar, da es zu einem Druckanstieg in den Lagerbehaltern fiih-
ren kann.

Ziel dieser Abschlussarbeit ist es, das Potenzial von Metallhydridsystemen zur Rickgewin-
nung von Boil-off-Gas bei der Speicherung von flissigem Wasserstoff zu untersuchen. Dabei
werden folgende Aspekte betrachtet:

1. Analyse des Boil-off-Phanomens:
o Untersuchung der Faktoren, die die Boil-off-Rate beeinflussen (z. B. Tankgro-
Re, Isolierung, Umgebungsbedingungen).
o Quantifizierung der Boil-off-Verluste unter verschiedenen Bedingungen.
2. Evaluierung von Metallhydridsystemen fur die Boil-off-Rickgewinnung fur einen An-
wendungsfall:
o Darstellung der Funktionsweise von Metallhydridsystemen zur Wasserstoffab-
sorption und -desorption.
o Auswahl geeigneter Metallhydride fur die Boil-off-Rickgewinnung auf Basis
ihrer thermodynamischen Eigenschaften und Sorptionskapazitat.
o Experimentelle Bestimmung der Kinetik und/oder Thermodynamik der Was-
serstoffabsorption und -desorption eines ausgewahlten Metallhydrids.
o Erste Abschatzung zu Masse und Volumen eines Prototypen fir den gewahl-
ten Anwendungsfall.
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Abstract

When Liquid Hydrogen (LH2) is heated above its boiling point, it evaporates. This
phenomenon is called boil-off, and the generated Gaseous Hydrogen (gH2) is called
Boil-Off Hydrogen (BOH). Normally, it is released to the environment, resulting in
economical and energy-related losses. The aim of this study is to identify sources of
boil-off in real applications, to determine potential use cases for a thermal compression
using Metal Hydrides (MH), and to demonstrate the corresponding concept of BOH-

recovery in the lab.

The representative use case identified for this study is Long Term Storage (LTS). In
LTS, BOH is released at 1:5 2 bar and room temperature. However, this is too low
for further utilization. Therefore, the option to compress the boil-off up to 8 10 bar

using a MH-reactor to enable further utilization in a fuel cell, is examined.

For the experimental demonstration LaNis is selected as a suitable material for the given
boundary conditions based on an analysis of Van’t Hoff diagrams and their corresponding

Pressure-Concentration-Isotherms (PCI).

Several experiments with different parameter settings show the reproducibility, possi-
bilities, and the limits of thermal compression using metal hydrides. Pressure ratios
between 2 6 are reached with an available temperature range of T =50 90 K.
With T =90 K a maximum pressure ratio of 6 was reached and with T =50 K a
ratio of 2 was possible. The dynamics of the reaction strongly depend on the distance

of the measured points from the Van’t Hoff equilibrium graph.

Based on the reactor and the determined LTS application, initial characteristic values
were derived. Based on the lower heating value of hydrogen and a hypothetical fuel cell
with 50 % efficiency, the potential waste heat utilization to drive the compression and
desorption is calculated. The waste heat produced after one full desorption is 525kJ,
while the thermal energy required for T = 70 K is 156 kJ, which is only 30 % of
the available energy. This indicates that the waste heat is sufficient to provide for the

required desorption energy, enabling an efficient alternative option for BOH recovery.






Kurzfassung

Wenn fliissiger Wasserstoff (LH2) iiber seinen Siedepunkt erhitzt wird, verdampft er.
Dieses Phidnomen wird als Boil-off (Abdampfen) bezeichnet, und der dabei entstehende
gasformige Wasserstoff (gH2) wird als Boil-Off Wasserstoff (BOH) bezeichnet. Nor-
malerweise wird er an die Umgebung abgegeben, was zu wirtschaftlichen und energiebe-
zogenen Verlusten fiihrt. Ziel dieser Arbeit ist es Boil-off Quellen in realen Anwendungen
zu identifizieren, um potenzielle Anwendungsfille fiir eine thermische Kompression mit
Metallhydriden (MH) zu ermitteln, mit dem Ziel BOH zu recyclen und das entsprechende

Konzept im Labor zu demonstrieren.

Der fiir diese Arbeit identifizierte représentative Anwendungsfall ist eine Langzeitspe-
icheranwendung (LTS). Bei LTS wird BOH bei 1;5 2 bar und Raumtemperatur freige-
setzt. Dies ist jedoch zu niedrig fiir weitere Verwendung. Daher wird untersucht, den
Boil-off mithilfe eines MH-Reaktors auf 8 10 bar zu komprimieren, um eine weitere

Nutzung in einer Brennstoffzelle zu ermdglichen.

Basierend auf einer Analyse von Van’t-Hoff-Diagrammen und den dazugehorigen
Konzentrations-Druck-Isothermen (PCI) wird fiir die experimentelle Demonstration

LaNis als geeignetes Material fiir die gegebenen Randbedingungen ausgewahlt.

Mehrere Experimente mit unterschiedlichen Parametereinstellungen zeigen die Repro-
duzierbarkeit, die Moglichkeiten und die Grenzen der thermischen Kompression mit
Metallhydriden. Bei einer verfiigharen Temperaturspanne von T = 50 90 K wer-
den Druckverhéltnisse zwischen 2 6 erreicht. Mit T = 90 K wurde ein maximales
Druckverhéltnis von 6 erreicht und mit T = 50 K war ein Verhéltnis von 2 moglich.
Die Dynamik der Reaktion hiangt stark vom Abstand der eingestellten Punkte von der
Van’t Hoft-Gleichgewichtskurve ab.

Ausgehend vom Reaktor und der LTS-Anwendung wurden erste charakteristische Ken-
nwerte abgeleitet. Ausgehend vom unteren Heizwert von Wasserstoff und einer hypo-
thetischen Brennstoffzelle mit Wirkungsgrad von 50 %, wird die Abwarmenutzung zum
Antrieb der Kompression und Desorption berechnet. Die nach einer vollstandigen Des-
orption anfallende Abwarme betragt 525 kJ, wiahrend die fiir T = 70 K bendétigte ther-
mische Energie 156 kJ betrigt, was 30 % der gesamten verfiigharen Energie entspricht.
Dies deutet darauf hin, dass die Abwéirme ausreicht, um die erforderliche Desorptionsen-
ergie zu liefern, was eine effiziente und vielversprechende Alternative fiir BOH-Recycling
darstellt.
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1 Introduction

1.1 Motivation

On their way to climate neutrality, countries undertake several measures to reduce
greenhouse gas emissions. With its high gravimetric energy density lﬁol%, and
carbon-free production and combustion [1], green hydrogen as an energy carrier seems
promising in various elds of research as an energy system of the future, such as in mo-
bility as an alternative fuel or industrial processes e.g., steel production or the chemical
industry.

For example, Germany has appointed a National Hydrogen Council which has published
the National Hydrogen Strategy presenting a plan for the handling of hydrogen until
2030. It states how green KHcan be implemented into the German economy and pro-
motion strategies to reach that goal [2]. However, with the value @‘.01%, the specic
energy density of hydrogen under ambient conditions is comparably low [1], which leads
to di culties in storage and transport due to its immense volume. To counteract that
problem, hydrogen is most commonly stored in a gaseous compressed or in cryo-cooled
liquid state.

Liquid hydrogen at its boiling point of 20 K has a density of?QYQ%. Hydrogens' density

in the gaseous state under normal conditions & °C and 1013mbar is 0:0899% [3].

The liquid state, due to its higher density, can take up more hydrogen in less space than

compressed gaseous hydrogen. However, other problems emerge from liquid storage

and transport. The boiling temperature of LH2 under ambient pressure i20K or
25315 °C [1]. Since no insulation is perfect, it is not possible to fully avoid heat ow

into the storage vessel, which inevitably rises the temperature of the liquid, resulting in

the evaporation of LH2. The evolving gaseous hydrogen has a higher volume, which leads

to a rise in pressure in the vessel, with the risk of rupture when not being dealt with.

This evaporated gas is called Boil-o Gas (BOG). Most commonly, the BOG is released

to the environment, which is a signi cant loss and waste of resources, considering the

economic value of hydrogen. Boil-o rates often vary around %. However, studies

imply that sometimes up to 15 % boil-o is lost in a day, depending on the tank size

[4]. Regarding the state-of-the-art, active measurements, such as the implementation of

cryo-coolers and heat exchangers, and passive methods such as insulating layers of the

vessel, are already used to mitigate boil-o losses [5].

An alternative approach is to collect the boil-o gas and process it for further utilization.
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This can be done by compressing or reliquefying the BOH. However, these processes are
accompanied by extra costs and di culties of implementation [5]. Another promising
alternative to capture and compress hydrogen boil-o is the utilization of MH [6, 7].

Metal hydrides possess the ability to absorb hydrogen gas and store it in their metal
lattice. During this process, heat is released, making it an exothermic reaction. When
the heat is provided back to the hydride, hydrogen is discharged from the system, making

it a reversible process. The special part about metal hydrides is, that depending on
the release temperature of hydrogen, its pressure changes and vice versa [8]. Therefore,
depending on the MH properties, hydrogen of various pressures and temperatures can be
absorbed at low pressures and desorbed at desired elevated pressure levels for utilization
in potential further applications, such as storage, bu er, puri cation, or recycling.

1.2 Goals

The goal of this research project is to evaluate thermal compressions using metal hy-
drides for re-use of BOH. Therefore, rst, representative boil-o sources with their cor-
responding temperature and pressure boundary conditions need to be identi ed. Then,
based on a reference case, the operation principle should be demonstrated experimen-
tally, and nally characteristic values need to be derived, to evaluate the feasibility of
the concept in future applications.



2 Fundamentals

In this chapter, two fundamentally important topics for this work are going to be pre-
sented: Boil-o hydrogen and metal hydrides. For boil-o, an introduction to the char-
acteristics, occurrence and state-of-the-art of boil-o recovery solutions will be given.
Regarding metal hydrides, the basic thermodynamic behaviour, including the fundamen-
tal thermochemical equation, the relationship between Van't Ho diagrams and their
corresponding PCls, and the kinetics, will be introduced.

2.1 Boil-off hydrogen

With the continuous growth of the hydrogen infrastructure, the demand for LH2, is
rising as well. However, when dealing with LH2, a phenomenon called boil-o has to
be considered. Liquid hydrogen is stored at cryogenic temperatures2ffK, and even
though tank insulation measurements are already quite developed, heat in ow from
the environment is inevitable, resulting in an increase in temperature above hydrogen's
boiling point. LH2 evaporates and changes to the gaseous phase. This process is called
boil-o and the corresponding gas boil-o gas or as in this case: boil-o hydrogen. When
LH2 is stored in tanks, and BOH builds up, the pressure in the tank rises due to the
increased volume of gaseous hydrogen, up until it becomes a safety hazard. Therefore,
boil-o hydrogen, BOH, has to be vented to the environment and is considered as a loss.

However, since the liquefaction of hydrogen is energy consuming, with abde:%kgML:2
[9], the release of the BOH, equals to economical losses and moreover, poses a safety
hazard at the point of release. Therefore, methods of boil-o mitigation and capture

have to be found.

2.2 BOH occurrence

Boil-o appears due to intrinsic reasons of K such as ortho-para conversion, thermal
strati cation and self pressurization and external reasons such as heat leaks, sloshing,
and ashing [10]. It occurs during every step of the hydrogen pathway, however, the
severity depends on the step. The LH2 pathway by Petitpas [4] can be divided into four
mayjor steps: the liquefaction, the transport, the fuelling process, and the storage. The
rst three steps are depicted graphically in gure 2.1.
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The rst boil-o source occurs during the liquefaction process. However, this BOH can
be recycled to the liquefaction plant, and can be relique ed. Therefore, there are no
vented losses during the liquefaction at the liquefaction plant. Moreover, the loss during
the lling of the transportation trailer can also be relique ed.

Figure 2.1: Process chain of hydrogen from the liquefaction plant until the fuelling
process with boil-o sources [4]

Further boil-o also occurs during the transport. However, when considering average
trailer delivery times, the pressure within the tank does not surpass the maximum
pressure of the safety valve, therefore, no,Hs vented during the delivery. However,

to transport the liquid hydrogen from trailer to tank, a pressure gradient has to be
established. To do so, some of the LH2 from the trailer is vaporized to increase pressure.
Moreover, the BOH that was built-up during the transport can be used for that purpose
as well. However, the total BOH utilized to establish the pressure gradient is counted
as loss.

The most signi cant loss of hydrogen occurs during fuelling of the stationary tank by

the trailer. According to Rosso [6] these losses are based on several reasons. Since
the transfer pipes to the tank are at room temperature, they have to be pre-cooled to
the temperature of liquid hydrogen, by purging them with LH2. The same applies to
the inner skin of the dewar. The biggest source of boil-o during the fuelling process
appears due to the ashing of the system. Flashing describes the process of inserting
high-pressure LH2 into a low-pressure system, in this case the dewar. Another reason for
venting, is the displacement of gaseous hydrogen with liquid hydrogen in the transfer
lines and the tank, leading to a rise in pressure. BOH occurring during the fuelling
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process can potentially be captured [4].

In a research article concerning the Space Shuttle Program of Kennedy Space Center,
estimations of LH2 losses over the range of 30 years were determined. Of the total
amount of LH2 purchased over the yeard, 2.6 % was lost due to replenishment]l 22 %
due to normal evaporation and20:7 % is based on load losses. This leavB4.:6 % as
actual onboard quantity. [11]

The average boil-o rate of a LH2-tank strongly depends on its design and implemented
mitigation methods. As for the tank shapes, the most commonly found design shapes
are cylindrical and spherical shape. Spherical shaped LH2-tanks are the most e cient,
since the surface-to-volume-ratio is the least, and therefore heat in ow is the least signif-
icant [5]. Prevalent boil-o mitigation methods during storage are improved insulation,
such as the double walled tanks with a vacuum interspace and the utilization of baseline
perlite or glass bubbles as an additional insulation layer. Glass bubbles are reported
to be more e cient than perlite [12, 13, 5]. Moreover, the amount of boil-o changes
with the application of the tank. For example, high-H-demand industrial applications
need comparatively less insulation measurements, since I4 utilized often and boil-

0 becomes less of a problem. On the other side, bulk storage tanks or low demand
hydrogen-tanks are made to keep high amounts of,Hor a longer time, therefore, in-
sulation measurements have to be advanced to keep boil-o to a minimum [13]. An
overview about several applications with di erent insulation measurements and their
respective boil-o rates is attached to this study in appendix A.1.

2.3 State-of-the-art: Boil-off recovery solutions

An often used practice of decreasing pressure in the LH2 tank is releasing the BOH to
the ambient. However, this approach is accompanied by large,#bsses and therefore
potentially usable energy and capital-loss. Hence, minimizing the BOH-rate with state-
of-the-art measurements should be the rst step of mitigating losses. R. Morales-Ospino
Et al. [5] conducted a study, reviewing state-of-the-art of boil-o hydrogen mitigation
methods. The results of the following section are based on their research. Prominent
methods are the Zero Boil-O (ZBO) concept, relique cation and compression of the
boil-o gas. Utilized strategies depend on the industry, the location and the application
hydrogen is going to be used in. From an economic perspective, factors such as the
Operational and Capital Expenditure (OPEX and CAPEX) need to be considered, i.e.
the cost of recycling BOH should not exceed its own value.
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2.3.1 Zero Bolil-Off

The ZBO concept from NASA [14] implements passive and active cooling technologies
within a single system to ensure long term storage with optimally no boil-o losses.
Passive technologies, are multilayer insulation sheets with alternating layers of re ective
and low conductivity material to insure insulation or cooled shields. Active technology
uses so-called IRAS-Heat Exchanger, Integrated Refrigeration and Storage. These are
cryocoolers, refrigerators that work on cryogenic temperatures to remain the tank at
a desired temperature. Additionally, heat exchangers can be implemented to remove
radiation heat. This concept is currently being used and is continuously developed
for the aerospace industry, to ensure long term savings of hydrogen for aeronautical
missions.

2.3.2 Relique cation

H, liquefaction plants are already existent in several countries, producing rates up to
30“*72. The processes are in a well-studied state, with ongoing development. The ques-
tion that arises is: how to implement the liquefaction to reduce the BOH-losses. Relig-
ue cation is a process, which consists of the same steps as liquefaction gftHat is H,
-compression, pre-cooling, cryocooling and liquefaction, the only di erence being that
the feed gas, BOH is collected and undergoes the upper steps to be relique ed. The
advantage of BOH relique cation is that there is no pre-cooling necessary, therefore
requires less energy. However, due to the high gas volume, the system needs to be
prepared for the incoming boil-o mass to prevent further boil-o losses.

2.3.3 Compression

Hydrogen compression can be used for boil-o recovery as well. There are already a
number of companies that o er such compressors commercially. To utilize gH2, it must
be at a certain pressure level. However, compressing BOH at cryogenic temperatures
of 20 K is a di cult operation, that must be considered in the construction process.

A di erentiation is made between mechanical and non-mechanical compressors, such as
reciprocating, diaphragm, linear, ionic liquid or rotary and cryogenic, electrochemical,
metal hydrides or adsorption compressors. Some examples of mechanical options are
Linde's ionic liquid compressor 90, and non-mechanical options include the cryogenic
hydrogen compressor of Air Products or HYET Hydrogen that uses electrochemical
compressors that achieve ow rates up t@OOO%.
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2.3.4 Conclusion - BOH

The introduced measurements already suit several sizes and durations of systems, how-
ever, there is always space for improvement and innovation. Here, metal hydrides come
into play. A detailed description of metal hydrides will be given in the following section.

2.4 Metal Hydrides

A metal hydride is formed by a thermochemical absorption reaction or more precisely
dissociative chemisorption [15], of hydrogen, H, into the interstitial sites of a metal lattice
or that of a metal alloy, M. The metal hydride reaction is represented by equation 2.1
and is depicted graphically in gure 2.2.

X

Algs
2H2(g) )

Des

M) + MHy + rH (2.1)

Figure 2.2: Concept of the metal hydride reaction depicted graphically

The basic metal or metal alloy appears in solid state, often in the form of powder.
Hydrogen is absorbed in the gaseous state, and the MH is formed in the solid state.
During the absorption, since the reaction is exothermic, the reaction heat, gH, is
released. As this reaction is reversible, to initiate the desorption process, and therefore,
to separate hydrogen from the metal, the reaction energy,grH, has to be provided to
the metal hydride [16].

The absorption in detail proceeds as follows [17, 18]: At rst, during a process called
physisorption, H, is adsorbed at the metal's surface in molecular state. The actual
dissociation occurs during the chemisorption process, where the molecular bonds break
accompanied by a release of thermal energy. After that, hydrogen in elemental form
enters the material and aggregates in the metal lattice.

Metal hydrides can be classi ed by either a) their elemental composition or b) their
operational temperature range atl bar [15, 16].

The most common elemental compositions of metal hydride alloys contain one part of
a strong hydride building component, A, with a high a nity to build a hydride, and
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a part of a weaker component, B, that provides the metal hydride with certain desired
thermodynamic characteristics. Some example compositions are ABB, or AB. The
various compositions show di erent distinctive characteristics, during the metal hydride
reaction. LaNis, for example, that is used in this study is an AB-alloy. The maximal
conversion rate is based on the amount of hydrogen-molecules that can be absorbed by
the metal hydride.

The temperature based distinction is categorized by the hydrogen dissociation tempera-
ture at a pressure ofl bar. There are three temperature based categories: high-, middle-
and low-temperature hydrides. The dissociation temperatures ar€gn 200°C,
100°C  Thiddie 200°C and Tiow 50 °C, respectively. The higher the operating
temperature frame is, the higher is the bond-dissociation energy and, therefore, the
more stable the hydride.

2.4.1 Van't Hoff and PCI

[19, 16] The special part about metal hydride reactions is the distinct relation between
the temperature, T, the pressurep and conversion rate of hydrogeny;, in the MH. This
relationship is distinct for each material and is used to characterize the metal hydrides.
The graphical depiction is given in the so called "Pressure-Concentration-Isotherm"-
graph (PCI) shown in gure 2.3 on the left. The x-axis represents the conversion rate
of hydrogen,w; and on the y-axis the natural logarithm of the pressure over a reference
pressure, most often the atmospheric pressure, is plotted.

To determine the PCls, isothermic experiments are carried out, with step by step addi-
tion of hydrogen. After each addition, the metal hydride is left to reach a stable pressure
[8]. This leaves the pressure as the only free variable, resulting in the distinctive PCI-
diagrams. The isotherms temperatures appear in the following ordef;, < T4z .

During the exothermic absorption, three phases of metal hydride formation are observed
inthe PCI: , + ,and . Inthe rst phase , hydrogen co-exists with the metal in
di erent states, forming an interstitial solid solution with the metal matrix [19]. Whereas
the conversion rate at this point is still remaining low, the pressure rises following the
Sieverts-law. That is, the concentration of hydrogen rises with the square root of the
partial pressure of hydrogen, shown in equation 2.2.

we P pa; 2.2)

When the concentration of hydrogen in the metal matrix is saturated, the second phase,
+ , is reached, characterized by a pressure plateau, where the actual formation of the
metal hydride begins. In this phase, gas, metal, and metal hydride coexist in unknown
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Figure 2.3: A representative PCI on the left with its corresponding Van't Ho plot on
the right

concentrations. The beginning and the end points of di erent isotherms of the plateau
form a distinctive bell-curve, circumscribing the boundaries of the second phase. With
increasing temperatures, the dissociation pressure of hydrogen rises as well. This results
in a shortened plateau, up until a critical pressurep., and temperature, T, above
which the formation of a stable hydride is not possible any more and the metal and
hydrogen co-exist separately.

After further supply of hydrogen and an increase of the conversion rate, thephase is
reached, discernible by an exponential rise in pressure, following the Sieverts-law. At
this point, the absorption of hydrogen is completed. The reversible capacity that can
be reached, is presented by the plateau width of the pressure plateau. The maximum
conversion rate, however, is marked by the actual end of the absorption process, and
can be signi cantly higher, than the reversible capacity.

moIH2
moly

The reversible capacity is either de ned a% in based on the molar mass or im

in 9572 or weight% based on the mass.

When the reaction heat is provided back to the MH, the pressures of the desorption
isotherms can be measured, following the same path as the absorption in reverse.

The di erence between absorption and desorption isotherm pressures is called hysteresis.
Hysteresis occurs due to the deformation of the metallic matrix during the hydriding
and dehydriding process. The energy loss results from the energy that is necessary to
create space in the metal lattice [20, 21].
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Another signi cant impact on the pressures and temperatures has the pressure plateau
slope. The origin of the slope di erences is found in random substitutions of the A- or
B-component of the hydride due to impurities, or in uctuations of the stoichiometry in
the homogeneous region [19].

Directly derived from the PCI, the so-called Van't Ho graph can be generated, depicted
on the right side in gure 2.3. A linear approximation of the pressures of the plateau
midpoints of the isotherms is plotted over the reciprocal of the absolute temperature.
The Van't Ho graphs provide a graphical depiction of the absorption and desorption
pressures at certain temperatures, however, with a certain uncertainty frame, due to
the plateau slope. The dierent inclines of the absorption and desorption graphs, are
rooted in the hysteresis phenomenon. The mid-points of the plateaus are described by
the Van't Ho equation, shown in equation 2.3.

Peg . _rH &S
o RT R

In (2.3)

Peq IS the pressure at the plateau mid-point andy, a reference pressure, often the at-
mospheric pressure.R is the ideal gas constant, RH the reaction enthalpy, or the
bond-breaking/ -building energy, and S the reaction entropy.

Above the absorption curve in the Van't Ho diagram the metal hydride is in hydro-
genated state, whereas, below the desorption graph, the MH is in dehydrogenated state.

The relationship between temperature and pressure is the basis to conduct a thermal
compression with metal hydrides. E.g., with controlled heat supply to the system, to
change the temperature and to provide the reaction heat, higher pressures of hydrogen
in the MH can be reached and made available after the desorption.

2.4.2 Kinetics and activation

The dynamics of the metal hydride reaction in general are in uenced by two major
factors, the intrinsic kinetics in dependence on the pressure and the temperature [18]
and the heat transfer during the absorption and desorption process [19].

Since the thermal conductivity of metal hydrides is rather low, a continuous supply and
removal of heat, during desorption and absorption, respectively, is necessary to provide
a full reaction.

The kinetics of the metal hydride reaction can be described by equation 2.4. It de nes
the three major in uences on the reaction rate,%t‘, the temperature, the pressure and
the intrinsic reaction characteristics [22].
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The temperature in uence is depicted by the Arrhenius equation. A is the frequency
factor, E, the activation energy,R the ideal gas constant, andl the absolute tempera-
ture. Therefore, if the absorption temperature is decreasing, the kinetics are decreasing
as well.

The pressure function can be described by, for example, the equations presented in
equation 2.5. An important aspect regarding the possible pressure functions is that if
the equilibrium pressurepe, is equal to the reference pressung, the kinetics become
zero. Together with the temperature function, the pressure functions forms the reaction
rate coe cient k.

Po_Pea ) f(p=In p& (2.5)

eq €q

(1) f(p)=

The last in uence on the kinetics,f (x), is determined by the intrinsic reaction mecha-
nism. In other words, if all H, is converted, the reaction is terminating and therefore,
the kinetics approach 0. In the form of an equation, this could look as followed (2.6):

1) fX)=Xmax x (2) f(p)=In

(2.6)

max

Other in uences on the kinetics are a proper activation and impurities in the hydride.
Before the material can be utilized, the surface has to be cleansed by all adsorption and
oxide layers, since they inhibit hydrogen di usion into the MH. This involves, several
steps of heating the hydride on high temperatures under vacuum conditions, and reduc-
tion of the surface with hydrogen as a reduction agent. These steps are repeated until
the maximum conversion rate is reached for the rst time. [16]

The dynamics of the system later determine the duration and e ciency of hydrogen
absorption and desorption during the thermal compression. Moreover, it in uences the
size and therefore, the cost of the reactor.

2.4.3 Applications

Metal hydrides have several applications, such as mobile and stationary, idtorage,

hydrogen puri cation, separation or recovery or for a thermal compression [15]. On the
rst gaze at the MH-reaction 2.1, metal hydrides only seem to function for hydrogen
applications. However, since heat is applied to the hydride during the dehydrogenation,
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it actually can serve as a thermal heat storage as well. This enables other areas of
application, such as heat pumps [23], or refrigeration [8, 15]. In this study, however,
the main focus will be on hydrogen boil-o recovery and the thermal compression using
metal hydrides.

Thermal compression

The general concept of a thermal compression with metal hydrides is shown in gure
2.4. Hydrogen is absorbed at lower pressures and therefore lower temperatures, while
releasing exothermic absorption energy. Thermal energy is supplied to heat the system
to the desorption temperature which provides the desired high pressure. As a last step,
the reaction enthalpy is provided to drive the desorption, and hydrogen is released on a
high pressure, completing the thermal compression with metal hydrides.

Figure 2.4: Schematic depiction of a compression process with metal hydrides based on
the Van't Ho diagram

The simplest concept for conducting a thermal compression is based on one reactor
with one MH, as used in this study. However, in real applications it is more likely, that
several reactors with di erent metal hydrides that are connected in series, are used to
enable step by step compressions to higher pressure levels [19] or two reactors with the
same material, to provide a quasi-continuous operation.

The MH-materials used for thermal compressions have to ful | certain characteristics
regarding their material properties. At rst, the reaction temperatures and plateau
pressures of each MH have to be selected carefully with regard to the other materials,
to secure full desorption and absorption processes. The reversible hydrogen storage
capacity should be high and there should neither be a high plateau slope nor a severe



CHAPTER 2. FUNDAMENTALS 13

hysteresis. The kinetics should be su ciently fast and the activation performance of the
hydride high. Moreover, it should be tolerant against impurities to prevent MH-poising,
which inhibits the performance of the hydrogenation process. As a last aspect, the cycle
e ciency should not increase over time, providing a high cycle time. The metal alloys
most commonly used are of the AB-, AB-, and ABs-type. [24]

After introducing the basics regarding boil-o and the metal hydride reaction, in the
main part of the study, a proof of concept of a thermal compression with a metal hydride
reactor for H, boil-o recovery will be presented.



3 Application and Materials

Thermally driven hydrogen compression using metal hydrides is a well-known eld, and
the general boil-o concept has been proven for example in research carried out for
NASA in 1987 [6]. However, with increasing hydrogen infrastructure, the demand for
boil-o capture methods is increasing and potential new applications beyond spacecraft
are established. To identify such applications and their boundary conditions, several
interviews and a small research study were carried out. In the second part of this
chapter, based on the interview results, a material discussion is presented to identify a
suitable material for the consecutive experimental part of the study.

3.1 Interviewer Pro les

This section presents the pro les of di erent possible applications identi ed by interviews
and literature study. This includes a summary of important data, a short description of
the application, and an analysis of the process chain with boil-o sources.

Before conducting the interviews, some initial requirements for the applications suitable
for thermal compression using metal hydrides were determined. For the absorption, the
in owing hydrogen has to be at low pressure, thus the absorption has to be performed
at low temperature levels, aligning with the Van't Ho curves. Moreover, it should be
possible to release the absorption heat to the ambient without additional cooling, in
order to avoid additional energy input and therefore extra costs. With regard to the
desorption, since high H pressures are required for most applications, and high pressure
corresponds to high temperatures, external waste heat sources or the temperature of the
environment should be utilized to minimize external energy consumption.

14



CHAPTER 3. APPLICATION AND MATERIALS 15

3.1.1 MGT -Prole

Prole 1 - MGT

Application: Micro gas turbine

Application identi cation: MGT (Micro Gas Turbine)

Hydrogen source gH2

Further H , utilization: MGT

A liation: DLR, Institute for Combustion Technology
Location: DLR, Stuttgart

The data in this subsection were established during discussions with the colleagues from
the Institute of Combustion Technology (ICT) at DLR.

Figure 3.1 depicts a owchart with a simplied MGT-cycle and a coupled MH-reactor.
The MGT-cycle works as follows: an air mass ow, marked with yellow arrows, at a low
temperature is sent through a recuperator, where its temperature is increased. The hot
air ow is then provided to a combustion chamber, where it is burned together with a
fuel gas.

Figure 3.1: Process chain of MGT

The exhaust mass ow on a high temperature leaving the combustion chamber, marked
with green arrows, reaches a turbine, which utilises the mass ow to generate energy.
After that, the still hot exhaust mass ow is sent back to the recuperator where it is
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used to heat the air mass ow. It leaves the recuperator on a lower temperature level
and enters a Water Heat Exchanger (WHE) where the temperature is further reduced.

In some cases, due to pressure di erences hydrogen is provided at pressure levels that
are too low for a mass ow to occur. Here, the MH-reactor comes into play. Normally,
a compressor would be utilized to prepare the in owing hydrogen, however, as an initial
application the substitution of the compressor with a MH-reactor was determined. Low
pressure hydrogen, hydrogen mass ows are coloured blue, is provided to the reactor at
room temperature and the exothermic absorption heat is released to the environment.
The compression is initiated by heating the reactor to desorption temperature. The
compressed bl on a higher temperature is sent to the combustion chamber, where it
is mixed with the air and combusted as a fuel-air mixture. To drive the thermal com-
pression with the metal hydride, the energy from the exhaust mass ow leaving the
water-heat exchangerTwye, exh, out » CaN be provided.

The application in this case is not necessarily designed to capture BOH, it is rather a
method to compress fuel hydrogen before it enters the combustion chamber of the MGT.
However, the principle of a thermal driven metal hydride compression remains.

The following conditions were identi ed during the interview with the researchers from
ICT, and are summarised in table 3.1.

Table 3.1: Results of the interview with the researchers from ICT

Variable Unit Value
Miuel, H 3 2.79
Mair g 800
TwHE, exh, in °C 280
TWHE, exh, out °C 82
Pabs bar 1

Pdes bar 4

Tabs °C 15-30
Tdes °C  60-80
g:f (min-max) 4

T (min-max) K 30-65



CHAPTER 3. APPLICATION AND MATERIALS 17

3.1.2 LTS -Prole

Prole 2 - LTS

Application: Long term storage

Application identi cation: LTS (Long Term Storage)

Boil-o source LH2 storage

Further H , utilization: Fuel cell

A liation: DLR, BALIS

Location: DLR innovation campus, Emp ngen

BALIS is a test facility of DLR with the location in Emp ngen. The main goal is to
develop a fuel cell powertrain for aircraft in the megawatt range for short range regional
aircraft [25].

During the interview, several steps with boil-o losses were identi ed, which are pre-
sented graphically in gure 3.2 and gure 3.3. Before the tank is fuelled for the rst

time, the pipelines and the empty tank have to be brought to operating temperature of
20K, which is the temperature of LH2. For this purpose, several ushing and purging
steps with nitrogen and hydrogen are undertaken. Here, the rst source of boil-o is
identi ed. If the tank was to be decommissioned, more losses would occur.

Figure 3.2: Process chain of LTS

After the system is cooled down to the operating temperature, the fuelling process can
be initiated. However, due to incoming heat from the environment, the pipelines and
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the tank are heated. This results in BOH production during the fuelling process and
this BOH needs to be released.

For the commissioning process as well as the fuelling, the rst integration option for a
MH-reactor with the application arises. The BOH can be captured by the reactor and
for further usage can a) either be connected to a fuel cell, where hydrogen is compressed
to tthe fuel cells requirements to produce electricity, for example to drive small vehicles

or b) transported within the site to other potential operational locations for hydrogen
consumption.

After the LH2 tank is fully fuelled, depending on the hydrogen demand, the liquid
hydrogen is stored for a presumably long duration. However, as explained in section
2, due to heat input from the environment, the liquid hydrogen will become eventually
gaseous. Normally, that boil-o is released to the environment.

Figure 3.3: Storage application of LTS

Thus, the second possible application for coupling with a MH-reactor can be identi ed.
The reactor is linked to the LH2-tank and captures the low pressure BOH. During the
absorption at room temperature, thermal energy is released to the environment. Thge H
then is compressed to a higher pressure and can be further used to feed a fuel cell. The
special part about this application is that during the desorption process, the fuel cell's
waste heat can be utilized for the compression of hydrogen. The desorption temperature,
therefore, needs to be below the temperature at which the waste heat can be provided.
In this case, no additional energy input would be required.

In the discussion with the BALIS researchers the following boil-o conditions, noted in
table 3.2, were determined:
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Table 3.2: Results of the interview with the BALIS researchers

Variable Unit Value
Mank kg 200
VTank m3 35
Xm; BOH :jé <1
Pabs bar 1.5-2
Pdes bar 8-10
Tabs °C 15-30
Taes °C  60-80
ij (min-max) 4-6.68

T (min-max) K 30-65

3.1.3 sLH2 - Pro le

Prole 3 - sLH2

Application: High pressure storage application
Application identi cation: sLH2 (Subcooled Liquid Hydrogen)
Boil-o source sLH2

Further H , utilization: Introduction to gas pipelines

A liation: Daimler Truck, Linde Engineering

sLH2 is short for subcooled liquid hydrogen. It is produced by usingbar LH2 from

a stationary LH2 storage tank that is compressed by a special cryopump during the
fuelling process. It is cooled down in the vehicle tank, condensed and compressed to
a pressure ofl6 bar. Therefore, the temperature of sLH2 can b6 K instead of 20 K.

The most common utilization of sLH2 tanks is found in trucks [26].

The unique feature of sLH2 is the fuelling process. Whereas the normal process presented
in section 2.1 results in boil-o losses every time, due to cryopump technology the
hydrogen stays liquid and no BOH is found during the fuelling process [27], visualized
in gure 3.4. However, during storage, due to external heat in- ow, boil-o is still
inevitable. Here, with similar pressure ratios as the storage application of BALIS,
presented in subsection 3.1.2, a metal hydride reactor can be linked to the tank to
capture the BOH.

The more signi cant boil-o source, however, is the vehicle tank itself. Despite prelim-
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Figure 3.4: Flow chart of the fuelling and storage process of sLH2

inary insulation measurements, if the original State Of Charge (SOC) i$00%, after
8hboil-o starts exceed the safety pressure. Aftel60 honly 50 % of hydrogen remains
in the tank [28]. The boil-o, detected here, leaves the system at pressures of approx-
imately 16 bar. The MH-reactor could be implemented in the vehicle, to capture the
BOH as a pu er storage. Concluding that, not only near atmosphere pressure boil-o
is found, but also cases where the pressures red@bar.

This enables another use case for MH-based thermal Ebmpression. Utilizing sSLH2 in
vehicle tanks is a relatively new technology, and if in the future more sLH2 applications
will spread, high pressure boil-o needs to be expected. Representative for this BOH, as
an example, a sLH2-storage application will be presented in the following and graphically
in gure 3.4. The MH-reactor is linked to the storage tank and captures the boil-o at
an estimated pressure range df0 16 bar. After that, the compression is undertaken
as normal and the compressed hydrogen can be recycled by sending them back for
further application into, for example, gas pipelines. Since the average pressure in the
pipelines is approximately40 50 bar, the compressed hydrogen has to be provided
at the same level. As absorption and desorption temperature$,,s = 15 30°C and
Tges =60 80 °C can be estimated.

In total, three potential thermal compression scenarios were analysed, with several po-
tential metal hydride coupling opportunities. For each application, the boundary con-
ditions were identi ed. The available temperature range appears to be identical for all
use cases, whereas the absolute pressures vary. However, the pressure ratios are quite
similar. A summary of these conditions is given in the next section in table 3.4.
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Table 3.3: Results of the research regarding sLH2

Variable Unit Value
Pabs bar 10-16
Pdes bar 40-50
Tabs °C 15-30
Tdes °C  60-80
Ef,f (min-max) 2-5

T (min-max) K 30-65

3.2 Material discussion

After identifying use cases for a thermal compression with metal hydrides, suitable
materials for each application are determined, to conduct further experiments. In the
following sections, pre-selected materials available in the DLR database will be discussed
and compared in terms of applicability for the applications presented in section 3.1. In
the rst step, a preliminary selection based on the interview pro les and corresponding
Van't Ho plots is performed. As a nal step, a more detailed look at the materials

is undertaken by analysing the PCls to gather more precise information about real
absorption/desorption pressures as well as associated temperatures. The overall aim of
this section is to determine a material for conducting experiments to demonstrate the
concept of a thermally driven metal hydride compressor.

3.2.1 Van't Hoff

The materials chosen for a suitability check for MGT and LTS are LaNj LaNi4.75Al g:25,
LaNis.gsAl .15, LaNiagAlgq and TiFexMny (x =44 47andy =4 7) and the Hydralloys
C1, C2 and C5 for sLH2. The corresponding Van't Ho plots, depicted in gures 3.5, 3.6
and 3.7, show the desorption (solid lines) and absorption characteristics (dashed lines)
for each material. The boundary conditions for the di erent applications are marked
with black horizontal and vertical lines. An overview of the absorption and desorption
pressures and temperatures taken from the interviews in section 3.1 is shown in table
3.4. Additionally, the pressure ratiosgjf are included. The average ratio, that has to
be overcome, is similar for all applications and centred around 4.

Since the absorption occurs under near ambient conditions, temperature uctuations
during the year need to be considered while investigating the material's applicability.
Higher temperatures will be assumed during summer and lower temperatures during
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Table 3.4: The required pressure ranges for each application &, =15 30°C and
Tges=60 80°Cwith T=30 65K

Application MGT LTS sLH2

Pabs IN bar 1 15 2 10 16
Pges iN bar 4 8 10 40 50
ng (min-max) 4 4 67 25 5

winter. Generally speaking, to decrease additional energy input, it is desirable to uti-
lize the thermal energy of the ambient. Therefore, a metal hydride that is applicable
regardless of seasonal variations would be bene cial. That means, for the absorption
higher temperatures are desirable, so that, regardless of the ambient conditions, the heat
resulting from the exothermic reaction can be removed, without additional cooling.

For the desorption temperatures, the same principle applies in reverse: Lower tempera-
tures are desired to be able to utilize waste heat of accompanying applications without
much extra e ort.

MGT

Following the introduction of MGT in subsection 3.1.1, requirements for the application
were found to beT,,s =15 30°C at a pressurepaps = 1 bar and Tges =60 80 °C at
a pressurepges = 4 bar.

The variety of available metal hydrides at DLR can be seen in gure 3.5. To determine
suitable materials, the intersection points of the abs/des curves with the lines marking
the boundary conditions are noted in table 3.5. Temperatures within the range are
marked bold, italic presents below the range values and standard font above the required
temperature range.

As previously mentioned, in order to represent as broad ambient conditions as possible,
a material that can absorbclose to1lbar in a higher temperature range is aimed for.

In this case, meeting the given temperature requirements are met by LaNiAlq.15 and
LaNig9Alo:1 Whose absorption curves intersect thé bar mark at around 22 °C and at
175 °C, respectively. LaNk.7s5Alq.25 absorbs at34 °C, which is higher than the given
range, however, as previously explained, higher temperatures are of advantage for the
absorption procedure. FeTiMn, and LaNis both absorb below range, excluding them
from further discussion for MGT.

Regarding thedesorption for the materials at hand, LaNk.gsAl .15 cuts the 4 bar mark
at 71 °C, therefore meeting the requirements. LaMbAlg.; with its Tges 0f 59 °C closely
misses the lower end of the range. However, for the desorption lower temperatures are
desired, therefore it can be still be seen a good t. LablsAlg.25 desorbs at82 °C which
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Figure 3.5: Van't Ho diagram for the MGT application

Table 3.5: MGT temperature data for absorption at 1 bar and desorption at 4 bar

MGT LaNi 5 LaNi4;9A| 01 LaNi4;85A| 0:15 LaNi4;75A| 0:25 FeTlX Mny
Taps in °C 8 17.5 22 34 12
Tges in °C 50 59 71 82 58

is slightly too high. However, since the absorption characteristics seem quite promising,
it still remains the object of consideration.

As presented in subsection 3.1.1 the desorption process is dependent on the tempera-
ture range of the water-heat-exchanger's waste heat. Since the work frame is xed, an
accurate selection is limited to the given settings. However, if higher waste heat tem-
peratures could be employed, wider materials options could be obtained. In this case,
though, what needs to be taken into account is the in uence of the machine's e ciency
when the temperature settings for the MGT would change.

For subsequent analysis, LaMigsAlq.15 remains the only option that fully satis es the
criteria. Additionally, the PCIs of LaNi4.75Alq.25 and LaNis.Alg:x Will be examined as
representatives of the upper and the lower range of absorption and desorption, respec-
tively, missing the requirements by a slight margin but both having either promising
absorption or desorption conditions.
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LTS

The required parameter settings for the LTS application ar@,,s = 15 30 °C at paps =
15 2barandTges=60 80°C at pges=8 10bar.

Figure 3.6: Van't Ho diagram for the LTS application

Analogous to the MGT application, the required data to determine a suitable material
was obtained from the intersections of the black lines, representing the application's
operational scope, with the Van't Ho curves, as shown in gure 3.6. The absorption
and desorption pressures and temperatures from that analysis are displayed in table
3.6. However, since LTS provides an additional pressure range, two values are noted,
the rst one for the lower limit and the second for the upper limit.

Table 3.6: LTS temperature data for absorption at1l:5 2 bar and desorption at8

10 bar
LTS LaNis LaNisgAlpa LaNiagsAlgis LaNiszsAlgs  FeTixMny
Taps in °C  18-24 27-34 32-39 45-52 21-28
Tges In °C  70-77 80-88 92-100 105-114 79-86

LTS absorptiontemperatures are the same as for MGT. However, since pressure ranges
are more exible, a broader spectrum of materials is available for selection. For LTS, the
argument regarding the seasonal temperature change, is also considered in the following
discussion.

As presented in table 3.6, operating within the upper and lower limit, there is the red
line, representing LaNi, and the black line for FeTiMn,. LaNis.9Alo; starts to absorb
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in the range, however, exceeding the temperature limit before reaching the pressure
limit. Taking into account the seasonal discussion and optimal applicability, out of
those three options, FeTiMn, seems to be the most promising option since it covers
the speci ¢ application requirements, and even in a higher range than La\i

LaNi4gsAl .15 Starts absorbing at32 °C and LaNig7s5Alg.05 at 45°C. Although being
higher than the boundary conditions LaNj.gsAlq.15 and LaNis75Al .05 can still be con-
sidered an option, since higher absorption temperatures are desired.

The only material starting and ending in the desorption range is LaNs from 70
77 °C. Right at the upper limit of 80 °C lie FeTixMn, and LaNis;9Alp.; with 81 °C.
LaNi4.gsAl g:15 start desorbing at92 °C and LaNis.75Al .25 at 105 °C which is too high for
the requirements.

The additional heat for the metal hydride for LTS is intended to be provided by the
waste heat of the fuel cell or the ambient. The waste heat of fuel cells operate in stricter
ranges and as written above, higher temperatures mean additional energy consumption,
in uencing the e ciency. Therefore, itis more desirable to utilize the heat of the ambient

as well. Hence, temperatures at the lower desorption range are desirable. However, for
reasons such as plateau slope, slightly above requirement desorbing options should still
be considered.

Taking all the arguments in account, for the LTS application LaNi, LaNisgAlo; and
TiFexMny will be further discussed.

SsLH2

Referring to subsection 3.1.3, the parameter range for sSLH2 was established tolhg =

15 30°C at a pressurepsps = 10  16bar and Tges = 60 80°C at a pressure
Pges = 40 50 bar. The pressure range of sLH2 varies signi cantly from the previous use
cases, thus, di erent materials have to be considered. However, although the pressure
range is considerably higher, since the rati%ﬁ, presented in table 3.4, all vary around

4, similar T are necessary to overcome the pressure ratio. The new conditions are
illustrated in gure 3.7 and intersections with the boundary conditions are summarized
in table 3.7.

Hydralloy C5, provides the best alignment with theabsorption requirements. It even
exceeds the limits by5 K, absorbing hydrogen atl6 bar at 35 °C. Although it absorbs
higher than the boundary conditions, in analogy to the other use cases, since it covers
a wide fraction of the range and higher absorption conditions are desirable, Hydralloy
C5 seems like a promising material. In contradiction, Hydralloy C1 exhibits absorption
temperatures between 22 °C and 3 °C, which is below the range, thus excluding it
from further discussion. Hydralloy C2 absorbs at low temperatures as well, however,
not as severe as those of Hydralloy C1. The corresponding temperature pggs = 16
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Figure 3.7: Van't Ho diagram for the sLH2 application

bar, is 23 °C, which lies within the given scope. However, comparing Hydralloy C2
and C5, regarding their absorption conditions, the higher temperatures of C5 would be
preferred.

Table 3.7: sLH2 temperature data for absorption atl0 16 bar and desorption at
40 50 bar

SsLH2 C1 C2 C5
Taps in °C -22t0 -3 923  20-35
Tges iN °C 48-56 63-71 77-84

The pressure limits for thedesorption are relatively strict within the range, since it has
to meet the pressure of the gas pipelines 40 50 bar. The desorption temperatures of
C2 areTges = 63 71 °C, which match the boundary conditions perfectly, even covering
the lower part of the range, which is preferred when discussing the desorption. Hydralloy
C5 only meets the range betweeid7 °C and 80 °C. At 50 bar T4es is 84 °C, which is
slightly above requirements, but still potentially manageable.

Therefore, concluding this section, for further discussions, Hydralloys C2 and C5 are
selected.

Especially when comparing the material selection of LTS and MGT it becomes evident
that the material selection is very sensitive to actual boundary conditions, as even with
a slightly di erent pressure range for same temperatures, di erent materials become
more suitable.
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An overview of the interim results based on the Van't Ho material selections is given
in table 3.8. Based on these ndings, in the following subsection, the detailed PCls are
analysed.

Table 3.8: Preliminary material selection based on the Van't Ho curves
LaNis LaNi4;gA| 0:1 LaNi4;85A| 0:15 LaNi4;75A| 0:25 FETiXMny

MGT x X X X X

LTS X X X X X
C1 Cc2 C5

sLH2 x X X

3.2.2 PCI discussion

Although Van't Ho graphs are su cient for a preliminary selection of materials, as
described in section 2.4.1, because of plateau slope, the actual absorption and desorp-
tion pressures di er from the Van't Ho graph. Therefore, in this subsection, the more
detailed PCls of the materials presented in table 3.8 are analysed. The di erent graphs
are marked with stars and lines in two colours: red and blue for absorption and des-
orption, respectively. The location of the tags are selected based on the start/end of
the material's plateau. For an absorption, the majority of the H should be converted,
implying, high reacted fractions should be reached. Therefore, a point at the end of the
plateau, before the pressure starts rising exponentially, is selected. The same applies
to the desorption in reverse: when the pressure reaches the plateau and most of the
hydrogen is released, the mark is set. The blue and red lines are auxiliary marks to
indicate the corresponding pressures to the star marks. The given temperature ranges
in all applications are15 30°C and 60 80 °C, however, not for all boundary con-
ditions available PCls are reported. For these cases, the data as close as possible to
the desired temperature are evaluated and based on that, statements about the desired
temperatures are derived.

In general, when comparing the data from PCls to corresponding Van't Ho diagrams,
the realistic absorption pressure, that is the point when most of the Hs converted, is
higher than the plateau mid-point pressure in the Van't Ho . For the desorption the
corresponding value is lower. The di erence in both cases depends on the intensity of
the plateau slope.
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MGT

Material selections, based on the Van't Ho discussions, are LalNisAl .05, LaNi.g5Al o:15
and LaNis.0Alg.1. They are evaluated in the following examination using the correspond-
ing PCls.

The data of the PCls reported forLaNi 475Al g.o5 by Koller [29] show a quite steep
plateau slope that increases with temperature. For lower temperatures, relevant for the
absorption, depicted in gure 3.8a, the plateaus fo20 °C and 50 °C start in the low
pressure area af:4 bar and 0:9 bar and end at aroundl1:4 bar and 5 bar, respectively.
This results in a pressure range of the plateau slope op=1:4 5 bar, which is quite
high. The MGT application needs materials which can absorb at room temperature
under the ambient pressure ofl bar. The isothermic curves have similar distances be-
tween their 10K temperature steps, therefore, an ambient pressure absorption can be
approximated at around10 15 °C, which is too low.

(a) PCI Absorption LaNi 4:75Al o:25 (b) PCI Desorption LaNi4.75Al 25

Figure 3.8: PCI of LaNig4.75Al .05 taken from Koller [29]

In analogy to the absorption, the desorption in gure 3.8b, the slope is signi cantly
high, even more so, due to the characteristics of a logarithmic scale. In the extreme for
160 °C, the di erence between beginning and end of desorption is already approximately

p = 40 bar, with a Van't Ho plateau mid-point at 33 bar, resulting in a di erence of
13 barbetween the Van't Ho and the PCl data. With 10 °C the boundary conditions,
for the values 90 °C and 50 °C, that di erence is 4bar and 2bar. The majority of
hydrogen is released a8 bar and 0:55 bar, respectively. This is too low compared to
the desired pressure of bar for MGT. If higher temperatures, around100°C could be
provided, the application could be realized with LaNj;sAl g.05.

For LaNi 4g5Al o.15, two gures from di erent publications are available which show data
for di erent temperatures. For the lower absorption temperatures, gure 3.9a taken from
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Kolbig [22] is used for the analysis.

(a) PCI LaNi 4:g5Al .15 [22] (b) PCI LaNi 4.:85Al 915 [30]

Figure 3.9: PCI of LaNig4gsAlg.15 taken from Kdlbig [22] and Willers [30]

Although the plateau slope is not ideal, it is signicantly better than that of
LaNi475Alo.25. Therefore, the values should be similar to the corresponding Van't Ho
data. According to the data in gure 3.9a, the absorption at20 °C is close to complete
at approximately 1:1 bar. These are more optimal absorption conditions compared to
LaNi475Al .15, however, they are still in the lower absorption spectrum, which is less
desirable.

The desorption conditions can be seen in gure 3.9b [30]. A0 °C the desorption
is mostly nished at 1:8 bar and at 80 °C at 5:1 bar. This implies that at 70 °C the
desorption could be interpolated to approximatelyd bar, which is a good t for MGT.

At last, the PCI of LaNi 40Al o1 is analysed and depicted in gure 3.10 taken from [6].
With its at plateau slope, the graph of LaNi4.gAlo.1 should not di er severely from the
Van't Ho data.

At 25 °C the absorption is almost nished at a pressure of.5 bar. Which is already
too high for the MGT application. However, the absorption temperature forl bar,
taken from the corresponding Van't Ho plot, lies approximately at17:5 °C. Therefore,
taking to account slightly higher pressures for the absorption, the one bar mark could
be reached at aroundl,,s = 15 °C.

Referring to gure 3.10, the desorption pressure corresponding to temperaturesda°C
and 50 °C ends at approximately8:1 bar and 3:2 bar, respectively. Therefore, for lower
temperatures, within the desorption boundary conditions, a pressure dbar is realistic.

Based on the selection of materials with the PCI plots, LaMgsAlo.15 and LaNis.oAlg:1
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Figure 3.10: PCI of LaNigoAlg.; taken from NASA [6]

were chosen as suitable options for MGT, with LaNgsAlo.15 having better tting ab-
sorption and LaNi.9Alq; better desorption conditions.

LTS

For the LTS application, the materials LaNk, LaNis.0Alo.; and FeTikMny are chosen for
further examination.

For LaNi s only a small amount of temperature curves are available. However, general
statements can be deduced from the given data. LalNhas a small plateau slope.
For example, for30 °C, taken from the Van't Ho data, the equilibrium pressure is
2:8 bar. Taking the value at 30 °C from the PCI, the pressure when the majority of K

is converted is around3:1 bar. It follows that the discrepancies between the realistic
absorption pressures and those predicted by the Van't Ho diagram are only minimal.

Figure 3.11: PCI of LaNis taken from Willers [30]
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Therefore, the range presented in table 3.6 can be taken as a good approximation, with
slight adjustments to lower temperatures for the given pressures due to the slope.

For the desorption, the same applies in reverse: given the pressure range, the tempera-
tures for the desorption pressures from the Van't Ho plot are higher than that of the
PCI. This makes LaNi a good t for the LTS application covering a broad range of
the boundary conditions, however, in the less desired upper temperature range of the
desorption and lower temperature range of the absorption.

An analysis of LaNi 49Al o.; was already undertaken in the section covering the PCls
for MGT. However, due to di ering pressure ranges, the check for applicability has to
be renewed, the graph is depicted anew in gure 3.12 [6].

Figure 3.12: PCI of LaNiggAlg; taken from NASA [6]

In comparison to the MGT application, where the absorption temperatures were too
low, they now seem to be a good t for LTS p,ps(25 °C) = 1:5 bar lies directly within

the boundary conditions and pressures tilBO °C are most likely to be within the ranges

as well, making the absorption conditions meeting the requirements quite perfectly,
especially when regarding the discussions about temperature changes during the year in
subsection 3.2.1.

For the desorption, despite the pressure &1 bar for 85 °C being close to the range, the
values are too high. If increased temperature levels were available, Ladhlo., could
be a good match for LTS.

FeTi «Mn , is the last MH evaluated for the LTS application, depicted in gure 3.13
[31]. Especially eye-catching is the plateau slope for absorption and desorption. For
example, for90 °C the di erence between beginning and end of the desorption plateau
is up to 45 bar.
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Figure 3.13: PCI of FeTixMny taken from Bedrunka [31]

The absorption at 30 °C is mostly nished at around 10 bar, which seems promising,
however, because of the immense slope, the desorptiong6r°’C starts at around 35 bar,
but ends at around4:3 bar. Therefore, the absorption ends at a higher pressure than
the desorption, making the reaction an expansion. For that reason, and in contrast to
the results of the Van't Ho discussions, FeTiMny is not suitable for LTS.

Summarizing the results of the PCI discussion for LTS, based on the examined mate-
rials, LaNis is the best t, however, still not meeting the optimal conditions, with its
absorption temperatures lower and desorption temperatures higher than anticipated.

SLH2

For the sLH2 application, the Hydralloys C2 and C5 have been selected for further
consideration.

The PCI of Hydralloy C2 measured by Weckerle [32] is presented in gure 3.14.

(a) Absorption (b) Desorption
Figure 3.14: PCI of Hydralloy C2 taken from Weckerle [32]

The absorption plateau for Hydralloy C2 in 3.14a is signi cantly curved upwards, leading



CHAPTER 3. APPLICATION AND MATERIALS 33

to a low pressure start of the absorption. However, until the fully absorbed state, for
example atO °C there is a di erence of approximatelylO bar. That di erence increases
with higher temperatures. For example, for50 °C, it already has reached a20 bar
di erence, which is approximately5 bar higher, than the corresponding Van't Ho value.
The absorption pressures close to the temperature range amghs(10 °C) = 16 bar to
Pabs(30 °C) = 38 bar. Therefore, the pressure conditions are only met in the lower than
10 °C area, manifesting Hydralloy C2s incompatibility with the sLH2 application and
excluding it from further discussions.

Hydralloy C5s PCls are depicted in gure 3.15 [33]. Similar to Hydralloy C2, a steep
absorption plateau slope, increasing with temperature, can be observed.

Figure 3.15: PCI of Hydralloy C5 taken from Herbrig [33]

The absorption pressure fo25 °C is around 17 bar and for paps(0 °C) = 9 bar. 17 bar

is marginally above the desired pressure range, however, both values imply that for
temperatures less tham25 °C, pressures within the desiredlO bar to 16 bar range will

be met. Interpolated for 15 °C the corresponding value is around4 bar. That means,
Hydralloy C5s' absorption characteristics meet the temperature requirements in a range
from 14 16 bar.

Up to 75 °C, the desorption characteristics are less in uenced by the plateau slope. For
100°C, however, a clear steep up-curving can be seen. The corresponding pressure to
the 75 °C curve is36 bar, showing that higher temperatures need to be provided to reach
the 40 50 bar range.

In conclusion, C5 is a better t for sLH2 than C2, although the temperatures provided
for the desorption supposedly need to be higher for a real-life application.
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3.2.3 Summary of Material Selection

For further experimental implementation in the following chapter, one out of the three
use cases is selected as a representative. The chosen application for this thesis is LTS,
with LaNis as the selected material. The reason for this decision are the broad tem-
perature ranges and pressure ratios associated with the LTS application that can be
examined. In particular, the pressure ratio alternates around 4, embodying the ratios
of the other use cases. With regard to the material selection, LaNis thoroughly un-
derstood, and examined several times at DLR. Consequently, reactors that only require
reactivation are available for the following experimental study.



4 Experimental Setup and Method

This chapter deals with the experimental setup and methods for a thermal compression
using metal hydrides. First, a description of the main experimental components: the
material LaNis, the reactor and the water-glycol mixture, and of the test rig will be
given. This is followed by the experimental design, where the pressure and temperature
ranges for the compression will be presented. Lastly, the analysis method for all the
collected data will be explained based on a reference experiment.

4.1 Main experimental components

4.1.1 MH - LaNis

The reason for the selection of the material, based on the PCI and the Van't Ho
diagram, was already discussed in section 3.2. In this subsection, in table 4.1 general
material properties of LaNi are presented and following that the characteristics of Lali
will be explained in detail.

Table 4.1: Material properties of LaNk

Designation Symbol Value  Unit
Metal Hydride LaNis
Material Form Powder

Max. Theoretical Capacity W%max 1.399 %
Absorption Enthalpy [30] rH -31.81 J

mol K
Absorption Entropy [30] RS 112.66 2
Desorption Enthalpy [30] rH 31.64 ¢
Desorption Entropy [30] RS -109.49 %

LaNis is a low temperature metal hydride with an equilibrium temperature oB °C at
1bar [30] and is of the structure AB. It forms the metal hydride LaNisHg. It was
already intensively investigated [18] and shows the good properties of ABtermetallic
compounds such as little hysteresis, at plateau, and easy activation [15], making it a
good material for hydrogen uptake and compression.

35
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