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Abstract

Hydrogen-powered vehicles can be a key component of a future decarbonized energy system.
In the state-of-the-art, hydrogen is stored in 350 bar- or 700 bar-tanks for this purpose, whereby
the energy expense for compression, accounting to approximately 15% (based on the lower
heating value of hydrogen), reduces the overall efficiency of hydrogen-powered vehicles. By
means of the thermochemical reaction of metal hydrides, parts of this energy can be converted
into a heat pump effect in order to support or replace the conventional vehicle air conditioning
system and thus increase the vehicle efficiency. The core of this work is the fundamental
analysis and technological development of the metal hydride-based cooling system (MHCS)

for vehicle applications.

In the course of the work, the dominating influences on the performance of the MHCS were
identified to be the parameters for thermodynamic and kinetic of the metal hydride, the heat
and mass transport properties and thermal mas of the reactor and the boundary conditions in
terms of pressure, temperature and mass flow rate. A simplified model was built, which
represents these influences, using a 0+1D approach. It enables the determination of the
characteristics of the MHCS: On the one hand, a decreasing efficiency with increasing specific
desorption mass flow and, and on the other hand, a maximum specific performance at an
optimum specific desorption mass flow. Due to the generic modelling approach, the determined
characteristics can also be transferred to other quasi-continuous and desorption-controlled
thermochemical systems. The validated model was used for the systematic design of a
lightweight reactor with increased thermal performance. A comprehensive characterization of
the realized reactor verified the increased specific power of 80-300% compared to the state of
the art. With an experimentally proven value of 229 W/kgmn at a temperature lift of 40 K, the
application-relevant target requirements were met and the basis was set for initial vehicle

integration.






Kurzfassung

Wasserstoffbetriebene Fahrzeuge konnen eine Schliisselkomponente in einem zukiinftigen
dekarbonisierten Energiesystem sein. Nach dem Stand der Technik wird Wasserstoff zu diesem
Zweck in 350 bar- oder 700 bar-Tanks gespeichert, wobei der Energicaufwand fiir die
Komprimierung von etwa 15% (basierend auf dem unteren Heizwert von Wasserstoff) die
Gesamteffizienz von  wasserstoffbetriecbenen  Fahrzeugen verringert. Durch die
thermochemische Reaktion von Wasserstoff mit Metallhydriden kann ein Teil dieser Energie
in einen Warmepumpeneffekt umgewandelt werden, um die konventionelle
Fahrzeugklimaanlage zu unterstiitzen oder zu ersetzen und so die Effizienz des Fahrzeugs zu
erhéhen. Der Kern dieser Arbeit ist die grundlegende Analyse und technologische
Weiterentwicklung  der  Metallhydrid-basierten =~ Kaéltemaschine = (MHKM)  fiir

Fahrzeuganwendungen.

Im Verlauf der Arbeit wurden die dominierenden Einfliisse auf die Leistung der MHKM
identifiziert. Diese sind die thermodynamischen und kinetischen Parameter des Metallhydrids,
die Warme- und Stofftransporteigenschaften und die thermische Masse des Reaktors sowie die
Randbedingungen in Bezug auf Druck, Temperatur und Massenstrom. Es wurde ein
vereinfachtes Modell erstellt, das diese Einfliisse mit Hilfe eines 0+1D-Ansatzes darstellt und
die Bestimmung der Charakteristiken der MHKM ermoglicht: Diese sind zum einen eine
abnehmende Effizienz mit zunehmendem spezifischen Desorptionsmassenstrom und zum
anderen eine maximale spezifische Leistung bei einem optimalen spezifischen
Desorptionsmassenstrom. Aufgrund des generischen Modellierungsansatzes lassen sich die
ermittelten Eigenschaften auch auf andere quasi-kontinuierliche und desorptionsgesteuerte
thermochemische Systeme {ibertragen. Das validierte Modell wurde fiir den systematischen
Entwurf eines Leichtbaureaktors mit erhohter thermischer Leistung verwendet. Eine
umfassende Charakterisierung des realisierten Reaktors verifizierte die erhohte spezifische
Leistung von 80-300% im Vergleich zum Stand der Technik. Mit einem experimentell
nachgewiesenen Wert von 229 W/kguu bei einem Temperaturhub von 40 K wurden die
anwendungsrelevanten Zielanforderungen erfiillt und die Grundlage fiir eine erste

Fahrzeugintegration geschaffen.
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1. Introduction

1.1. Motivation

Great efforts are made worldwide to decarbonize the energy system, in which road transport
is the second largest CO; issuer after the electricity sector, accounting for 16 % of the
worldwide CO; emissions [1]. One option being pursued to decarbonize the transport sector
is the use of hydrogen as an energy carrier and fuel for vehicles. Hydrogen can be produced
using various production processes from renewable energy sources such as wind and solar
energy. These include electrochemical electrolysis, in which hydrogen can be produced using
renewable electricity, but also other processes such as thermochemical production using
concentrated solar thermal energy. In vehicles, hydrogen can be used in a fuel cell or an
internal combustion engine for propulsion, which is recently under development, especially

for heavy-duty applications such as trucks, but also for buses and trains [2].

As an energy carrier, hydrogen has a high weight-specific energy density, which is higher than
that of liquid hydrocarbons such as gasoline, kerosene or diesel. However, being gaseous at
ambient conditions, hydrogen has the lowest density of all gases, which leads to a low energy
storage density of only 3 kWh/m® related to the volume. The density of hydrogen must
therefore be increased for technical utilization, which can be realized by different ways. One
option is liquification, however, due to the low boiling point of 20.4 K at 1 atm, this requires
very low temperatures and thus a high energy input for liquefaction and a high effort for
thermal insulation. Another option is chemically bounded hydrogen, for example in liquid
organic hydrogen carriers (LOHC), ammonia (NH3), methanol (CH30H) or in metal hydrides
(MH), all of which have certain advantages and disadvantages. The most obvious way to
increase the density is the compression of the gaseous hydrogen. Therefore pressure tanks
represent the most established storage technology for hydrogen in vehicles so far, using thick-

walled carbon-fiber reinforced pressure cylinders at pressures of 350 or 700 bar [3].

However, the compression requires approximately 15% of the lower heating value (LHV) of
hydrogen and thus reduces the efficiency of hydrogen powered vehicles [4]. Parts of this
energy are reversibly stored in the compressed gaseous state of hydrogen and can be

recovered. It can be calculated as the exergy of the closed pressure tank and amounts to 6%
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of the LHV for a 700 bar-tank. In order to utilize this available energy potential, there exist
few concepts in the literature based on mechanical expansion machines [5-7], but these are

not used in the state of the art due to their technical complexity and low energy efficiency.

Another very promising concept is the open metal hydride cooling system (MHCS), a
refrigeration system based on metal hydrides. It is driven by the pressure difference between
the tank and the fuel cell and converts the available potential energy directly into a usable heat
pump effect. As a dry solid sorption system, it has the advantage of no moving parts and shows
the potential of a high efficiency, as 18% of the electrical fuel cell output can be generated as
cooling power by known metal hydrides. At the same time, most vehicles require a
refrigeration machine for air-conditioning of the passenger compartment, which is usually the
largest auxiliary consumer and reduces the range by up to 20% [8]. In this case the open
MHCS can be used as a replacement of the conventional refrigeration machine in order to
significantly increase the efficiency of the vehicle by utilizing the available enthalpy in the

hydrogen flow.

The technology of the open MHCS has been invented at the DLR and a functional prototype
was already demonstrated in former works of this research group. The core of this work is at
first an extended investigation of the open MHCS in order to gain a deeper understanding of
the system and at second a further development of the reactor as its main component in order

to meet application-relevant requirements.

1.2. Theoretical background

This thesis comprises a numerical as well as an experimental part. For the numerical model,
the fundamentals of metal hydrides are essential and therefore given in the first subsection. In
the second subsection an overview on metal hydride-based thermal machines is given, to
discuss the numerical and experimental findings of this thesis in the context of comparable

systems.



1.2.1. Fundamentals of metal hydrides

Metal hydrides (MH) are metals that are able to form a hydride phase by absorption of
hydrogen. In most cases, this process is reversible and is accompanied by a thermal effect.

The corresponding chemical reaction equation is formulated in Eq. (1).
2 2
- M(s) + Hy(g) = ;MHX(S) (AHf < 0) (1)

In this equation the solid (s) reaction partner M can be an individual metal, an intermetallic
compound or an alloy. The enthalpy of formation is typically referred to one mol per
molecular hydrogen. During the absorption process gaseous (g) hydrogen is adsorbed on the
surface, dissociates to its atomic form and enters the metal lattice. Another way of hydrogen
loading is via an electrolyte, where hydrogen is already in its atomic form. For common
intermetallic compound hydrides, the hydrogen occupies interstitial sides in the metal lattice,
leading to a lattice expansion of 10-30 % [9]. The absorption process is exothermic, whereas
the desorption as the reverse reaction represents an endothermic process. For many
intermetallic hydrides the absorption and desorption process show a fast intrinsic kinetic and
full conversion within seconds. Due to the release or uptake of thermal energy during the
process, the reaction in an application context is often referred to as thermochemical reaction
with MH as a thermochemical material. In this regard MHs belong to the group of other
thermochemical gas-solid reaction system, as they are for instance hydroxides e.g. calcium

hydroxide Ca(OH) [10], salt hydrates like SrBr> [11] or metal oxides [12].

Besides the specific MH material considered in this work, there is a large variety of metal
hydrides that are investigated and known in literature[13, 14] . One way of classify them is by
the type of bond, which divides them into intermetallic and conversion materials. The most
common class of metal hydrides is the one of intermetallic compounds. This class includes
the low temperature hydrides that are relevant for this work, since they are able to generate a
cooling effect at a pressure level slightly above atmospheric pressure, which is typical for the

fuel cell supply.

Such hydrides of intermetallic compounds are mostly ternary hydrides, consisting of an
element A, that forms a relatively stable hydride under normal conditions (requiring several
hundreds of °C to desorb hydrogen, e.g. TiH2) and an element B that forms only an unstable
hydride (requiring thousands of bar to absorb hydrogen, e.g. NiH). Compounds of these

elements show intermediate hydrogen absorption properties and are able to absorb significant
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amounts of hydrogen near ambient conditions. Thus, intermetallic MHs can be divided into
types of AB, ABs, or A2B, but also other combinations like AB3 or A;B7. Common examples
are for instance TiFe, TiMny, LaNis or ZroFe. Most ABs-type MHs show a hydrogen storage
capacity of 1.5 wt.-% whereas AB2-type MHs, as the one used in this work, show a capacity

of mostly 1.8 wt.-%.

The absorption of hydrogen in any of the interstitial metal hydrides proceeds in several steps.
At first gaseous hydrogen is attracted by Van der Vaals forces to the surface where it forms a
physisorbed state. After overcoming an activation barrier, the hydrogen molecule dissociates,
diffuses into the metal lattice as atomic H and forms a solid solution, commonly referred to as
a-phase. In this phase for small hydrogen concentrations the concentration is proportional to
the square root of the pressure (Sievert’s law). If the pressure increases over a certain
saturation pressure the hydride phase (B-phase) starts to grow, where hydrogen atoms fill
interstitial sides mostly in a tetrahedral or octahedral way. The hydride forming is an
exothermic process since the entropy of the hydride phase is lower than the one of the solid
metal and the gaseous hydrogen phase. With an heat release in the order of 20-150 kJ/moln2,
the energy is much higher than that of a pure absorption material (4-6 kJ/molm2) [15].

Considering the Gibb’s phase rule, the emergence of a new phase reduces the degrees of
freedom to only one. Therefore, during the formation of the B-phase the reaction temperature
and the reaction pressure are coupled, leading to a constant pressure at an isothermal reaction.
After the B-phase is completely formed, the pressure decreases further due to hydrogen
solution in the B-phase, as depicted in Fig. 1.

Using the concept of chemical potentials one can deduce the relationship between reaction
pressure and temperature to Eq. (2), that is known as the Van’t Hoff equation of MHs in
literature [14].

l(p)—AH AS )
"o,/ “RT R @)

According to this equation the equilibrium temperature increases with increasing gas pressure
and vice versa. Furthermore, it shows that the enthalpy and entropy of formation determine
the plateau pressure of the hydride phase developing at a certain temperature. It is referred to
as the thermodynamic property of a respective MH and can be tailored by the partial

substitution of elements in the host lattice [16].



For the practical application of MHs, as in the open MHCS, it is important that the equilibrium
pressure slightly increases under isothermal conditions as the reaction progresses.
Accordingly, in the pressure-compositions-temperature (PCT) curve of the MH, see Fig. 1,

instead of an ideal flat plateau, a certain plateau slope is observable. The corresponding
plateau slope factor is commonly calculated at the plateau mid according to d In(P)/d (%)

Moreover, most practical used hydrides show a lower equilibrium pressure at desorption than
for absorption, that is denoted as hysteresis. The corresponding hysteresis factor is commonly

calculated as In(P,ps/Pges) [14].

Fig. 1: Schematic representation of pressure concentration curves on different temperatures
(PCTs) and respective van’t Hoff plot

Besides the chemical thermodynamic, that determines the working temperature for the applied
gas pressure, also the reaction dynamic is of special importance for a practical use of MHs,
especially for a dynamically operated applications as the open MHCS. Instead of resolving
the individual reaction steps by certain models, a general empirical expression (Eq. (3) is
commonly used according to the recommendations of the International Confederation for
Thermal Analysis and Calorimetry (ICTAC) [17]. It is also used in the modelling part of this

thesis.

dx
i k(T)f(a)h(P) (3)

For reversible gas-solid reactions the pressure function is proposed to be h(P) = 1 — p/peq
considering the actual pressure p of the gaseous phase and the pressure at the equilibrium state
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Deq- It shows that the reaction rate becomes faster, if the distance from the equilibrium is

increased, and stops if the equilibrium is reached. The term k(T") accounts for the temperature
dependence and is typically expressed with the Arrhenius equation as k(T) =
Aexp(—E/(RT)), where A is the kinetic parameter, E the activation energy and R the
universal gas constant. The conversion dependence is represented by the function f(x), for
which a large variety of formulations is available in literature for different chemical reactions
including solid-state reactions [17]. For typical intermetallic MHs, as used in this work, it is
reported in literature that a first order reaction can be assumed [18], leading to the expression

of f(x) =1—x.

Due to the variety of MHs with a different equilibrium pressure at room temperature, their
reversible high volumetric absorption property, which is coupled with a strong thermal effect,
and other characteristic effects such as lattice expansion and disintegration, there is a wide
range of possible application for MHs. It ranges from neutron shielding in nuclear technology
[19] over gas purification [20] and the use as a getter material in vacuum applications [21] to

even permanent magnet production [22].

The most application-related research activities focus on solid state hydrogen storage [23],
since it enables a safe method to store hydrogen on low pressure (<10 bar) and room
temperature at a very high volumetric energy density. Due to the atomic incorporation in the
metal lattice the volumetric energy density in MHs is even higher than in liquid hydrogen.
However, intermetallic hydrides in this pressure and temperature domain (<100 °C) do not
exceed gravimetric energy densities above 2.5 wt.-% [14], which makes them unattractive for
mobile storage e.g. in hydrogen powered vehicles. Although there are also complex and
interstitial hydrides based on light-metals as magnesium, aluminum or boron, reaching
capacities above 7 wt.-%, they show other drawbacks as a high heat of formation at
temperatures higher than 100 °C. It requires sufficient waste heat on elevated temperature or
an additional thermal energy storage to prevent efficiency loss [24]. Thus, MH are currently

not a widely spread technology for hydrogen storage.

Another application, which has already been studied for several decades and which is still
intensively investigated in recent times is the thermal MH compressor [25-27]. Hydrogen is
absorbed at low pressure (e.g. ambient or electrolyser supply pressure) while releasing the
heat of absorption to the ambient. By heating-up the MH, the equilibrium pressure is increased

according the Van’t Hoff equation, Eq. (2). Then, hydrogen is discharged at a higher pressure
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while the endothermic desorption takes up heat from a source above ambient temperature.
This process represents a solid state hydrogen compression without moving parts and
therefore no noise, vibration and mechanical wear. Moreover, the driving-force is heat that
allows to use waste heat and reduce operating cost. Many experimental set-up MH
compressors are published, demonstrating a compression from a few bar to below 100 bar

with a heat source of 100-150 °C [28].

The substantial heat of reaction (20-60 kJ/mol for intermetallic hydrides) also suggests to use
the thermal effect of MHs for a purely thermal application, like a thermal energy storage or
thermal machine (heat pump or refrigerator) [29, 30]. As a thermal energy storage, MHs show
a comparable and often better volumetric energy density compared to sensible or latent heat-
based storage systems and no thermal losses in the storing period [22]. The released hydrogen,
that is accompanied with heat uptake, can be captured for instance in a pressure vessel or in a
second MH having a lower equilibrium temperature. Such a thermal energy storage, consisting
of two MH reactors, was investigated for instance to assisting cold start for vehicles with
combustion engine, where afterwards waste heat is stored again during operation to regenerate
the cold start device [31]. A similar system was developed for a hydrogen powered vehicle,
where the existing hydrogen source (tank) and hydrogen sink (fuel cell or combustion engine)
are used to omit the requirement of a second MH [32]. Besides the application as a thermal
energy storage, the thermal effect of MHs can also be utilized to realize a quasi-continuously
operating thermal machine like the open MHCS. Such kind of systems will be presented in

the next section in more detail.

1.2.2. Metal hydride-based thermal machines

Next to the open MHCS there are two other types of thermal machines as shown in Fig. 2,
namely the thermal-driven and the compressor-driven heat pump/refrigeration system. They
represent energy converters rather than storage systems, thus there are two commonly used
figures of merit to evaluate these kind of systems. They are at first the specific cooling power
(SCP), calculated by the cooling power Q. related to the utilized amount of MH mass myy,
Eq. (4), and the efficiency in terms of the coefficient of performance (COP), calculated as the
cooling power related to the energy expend, confer Eq. (5). The energy input in this regard
could be either mechanical work for the compressor or a heat flow Qg from a driving heat

source.
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Fig. 2: Overview of metal hydride-based thermal machines

Thermal-driven heat pump/refrigerator and heat transformer

The concept with two coupled MH reactors that contain MHs with different equilibrium
temperatures can be extended from a thermal energy storage to a quasi-continuously operating
thermal-driven heat pump, firstly developed in the 1970s [33]. In this regard it must be
distinguished between the heat-upgrading version and temperature-upgrading version. The
heat upgrading version uses a heat source on high temperature in order to pump heat from a
low to an intermediate temperature level. Dependent on the temperature level for ambient
conditions, that is either on the low or the intermediated level, the version is denoted as heat
pump or refrigeration machine, respectively. In contrast to this heat-upgrading version, there
is also a temperature-upgrading version of this system (also referred to as heat transformer).

This version produces usable heat on a higher temperature than the input heat was provided



on (mostly waste heat or solar heat) by releasing a part of the provided heat to a sink on a

lower temperature level (mostly ambient).

Common to both versions of the thermal-driven systems is a batch-like cyclical behavior in
two half-cycles, which requires two reactor pairs (4 reactors in total) to ensure continuous
production of usable heat or cold. An comprehensive review on the progress of thermal-driven
systems can be found in [29]. Similar systems are known based on other chemical systems,
for instance other dry sorption systems like zeolite/water but also liquid sorption systems
based on ammonia [34]. One of the main challenges is the achievement of a high COP and a
high SCP, since it determines the size, weight and cost of the system. In this regard the
requirements for the reactor design are well known. It has to facilitate a good heat and mass
transfer into the reaction bed, but on the same time it has to show a low heat capacity, in order

to reduce sensible heat losses caused by the alternating batch-like operation.

Compressor-driven MH heat pump/refrigerator

A derivate of the above mentioned thermal-driven system is the compressor-driven MH heat
pump/refrigerator. It represents a simpler configuration, that comes along with only two
reactors instead of four and uses just one type of MH. It replaces the second MH, which
generates the pressure difference in the heat-driven system, by a mechanical or
electrochemical hydrogen compressor. First proposed by [35], it was later investigated than
the heat-driven system and since then less intensively studied compared to the heat-driven
one. The challenges for this system are again the achievement of a high SCP and a high COP
under a relevant temperature lift. However, due to the system configuration consisting of only
2 reactors instead of 4, in principle a higher SCP is possible, leading to a lower system mass,
less space requirement and investment costs compared to the thermal-driven system. A
summary of the corresponding experimental works in literature is given in Tab. 1 showing the

reported SCP, COP and achieved temperature lift.

Since the energy input for this system is mechanical energy instead of heat, it represents a
competitor to conventional vapor compression system. The study of Magnetto et al.
experimentally demonstrated the achievement of a comparable COP of 2.9 at 20 K
temperature lift. In this study they considered a mechanical compressor, as most of the
reported studies on the compressor-driven system did. Tao et al., firstly, investigated the use

of a highly efficient electrochemical compressor in a numerical study [36]. They showed that



it is beneficial especially for small power classes where mechanical compressors show a bad
efficiency. The study revealed a possible COP of 3.4, that is higher than the COP of most
commercial vapor compression systems, considering realistic conditions (5 °C and 45 °C for

cooling and heating respectively).
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Desorption-driven open heat pump/refrigerator

The third system in this context is the open MHCS and considered in this thesis. It takes
advantage of an available hydrogen infrastructure in a hydrogen powered vehicle and thus omits
the requirement of a second MH or a compressor, in contrast to the both closed systems
described above. Instead, the open MHCS uses the already available pressure difference and
therefore an existing potential energy. From an energetic point of view, the energy input was
spent beforehand by the compressor of the refueling station to refill the tank. Thus, no efficiency
in terms of the COP can be applied for the open system. Instead, the cooling efficiency 7. is
used, which is defined in Eq. (6) as the actual cooling power divided by the maximum cooling
power determined by the desorption enthalpy AHy.s of the MH multiplied with the hydrogen
flow rate. The cooling efficiency is therefore explicitly not a thermodynamic efficiency, but a

material or application related one.

Qc (6)

Ne="—7———
‘ AHdes my,

Fig. 3 (a) shows the operation principle, consisting of two half cycles, next to the temperature-
pressure-correlation of the MH in Fig. 3 (b), which represents the basis of the heat pump
functionality. In the first half cycle reactor R1 desorbs hydrogen on low pressure to the
hydrogen consumer (e.g. fuel cell). According to the equilibrium correlation, the required heat
for desorption is taken up on a temperature below the ambient, generating cold. At the same
time reactor R2 is absorbing hydrogen from the pressure tank on high pressure, releasing heat
to the ambient on high temperature, respectively. As soon as the desorbing reactor R1 cannot
maintain the hydrogen supply to the fuel cell any more, the first half cycle is finished and the
hydrogen valves are switched. In the second half cycle, reactor R1 is recharged with hydrogen
and now releases the previously uptaken heat to the environment at a higher level, which
represents a heat pump effect. Simultaneously, reactor R2 is now the cold generating reactor
while it supplies hydrogen to the fuel cell. The alternating absorption and desorption of the two
reactors in two half cycles represent the quasi-continuous operation principle of the open

MHCS.
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Fig. 3: Operation principle of the open metal hydride cooling system (a), a related representation
of the process in the van't Hoff plot (b)

The system can also be denoted as desorption-driven MH heat pump/refrigeration system, since
it is coupled directly with a hydrogen consumer at the outlet of the desorbing reactor, which
controls the operation. Similar to the compressor-driven system, the MHCS has the same

advantage in terms of SCP due to the requirement of only two reactors.

The MHCS was first proposed by Linder et al. to be used in the air-conditioner of a hydrogen
powered vehicle where it could omit the extra energy that is usually required for air-
conditioning [43]. Although the related experimental works demonstrated the generation of
cold at 13 °C and at a heat sink temperature of 35 °C, by using vehicle relevant pressure levels
of 50 and 6 bar for absorption and desorption, the system was not investigated at application-
realistic conditions. Specifically, the experiments were conducted at a constant outlet pressure,
whereas a constant hydrogen flow rate represents a more realistic boundary condition in a

hydrogen powered vehicle due to the consumption of the fuel cell or hydrogen engine.

Therefore, in later experimental works, Weckerle et al. coupled the open MHCS directly to a
fuel cell, which thus induces a constant hydrogen flow rate at the desorption reactor [44].
Furthermore, a novel reactor concept was used in that study, in order to reach a reasonable high
SCP. Based on a plate heat exchanger the reactor realized a very small bed thickness that
reduced the heat transfer limitation [45]. With this reactor and under application-realistic
operation, an SCP of 276 W/kgun was reached at the reference condition of 10 °C cold and

30 °C hot side temperature. However, with a ratio of the empty reactor mass related to the
13



incorporated MH mass of 3.2, the system still showed a very high mass of 15 kg per kilowatt
cooling power. Moreover, further experiments for higher temperature lifts than 10 K showed a
drastically reduced SCP, for instance only 61 W/kguu at 13 °C cold side temperature.
Moreover, only a maximum temperature lift of 22 K was achieved, that is not high enough for
vehicle application. Therefore, further technological development in terms of SCP, total system
mass and achieved temperature lift is required to make the promising technology of the open

MHCS suitable for vehicle applications.
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1.3. Research question and aim of thesis

The works of Linder and Weckerle et al. represent the only published studies in literature on
the open MHCS. Hence it is less investigated than the compressor-driven system or the older

heat-driven system, leading to lack of understanding for this specific type of system.

In general, the reactor requirements for a high-performance MH reactor are known from the
thermal and compressor-driven systems and also apply for the open system. However, the
special configuration of being coupled directly to a hydrogen consumer supposes that there are
special characteristics that have additionally to be considered. Such characteristics are known
in literature [46] for general thermochemical gas-solid systems, as well the specific
characteristics for the compressor- and thermal-driven system are known [47, 48], but yet have
not been investigated for the open MHCS. However, they are of upmost importance for
designing and sizing an optimal reactor for a particular application. It represents the research

gap, which has to be closed in order to answer the following research question:

‘How could a further developed open MHCS system look like that is suitable for vehicle

integration?’

By defining the vehicle suitability in more detail, the technological aims for this work are
deduced. At first, a SCP as high as possible is crucial since in vehicles the available space and
the allowed mass addition is mostly limited. In this regard a higher SCP than reported in
literature is aimed for. At second, a temperature lift exceeding 30 K has to be reached, in order
to meet the requirements of vehicle air-conditioning systems and therefore facilitate its
application. It was even not reached so far by an open- or compressor-driven system. At third,
as much as possible from the available potential energy of the pressure tank has to be used in

order to generate as much energy saving by the use of the open MHCS.

In conclusion the system must be better understood in order to build up an optimal reactor which
reaches application suitability. Therefore, a systematic approach has to be found, implemented
and validated, building the scientific core of this thesis. It was successfully developed and is
presented in the following two peer-reviewed journal articles and in one article manuscript that

is already submitted and aimed to published in a peer-reviewed journal as well.
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2. Publications

Parts of this study have been presented in the following international conferences:

Wimmer, Alexander und Linder, Marc Philipp und Biirger, Inga (2024) Using potential
energy from pressure tanks in fuel cell vehicles for powering an innovative air-conditioning
process based on metal hydrides. 24th World Hydrogen Energy Conference (WHEC), 23-
27.06.2024, Cancun, Mexico

Wimmer, Alexander und Linder, Marc Philipp und Biirger, Inga (2024) Using the potential
energy from high pressure tanks in fuel cell vehicles for powering an innovative air-
conditioning process based on metal hydrides. European Hydrogen Energy Conference
(EHEC), 06.-08.03.2024, Bilbao, Spain

Wimmer, Alexander und Feierfeil, Steffen und Linder, Marc Philipp und Biirger,

Inga (2022) Improved reactor design for a metal hydride refrigeration system in hydrogen
powertrains. 23rd World Hydrogen Energy Conference (WHEC), 26-30.06.2022, Istanbul,
Turkey

Po6hl, Joshua und Wimmer, Alexander und Biirger, Inga und Kordel, Markus und Heckert,
Florian (2021) Improving driving range for FCEVs by use of an innovative metal hydride air-
conditioning system. World Hydrogen Technology Convention, 20-24.06.2021, online

During the work on this study, the following theses related to the present work have been

supervised:

Christ, Marcel (2024) Entwicklung eines Metallhydridreaktors zur Klimatisierung von
Brennstoffzellenfahrzeugen. Bachelorarbeit, Hochschule Osnabriick

Lohnert, Elena Katharina (2023) Charakterisierung des thermodynamischen Gleichgewichts
von Metallhydriden zur Anwendung in Wirmepumpen auf Wasserstoff-Metallhydrid-
Basis. Bachelorarbeit, Hochschule Fresenius

Feierfeil, Steffen (2022) Untersuchung von Mafinahmen zur Wirmeiibergangserhéhung an
einem Reaktor fiir eine Metallhydrid-Kdltemaschine. Masterarbeit, Universitét Stuttgart

Zorlaut, Jakob (2021) Konstruktion und Aufbau eines Reaktormoduls fiir eine Kdltemaschine
auf Metallhydridbasis. Bachelorarbeit, Hochschule Esslingen
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2.1. Paper I: Model development

As a systematical approach in order to meet the technological targets for the MHCS, the
development of a mathematical model was chosen. The model should facilitate the analysis of
the system behavior and quantitatively show parameter influences on the performance of an
open MHCS. In this regard the particular research question for Paper I can be formulated as

follows:

‘How could a software-based pre-design tool look like to facilitate a fast and easy analysis
and optimization of a reactor for a quasi-continuous gas-solids system such as the open

MHCS?”

A steady-state model was built up considering the energy balance over a recurring half cycle
by the concept of lumped masses. It focusses on the two key effects: The thermal losses due to
the MH and especially the reactor mass, as well as the heat-and mass transport limitations on
the reaction rate. The core of the model is the determination of the reaction conversion at
different conditions. It depends on the material properties, the heat and mass transport inside
the reactor and the boundary parameters. Therefore, the conversion-depended equilibrium
relation, in form of PCTs of the MH, is combined with its kinetic equation and a steady-state
one-dimensional temperature and pressure profile in the reactor. The calculated reaction
conversion at a certain desorption mass flow together with the sensible losses finally determine
the net thermal power and efficiency. The numerical computation of the governing equations
was implemented based on common Open Source libraries in the python programming
language and thus needs no software licenses. The model was validated with available

experimental data from the studies of Weckerle et al [49].

As a main outcome, the results revealed a strong effect of the specific discharge rate on the
reaction conversion leading to a characteristic maximum in the SCP at an optimum discharge
rate. Furthermore, this effect leads to a decreasing efficiency with increasing discharge rate
showing that power and efficiency are in conflict with each other. Moreover, in this Paper I a
parameter study was conducted on the basis of the validation reactor. It showed that with the
used MH material, under the application realistic pressure boundaries of 35 and 5 bar, the SCP
at reference temperatures (20 °C and 30 °C) could be increased by a factor of 5 if ideal heat and
mass transport conditions could be provided and even 10, if the reactor heat capacity can be

further omitted.
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Hydrogen as a potential future fuel for fuel cell vehicles is mostly stored in high-pressure tanks at 350 or 700 bar,
which requires energy-intense compression of typically 15 % of the lower heating value. For the recovery of parts
of the compression work, a promising possibility is the usage of an open metal hydride heat pump. Similarly to
other sorption-based heat pump systems, in order to reach high specific thermal power, it is crucial to find a
trade-off in the design and operation of the reactor between two main factors: enabling fast reaction dynamics
and reducing losses due to temperature switches. The present work introduces a steady-state model with lumped
metal hydride and reactor mass considering one-dimensional heat and mass transfer, which is able to quickly
predict the corresponding specific thermal power and efficiency. A special focus is on the calculation of the non-
complete conversion due to an operation at constant gas flow. The model is validated with existing experimental
data over a broad range of operation conditions in terms of metal hydride specific hydrogen mass flow (1.6-7.6
g2 min~! kgiiy) and temperature boundary conditions (cold side temperature: 13-25 °C, hot side temperature:
24-42 °C). It is capable of describing the specific thermal power and the efficiency as the two main performance
indicators with a suitable accuracy. To give an example of the applicability of the developed tool, a generic
discussion of the performance limitations of the selected reactor design is carried out, indicating that the reactor
of the validation experiment is mainly mass transport limited.

1. Introduction and operation principle

In order to transform our present energy system towards a COa-
emmision-free system, electrical energy storage in gaseous or liquid
chemical bonds is considered to play an important role [1]. Electro-
chemical electrolysis and other technologies allow electricity to be
converted to hydrogen which can be stored in its pure form and used as a
fuel for stationary or mobile applications. For onboard storage of com-
pressed hydrogen in vehicles pressure vessels for 700 bar and 350 bar
are established [2]. Nevertheless, a significant amount of energy is
needed to compress the hydrogen during the refueling process, ac-
counting for approximately 15 % of the hydrogen’s energy content in
terms of lower heating value [3,4]. The reusable stored potential energy
of a 700 bar tank can be calculated to be 6 % of the hydrogen’s energy
content considering expansion to the ambient pressure. Conventionally
however the hydrogen gas is simply throttled down via a pressure
reducer to the fuel cell working pressure slightly above ambient pressure
(<3 bar) whereas the potential energy of the compressed gas is dissi-
pated [5]. In the state of research, there are options to utilize the

* Corresponding author.
E-mail address: alexander.wimmer@dlr.de (A. Wimmer).

https://doi.org/10.1016/j.applthermaleng.2023.122250

potential energy from the compressed gaseous state. The most obvious
one using a mechanical machine as a piston or turbo expander is dis-
cussed in [6]. Another promising and more widely studied way to
recover this work was first proposed by Linder et. al [7] using an open
metal hydride system. In contrast to thermally driven or compressor-
driven closed metal hydride heat pumps [8-10] this system utilizes
the potential energy of the high-pressure on-board tank and converts it
directly into a heat pump effect. The heat pump effect can be used for
heating or cooling purposes in fuel cell electric vehicles with a potential
to reach a cooling or heating power of approximately 18 % of the fuel
cell’s electrical power. The first experiments with an open metal hydride
heat pump by Linder et. al. and Maier et al. [7,11] were conducted on
the low-pressure outlet with a fixed pressure boundary condition leading
to a highly fluctuating hydrogen outlet flow, which does not fit practical
consumption profiles of a real hydrogen consumer for instance of a fuel
cell. Further experiments by Weckerle with a newly designed reactor
[12] investigated the operation on a constant outlet flow to a hydrogen
sink in the form of a real operating fuel cell and obtained a specific
thermal power of 276 W/kgyy at a temperature lift of 10 K [13]. Several
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Available online 23 December 2023
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Fig. 1. (a) Operation principle consisting of two half cycles, (b) absorption and desorption on different pressure levels drawn in a Van’t Hoff plot.

laboratory reactor prototypes for mobile applications are summarized
and discussed in [14]. The application of the open metal hydride heat
pump in a fuel cell car offers several advantages when compared to a
state-of-the-art vapor compression cycle. The first and most important
one is the fact that it does not consume mechanical or electrical energy.
Its driving force was applied prior at the refueling station in any case and
is stored in the high-pressure gaseous state in the onboard pressure tank.
Moreover, the system contains no problematic refrigerant and no mov-
ing parts.

In the present publication, such an open metal hydride heat pump is
considered. The system consists of two reactors filled with the same type
of metal hydride reacting reversibly with hydrogen. The relation be-
tween equilibrium temperature and equilibrium pressure of the reaction
can be represented by a straight line in a Vant Hoff diagram, cf. Fig. 1
(b). Both reactors work in alternating batch mode allowing a quasi-
continuous operation at a constant hydrogen flow and a quasi-
constant heat flow through the system. The quasi-continuous opera-
tion consists of two half cycles, cf. Fig. 1 (a). In the first half cycle reactor
1 is connected with the high-pressure hydrogen inlet side coming from
the high-pressure on-board tank. Before entering reactor 1, the inlet
pressure from the high-pressure tank (350 or 700 bar) is reduced in a
pressure reducer to a constant pressure level in the range of approxi-
mately 20-70 bar. This allows the open metal hydride heat pump to
work on constant pressure levels until the pressure inside the pressure
tank reaches this value which is considered as its discharge end state or
the beginning of operation on emergency reserve. The metal hydride
inside reactor 1 absorbs hydrogen and releases heat during this
exothermic reaction. The temperature where this heat is released de-
pends on the thermodynamic property of the applied metal hydride
material, expressed by its equilibrium line in the Van’t Hoff diagram in
Fig. 1 (b). Simultaneously, during this first half cycle reactor 2 is con-
nected with the low-pressure side and desorbs hydrogen. Due to the
Van’t Hoff correlation of the metal hydride reaction with hydrogen, the
reaction at lower pressure is related to a lower temperature than at the
absorption. Hence, heat is taken up during the desorption at a lower
temperature than heat is released at the absorption on high pressure.
Once the hydrogen outlet flow cannot maintain the required outlet flow,
the pressure inside reactor 2 has decreased to the back pressure at the
low-pressure outlet. At this point, the reaction is switched between the
two reactors again in order to maintain the hydrogen flow to the fuel
cell.

The two pressure levels on which such kind of metal hydride system
is based are considered as a prerequisite and a compression is not part of
the system consideration represented in Fig. 1 (a). Hence this metal
hydride heat pump is denoted as an open system. As it releases heat at a

higher temperature than it takes it up, it can be either utilized as a heat
pump or a refrigeration machine, depending on either the heat or the
cold generating side is considered as the useful thermal power output.

The so far illustrated working principle is based on a quasi-
continuous operation which is characterized by two effects: thermal
losses at the half-cycle switching as well as non-complete conversion.
Thermal losses occur since each reactor first has to cool down respec-
tively heat up itself to the temperature level of the next half cycle before
usable cold respectively heat can be generated. Consequently, the usable
cold and heat is reduced and considered as thermal losses. Non-complete
conversion appears especially due to the specific operation of this open
system at a constant gas flow. Depending on the applied gas flow the
reaction in the reactor can proceed only to a specific degree of conver-
sion before the lower pressure level is reached. Thus, in contrast to other
sorption systems where specific half-cycle times can be defined for the
process, in the present system, the apparent half-cycle time depends on
the applied gas flow.

Both effects — thermal loss and non-complete conversion — strongly
influence the performance and the operation behavior at different
boundary conditions. To design a system for high power and efficiency,
the reactor has to be well-constructed and the metal hydride material
properly selected. For this purpose, a model is necessary reflecting the
main effects in an appropriate way. For instance, to achieve a high
specific power, the reactor has to facilitate good heat transport, which
requires heat transport-enhancing structures. These structures, howev-
er, increase the overall heat capacity of the reactor, which leads to
thermal losses and thus reduces the usable thermal power. This is in
contrast to the design of a metal hydride hydrogen storage tank which
represents a completely other application of metal hydrides. For a metal
hydride hydrogen storage tank, a higher heat transfer directly improves
the power in terms of charge and discharge time. In contrast, the open
metal hydride heat pump modeled in this work is a thermal energy
converter. With its cyclic switches between the two temperature levels,
it leads to a more complex optimization task and requires as a basis a
simple and fast model which is still sufficiently precise in predicting the
specific thermal power and efficiency as the main performance
indicators.

For the open metal hydride heat pump system most studies were
done experimentally [7,13]. Only a very detailed time and spatial
resolved finite element model exists, which is suitable for only one
dedicated reactor and only capable of simulating one half cycle [15].
Hence, a more fundamental model approach than the one by Weckerle
et. al. [15] is necessary to represent the main effects of its quasi-
stationary operation and utilize it for a model-based preliminary
design process.
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Thus, the aim of this work is the development of a model to assist the
systematic design of an open metal hydride heat pump. The model
should predict the time average thermal power and efficiency as the two
main performance indicators. Moreover, the model should facilitate a
fast computation for varying influencing design and material parame-
ters. Applying such a model could help to find an answer to the question
of how an optimal reactor should look like in order to achieve a high
thermal power with a low mass of the solid reactant under a given set of
boundary conditions. Ideally, the model approach is also applicable to
other gas—solid reaction systems.

In section 2, the newly developed model with its simplifications,
required details and the solver procedure is presented. While in section 3
the model is validated with literature data whereby the operation
characteristic of the validation reactor is further analyzed. Finally, in
section 4 the model is used as a tool to evaluate the design of the vali-
dation reactor itself and its influence on the performance as an example
of how the model could be used for designing a new reactor.

2. Model description

Firstly, this section describes how the process of such a quasi-
continuous operation can be characterized and the main characteristic
properties will be identified to define a lumped system representation.
Then the calculation of the reacted fraction as the most crucial charac-
teristic property is explained in the following sub-section. Therefore, the
metal hydrides reaction kinetic and one-dimensional modeling of the
heat and mass transport for commonly used reactor types are included in
the analytical description. Finally, the solver procedure is explained in
the last sub-section.

2.1. Fundamentals of quasi-continuous operation and characteristic
properties

Due to the quasi-continuous operation principle, the real thermal
power profile is not constant over time, even if the hydrogen outlet flow
rate is constant. At each half-cycle switch, the reactor has to be heated
up or cooled down, to reach the working temperature of the hot or cold
side, respectively. This leads to a negative peak in the temporal progress
of the power curve at the beginning of a new half cycle followed by an
ascending course until a steady-state phase occurs, as shown experi-
mentally in [13]. However, in the present model, the time average of the
thermal power and efficiency rather than their periodic time-dependent
course are used since the purpose of the model is a fast model for pre-
liminary design and optimization. For a practical integration, the real
periodic power profile does not cause any problems and can easily be
damped by the heat exchangers in the surrounding fluid loop, as could
be shown in simulations in [16]. Thus, a time average thermal power
and efficiency are sufficient outcome measures of the model.

Hence, the approach of the present lumped model is based on an
energy balance over the half-cycle duration, wherein the cooling down
or heating up phase is considered with its time integral heat. In each half
cycle the effective usable thermal energy Q. consequently equals the
heat of reaction minus the capacitive heat Qar from the temperature
switch between the hot and cold side, cf. Eq. (1). This balance equation
looking simple at first glance is the basis for the subsequent determi-
nation of the thermal power and efficiency and is important to keep in
mind when looking at the results discussed in the next section.

Qeff = Qr - QAT (1)

The heat of reaction in Eq. (1) can be expressed by the reacted amount of
hydrogen and the reaction enthalpy AH,. With the definition of the
conversion Aw = Amy, /My, as the reacted mass of hydrogen Amy, per
half cycle related to the mass of metal hydride m,,,, the first summand of
Eq. (1) can be formulated as follows:

Applied Thermal Engineering 241 (2024) 122250

AH, AH,
O, = my, = My Aw
MHZ H,

(2)

The heat loss Qar due to the temperature switching is described by the
temperature difference ATy = Ty, —T. between hot and cold side, the
masses my,, of used metal hydride and applied reactor mass m,, as well as
its corresponding specific heat capacities (¢, and c,):

Oat = (ComnMmp + Cruittyg) ATyige 3)

To determine the average thermal power of this quasi-continuous
operation, the usable heat per half cycle is divided by the half-cycle
duration Aty.. This time duration is determined by the reacted amount
of hydrogen and the applied hydrogen mass flow my, and can also be
expressed by the conversion Aw and the used mass of metal hydride:

my, Mg Aw

Athc = 5
1y, iy,

4

The hydrogen mass flow is assumed to be constant over time, as a
quasi-continuous system is considered.

Since the thermal power of a metal hydride system is dependent on
the applied mass of metal hydride inside the reactor, the specific power
instead of the absolute power is considered in literature to evaluate the
performance of such a system. Therefore, the time-averaged specific
thermal power related to the applied metal hydride mass is determined
and denoted further just as specific thermal power. It represents the first
of the two main performance indicators in this work and is described in
Eq. (5) using Eq. (1) up to (4).

(AH, - MAT]M ) 5)

Q0 1 Qi
1\4].12 Aw

Mmp Mmh Al‘hc Mmp

In analogy to the thermal power also the hydrogen mass flow is referred
to the applied mass of metal hydride and is further denoted as specific
hydrogen flow. The factor k¢ in Eq. (5) describes the ratio of the heat
capacity of the reactor C, to the heat capacity of the metal hydride Cy.
If the mass-specific heat capacities of the reactor and the metal hydride
are the same, k. is reduced to the ratio of used reactor mass per mass of
metal hydride, which was formerly introduced in the literature as the
indicator k for evaluation of a reactor design [14].

Cy _ CMy

ke = (6)

Cuh  ConhMunn

Besides the specific thermal power, the second important perfor-
mance indicator is represented by the so-called cooling efficiency 7.,
introduced in [13]. It is defined as the usable thermal power considering
the capacitive heat losses related to the theoretical thermal power sol-
emnly due to the thermochemical reaction. With Eq. (2) and (5) the
cooling efficiency as the second of the two main performance indicators
in this work can be formulated according to Eq. (7) and is further
denoted just as efficiency.

-~ Cmn (1 + ke ) AT

AH;
Aw My

Ne=—=1 @]

[SETQY

In contrast to the formula for the specific thermal power, in this
equation, it is noteworthy that the specific hydrogen flow is not a
directly influencing variable.

If one would like to use Eq. (5) and Eq. (7) to explicitly calculate the
two performance indicators specific thermal power and efficiency,
except the reacted fraction Aw all variables in the two equations are
either constant for a chosen material (AH,, c,,,), depend on the reactor
design (kc) or depend on the chosen operation condition (1, /M,
ATyir ). These parameters can be in most cases approximated in a simple
way. The reacted fraction Aw, however, depends itself on several
influencing parameters. It determines how the capacitive heat losses
compare to the heat from the reaction and therefore it has a strong
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Fig. 2. Reaction conversion in the PCI plot with and without heat and
mass transport.

influence on both, the specific thermal power and also the efficiency. So
far, for the design of thermal metal hydride applications, the reacted
fracted is commonly considered as constant. This is a too-rough
simplification and yields improper performance predictions. Thus, the
calculation of the reacted fraction Aw is crucial and builds the core of the
present model.

First of all, there is a maximum reachable conversion Aw,,, for a
certain material and boundary setting. It can be determined from the
metal hydrides pressure-concentration-isotherm (PCI) curves and the
boundary conditions Ty, T, py and py,, as described in detail in [17]. The
intersection of the isotherm referring to T}, with the absorption pressure
Pni defines the maximum concentration w,,,,x and the intersection of the
lower isotherm referring to T. with the lower desorption pressure pj,
defines the minimum concentration wy,, of hydrogen inside the metal
hydride (cf. Fig. 2). The maximum possible reaction conversion Awy,y
can then be calculated as the difference of the maximum and minimum
concentration, AWyax = Wmax —Wmin. This maximum reaction conversion
is constant for a given material and given temperature and pressure
boundaries of the system.

However, the two states wy,,x and wy,;, represent equilibrium states
but during operation they typically will not be reached at the end of each
half cycle, in particular when a high specific hydrogen flow is applied.
As it can be seen from real metal hydride reactors designed for hydrogen
storage application, the actual conversion Aw is strongly dependent on
the applied specific hydrogen flow [18-20]. This behavior can be also
transferred to a single reactor in this open metal hydride heat pump in
each half cycle since it acts like a small and rapidly discharged metal
hydride storage tank. Using the condition of a constant specific
hydrogen flow my, /m.;, the reached conversion decreases continually
with increasing specific hydrogen flow. From that widely reported
behavior in literature and the simplified formula Eq. (5), one can see that
there must exist an optimal specific hydrogen flow for the highest spe-
cific thermal power. This is apparent from the linear factor of my, /mun
on the one hand and the decreasing Aw in the denominator on the
negative term of the second factor on the other hand. It represents an
optimal operation point, which appears due to the high reaction dy-
namic on the one hand and the higher thermal losses on the other side.

In order to describe the actual reacted conversion in comparison to
the maximum possible conversion, the utilization factor F can be used
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Fig. 3. Geometric reduction to a lumped model representation.

[21]:
_ AAW _ Wend,abs — Wend,des (8)
Wmax Wmax — Wmin
With this relation Eq. (5) can be formulated as following:
O i, (AH,  can(1+ ke
gz@ LS L (1 + C)ATl‘m )
Muh Mg \My, — F Awpy,

In order to use Eq. (9) to predict the specific thermal power and the
cooling efficiency, the actual course of the function F = f(my, /mpyy) is
essential. This function strongly depends on the applied temperature
and pressure boundary conditions, the material’s equilibrium properties
(determined by its PCI curves) and the chosen reactor design, deter-
mining the heat and mass transport resistance. Its calculation is crucial
for the model and will be presented in the following section.

2.2. Simplified geometry and lumped model equations

This section describes the newly developed methodology to calculate
the functional relationship between the actual conversion Aw or its
deduced utilization factor F as a functional relationship of the specific
hydrogen flow considering pressure and temperature boundary condi-
tions, material and reactor properties. As mentioned before, in existent
analytical models the conversion is assumed to be constant, in particular
either the material’s maximum hydrogen storage capacity Wy ora1, the
maximum end concentration wy,, or the maximum reachable conver-
sion AW,y = Wmax —Wnin- Such an assumption does not lead to reliable
values for the power of the system and the efficiency at this rated power,
nor does it show how both vary with different applied hydrogen flows.

The main assumptions used in the present model can be summarized
as follows:

e Lumped metal hydride mass (cf. Fig. 3)
e Steady-state
e Homogeneous reaction
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e One-dimensional heat and mass flow

e Constant porosity ¢, thermal conductivity A, specific heat capacity c,
density p, viscosity 5, and permeability «

o Constant reaction enthalpy AH, b, AH; des

e Constant outer heat transfer coefficient a

e No contact resistance from metal hydride bed to reactor wall

e Neglectable temperature difference over wall thickness

e Low amount of stored hydrogen in pores compared to hydrogen in-
side the metal hydride

The basis for this calculation of the reached conversion provides the
kinetic equation, which describes the reaction rate. Since a low amount
of stored hydrogen in the pores compared to hydrogen inside the metal
hydride is assumed, the hydrogen inside the pores is neglected. In that
case, the reaction rate dw/dt equals the specific hydrogen flow ry,/
Mun = dw/dt. As for most thermochemical gas—solid reaction systems,
the conversion rate for this reaction depends on the current hydrogen
concentration w inside the metal hydride. Specifically, for the interme-
tallic metal hydride used in the experiments to validate the model [17],
a first-order kinetic equation can be utilized in the form of Eq. (10) and
(11) [22].

. g .
Desorption : = kT(T)ww (10)
My dt Peq
. . . 14 _peq
Absorption : w =k (T) T (Wmaxotat — W) 11
eq

In Eq. (11) the variable Wi,y ot denotes the maximum hydrogen ca-
pacity of the applied metal hydride material. The kinetic coefficient
kr(T) can be described via an Arrhenius term, cf. Eq. (12), where K is
the kinetic constant, E, is an activation energy and kg is the universal
Boltzmann constant [22].

Since a lumped model is considered, Eq. (10) and (11) for the ab-
sorption and desorption respectively can be applied to the lumped metal
hydride mass point. These differential Equations do not have to be in-
tegrated, since temporal courses are not relevant. The end concentration
W = Wy Of each half cycle can be calculated directly from these equa-
tions for a given specific hydrogen flow.

For an ideal system at isothermal and isobaric conditions with an
ideal material showing no plateau slope in the PCI curve (p,q =
const. # f(w)), the course of the function F = f(my, /muyy) shows a linear
shape. It is then determined solely by a constant applied distance from
the equilibrium, by means of the applied boundary pressure and the
materials equilibrium pressure at the applied boundary temperature,
and the kinetic constant at the applied boundary temperature. This de-
scribes an ideal metal hydride system, which is only limited by its
intrinsic reaction kinetics.

However, further modeling is necessary in order to consider the two
important non-ideal effects. The first one is that indeed all practical
metal hydrides show a more or less steep plateau slope, which leads to a
non-constant distance to the equilibrium during reaction and therefore a
non-constant driving force of the pressure term in Eq. (10) and (11),
respectively. Thus, a concentration-dependent equilibrium pressure in
the form of a real PCI for the applied metal hydride has to be considered.

The second is that non-ideal heat and mass transport inside the
reactor leads to non-isothermal and non-isobaric conditions inside the
real reactor. Hence the pressure p and the temperature T in Eq. (10) and
(11) are not equal to the pressure and temperature boundary conditions
applied. A suitable implementation of heat and mass transport is of high
importance since most really constructed reactors are limited in their
reaction rate through either heat or mass transport.
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2.2.1. Implementation of a real PCI behavior

The first of the two mentioned important steps is the modeling of the
equilibrium behavior of a real metal hydride as a function f(T,p,w). In
the initial implementation of the present model and for the validation
presented in the following section a semi-physical approach is used like
the one in [15,20]. Therein the temperature dependency is modeled
using a van’t Hoff equation with the physical properties of the reaction
enthalpy AH; and the reaction entropy AS,. The concentration de-
pendency in contrast is modelled by a mathematical approach with a
higher-order polynomial. In order to consider the hysteresis between
absorption and desorption PCI curve, each of them is described with a
separate set of AH,, AS, and polynomial parameters. Thus, the constant
equilibrium pressure p., in Eq. (10) and (11) is replaced by a more
precise expression for the equilibrium pressure in the form of p,, = f(T,
w).

2.2.2. Geometric reduction to the lumped model

For the second important step of the modeling, the implementation
of heat and mass transport resistances, a geometric reduction is
necessary.

The general requirement for sufficient heat transfer in the reactor
leads for most realized reactors to small heat transfer distances and a
high heat exchange surface even for hydrogen storage applications.
There are several reactor types reported in the literature, which are often
variations of a tube reactor or a plate reactor [15,23]. Therefore, it is
assumed that a basic geometry as depicted in Fig. 3 simplistically rep-
resents a majority of common reactor designs. This basic geometry
represents the cross-section of either a planar or rotationally symmetric
structure. The metal hydride bed is confined by a reactor wall and a
channel with a heat transfer fluid. In the case of a planar symmetric
structure, several of these plane layers are stacked together to form a
plate reactor. Then the upper wall of the fluid channel is not an addi-
tional wall as for a rotationally symmetric tube reactor but consists of
the reactor wall of the next layer. In the case of a tube reactor, the wall of
the fluid channel can be thinner than the reactor wall since it does not
face the stress from the inner hydrogen pressure. The hydrogen inlet and
outlet can either be arranged at the side or orthogonal to the bed length
direction z through a center hole or feed layer. For this basic geometry
an upscaled reactor could be realized as tube bundle. Based on this ge-
ometry a geometric reduction to a zero-dimensional lumped model (cf.
Fig. 3) is conducted in order to properly calculate this mean temperature
and the temperature difference. The lumped elements represent the fluid
inlet and outlet state as well as a mean fluid state, the mean metal hy-
dride state and the hydrogen feed state. The heat and mass transport
phenomena will be included by mean pressure and temperature differ-
ences between these lumped elements. In the following, the imple-
mentation of the heat transfer resistance and then the implementation of
the mass transfer are described separately.

2.2.3. Implementation of the heat transfer resistance

To consider the heat transfer resistance, a mean temperature differ-
ence between the mean fluid temperature Ty; and the mean metal hy-
dride temperature T, is used, denoted as ATy, = Th — Tmn, cf. Fig. 3.
Accordingly, the constant temperature T in Eq. (10) and (11) is replaced
by Toun = Thit + ATy Due to the above-mentioned motivation to reduce
the heat transport limitation, the bed thickness mostly is small compared
to the bed length of the reactor. In this case, the heat transfer in the
cross-section direction from the metal hydride to the surrounded heat
transfer fluid represents the dominating heat transfer process. Since a
small bed thickness and a high reaction rate dw/dt = my,/my, are
considered, the heat source (absorption) respectively heat sink
(desorption) are assumed to be homogeneous over the bed thickness. A
similar model approach is presented in [24] and was validated suc-
cessfully. Moreover, in the scope of the model, the fluid flow is set suf-
ficiently high that the temperature difference between fluid inlet and
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outlet is small compared to the temperature difference over the bed
thickness. In this case, also the reaction in bed length (axial) direction
can be considered to be homogeneous. Thus, a steady-state one-
dimensional temperature profile in bed thickness direction for a ho-
mogenous and constant heat source can be deduced analytically. The
mean metal hydride temperature difference AT, is then defined as the
integral mean value of the temperature profile over the bed depth d,
and leads to Eq. (13) for a plane geometry.

_ 1 mh ] 2 2
AT, = 7 /Od T(x)dx = qzv;'dgm (§+§) (13)

To determine the volumetric heat source g of the reaction from the
specific hydrogen flow, the porosity ¢ and metal hydride density p,,,
have to be considered according to:

. niy, AH,
Gvol =

— 1
e e (1= a4

A mean heat transfer coefficient o over the reactor length is used.
Together with the thermal conductivity 4 and bed depth d,,;, they form
the Biot-number Bi = ad,,,/4 in Eq. (13). The temperature gradient over
the reactor wall is neglected. This is reasonable, as usually the reactor
wall is much thinner than the metal hydride bed thickness and also has a
much higher thermal conductivity. Additionally, the thermal conduct
resistance from the porous metal hydride bed to the inner wall side is
neglected as a further model simplification. For a rotationally symmetric
geometry, the mean temperature difference can be calculated in the
same way as it can be seen in the Appendix.

2.2.4. Implementation of the mass transfer resistance

Similarly to the heat transfer resistance also for the mass transfer
resistance, a mean pressure difference Apmn = Pu, —Pmn i used to
describe the difference between the applied boundary pressure in the
feed pipe py, to the mean pressure p,,, inside the metal hydride bed, cf.
Fig. 3. Accordingly, in Eq. (10) and (11) the constant boundary pressure
pisreplaced by (pu, + APms ). In analogy to the heat transport modeling,
only a mean pressure p,,, inside the metal hydride bed is considered as
the integral mean value of the pressure profile. The pressure profile is
also calculated with the assumption of a homogeneous reaction. Since
the reaction couples heat and mass changes, the homogeneous reaction
leads not only to a homogeneous heat source or sink but also to a ho-
mogeneous hydrogen mass source or sink. The pressure profile can be
calculated with Darcy’s law and the equation of state for an ideal gas to
consider the pressure-dependent gas density. This leads to the following
differential equation:

dp  nrw, RT 1
dxikmmhMHZp

(1 = &)puy (dn — ) (15)

It contains the dynamic viscosity # of the hydrogen gas and the perme-
ability « of the metal hydride bed. The differential equations can be can
be solved for the pressure profile p(x) by separating the variables. The
mean pressure difference is defined in analogy to the temperature as the
integral mean value of the pressure profile over the bed depth d,,, and
arises to Eq. (16) for a planar geometry:

1 dinh
AP = . p(x)dx
mh /o
1
1 [ ) 5 RT ry 2 E
= 24 2 () _ dopx — 5 2 gy
dn /0’ K 1‘4].[2 Mmp ( e)pmh hX 2 + Pu, Pu,

(16)

Since the function for the pressure profile has a very elongated analytical
solution for its integral, the mean pressure is solved numerically in the
present model implementation. If the hydrogen gas feed is not provided
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from the bottom in the bed thickness direction, but from the side
through the whole length of the bed (cf. Fig. 3), dn, can simply be
replaced by the reactor length and the variable x by the variable z. The
mean pressure difference of a rotationally symmetric geometry is
calculated in analogy to it and provided in the Appendix.

2.2.5. Heat transfer fluid temperature

The temperature profile of the heat transfer fluid in its channel (cf.
Fig. 3) is not spatially resolved in the channel height direction (in case of
a planar geometry) respectively radial direction (in case of a tube ge-
ometry), instead a bulk temperature Ty is considered. The temperature
profile in the channel length direction, respectively in the axial direc-
tion, however, is considered as Tny = f(2). It can be derived from the
energy balance between the heat source or sink of the metal hydride bed
and the fluid flow, cf. Eq. (16). Due to the assumption of a homogeneous
reaction in the metal hydride bed, the axial fluid temperature profile is
linear. Therefore, a mean fluid temperature Ty = (Thtin + Thitou)/2 iS
defined as the arithmetic average of the input and output fluid tem-
perature. The fluid input temperature Ty ;, Serves as an input variable
for the model. The output temperature Ty oy is either calculated with a
given metal hydride mass specific fluid flow Vit /mmy and the specific
hydrogen flow according to Eq. (17) or has a given constant difference
ATy to the input temperature.

Vi

my, AH,
—PhisChtf (Tmf,om - Thtﬂin) =
Moy

My M Ha,

(I =€) a7)

In the first case, the specific fluid flow is given as an input variable,
whereas the output temperature is calculated. In the latter case, the
output temperature is given as the input variable, whereas the specific
fluid flow is calculated. Both calculation types can be selected individ-
ually for the absorption half cycle (hot side fluid loop) and desorption
half cycle (cold side fluid loop).

2.3. Solving procedure

In the previous subsections, all necessary equations for the present
lumped model are presented. They are consecutively connected and
evaluated in the following presented solving procedure to first deter-
mine the crucial conversion Aw (and the derived utilization factor F) and
then the two main performance indicators the specific thermal power
and efficiency. Therefore the kinetic Eq. (10) for the desorption can be
extended to Eq. (18) using the equilibrium pressure expressed by a real
PCI in the form p.q(T,w) and the heat and mass transport resistances
expressed by the mean temperature and mean pressure differences AT,
and Apn. In analogy to this, the kinetic equation (11) for the absorption
can be extended in the same way in order to calculate the end concen-
tration Wenqans for the absorption, respectively.

Ty,

= = ky (The + AT (W) ( P+ Abw ()

= = -1 18
peq (Thtf + ATmh(w)s W) ) Y ( )

Mmp

In order to determine a functional dependency between the reaction rate
w and the desorption end concentration Wepg es in the form of w = f(w)
orw = f(w), Eq. (18) has to be solved. Since Ap,;, = f(w) and p.q = f(w)
as parts of this equation are not solvable analytically for their function
argument, the equation has to be solved numerically. In the present
implementation, this is done for the form of w = f(w).

The overall calculation procedure of the present model consists of the
following subsequent steps:

1. The maximum and the minimum concentrations wy,,, and wy,;, are
calculated from the PCI representation with the boundary tempera-
ture and pressure conditions Ty, py; and T¢, p), respectively.

2. A specific hydrogen flow is chosen.
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Table 1
Parameters used for the validation.
Parameter Symbol Value
Metal hydride material properties
absorption reaction enthalpy, J mol ! AH, s 17.8*10°
desorption reaction enthalpy, J mol AH, ges 21.9%10°
polynomial parameters of the PCI representation according to [15]
maximum total storage capacity, wt.-% Whnax total 1.9
absorption end concentration, wt.-% Wabs end 1.35
kinetic constant, s~ Ko 190,400
activation energy, J E, 5.083*10°2°
density of mh, kg m~> Puh 6300
mass specific heat capacity of reactor material, J kg'? K™! Cimh 500
Reactor properties
mass specific heat capacity of reactor material, J kg™ K™! [ 500
fraction of reactor to metal hydride heat capacity, - kc 3.16
depth for heat transport, m die 0.88%102
depth for mass transport, m it 0.276
heat transfer coefficient, W m2 K ! a 700
porosity, - € 0.67
permeability, m 2 K 1.75%1013
effective thermal conductivity, W m™ K! pl 1
Boundary conditions
hot side (absorption) temperature, K Ty 303.15
cold side (desorption) temperature, K T. 293.15
high (absorption) pressure, Pa Dhi 35%10°
low (desorption) pressure, Pa Do 5%10°
Operation conditions
mh mass specific volume flow of htf, m® s~ Vit /M 4.55%10°
Hydrogen and htf properties
dynamic viscosity of hydrogen, Pa s~1 n 9.05%10°%(T / 293) %68
density of htf, kg m™> Phis 1082
mass specific heat capacity of the htf, J kg K~! Chuf 3260
3. The mean temperature and mean pressure differences AT, and AP, 1
and the mean fluid temperature Ty for the desorption process are Crate / h
calculated by means of Eq. (13), (16) and (17). 10 0 9 19 28 38 47
. T T

4. Eq. (18) is solved numerically for the concentration w, which gives
the reached end concentration Wenqqes during the desorption half
cycle.

5. Step 3 and 4 are repeated for the absorption process respectively or a
given absorption end concentration Weng s is used.

6. Die achieved conversion AW = Wendabs —Wenddes and the deduced
utilization factor F are calculated according to Eq. (8).

7. By Eq. (5) and (7) the capacitive heat losses are considered to finally

calculate the average specific thermal power a/mmh and efficiency
1., respectively.

In the context of the quasi-continuous operation consisting of sub-
sequent absorption and desorption half cycles, there is a noteworthy
effect apparent. If the calculated end concentration of the desorption
half cycle reaches the minimum equilibrium concentration (Wepg s =
Wmin), the desorption is not limiting the performance of the system at
this operation point (the chosen specific hydrogen flow). The more the
desorption end concentration is greater than the minimum concentra-
tion, the more the desorption limits the power and efficiency of the
system at this operation point. The same relation is applicable for the
absorption. In the present implementation of the model, it is optionally
possible to set a certain constant absorption end concentration Weng,as. In
this case, step 5 in the above-mentioned procedure is left out. The ab-
sorption is then assumed to be not limiting. This option is useful to
model the characteristic of an experimentally examined material, which
does not reach its full capacity regarding its PCI curve due to an
incomplete activation process. It is used for the presented validation
results in the section below.

3. Model validation and discussion of operation characteristic

In this section, the proposed model is successfully validated with

1 1 1
B Weckerle et al. [16]
—— This model

F
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Fig. 4. Utilization factor versus specific hydrogen flow.

experimental data from our previous work. The validation was con-
ducted for a fixed reactor over a wide range of operation and boundary
conditions. By use of the validated model, the experimental results can
be further analyzed and its characteristics can be explained. A major
focus is on the effect of the different applied specific hydrogen flows on
the two performance indicators the specific thermal power and the
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Fig. 5. Operation characteristic for power and efficiency.

efficiency. The observed behavior is denoted herein as operation char-
acteristic and its consequences for the operation as well as for proper
sizing for an application are described in this section.

3.1. Details on the validation experiment

The experimental data from [17] are used to validate the present
model. In this publication, the two alternating working metal hydride
reactors operate in the way of a fixed hydrogen outlet flow with a fuel
cell arranged downstream which represents a real quasi-continuous
operation. Its experimental setup is shortly summarized in the
following. In each reactor, approximately 1,5 kg of the intermetallic
semi-binary AB2 type metal hydride “Hydralloy C2” was applied, which
is a room-temperature metal hydride based on TiMnl.5. Its PCIs are
reported and modelled with a semi-physical polynomial approach in
[15]. The reactor is a plate reactor based on a conventional plate heat
exchanger with a small bed depth of 0.88 mm on average and a length of
279 mm. The heat transfer coefficient « for this kind of heat exchanger
has been calculated with an appropriate Nusselt correlation [25] to be
700 W m? K1. The metal hydride is not compacted. Instead, the bed
consists of loose powder. Its average porosity ¢ was measured gravi-
metrically in the referred experiment. In contrast, the effective thermal
conductivity A and also the permeability x were not measured there. The
thermal conductivity for the validation is taken from the literature,
where it does not vary over an order of magnitude. A commonly re-
ported value for a bulk powder is 1 W m! KL Together with the bed
depth and the heat transfer coefficient one can deduce a Biot number
Bi = ady/42 = 0.62. However, the permeability is the greatest
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uncertainty. The reported values in the literature vary in a wide range
from approximately 4.5*101% m? to 1.2*107!! m? [26,27]. Therefore,
within this range, the permeability is used as the fitting parameter. It has
been defined as 1.75*10°'% m? which lies in the order of magnitude of
the carefully measured value in [28]. As temperature boundary condi-
tions the hot side temperature for the absorption half cycle is set to 30 °C
and the cold side temperature for the desorption half cycle is set to 20 °C,
respectively. As pressure boundary conditions the high pressure on the
input side is set to 35 bar and the low pressure on the output side is set to
5 bar, respectively. All applied parameters are summarized in Table 1.

3.2. Operation characteristic

As explained in the previous section, the knowledge of the reached
conversion Aw or of the deduced variable, the utilization factor F, is
essential to use Eq. (5) and (7) to calculate the specific thermal power
and the efficiency, respectively. Accordingly, in Fig. 4 the utilization
factor F is plotted against the specific hydrogen flow for the experi-
mental data and also for the model results. The utilization factor has a
range from zero to one. The value zero represents no conversion and the
value one represents that the whole theoretically possible conversion is
reached determined by the pressure and temperature boundaries (cf.
Fig. 2).

Fig. 4 shows that as the specific hydrogen flow increases, the curve
for the utilization factor decreases monotonically. The model curve is in
good agreement with the data points from the experiment, showing that
the model is able to describe the course of the utilization factor. In
contrast to what could be expected, the experimental data show that an
extrapolation obviously would not reach the value of F =1 with van-
ishing specific hydrogen flow. One explanation is that the material in the
experiment was not fully activated and did not reach its full capacity.
Thus, the end concentration was set as a second fitting parameter be-
sides the permeability. As a result, the end concentration was found to
be 1.35 wt% and thus smaller than the one that can be deduced from its
PCI curve. The other extremum is the point where the curve of the uti-
lization factor reaches zero. It refers to the maximum achievable specific
hydrogen flow. However, at this point no actual conversion is realized
and therefore no heat is generated or taken up. Concurrently this point is
not relevant for design.

As a secondary x-axis, the discharge rate is plotted. It shows an
analogy to electrochemical storages where this discharge rate is denoted
as C-rate with the unit 1/h. Blinov et al. [20] first introduced this
analogy for metal hydride hydrogen storage systems. It can be inter-
preted as the reciprocal time duration until the storage is fully dis-
charged. Since the discharge end state expressed by the utilization factor
decreases with increasing discharge rate, the reciprocal discharge
duration for full discharging shown on the x-axis is a theoretical value. It
must not be confused with the real discharge time, which is equal to the
real half-cycle time, that will occur during operation.

Fig. 4 just shows an important intermediate result, which is never-
theless important to understand the further results. The actual objective
of the model, the calculation of the two performance indicators the
specific thermal power and the efficiency, is shown in Fig. 5 against the
specific hydrogen flow in comparison with the experimental data.

The curve shows an almost linear course with increasing specific
hydrogen flow until a maximum occurs. This follows a rapid decrease
with a higher gradient than the rise of the curve. The model fits the
experimental quite well including the maximum. The highest deviation
between the calculated specific thermal power and the experimentally
obtained value is 13.4 % occurring at the highest measured specific mass
flow. The maximum power, however, is predicted with a deviation of
1.6 % which is in measurement uncertainty of 7.1 — 7.4 %. For the
cooling efficiency, the highest deviation between model and experiment
is calculated to be 11.1 %. For the further declining course of the curve
no additional experimental data points were available.

The linear raising is obvious from Eq. (5). The point where the
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Fig. 6. Influence of different cold side temperatures on specific thermal power and efficiency.

maximum emerges is the point where the declining conversion or uti-
lization factor becomes relevant for the energy balance. The model curve
also shows that negative values of pumped heat can occur with a specific
hydrogen flow above 7.4 gu» min~! kg;,llh and still lead to some con-
version (e.g. F = 0.22 for ¢ = 0, cf. Fig. 4). However, in this case the,
conversion has such a small value that the negative term in Eq. (5) be-
comes larger than the positive term. It implies that the capacitive heat
losses are larger than the heat of reaction for these high specific flows.
Such a maximum in the specific thermal power for an optimal specific
hydrogen flow is also apparent for compressor-driven system as
described in [29], where instead of the specific hydrogen flow the real
half-cycle time was used.

The cooling efficiency ranges from negative values to one. The value
one implies that the whole heat of reaction is pumped from the cold side
to the hot side. Fig. 5 shows, that the efficiency decreases monotonically
with increasing specific hydrogen flow. At the flow value where the
maximum for the thermal power appears, the gradient becomes signif-
icantly higher. Moreover, the figure shows that the efficiency of one is

not reached with vanishing specific hydrogen flow. This is explained by
the utilization factor, which does not become 1 for a vanishing hydrogen
flow, as described above.

This subsection showed that the model is capable of describing the
two performance indicators the specific thermal power and the effi-
ciency very accurately in the range of different specific hydrogen flows
and explains the observed characteristics of the quasi-continuous oper-
ation with the help of the decreasing utilization factor. In the following,
the consequences of this characteristic for operation and design are
discussed. Then in the last subsection, the validation is extended to
further variation also on the temperature boundary conditions.

3.3. Consequences for operation and sizing

From the fact that the curve of the specific thermal power over the
specific hydrogen flow shows a maximum, consequences for operation
and sizing can be drawn. For the operation, one can deduce a strategy
knowing the characteristic curve in Fig. 5 of a certain system. In this
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strategy hydrogen, is bypassed if during operation a hydrogen flow oc-
curs in the region of the declining curve. This prevents the system from
reducing its thermal power output due to dominating thermal losses.

Another consequence is the assistance of the characteristic curve in
Fig. 5 for a proper sizing of the system. Here two sizing cases have to be
distinguished. In the first sizing case, a target value for the absolute
thermal power is specified. Then the system could be sized to the opti-
mum of the characteristic curve. This would provide the lowest neces-
sary mass of metal hydride and therefore the smallest system. As an
alternative sizing, one could increase the applied mass of metal hydride.
Then a higher cooling efficiency can be achieved since this shifts the
operations point to a lower specific hydrogen flow, cf. Fig. 5. A higher
cooling efficiency in that case means that a lower absolute hydrogen
flow is necessary. Moreover, the system is then not sized ‘to the edge’. It
implies that if a system is sized for such an operation point, it is capable
of providing a higher absolute thermal power if the hydrogen flow in-
creases over the value as used as the typical flow value. In the first sizing
option, which would yield the smallest system, the thermal power
output would decrease or remain constant, if the discussed bypass is
implemented. The second sizing option would enable a more flexible
operation but with the drawback of a higher applied mass of metal hy-
dride and therefore a bigger system for the typical operation point.

In the second sizing case, an available hydrogen flow is given. In this
case, the mass of metal hydride which gives the best power density
(specific thermal power) can be determined from this characteristic
curve. However, this is not the sizing which gives the highest absolute
thermal power output. Since the cooling efficiency increases with
decreasing specific hydrogen flow, a sizing with a higher mass of metal
hydride would also lead to a higher efficiency and therefore to a higher
absolute thermal power output, but with the drawback of a bigger
system.

According to these two sizing cases, it can be concluded that a Pareto
front can be drawn in the plots for the thermal power and cooling effi-
ciency. For the thermal power, the Pareto front is located on the com-
plete ascending part of the curve until the maximum point, shown in
Fig. 5. For the cooling efficiency it is located on the left part of the curve
ending at that specific hydrogen flow, where the maximum thermal
power is reached. Specifically for the curve of the validation experiment,
this means that every specific hydrogen flow up to 5.1 gy min ™~ kg is
a valid design point. In this range, it is not possible to increase the
thermal power without reducing the cooling efficiency. In contrast, for
higher specific flow rates than 5.1 gyy min~! kg, there are design
points where both, the thermal power and also the efficiency can be
increased. That is why design points greater than this specific value are
excluded from the marked Pareto front.

3.4. Effect of different boundary conditions

In the publication presenting the validation data [17], not only
different specific hydrogen flows were applied, but also different cold
side and hot side temperatures. Thus, the model can be validated in a
range of different temperatures as boundary conditions. The validation
and discussion of different cold side (desorption) temperatures are
presented in the following. In Fig. 6 the specific thermal power and
cooling efficiency are plotted in the same way as in Fig. 5 over the
specific hydrogen flow. The model shows a characteristic curve for each
cold side temperature. In the experiments, the same specific hydrogen
flow was applied for each cold side temperature. Thus, just one data
point for each temperature is available to validate the characteristic
curve predicted by the model. Nevertheless, it shows a good agreement
with the experimental data. The right side of Fig. 6, shows this agree-
ment more distinctly where the thermal power and cooling efficiency
are plotted against the cold side temperature for the constant specific
hydrogen flow of 3.4 gy min~! kgji, used in the experiment.

Fig. 6 indicates that with lower cold side temperatures the charac-
teristic curves for the specific thermal power reveal a lower maximum.
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Fig. 7. Influence of reactor properties on the system performance.

The gradient at the beginning is very similar for all of the characteristic
curves. But the lower the cold side temperature, the earlier the curve
deviates from this common gradient at the beginning and flattens to-
ward the maximal turning point. Accordingly, the value of the specific
hydrogen flow on the x-axis for the maximum specific thermal power is
shifted to lower values. This leads to the fact that for the same system,
the applied hydrogen flow in the experiment lies either left, right or
close to the maximum of the characteristic curve, depending on the
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applied cold side temperature. For example, for the cold side tempera-
ture of 25 °C the hydrogen flow is on the left-hand side of the peak of the
characteristic curve implying that an increased hydrogen flow would
also increase the thermal power significantly. In contrast, at a cold side
temperature of 16 °C the applied hydrogen flow is almost exactly the
flow that corresponds to the maximum thermal power output. Further
increasing the hydrogen flow would quickly decrease the thermal
power. Furthermore, at a cold side temperature of 13 °C the applied
hydrogen flow is beyond the optimal value. Consequently, a decreased
flow would increase the thermal output.

The first and obvious reason for a lower possible maximal thermal
power at colder desorption temperatures is the higher temperature dif-
ference for the half-cycle switching, cf. Eq. (5). The second reason is the
smaller distance to the equilibrium at the desorption side. As Fig. 2
shows, a lower temperature leads in the PCI diagram to a lower equi-
librium pressure, whereas the desorption end pressure is kept the same.
Consequently, the driving force of the reaction decreases, cf. Eq. (10)
and Eq. (11). For lower cold side temperatures, this leads to a faster
decreasing utilization factor on increasing specific hydrogen flows.

Next to the specific thermal power, the curves for the cooling effi-
ciency are lower for lower desorption temperatures. As the hot side
temperature is fixed, a lower cold side temperature results in a higher
temperature difference between the hot and cold side. Hence the
capacitive heat losses are increasing and the cooling efficiency decreases
according to Eq. (7). This is also the reason why for a hydrogen flow
towards zero the curves do not converge. Although the utilization factor
tends to have similar values for small hydrogen flows, the different
temperature differences still remain the same. This leads to the fact that
each of the curves has a different intersection with the y-axis in Fig. 6.

This sub-section showed that the model is also valid when the cold
side temperature as a boundary condition is set on different values. The
analog validation on the hot side (absorption) temperatures could also
be conducted successfully and is given in the Appendix. As a key finding
the model curves show that the peak in the specific thermal power is
shifted to other optimal specific hydrogen flows if the cold side tem-
perature is set on different values.

4. Main influences of reactor properties on system performance

While in the previous section, the influences of the operation and
boundary conditions for the given validation reactor are described, this
section analyses the influence of the reactor itself on the system per-
formance. The proposed model allows to identify which property of the
reactor limits the reaction dynamic and the effect is shown when this
limitation is overcome. Thereby it is demonstrated how the models can
assist future reactor design tasks.

In the following, the individual influences of the reactor properties
are analyzed. The influence of heat transfer on the one hand and mass
transport on the other hand on the characteristic curves for the specific
thermal power and efficiency can be evaluated with the model by setting
ATy, or AP,y to zero, respectively. Another important property of the
reactor besides heat and mass transport resistance is the heat capacity of
its structural mass, which leads to the previously mentioned capacitive
heat losses and is considered with the variable k¢ in the describing Eqgs.
(5) and (7). By setting kc = 0 its influence can be evaluated. The results
for the individual disabled limitations are discussed in the following and
shown in Fig. 7.

The orange curve in Fig. 7 represents a disabled heat transport,
whereby the mass transport is still considered. The whole metal hydride
bed is then in an isothermal state at the mean temperature of the outer
heat transport fluid Ty, due to an infinite high thermal heat conduc-
tivity and heat transfer coefficient. The corresponding curve of the uti-
lization factor is just slightly above the validation curve. Thus, the
curves for the maximum specific thermal power and efficiency are as
well just on a slightly increased level. This indicates that the system in
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the current reactor under the applied boundary conditions is not heat
transport limited.

The green curve in Fig. 7 represents a disabled mass transport
resistance, whereby the heat transport is still considered. The applied
end desorption pressure in the hydrogen pipe is then also prevailing in
the whole metal hydride leading to an isobaric pressure distribution bed
due to infinite high gas permeability. The corresponding curve of the
utilization factor shows significantly higher possible specific flow rates
for the same utilization factor than in the validation case. Hence, the
corresponding curve of the specific thermal power has a longer
ascending part and later decline after the maximal turning point. As a
result, a higher maximum specific thermal power is achieved at a higher
specific hydrogen flow. Accordingly, the efficiency is above the valida-
tion case in the whole operation range. From this, it can be concluded
that the reactor in this setup is limited by its mass transport resistance.
Looking at the reactor’s layout one can see that the mass transport has a
high transport distance through the bed since the through-flow of gas is
arranged in the bed length direction, whereas the heat transport distance
is arranged in the much smaller bed thickness direction. The mass
transport limitation for this reactor was also described by detailed 2D
simulations in [15].

In the next step both, the heat as well as the mass transport resistance
are disabled. The corresponding red curve shows in the upper plot part
of Fig. 7 even higher specific hydrogen flows for the same utilization
factor F than in the previous cases, but still a descending course. This is
caused by the nature of the kinetic equation, Egs. (10) and (11), itself.
For the specific thermal power, the corresponding curve exceeds the
others resulting in an approximately doubled maximum power.
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Likewise, the efficiency curve is shifted to higher specific flow rates.
Although it is not heat transport limited in its original state, Fig. 7 shows
that if the mainly limiting mass transport resistance is eliminated, again
the system is heat transport limited and its additional elimination could
theoretically improve the performance significantly. It emphasizes the
importance of reactor design to consider always both heat and mass
transport resistance to identify the limiting factor.

The turquoise curve in Fig. 7 refers to a hypothetical case, in which in
addition to the disabled heat and mass transport resistance a massless
reactor with vanishing heat capacity is considered. The corresponding
curve of the utilization factor is similar to the red one which refers to
only disabled heat and mass transport resistance but still considers the
heat capacity ratio k¢ of the validation reactor. The equality of the two
curves is obvious since the heat capacity ratio k¢ has no influence on the
utilization factor, cf. Eq. (17). The capacitive heat losses are only
considered in Egs. (5) and (7) for the specific thermal power and effi-
ciency, respectively. In contrast to the utilization factor, the specific
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thermal power of this case shows a more than doubled maximum
compared to the one, which considers the reactor’s heat capacity. The
curve shows a maximum although the reactor’s heat capacity is not
considered. This is caused by the fact that the heat capacity of the metal
hydride itself, which cannot be avoided by the best reactor design, is still
considered. For the efficiency higher values over the extended operation
range in terms of specific hydrogen flow can be observed. Furthermore,
it is apparent, that the maximum efficiency at vanishing specific
hydrogen flow reaches a higher value, whereas all other curves with the
original value of k¢ are converging to a single lower value. The results of
this hypothetical case point out that besides the importance of a pref-
erable low heat and mass transport resistance, it is also very important to
aim for a lightweight reactor design with a preferable low heat capacity.

In order to evaluate the influence of the metal hydride’s intrinsic
kinetic property, the constant K, is varied with factors of 1/10, 10, and
100. All other parameters remain the same as for the validation case.
The results in Fig. 8 show only a marginal performance increase for ten
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Fig. 9. Influence of different hot side temperatures on specific thermal power and efficiency.
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times the original kinetic constant and no further increase for a multi-
plication by 100. The variation with a tenth of the constant K, shows a
performance loss to appr. 80 % of the original maximum specific ther-
mal power. This result reveals that the reaction rate and therefore the
specific thermal power is not limited by the material’s intrinsic reaction
constant, but solely by the heat and mass transport resistance and the
heat capacity of the reactor. It emphasizes the importance of an elabo-
rated reactor design to exploit the full potential of the system in terms of
high specific thermal power and efficiency. The proposed model thereby
allows to quickly reveal the potential of a certain metal hydride material
under selected boundary conditions.

5. Conclusion

An approach for a lumped model for a quasi-continuous operating
open thermochemical heat pump is presented. It is capable of predicting
the performance in terms of specific thermal power and efficiency under
different pressure and temperature boundary conditions as well as
depending on the gas flow rate. The model considers the three main
effects, the heat and mass transport resistance with its influence on the
conversion of reacted hydrogen per half-cycle and the thermal losses due
to the heat capacity of the metal hydride and its surrounding reactor
structure. For the heat and mass transport, a steady-state one-dimen-
sional profile is assumed in bed thickness direction which allows to
apply the model to typical plane and rational symmetric geometries for
loose powder as well as for compacted beds. The metal hydride equi-
librium properties are considered by a PCI approximation and the ki-
netic equation is applied to the lumped metal hydride mass point.

The model is validated over a wide range of boundary conditions
(specific hydrogen flow: 1.6-7.6 gy min ™~ kgyy, cold side temperature:
13-25 °C, hot side temperature: 24-42 °C) with available experimental
data for a quasi-continuous operating open heat pump based on metal
hydrides. It properly describes the thermal power and efficiency for
different specific hydrogen flows. This characteristic curve reveals a
maximum for the specific thermal power at an optimal specific hydrogen
flow. The governing effects of the quasi-continuous operation are eval-
uated using the developed model. This is for increasing specific
hydrogen flow a high reaction rate that leads on the one hand to high
specific thermal power, but on the other hand reduces the conversion,
due to the heat and mass transport resistance. As a result, for an
increasing specific hydrogen flow, relatively high thermal losses occur
which cause a decrease of the resulting thermal power after an occurring
maximum. With the knowledge of this characteristic curve, the opera-
tion of an existing system can be controlled. For instance, a bypass for
hydrogen flows higher than the optimal flow can prevent a decreasing
thermal power output. Moreover, the knowledge of the operation
characteristic curve of an existing concept is useful for the sizing of the
system for an application. It determines the required mass of metal
hydride for either the highest specific thermal power or for a more
flexible system with a higher efficiency. For that purpose, a Pareto front
can be depicted in the operation characteristic curve. Additionally, the
model facilitates the fast analysis of the influence of the reactor itself on
the system performance. For example, the separate influence of heat and
mass transport as well as the reactor heat capacity ratio can be evaluated
as demonstrated for the validation reactor revealing its mass transport
limitation.

In summary, the validated model can assist the system design of a
quasi-continuous operating heat pump system in several stages. Firstly,
it can assess the suitability of a certain metal hydride for utilization in
such a system under specified temperature and pressure boundary
conditions. Secondly, it quickly shows the individual influence of the
main influencing effects on the reactor performance, to help finding an
optimum reactor design. Lastly, it helps to properly size the system to
obtain the favored design criteria, which can be the highest specific
thermal power or a more flexible operation behavior with a higher ef-
ficiency. Due to its generic approach, basic heat and mass transport
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modeling and simple kinetic implementation, the model is not only
limited to metal hydride systems but could further be applied to other

gas-solid reaction systems working in a quasi-continuous mode.

Nomenclature.

Latin letters

Bi Biot-number, -

C heat capacity, J K

c mass specific heat capacity, J kg? K™!
d depth, m

E, activation energy, J

F utilization factor, -

AH, reaction enthalpy, J mol ™!

Ky kinetic constant, s~!

kg Boltzmann constant, J K~

kr kinetic coefficient, s !

ke fraction of heat capacities reactor to metal hydride, -
M molar mass, kg mol !

m mass, kg

m mass flow, kg s~!

P pressure, Pa

Q heat, J

Q heat flux, W

Gyol volumetric heat source, W m~>

q metal hydride specific thermal power, W kg;ﬁh
R universal gas constant, J mol™! K~!
r radius, m

AS; reaction entropy, J mol K1

T temperature, K

t time, s

w hydrogen capacity, kggz kgin

v volume flow, m® s

x run variable in bed thickness direction, m
z run variable in bed length direction, m
Greek letters

a heat transfer coefficient, W m? K1
€ porosity, -

K permeability, m~2

yl thermal conductivity, W m™ K1

n dynamic viscosity of hydrogen, Pa s~
e cooling efficiency, -

p density, kgm 3

Subscripts

AT temperature lift

abs absorption

c cold/cooling

des desorption

eff effective

end end (of half cycle)

eq equilibrium

h hot

Hy hydrogen

he half cycle

hi high

ht heat transfer

htf heat transfer fluid

i inner

ini initial

lift (temperature) lift

lo low

max maximum

mh metal hydride

min minimum

mt mass transfer

o outer

r reaction

rt reactor

t tank

Abbreviations

FC fuel cell

htf heat transfer fluid

PCI pressure concentration isotherm
w/o without
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Appendix A
Mean temperature and pressure difference for a rotional symmetric geometry

For a rotation symmetrical geometry with the inner radius r; and the outer radius r,, the mean temperature difference AT, of the metal hydride is
defined in the same way as for a planar geometry in Eq. (13) and results in Eq. (19). In this case the Bio-number is defined as Bi = ar,/A.

. —Fo+1Iri — riln( &
_ 1 i 2 [ o 2 2 Tl Tl i (ro) 2 —p
AT = / T(x)dx:% (1_r_1> +2r_1 +3f’ 7 19)

= L
o — 1 44 | Bi re To — 1 ro — 1

ro

In the case of a rotational symmetric geometry, the same assumptions and the same method as for a planar geometry are used, leading to the
following differential equation for the pressure profile:

dp 5 RT iy, (r2—r?)
T THh g e 1o ~J 2
dr  x My, mmu, (1= €)Pm, 2pr (20)
The solution arises to:
%
_)n RT my, o (T 1., 5 2
p) = T 1 = e (1) <52 ) ) )

For this function, no analytical integral formulation exists. Therefore, the mean integral pressure p,,;, has to be calculated numerically in the case of
a rotational symmetric geometry.

Validation on different hot side temperatures

In Fig. 9 on the left side, the characteristic curves for the specific thermal power and the efficiency are shown for different hot side temperatures
whereby the cold side temperature T, remains at 20 °C. The characteristic curves describe the two performance indicators the specific thermal power
and the efficiency depending on the applied specific hydrogen flow as the operation condition. The principal shape of the curves with a maximum for
the specific thermal power and the continuously decreasing efficiency is the same as for different cold side temperatures. Higher hot side temperatures
than 30 °C lead to lower maximums in specific thermal power at lower optimal specific hydrogen flows and also to efficiency curves below each other.
For hot side temperatures lower than 30 °C, the behavior is just inversed. On the right side of Fig. 9, the specific thermal power and efficiency are
plotted versus the varied hot side temperature at the fixed specific hydrogen flow, which was used in the validation experiment. It shows good
agreement between the experimental data and the model results. In comparison to the analog plot for the varied cold side temperature, these curves
exhibit a more linear course. It implies that only the temperature difference in Eq. (5) and (7), but not the utilization factor has changed significantly.
Furthermore, it can be concluded that in this range of varied hot side temperatures, the absorption is not the limiting process.
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2.2. Paper II: Reactor development

In Paper I a numerical model was developed that represents a well-suited design tool. In the
subsequent Paper II it is now applied for designing a new reactor that is specifically optimized
for use in an open MHCS. The first Paper I also showed a huge potential to increase the specific
power, if the heat and mass transport is further enhanced or the sensible mass of reactor is
further reduced. This potential should be now exploited and a higher performance than state-

of-the-art experimentally verified. It leads to the particular research question for Paper II:

,How could a model-based developed MH reactor, specifically for the open MHCS, look
like to show a higher SCP than the state of the art?’

Therefore, compacts of MH composites, as a promising option from the literature, were applied
for the enhancement of the heat conduction in the MH bed. Moreover, functional integration
was realized through additive manufacturing resulting in a sophisticated, but scalable reactor
design. In this course, for the first time a reactor for an open MHCS is realized that is pressure-

resistant up to 70 bar, despite its lightweight design.

The subsequent experimental characterization was carried out at the same pressure ratio of 7 as
in the previous work by Weckerle et al. in order to achieve comparability with the predecessor
reactor. The steady-state performance was measured at different specific discharge rates in
order to determine the characteristic maximum in the SCP supposed to occur according to the
findings in Paper I. A maximum SCP of 511 W/kgwn at reference conditions (20 °C and 30 °C)
could be demonstrated, which corresponds to an increase of 89% compared to the state-of-the-
art. Additionally, at an increased temperature lift of 20 K, for all investigated temperature sets
(10]30°C, 15]35°C and 20|45°C) a significantly higher maximum SCP at a comparable
efficiency could be proven. Moreover, the model developed in Paper I could be further validated
with the new reactor. In conclusion, the results show that a significantly higher SCP than the

state-of-the-art can actually be achieved with a suitable reactor design.
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ABSTRACT

Refueling fuel cell electric vehicles (FCEVs) needs energy for the compressor at the refueling station that is af-
terwards stored inside the high-pressure tank on board of the vehicle. On the one side, the State of the Art does
not allow to recover this energy which results in a negative impact on the efficiency chain of a FECV. On the
other side, air-conditioning systems in vehicles consume significant amounts of energy, further reducing the
limited driving range and increasing the operation costs. This problem can be addressed by the open metal
hydride cooling system (MHCS) arranged between the pressure tank and fuel cell, that converts the available
potential energy into a heat pump effect. The challenges of the MHCS is its thermal performance referred to the
amount of metal hydride (MH) that is required. This study presents a reactor design that significantly increases
the specific cooling power of previous MHCS. The new reactor features MH-graphite composites and micro fluid
channels for heat transport enhancement as well as an additive-manufactured lightweight structure of aluminum
to reduce sensible losses. Experimental characterization at a pressure ratio of 7, a cold side temperature of 20 °C
and hot side temperature of 30 °C show a specific cooling power of 522 W kg, that is nearly twice as high as
the best value reported in the literature. Furthermore, not only cooling efficiencies above 60 % could be
maintained on higher specific power, but also the performance at an elevated temperature lift of 20 K is
improved in comparison to previous systems. The experimentally proven high performance verifies the good heat
and mass transport properties with a low structural heat capacity at the same time. This significantly improved
reactor allows to meet the demanding requirements in terms of weight, space and cost for the applications in the
mobile application such as a FCEV.
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1. Introduction

As part of the worldwide energy transition it is established that
hydrogen can play a significant role, since it represents a versatile en-
ergy carrier that can store renewable energy in large quantities [1].
Hydrogen can be used among other purposes as a fuel for vehicles where
it powers a combustion engine or a fuel cell (FC). Especially FC vehicles
are a promising solution for the usage of hydrogen in the mobility sector
as they exhibit significant advantages in efficiency, noise and nitrogen
oxide pollution in comparison to combustion engines. Current research
and industrial development for FC vehicles focus on heavy duty vehicles
like trucks, buses and also trains, where the advantages in driving range,
refueling time and weight can compensate the complexity and higher
costs compared to battery electric vehicles. For the on-board storage of
hydrogen, high-pressure tanks with 350 bar and 700 bar are State-of-
the-Art. Although this storage option is less energy intensive than lig-
uification, refueling a 700 bar-tank requires still approximately 15 % of
the hydrogen’s energy content [2]. Since FCs do not require that high
pressure to work, but operate at 1 up to 3 bar on cell level, parts of the
compression work could be recovered. For a 700 bar-tank, additional
7.5 % of the usable electrical energy can be gained theoretically
considering an isothermal expansion to 5 bar [3]. The obvious possi-
bility to recover the compression work is by utilizing a mechanical
expansion machine [4]. Another more widely studied possibility is by
applying a thermochemical reaction of hydrogen with metal hydrides
(MH) on different pressure and temperature levels to realize a heat
pump or cooling effect [5]. Since the air-conditioning reduces the
driving range in a fuel cell car by up to 20 % [6], such a system can
support or even replace the existing air-conditions systems without
consuming hydrogen and therefore enhances the overall efficiency of
the vehicles. Thus, it increases the driving range and reduces operation
costs.

In literature, this system is denoted as open MH cooling system
(MHCS) and represents one special kind of MH thermal system. It is
considered as an open system, since it has to be integrated into an
existing hydrogen path with an available pressure difference. Therewith,
it differs from the more widely studied heat driven [7] or the compressor
driven MH cooling systems [8], that represent closed systems. Linder
et al. [5] were the first proposing and experimentally studying the MH
cooling system as an open system removing the thermal or mechanical
compressor and replacing it with the already available pressure differ-
ence that occurs in a FC vehicle with a high-pressure tank. Fig. 1,

temperature lift
T ATife

pressure

tank
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illustrates this concept of the open MHCS applied between the high-
pressure tank and the fuel cell. Hydrogen from the tank is throttled
first to a constant high pressure (e.g. 30-100 bar) at which it is absorbed
in reactor 1. During this exothermic absorption heat is released to the
ambient until the full capacity of the metal hydride is reached. In par-
allel the previously absorbed reactor 2 desorbs hydrogen on the low-
pressure side to the FC (typically 5-10 bar), leading to an endothermic
reaction that takes up heat on a lower temperature than the previous
absorption, according to the van’t Hoff law. Subsequently, the hydrogen
valves are switch in order to let reactor 2 absorb hydrogen from the tank
and release heat to the ambient, while now reactor 1 is producing cold
and feeding hydrogen to the FC. This alternating switching between two
subsequent half cycles leads to a quasi-continuous operation where the
open MHCS acts as a heat pump. Fig. 1 also shows the main re-
quirements from an application point of view, that are a high cooling
power, low amount of MH required and a high temperature lift to enable
many integration options in FC vehicles.

Linder et al. [5] already demonstrated the function of an open MHCS
at relevant pressure conditions of 50 bar and 6 bar for absorption and
desorption, respectively. However, their experiments were not con-
ducted under realistic operation condition, since the pressure was set
constant at the outlet of the desorbing reactor. In a real application in
contrast, where hydrogen flows through the open MHCS to a FC at
steady state, a constant hydrogen mass flow represents the more realistic
boundary condition. Consequently, Weckerle et al. [9] conducted ex-
periments with a fuel cell coupled to the hydrogen outlet of the MHCS. In
that study the operation mode on constant desorption flow was exper-
imentally proven by using a reactor based on a plate heat exchanger.

For MH thermal systems in general it is widely reported in literature
that increasing the thermal performance is a challenge [10]. This applies
also to the open MHCS and can therefore be specified by three main
performance indicators, cf. Eq. (1)-(3). The first one is the specific
cooling power g, referred to the applied mass of MH material, cf. Eq. (1).
It is a crucial performance indicator since it determines the required
mass of MH myy for a certain thermal power Qc and thus mainly in-
fluences the weight, size and cost of the open MHCS. In contrast, in the
conventional application of MHs as a hydrogen storage, the required
mass of MH is almost solely determined by the hydrogen capacity of the
material [11]. Therefore, the reactor design has a minor influence on the
required mass of MH. However, for thermal applications, where the
reactor acts as a power converting component instead of a storage
container, the reactor itself is mostly the crucial component restricting

required MH mass

lmMH=%

cooling output
. AHy
TQC =1MNc

NFC

Pel

Fig. 1. Integration of the MHCS into the hydrogen path of a FC vehicle and development targets.
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the specific cooling power and thus determining the required amount of
MH material. For that reason, the reactor of an open MHCS is rather
comparable to the reactor designs of a MH hydrogen compressor,
described for instance in [12].

The second performance indicator is the cooling efficiency 7. It is
defined according to Eq. (2) as the actual cooling power referred to the
product of the applied hydrogen mass flow my, and the reaction
enthalpy AHg. First introduced by Weckerle et al. [13] it can be
considered as the efficiency of the reactor with respect to the materials
maximum and acts explicitly not as a thermodynamic efficiency. It is
obviously also an important performance indicator as it directly de-
scribes the thermal output at a given hydrogen flow rate. For a constant

P

FC efficiency (7pc = 7'¢ = const.) the thermal power output is propor-
2

tional to the FC power multiplied by the cooling efficiency. Conse-
quently, the cooling efficiency has to be high to achieve a high thermal
power output for a given FC setup.

The third performance indicator to be mentioned is the actually
achievable temperature lift, defined as the difference between the hot
side temperature T;, and cold side temperature T., cf. Eq. (3). The
temperature lift can be considered as a measure of the grade of the
generated cold. Besides this thermodynamic characterization, the tem-
perature lift has a practical importance as well. The higher the hot side
temperature, the easier the heat can be dissipated to the ambient,
leading to a smaller air heat exchanger for. At the cold side, a lower
temperature enables the utilization of a smaller heat exchanger or to use
a lower air stream at the same heat exchanger to transfer the same
cooling power to the compartment, but with lower outlet velocities.
Lower cold side temperatures can also enable the possibility to dehu-
midify the air. Thus, the specific cooling power and cooling efficiency
have to be considered with respect to the achieved temperature lift.

Spec.cooling power ¢, := Q (@D)]
My
o o
Cooling efficiency 7, := Ay o, 2)
Temperature lift ATyg .= T, — T, 3)

The limits of the three performance indicators are determined by the
pressure and temperature boundaries and the selected MH material. But
at specific boundaries and a chosen MH material, they only depend on
the design of the reactor, which makes them suitable parameters to
assess the design quality.

There are many of studies of MH reactors as thermal energy con-
verter in literature. Most of them relate to the known closed MH system
with 4 reactors and 2 pairs of different MH materials for cold generation
or heat pumping. However, closed MH systems and the open MHCS
differ strongly in their mode of operation, being thermally driven in the
case of typical closed system in contrast to being hydrogen pressure and
mass flow driven for open systems. Consequently, performance in-
dicators like the specific cooling power cannot be compared directly.
Recently, also open MH systems for thermal applications are investi-
gated more widely. A comprehensive overview of closed and open MH
thermal systems with the differentiation between continuous and
discontinuous systems was published by Kolbig et al. [3]. Although there
are open systems in literature with specific cooling powers >1 kW/
kgMH, they are obtained just in a single discharge process as peak power
of a discontinuous operation (e.g. for application as a preheater/pre-
cooler). This is again not comparable to the average thermal power of a
quasi-continuous operation by the open MHCS in two half cycles. The
study of Weckerle et al. [13] represents the only available literature data
known to the authors for an open MHCS on a constant desorption flow
rate. There, a maximum specific cooling power of 276 W kgi/[}.[ at a
cooling efficiency of 60 % was achieved at a temperature lift of 10 K. At a
higher temperature lift of 22 K the specific cooling power was reduced to
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96 W kgih; at a cooling efficiency of 32 %. Therefore, this data is used as
a reference for the present work.

These reference experiments were conducted at an absorption pres-
sure of 35 bar with a desorption end pressure of 5 bar leading to a
pressure ratio of 7. However, many FC systems require inlet pressures
higher than 5 bar to insure proper hydrogen recirculation in the anode
loop and also proper purging [14]. When applying a higher desorption
end pressure to the same system, corresponding simulations [15] sug-
gest that the thermal power will decrease. Thus, the aim of this work is
to develop, build and experimentally demonstrate a new reactor that
outperforms the best published reactor in literature for an open MHCS in
terms of the above-mentioned indicators, namely the specific cooling
power, cooling efficiency and temperature lift. Additionally, the system
should demonstrate for the first time the quasi-continuous cold gener-
ation of an open MHCS at a back pressure of 10 bar. Therefore, as a first
step explicit design requirements, that apply to any quasi-continuous
thermochemical heat pumps, are analytically deduced from a previ-
ously published model. Considering these requirements, a new design is
then exemplarily realized on a small but scalable size. Finally, the new
reactor is systematically characterized to evaluate its performance on
different steady-state operation points.

2. Reactor design

The design methodology consists of a detailed deduction of the
design requirements for reaching a high thermal performance.
Following this, ring-shaped MH pellets with a central radial gas supply
and radial heat dissipation to the surrounding reactor tube are identified
as a promising concept that is capable of fulfilling the requirements to a
high extent. The specific dimensioning, especially of the diameters, is
then based on principal considerations, practical manufacturing limits
and simulative parameter variations (not part of this work) to find an
optimum of the ring width for the MH pellets. The final design is pre-
sented in detail with all determined dimensions and their justification.

2.1. Deduced design requirements

At first, definite design requirements for the reactor are deduced in
order to improve the above mentioned three performance indicators in
the course of the MCS development.

For the cooling efficiency as the second performance indicator, the
sensible heat loss is the dominating aspect that occurs at each switching
event from the heating (absorption) half cycle to the cooling (desorp-
tion) half cycle. The sensible heat loss depends on the temperature dif-
ference between hot and cold side and the heat capacity of the reactor.
The ratio of the reactor heat capacity to the one of the MH can be
denoted as k¢ according to Eq. (4):

ke = Crt  Cuy

th - CmhMmh (4)

The variables C,; and C,,, herein represent the absolute heat capac-
ities of the empty reactor and MH material respectively, and ¢, and ¢y,
their corresponding mass specific heat capacities. Eq. (5) can be
formulated for the cooling efficiency #, considering a lumped OD-model
[16]. It incorporates the heat capacity ratio k¢ and the temperature lift
ATy and shows their decreasing influence on 7.

Cmh(1 + k) ATyig

Aw A;R.Des
Hy

”czl_ (5)

Herein My, denotes the molecular mass of hydrogen and the variable
Aw denotes the reacted fraction of hydrogen per MH material in wt.-%.
This conversion Aw can be increased to the materials maximum Aw.x
by applying a sufficient small specific hydrogen mass flow as operation
condition. Consequently, for a given material and temperature lift the
only reactor specific parameter in Eq. (5) is given by kc. Thus, reducing
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kc can be deduced as the single design requirement to improve the
cooling efficiency 7.

In contrast to the cooling efficiency, the specific cooling power as the
first performance indicator is not solely determined by the sensible heat
losses. Instead it is also limited by the heat and mass transfer resistance
inside the reactor. The specific cooling power can be described with Eq.
(6) for a lumped model [16].

Q. _ My, (AHppes Cmn (1+kc)
M, Aw ATy (6)

€= My My

Herein my, \myu denotes the specific discharge rate. Its linear in-
fluence on the specific cooling power is obvious. The influence of the
heat and mass transport resistance rate on the specific cooling power is
not directly recognizable in Eq. (6). But increasing it, decreases the
reacted fraction Aw due to the heat and mass transport resistance [17].
Hence the cold generated per half cycle decreases until a further increase
of the discharge rate does not increase the cooling power anymore,
instead it decreases after passing a maximum [16]. Therefore, lowering
the heat and mass transport resistance can be deduced as a second design
requirement additionally to a low kc. They can be specified as the
temperature difference ATyeq/q and the pressure difference Apyeq/q over
the reaction bed per applied heat source, respectively.

The theoretically achievable temperature lift, as the third perfor-
mance indicator, is determined by the MH material’s equilibrium
properties and the applied pressures for absorption and desorption. To
achieve a reasonable specific cooling power and cooling efficiency at a
preferably high temperature lift, the heat capacity ratio k¢ has to be
small in order to keep the sensible heat losses small. Consequently, as
well as for the cooling efficiency itself, lowering the value of k¢ as much
as possible is deduced as the single design requirement to increase the
usable temperature lift.

In summary, realizing low values for the three parameters kc,
ATpeq/q and Appeq/q can be deduced as design requirement to achieve
high values for the above-mentioned performance indicators. While for
a high cooling efficiency and usable temperature lift it is sufficient to
keep the heat capacity ratio k¢ low, for a high specific cooling power at
the same time, the heat and mass transport resistance have to be low as
well. This, however, represents conflicting goals. It can be easily seen
considering a plate reactor [18]. Increasing the number of heat
exchanger plates on the one hand enhances the heat transport, but on
the other hand increases also the heat capacity of the reactor. In
contrast, a decreased number of plates lowers heat capacity of the
reactor beneficially, but at the same time deteriorates the heat transport
properties. This makes the specific cooling power the most challenging
performance indicator and requires a model-based design to find the
optimal compromise between good heat and mass transport properties
and a low reactor mass.

Besides the above deduced requirements, further aspects like pres-
sure resistance and leak tightness for hydrogen and the heat transfer
fluid (HTF) have to be adhered to. Additionally, the expansion
compensation for the MH bed, filter integration, the filling procedure of
MH and the manufacturability have to be considered in a new reactor
design.

2.2. Realized reactor concept

In order to achieve the targets of this work of a high thermal per-
formance and at the same time the operation on a specified desorption
pressure of 10 bar, the reactor concept presented in the following con-
tains first the selection of an appropriate MH material and second the
reactor design itself.

The MH material Tig.99Zrg.01V0.43F€0.09Cro.05Mn; 5 [19] is selected,
in order to enable the new reactor to operate with FC systems, that
require a higher supply pressure than 5 bar. This MH material is also
known under the brand name ,Hydralloy Cl‘from the German
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manufacturer GfE (Gesellschaft fiir Elektrometallurgie mbH). According
to its equilibrium characteristic shown in Regarding the cyclic stability,
Wanner et al. found only a small degradation of 10 % in hydrogen ca-
pacity for C2 in 85,100 cycles [21], which corresponds to 4255 h of
operation at a half cycle time of 150 s. This good cycling stability is also
assumed to be valid for C1, since it belongs to the same class of AB2-
Laves-Phase type materials. Summarizing the material comparison, the
premise can be stated that the reactor performance in this study can be
compared with the previous prototype despite the usage of a slightly
different material.

Fig. 2, this material exhibits a beneficial low desorption temperature
of 2 °C even at a pressure of 10 bar.

In comparison, for the almost similar material Tip.9gZrg.02Vo.41-
Fep.09Cro.0sMn; 46 (brand name ‘Hydralloy C2’) [20], that was utilized
in the previous study by Weckerle et al., the desorption pressure of 10
bar leads to an equilibrium temperature of 20 °C which does not allow to
produce cold in that case. Hence it is not suitable to operate at 10 bar. A
lower desorption pressure of 5 bar would be required to reach a tem-
perature close to 0 °C, cf. Fig. 2.

However, for the finally selected material C1 the low equilibrium
temperature at 10 bar comes at a price. At the absorption side it requires
a significantly higher pressure of 70 bar to reach a reaction temperature
close to 60 °C, whereas for the previous used C2 a pressure of 30 bar was
sufficient to reach the same temperature. Finally, although the pressure
levels are increased (70 bar for absorption and 10 bar for desorption
compared to 35 bar and 5 bar for the previous study), the same pressure
ratio of 7 is applied. This ensures direct comparability for the following
experimental results despite different absolute pressures, since the en-
ergy effort to drive the MHCS depends mainly on the pressure ratio.

Except for the different equilibrium pressures, both materials are
very similar in their properties, as listed in Table 1, due to an almost
similar alloy composition. For instance, both materials exhibit the same
maximum hydrogen capacity wpax of 1.75 wt.-%. Regarding the other
properties, the values corresponding to the desorption are the most
important ones, since the desorption represents the determining half
cycle. The desorption enthalpy of C1 exceeds the one of C2 by 3.2 %. C1
shows on the one hand a beneficial lower plateau slope for the

T | °C
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Fig. 2. Equilibrium lines at 0.5*wy,,x for absorption and desorption for the MH
materials Hydralloy C1 and C2 (data from [5,15]).
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Table 1
Material properties of selected MH materials.
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Hydralloy C1

Hydralloy C2

Alloy composition

Reaction enthalpy AHg (Abs/Des) 17,922 / 22,606 [5]

[J mol3]
Plateau slope (Abs/Des) [—] 0.42 / 0.22 [5]
Hysteresis [—] 0.27

Wax [Wt.-%] 1.75 [5]

Tio.99Z10.01V0.43F€0.00Cr0.0sMn1.5 [19]

Tio.08Z10.02V0.41F€0.00Cr0.0sMn1 46 [20]
18,384 / 21,712 [15]

0.47 7 0.42
0.11
1.75 [9]

desorption. On the other hand, it exhibits a higher hysteresis between
the absorption and desorption pressure. The kinetic coefficient has a
very small influence on the performance of a MHCs, as an analysis by
means of an analytical model [16] for the previous reactor showed, since
the system is mainly heat and mass transport limited. Regarding the
cyclic stability, Wanner et al. found only a small degradation of 10 % in
hydrogen capacity for C2 in 85,100 cycles [21], which corresponds to
4255 h of operation at a half cycle time of 150 s. This good cycling
stability is also assumed to be valid for C1, since it belongs to the same
class of AB2-Laves-Phase type materials. Summarizing the material
comparison, the premise can be stated that the reactor performance in
this study can be compared with the previous prototype despite the
usage of a slightly different material.

The reactor design itself is designed from scratch. This allows to best
satisfy the requirements above, implying a good heat and mass transfer,
but also a lightweight but pressure-resistant system. In contrast, com-
mercial heat exchangers, that were used in the studies of Weckerle and
Linder [5,9], are typically not optimized for a small intrinsic heat ca-
pacity and often not designed for pressures above 50 bar.

As the basic geometry for the new reactor, a cylindrical tube is
chosen, as it is the best shape for a pressure vessel after a spherical
shape. Thus, small wall thicknesses can be used to keep the structural
mass of the reactor small, in order to achieve a low heat capacity of the
reactor. Moreover, a tube reactor is easily scalable in length and
modular by using several tubes in parallel as a tube bundle as investi-
gated in [22]. As a quite simple geometry, it is also beneficial for
modelling and simulation. According to Yang et al. [23] such a tubular
reactor represents one of the three typical configurations, that is used
since the early investigations on MH heat pumps. Due to its specific
advantages it is still present in a most recent study related to a closed MH
heat pump [24].

In order to enhance the heat conductivity inside of the MH bed,
compacted composites of the MH material with a mixture of 15 wt%
ENG (Expanded Natural Graphite) were used. MH-ENG composites with
that amount of ENG are reported to show of approximately 10 W m ™
K! as a stable value for the effective radial heat conductivity after
several cycles [25,26]. This value is significantly higher than for pure
MH powder, showing approximately 1 W m ™ K~! [27]. The stability of
the thermal properties for MH-ENG composites was already proven over
1000 cycles [25]. Such composites are subject of current advanced
reactor developments, for instance in MH hydrogen compression sys-
tems [28].

After this basic design choices, the principle concept of the new
reactor is finalized by the definition of the heat management and the
hydrogen supply. The heat transfer from the MH-ENG compacts to the
HTF is realized radially to the reactor wall in which a HTF flows. The gas
supply is also designed radially, but from the inner center. The necessary
hole inside the MH-ENG compacts leads to a ring-shape that builds a
distribution channel along the tube axis for the hydrogen. This easy-to-
implement measure ensures a much shorter mass transfer only through
the ring width of the compacts instead of through the whole reactor
length, if no central distribution channel exists. Since heat and mass
transport are both in radial but opposite direction, this arrangement
supports the occurrence of a homogeneous reaction along the bed
thickness, that is easier to control and model than a reaction front

appearing in radial direction. This basic concept is shown in a cross
section of the reactor main part in Fig. 3.

For the selection of the specific diameters marked in Fig. 3, principle
considerations like manufacturing limitations and assembly needs as
well as simulative parameter studies were considered. At first the inner
channel should be as small as possible to avoid unused space and to keep
the outer diameter small which allows using a thin wall thickness.
However, it should not be too small to avoid a significant flow resis-
tance. Moreover, it should allow the insertion of a rolled-up wire mesh
for stabilization and the insertion of an assembly helper tool for filling
the reactor tube with the stacked compacts. Finally, 4 mm were chosen
as a design assumption for the inner diameter. Regarding the selection of
the outer diameter, the ring width is constrained to a minimum of
approximately 2 mm to ensure a proper handling of the compressed MH-
ENG composites.

Different variations for the outer diameter of the MH-ENG compos-
ites were evaluated by using the model published in a previous study
[16] to find an optimum between short heat transport distance but also
low sensible mass ratio kc. As final dimensions, an outer diameter of 14
mm were chosen. However, the inner diameter of the reactor tube was
designed to 15 mm, in order to allow radial expansion of the inserted
composites during activation. After that the MH-ENG compacts are ex-
pected to be in direct contact with the inner wall of the reactor tube. It
leads to a final reaction bed thickness of 5.5 mm, cf. Fig. 3.

The heat transfer is realized inside the wall of the reactor sur-
rounding the MH-ENG composites. Therefore, axial micro channels are
incorporated in order to achieve a high heat transfer coefficient in the
herein dominating laminar flow regime. Micro channels are a well-
known technique in compact heat exchangers and more recently also
reported in advanced MH reactor designs [29,30]. The micro channels in
this reactor are of quadratic shape and exhibit a side length of 0.8 mm,
cf. Fig. 3. The manufacturability of that integrated micro structure is
realized by the use of additive manufacturing. According to the appro-
priate Nusselt correlation [31] the heat transfer coefficient at 0 °C and
operated flow rates up to 2 1 min ™! is calculated to 1500-2300 W m 2
K.

For the analytical design evaluation and comparison with a plate
reactor in Sec. 2.3 it is necessary to refer the heat transfer only to the

5

19,0
7

| ==
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| 08

Fig. 3. Cross section of reactor tube with MH-ENG-composites (dimensions
in mm).
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lateral surface of the reactor tube. Therefore, a factor of 2.5 is calculated
as the heat transfer area of the realized micro channels divided by the
lateral surface of a reactor tube without microchannels. This leads to a
heat transfer coefficient of 3750-5750 W m~2 K™ referred to a simple
lateral tube surface with an outer diameter of 16.4 mm. Herein an equal
heat transfer on all four sides of the micro channel is assumed.

As the construction material for the reactor, the lightweight and
high-strength aluminum alloy AlSi10Mg was used. In comparison to the
widely used austenitic steel 316L it exhibits an approximately 10 times
higher heat conductivity and a roughly 40 % lower volumetric heat
capacity at a comparable strength and hydrogen compatibility. There-
fore, aluminum is a beneficial choice as structural material for MH ap-
plications focusing on thermal performance and is also proven in
hydrogen storage applications [32]. The reactor was manufactured in an
additive power-bed process, specifically in the selective laser melting
(SLM) process. This allows a fast prototyping in few manufacturing steps
and has already showed its suitability for MH-reactors in several other
studies [33,34]. Although this manufacturing technique allows a high
design freedom, this freedom was not fully exploited, since it should be
possible, after some modifications, to produce the reactor by conven-
tional manufacturing methods in the future.

The required wall thickness for the reactor tube and the dished and
plane heads were calculated according the ASME code. In a conservative
assumption, for the reactor tube with its incorporated micro channels,
only the inner wall was considered as the supporting structure. The
chosen wall thickness of 0.7 mm below the micro channels, cf. Fig. 3,
leads to a factor of safety of 2.5 at the operating pressure of 70 bar.

Fig. 4 shows the final design, that is 284 mm in length and consists of
2 tubes of 19 mm outer diameter with common connections for the heat
transfer fluid inlet and outlet. A spring allows the compensation of MH
expansion of 5 % in axial direction, as the sectional view in Fig. 5 shows.
The two caps are manufactured by lathing, using the high-strength alloy
Al 6082-T6. They provide a pipe nozzle with an attached grip-type tube
fitting for the hydrogen connection each. The cabs are screwed inside
the reactor tube, sealed by an O-ring (applying DIN ISO 3601) and
connected to each other by external pipes. Both are equipped by a sinter-
metal filter that have a mean pore size of 0.5 pm, which is assumed to be
fine enough since Wanner et al. determined a mean particle size of 7 pm
for Hydralloy C1 in fully activated condition [21]. Furthermore, it is
expected that the initial pressure surge at the beginning of the absorp-
tion half cycle at constant pressure supports the purging of the filter and
reduces the tendency for filter blocking. The stack of MH-ENG com-
posites is additionally equipped in its center hole with a rolled-up metal
mesh to act as inner stabilization and first filter barrier. The reactor
including all the additional parts shown in Fig. 4, but without MH-ENG
compacts, has a mass of 172 g. It is then filled with the MH-ENG com-
posites that are prepared from 174 g of MH and 31 g of ENG. According
to the maximum hydrogen capacity of the used MH material the reactor
is able to store 3.1 g of hydrogen.

HTF-connectors

H,-connector

MH-ENG-

compacts

cross section

compensation spring T it

Fig. 4. Reactor with caps and all inner parts and an additional part showing the
cross section.
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2.3. Design evaluation

The resulting relevant properties for the presented design, denoted as
reactor 2.0, are evaluated and compared in Table 2 to the previous plate-
based design, denoted as reactor 1.0. The very important thermal mass
ratio kg, that is important for all three performance indicators, could be
reduced to 2.2 compared to 3.2 for the first prototype. This could be
realized by carefully adjusting the wall thicknesses, a higher bed
thickness than reactor 1.0 and the use of the light but high-strength
aluminum alloy compared to the stainless steel of reactor 1.0. (In
Table 2 the higher bed thickness is represented by the equivalent heat
transport length Ly,,). Without considering the tube fittings, the thermal
mass ratio of reactor 2.0 is even 1.6, which is half the value of the
previous reactor. This value is assumed to be more realistic for larger
sizes of the reactor, where the influence of the fittings will be reduced in
comparison to the relatively small sized one of this study. Moreover, also
the mass ratio without heat capacities is reduced by 50 % compared to
the previous reactor and falls even below one, if the fittings are not
considered.

The higher bed thickness of 5.5 mm compared to 0.88 mm for reactor
1.0 on the one hand reduces the thermal mass ration k¢, but on the other
hand increases also the heat and mass transport distance. To still realize
a small heat transport resistance, MH-ENG-composites are used due to
the higher effective heat conductivity A compared to MH powder and
micro HTF channels due to high heat transfer coefficient a to the sur-
rounding fluid. These measures result in slightly lower a heat transport
resistance in terms of temperature difference per volumetric heat gen-
eration of 1.4 K W~ ! cm™3 compared to 1.5 K W em ™2 of the first
prototype. The Biot number of 2.5 for this study compared to 0.6 reveals
that the new reactor is rather limited at the inner heat conduction, while
the first prototype is limited at the outer heat transfer to the HTF. For the
comparison of both reactors an inner heat conduction resistance be-
tween the MH bulk or compact to the reactor wall is neglected.

The mass transport resistance in terms of pressure drop per volu-
metric hydrogen flow could also be reduced significantly from 10.5 to
1.0 bar giz3 s cm?, although the permeability x of MH-ENG-composites is
reported to be much lower than the one of powder bulk used in reactor
1.0. Pohlmann et al. measured a permeability of 3.9e-15 m? after 85
cycles for similar Hydralloy C5 pellets but with 5 wt% ENG [26]. For the
compacts of this study, comparison between model and experiments
showed best accordance for a value of 1.5e-15 m?, that is in the same
order of magnitude as the literature value of Pohlmann. In contrast the
pure powder in reactor 1.0 shows a significant higher permeability by 2
orders of magnitude of 1.75e-13 m? [16]. Despite that, the reduction of
the mass transport resistance for reactor 2.0 is achieved since the center
hole of the composites reduce the mass transport distance Ly, to just the
radial bed thickness, instead of the whole bed length as in reactor 1.0.

3. Experimental setup

The new reactor introduced in the previous section promises a high
thermal performance due to its high heat and mass transport capability
along with its low structural mass. In order to proof it experimentally, a
test setup is required, that will be presented in the following section. It
comprises the HTF fluid and hydrogen side as well a control unit for the
correct half cycle switching.

The reactor is connected via two 3/2-way ball valves to two HTF
loops, each for the hot and the cold side, cf. Fig. 6. Two thermostatic
baths with integrated pumps simulate the behavior of an ideal heat sink
or source by compensating the produced heat or cold of the reactor and
providing a constant inlet temperature to the reactor. As HTF, a mixture
of water and 50 Vol.-% nonethylene glycol was used, since it is a
commonly used fluid in automotive cooling loops with anti-freeze
properties in the range of vehicle operation conditions. The flow rate
of the HTF Vyrp was set constant for each experiment according to the
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Fig. 5. Sectional view of one reactor tube (dimensions in mm).

Table 2
Design evaluation parameters of this study in comparison to the best reactor in
literature.

Reactor 2.0 from this work Reactor 1.0 [9]

ke [-] 2.2 (1.6 w/o fittings) 3.2
k = mg /myy [-] 1.5 (0.9 w/o fittings) 3.2
ATvn/q [K Wl em®] 1.4 1.5
n A [Wm K] 10 [25] 1
ma[Wm 2K 4500 700
® Ly [mm] 5.50 0.88
Bi[-] 3.4 0.6
Apyn/(m V) [bar gi3 s em®)] * 1.0 10.5
n x [m?] 1.5e-15 le-12
m Ly [mm] 5.5 279

* at SDR = 7.5 g min ! kgyk, Paes = 10 bar and Ty = 20 °C.

set hydrogen desorption rate my, ¢es, according to Eq. (7), to achieve a
temperature difference ATyrr = 3 K between the inlet and outlet of the
reactor in steady-state. The variables cyrr and pypp in this equation
represent the specific heat capacity and density of the HTF, respectively.

mHz.des AI-IR,des/MHz
S S (7)

Varre = curr Pyre ATurr

The flow rate of HTF is measured in the hot fluid loop with an
impeller-type flowmeter that provides the volume flow rate as output. In
the cold fluid loop the mass flow is measured directly with a more
precise Coriolis-type flowmeter, since the results in this study in terms of
thermal power and efficiency are referred to the cold side. The HTF
temperature was measured with resistive temperature sensors of type
PT100 with their tips pointing in flow direction. The thermal power
transferred from the reactor to the HTF is deduced in a caloric way,
according to Eq. (8), as the temperature difference over the reactor

R — o -

-way valves
3 a4

multiplied with the HTF mass flow myurr and its specific heat capacity,
that is considered to be constant in the applied temperature range.

QHTF = Mgty Care ATwrr ®

On the hydrogen side the gas connectors of both tubes of the reactor
are connected and used for both, the inflow and outflow of hydrogen, cf.
Fig. 6. Both MFCs act also as a hydrogen gas flow measurement unit. The
gas pressure is measured in the connection piping between the inflow
MFC, the reactor and the outflow MFC. The conversion of reaction
during the absorption and desorption is calculated according to Eq. (9)
by integrating the mass flow signal and considering the stored amount of
gaseous hydrogen in the void volume V,,4 between the inflow and
outflow MFC.

ArnH abs/des / . AP Vvoid
Aw=—2"= My dt—————— 9
My T R/My, T ©)

The void volume was determined to 87.5 mL with a standard devi-
ation of the mean value of 0.4 mL using Argon as an inert gas to prevent
reaction in this measurement.

Mixing, pressing and storing of the MH-ENG-composites was con-
ducted at the Fraunhofer Institute for Manufacturing Technology and
Advanced Materials (IFAM) under an Argon atmosphere while filling the
reactor was performed at atmospheric air. The MH was then activated
inside the final setup using 10 cycles with a controlled ramp-up of 1 lgtq/
min to the operation pressure of 70 bar at a low temperature of 0 °C. The
hold time at 70 bar was between 15 min and 3 h and two times
approximately 15 h. Between the absorptions, vacuum was applied at
approximately 95 °C with hold times between 30 min and 2 h.

The performance of the reactor 2.0 in terms of specific thermal power
and cooling efficiency is evaluated at a constant operation point, that is
defined as the operation at constant inlet temperatures for the hot and
cold side respectively and at a constant hydrogen flow rate for the
desorbing reactor. Each measurement for one operation point consists of

Thermostatic bath
with pump

4—([‘.-’

VHTF = const.

H2-supply

Thermostatic bath
with pump

HTF channel Mk\—bed
3
i |

=consk = mi-immEi—io di—io L iEeooSooto.o o
1

@ ambient

Fig. 6. Experimental setup: picture from the lab (left) and complete schematic view (right).



A. Wimmer et al.

9 consecutive cycles, as depicted in Fig. 7 to proof the operation to be
quasi-steady-state in terms of half cycles times and to have statistically
more reliable results. For each desorption half cycle the mean cooling
power from the temporal evolution is considered. Subsequently, the
mean value of the 9 half cycle means is determined to deduce one
resulting value per operation point. In order to deduce the specific
thermal power, this value is divided by two times the applied mass of
MH, considering the need for two reactors in a final system. To deter-
mine the cooling efficiency, the calculated cooling power is divided by
the reaction enthalpy and the mean hydrogen mass flow according to Eq.
2.

Fig. 7 shows exemplarily the temporal curves for one experiment at a
quasi-steady-state operation point. Each experiment starts with a fully
absorbed reactor at 70 bar and at the high temperature level T},. Then
the first desorption is initialized by simultaneously switching both HTF
valves to the cold fluid loop, while closing the hydrogen inflow MFC and
setting the outflow MFC to the set value. The desorption at constant
outflow rate is kept until the hydrogen pressure reaches the desorption
end pressure of 10 bar, cf. Fig. 7. This acts as the switching criteria for
the half-cycle switching in order to ensure proper operation of a
downstream arranged hydrogen consumer on its required pressure level.
After reaching the switching criteria the fluid valves are switched to start
the absorption half cycle. Accordingly, the outflow MFC for hydrogen is
closed and the inflow MFC is opened with a delay of several seconds
(specified as a constant time for each experiment). The inflow MF is set
to its maximum of 50 lgg/min, that fully opens the connection to the
pressure reducer. In contrast to the desorption, the absorption therefore
occurs at a constant pressure. It is maintained for the same duration as
the previous desorption in order to simulate the actual operation of two
reactors by the use of just on reactor. After the absorption, the desorp-
tion starts again in the way as described before.

As already demonstrated in studies of reactor 1.0 [9] the cooling
output can be increased significantly by switching the outlet HTF valves
a short time later than the inlet valves. They are actuated only then,
when the outlet HTF temperature of the desorbing reactor falls below
the outlet temperature of the absorbing reactor. For the same time the
hydrogen inlet is closed to prevent heat input from the exothermic ab-
sorption in this short intermediate phase. This procedure, denoted as
shifted valve switching (TSVS), reduces the sensible heat loss at the
switching between the two half cycles. A more detailed description can
be found in [9] along with a schematic figure of the HTF paths in the
different valve states.

Due to the experimental concept in this study of using just one
reactor, the operation strategy of TSVS could not be applied one by one.
Instead the TSVS is considered just virtually during the data evaluation.
Thereto, the identical reactor in its subsequent absorption half cycle is
considered as the second reactor. The thermal power with TSVS applied
is then calculated by shifting the corresponding HTF temperature curves
backwards by half a cycle, as Fig. 8 exemplarily shows. The bright green
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and red curves in Fig. 8 show the resulting HTF outlet temperature
curves if TSVS is considered in the evaluation.

4. Results

Using the test setup described above, the new reactor presented in
this work is characterized to evaluate its performance in terms of specific
cooling power and cooling efficiency at different operation conditions
regarding temperatures and hydrogen mass flow. Subsequently, the re-
sults are compared with the ones of the first prototype - reactor 1.0 -
from the studies of Weckerle et al. [9,13].

For each applied set of hot and cold side temperature, different
desorption mass flow rates are investigated. The desorption mass flow is
considered herein as a specific value normalized against the mass of MH
in the reactor, according to Eq. (10). It is denoted as Specific Discharge
Rate (SDR) and thus describes how fast the desorbing reactor is
discharged.

My, (10$)

Myy

SDR =

For a given reactor size the SDR is linearly dependent on the power of
the subsequently mounted FC, cf. Fig. 1, that is supplied by the desorbed
hydrogen. The SDR would be proportional to the half cycle time, if full
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Fig. 8. Imitation of TSVS-operation: Inlet and outlet temperature for the
desorption HC (solid line) and the subsequent absorption HC (dotted line)
(Exemplarily for 20 °C | 30 °C, 70 bar | 10 bar, 16 lgq min~?).
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Fig. 7. Reactor operation in subsequent absorption (Abs) and desorption (Des) half cycles.
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conversion would be reached for all applied SDRs, and is proportional to
the volumetric heat source or sink in the MH bed inside the reactor.
Furthermore, an analogy can be drawn to the C-rate of batteries, in
which the discharge current is normalized against the battery capacity
[17]. Thus, the following results for the specific cooling power, the
cooling efficiency and the reaction conversion in Fig. 9, Fig. 10 and
Fig. 11 are all plotted against the SDR for different temperature sets.
Each experimental point represents the mean of 9 cycles at a quasi-
steady-state operation point, evaluated according to the procedure
described above. The corresponding error bars show the maximum and
minimum occurring in the 9 subsequent half cycles. They are depicted
instead of the combined uncertainty of the sensors as the deviation be-
tween them represents the higher uncertainty.

For each temperature set corresponding simulation results obtained
with a lumped model, that was used in the design process, are addi-
tionally shown as dashed lines. A detailed description of the model as
well as a complete list of the corresponding parameters for reactor 1.0
can be found in a previous study [16]. The model parameters for the
current reactor are based on the results from the design evaluation,
consolidated in Table 2. Supplementary parameters are given in Table 3
in the appendix.

4.1. General characteristics

In an ideal edge case, full conversion is reached for any SDR, ac-
cording to Eq. (6). Here, the specific cooling power could be linearly
increased by applying higher SDRs. This theoretical line is shown in
Fig. 9 (grey line) as the maximum specific cooling power g j; ;. It is
defined as the maximum considering no losses, especially not the
dominating losses due to incomplete reaction from heat and mass
transport limitation and due to cooling down the reactor mass itself.
Therefore, it can be calculated by the reaction enthalpy multiplied with
the SDR, regardless of the applied temperatures and also regardless of
the applied reactor design. In a real system, however, the conversion
rate decreases at higher SDRs, cf. Fig. 11, that consequently leads to the
occurrence of a maximum at an optimal SDR, after that the specific
cooling power decreases again. The model results in Fig. 9 illustrate this
characteristic curve for the specific cooling power more clearly. The
cooling efficiency in Fig. 10 for an ideal system would be maintained at a
value of 100 % over all SDRs. For a real system, in contrast, the cooling

Reactor 2.0 from this work
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efficiency starts at an initial value below 100 % due to sensible losses
and then decreases further due to the decreasing conversion. Likewise,
in Fig. 11 the curve for the conversion in an ideal system would maintain
its initial value, that is determined by the used material and applied
pressure and temperature boundaries. In a real system, however, it de-
creases due to heat and mass transport limitation.

4.2. Reference conditions of 20|30 °C

As the first temperature set, 20|30 °C (T.|T,) was chosen, since this
temperature set represents the reference case for reactor 1.0 with the
most reported measurement points. According to Fig. 9, for this exper-
iment (green), the new reactor (left) at the lowest measured SDR of 4.2
g2 min ! kgMIH shows a specific thermal power of 276 W kgl\’,[h, that is
the same as the maximum for reactor 1.0. However, further increasing
the SDR leads to a decline of the specific cooling power for reactor 1.0,
which has already passed its maximum, whereas the new reactor reaches
higher specific cooling powers. Comparing the maximum of 522 W kg
for reactor 2.0 with the maximum from reactor 1.0, it can be seen that
the specific cooling power with the new design is almost doubled.

Looking at the results in the cooling efficiency 7, for the reference
experiments (green) in Fig. 10, reactor 2.0 shows 51 % at the maximum
specific cooling power, whereas reactor 1.0 shows a higher value of 59 %
at its maximum. However, for the new reactor the cooling efficiency can
be increased by lowering the SDR. For example, an SDR of 7.8 gy» min~!
kg leads to a similar efficiency of 61 % but still at a much higher
specific cooling power of 448 W kgyl compared to reactor 1.0.

To evaluate the performance of the new reactor at an elevated
temperature lift of 20 K, Fig. 9 and Fig. 10 also show the results of the
following temperature sets of 10|30 °C (blue) and 20|40 °C (red), that
are close to the temperature sets of 13|30 °C and 20|42 °C from reactor
1.0. Additionally, the temperature set of 15|35 °C (turquoise) was
applied as a condition with also a doubled temperature lift compared to
the reference case, but symmetrically around the mid temperature of
25 °C.

4.3. Decreased cold side temperature

The results for reactor 2.0 at the lower cold side temperature of 10 °C
(blue curve) show a maximum specific cooling power of 198 W kgit; for

Reactor 1.0 [13]
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Fig. 9. Specific cooling power of the new design (left) compared to the previous design (right) for different cold and hot side temperatures (T. | Ty).
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Fig. 11. Reaction conversion of the new design (left) compared to the previous design (right) for different cold and hot side temperatures (T, | Ty).

an SDR of 3.2 gyo min~! kgmu. The maximum for reactor 2.0 at this
temperature set is more than three times higher than 61 W kgl for
reactor 1.0. Although for reactor 1.0 this value represents the only data
point at this temperature set and is likely not at the optimum SDR, also
the maximum from the corresponding model curve of 108 W kgﬂ[}.[
would be still approximately just half the measured maximum for the
current reactor.

For the cooling efficiency at the temperature set of 10|30 °C, cf.
Fig. 10, reactor 2.0 reaches a value of 66 % at maximum power that is
significantly higher than the value of 20 % for reactor 1.0 and also
significantly higher as corresponding model curve for reactor 1.0
predicts.

4.4. Increased hot side temperature
The next experiment at a temperature set of 20|40 °C (red curve)

presents also a higher temperature lift of 20 K but by a higher applied
hot side temperature, whereas the cold side temperature remains the
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same as for the reference case. For this temperature set, the maximum
measured power is 349 W kglﬁh, cf. Fig. 9, that is more than three times
the respective maximum of reactor 1.0. As with the 10|30 °C-set, here
only one measurement point for reactor 1.0 is available showing 96 W
kgmb. The corresponding model curve shows only a slightly higher
maximum at 134 W kglﬁlH that is still lower than a half of the new
reactor. The cooling efficiency at the maximum power is 44 % whereas
reactor 1.0 shows 32 %, cf. Fig. 10.

4.5. Symmetrically increased temperature lift

For the additional investigated temperature set of 15 °C cold and
35 °C hot side temperature (turquoise), three operation points at
different SDRs were measured. They reveal the occurrence of a
maximum specific cooling power of 317 W kgﬁh at an SDR of 5.9 gy»
min~! kgmy with a cooling efficiency of 57 %. Comparing this results
with the ones of reactor 1.0 at its reference case of 20|30 °C, the new
reactor exhibits a similar specific cooling power and efficiency but for a
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doubled temperature lift. Moreover, for this temperature set the model
represents the measured maximum specific cooling power with the
highest accuracy within the measurements of 4 %.

5. Discussion

Having a look at the three model curves of reactor 2.0 with an
elevated temperature lift of 20 K, it is apparent that the curve for the
highest cold side temperature of 20 °C exhibits the highest specific
cooling power and efficiency followed by the one with 15 °C and then
10 °C cold side temperature. Although all three temperature sets have
the same temperature lift and therefore the same sensible switching
losses. It can be explained by the predominating second effect: Because
of the lower cold side temperatures of 10 and 15 °C compared to the
20 °C curve, the desorption at these temperatures is closer to the equi-
librium. This leads to an earlier declining curve for the reaction con-
version at the cooling half cycle as seen in Fig. 11 and therefore to a
reduced heat/cold of reaction per half cycle, whereas the sensible
switching losses remain the same.

The superior performance of reactor 2.0 compared to reactor 1.0 can
be explained by the improved heat and mass transport capability and the
structural heat capacity. At first, the improved heat transport capability
leads to a higher possible SDR until the drop of the curve for the con-
version occurs, cf. Fig. 11. The later this decrease occurs, the higher the
specific cooling power, that can be reached. A declining curve for the
conversion with an increasing SDR, as it is apparent in Fig. 11, is well
known in literature [17]. For hydrogen storage reactors it describes the
depth of discharge at different SDRs. It is caused by an increased tem-
perature difference from the reaction bed to the HTF as a result of a
higher heat sink at an increased SDR. This leads, in case of a constant
HTF temperature, to a colder temperature inside the reaction bed and
therefore to smaller distance to the equilibrium. Therefore, for increased
SDRs the full conversion is not reachable anymore. However, with an
improved heat transport capability the drop of the curve for the con-
version occurs later at higher SDRs, as Fig. 1lindicates for the com-
parison of Reactor 1.0 and 2.0.

The higher possible SDRs of reactor 2.0 for the same conversion than
reactor 1.0 can also be explained by a higher mass transport capability.
Similarly to the temperature difference between the reaction bed and the
outer HTF, there is also a pressure difference between the reaction bed and
the free gas volume of the reactor, that increases with an increased SDR.
Accordingly, in the case of a better mass transport, the final desorption
pressure (set to 10 bar in this study) is only reached at higher SDRs.

Second, the reduced thermal mass of the current reactor leads
directly to reduced sensible heat losses. The effect of the reduced ther-
mal mass ratio compared to the previous reactor design can be seen on
the one hand in the result plots for the efficiency in Fig. 10: At SDRs close
to zero the decreased efficiency for 20 K temperature lift, compared to
10 K, is not as distinct for reactor 2.0 as for reactor 1.0. On the other
hand, the reduction of thermal mass can be seen in the slope of the curve
for the specific cooling power. Compared to reactor 1.0 the curves for
the specific cooling power exhibit a steeper slope at the corresponding
same temperature lift. Likewise, the slope at elevated temperature lifts
does not decrease as much as for reactor 1.0. For reference, the highest
possible slope is represented by g jiy;-

6. Summary

In this study, three main performance indicators are identified as
development targets for a MH reactor used in an open MHCS: the spe-
cific cooling power, the cooling efficiency and the temperature lift.
Based on these indicators, specific design requirements are deduced,
that are in conflict with each other. The conflicting design requirements
are a high heat and mass transport capability on the one hand and at the
other hand a low heat capacity ratio of the reactor referred to the
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incorporated mass of MH. Following these requirements as well as
previous modelling results, a new reactor design has been developed. It
utilizes the MH as composites mixed with ENG for an improved heat
conductivity (appr. 10 W m~* K1) inside the reaction bed, micro fluid
channels for an improved outer heat transfer and thin 3D-printed
aluminum walls in a tubular geometry to keep the structural heat ca-
pacity low. Analytical evaluation reveals a reduced heat and mass
transport resistance and a lower heat capacity ratio than other reactor
designs for this purpose reported in the literature. Additionally, the
maximum operation pressure of 70 bar for the reactor in this study
succeeds the design pressures of the comparable reactors and broadens
the application field in terms of pressure boundaries. Since the design
does not exhaust the possibilities of additive manufacturing, but in
principal is based on a tube-bundle concept, it allows to be produced by
conventional methods in perspective.

Comprehensive characterization at different hot and cold side tem-
peratures and different SDRs are performed and the results are
compared to the first prototype at the same pressure ratio ppigh /Plow of 7.
In general, the experiments demonstrate the operation at 10 bar
desorption pressure by use of the low-temperature alloy ‘Hydralloy C1°.
It enables the utilization of the reactor with FCs that require a higher
pressure than 5 bar, that was used in the first prototype studies. The
results show an 89 % higher specific cooling power of 522 W kgt
compared to reactor 1.0 at the reference temperature set of 20|30 °C
(temperature lift of 10 K). At a doubled temperature lift of 20 K, for all
three temperature sets 10|30 °C, 13|35 °C and 20|40 °C the new reactor
achieves a more than doubled specific cooling power at a higher cooling
efficiency than the previous prototype. This higher specific cooling
power allows to build a MHCS system that needs less MH material for the
same thermal output. At the temperature set of 15|35 °C a specific
cooling power of 317 W kg and efficiency of 57 % is achieved, that is
nearly the same as the first prototype reaches at half the temperature lift.
This increase of temperature lift at the same power makes it more
suitable for mobile application in air-conditionings that often require a
higher temperature lift due to limited heat exchangers surfaces.

In summary the experiments proved a high thermal performance that
can be explained by the reactor construction itself enabling a high heat
and mass transport along with a low reactor heat capacity. With this
work a significant improvement in reactor design for the open MCS as
air-conditioning system in FC vehicles could be shown. It helps to build a
compact, lightweight and cost-efficient MCS that meets basic re-
quirements in a mobile applications.
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Appendix A. Appendix

A.1. Model parameters for reactor 2.0

Table 3
Supplementary model parameters to Table 2.

Applied Energy 391 (2025) 125911

Parameter Symbol Value

MH material properties

absorption reaction enthalpy, J mol ! AH; aps 17,459

desorption reaction enthalpy, J mol ! AH; ges 22,669

polynomial coefficients of PCI for abs (des), — Co —0.21 (0.28)
¢ 66.28 (—134.5)
c2 —1683.2 (1873.51)
c3 —1683.2 (—7044.45)
A —96,220.69 (13,514.4)
Cs 253,312 (—14,943.32)
Co —411,912.82 (9646.95)
c7 432,855.2 (—3383.56)
cs —295,316.37 (498.63)
) 126,507.35
€10 —30,941.97
1 3297.74
Tref 308.15 (308.15)

maximum total hydrogen capacity, wt.-% Winax total 1.9

plateau mid hydrogen capacity, wt.-% Whnid 1.1

absorption end hydrogen capacity, wt.-% Wabs end 1.54

kinetic constant, s Ko 190,400

activation energy, J E, 5.083%10~2°

density of MH, kg m~> Pumu 6300

mass specific heat capacity of MH, J kg™! K™} CMH 500

Reactor properties

inner radius of MH compact, m ri 1.7e-3

outer radius of MH compact, m To 7.5e-3

heat transfer coefficient to HTF for des, Wm 2 K! QAges 3000*

Operation conditions

temperature difference of HTF inlet and outlet, K ATyrpap 3

Hydrogen and HTF properties

dynamic viscosity of hydrogen, Pa s~ ! n 9.05%10%*(T / 293) %68

density of HTF, kg m > Phit 1082

mass specific heat capacity of the HTF, J kg ™! K1 Chif 3260

" It differs from the theoretical value in Table 2, since it is used as fitting parameter in the comparison with
experimental results. The lower is reasonable, since no contact resistance from the MH compacts to the reactor wall
and no conductivity resistance through the tube is considered.

Data availability
Data will be made available on request.
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2.3. Paper III: Prove of technological requirements

After a SCP of >500 W/kgwmn has been demonstrated, achieved by a model-based development,
a high temperature range was still missing in order to achieve vehicle applicability. This leads

to the research question of Paper III:

‘What are the influencing factors on the achievable temperature lift of the open MHCS

and how can they be addressed appropriately?’

The thermal mass of the reactor is identified as the first influencing factor, as it leads to sensitive
losses that increase proportionally with increasing temperature lift. Therefore, a reactor design
with a low ratio of the reactor's heat capacity to the heat capacity of the MH material is essential.
At the same time, however, good heat and mass transfer must be ensured in order to achieve a
high SCP. These objectives were already pursued in Paper II making a suitable reactor
available. As a second influencing factor, the pressure ratio as high as possible is identified,
which is deduced directly from the equilibrium relationship of MHs (Van't Hoff equation). An
increased pressure ratio also increases the usable enthalpy available to the open MHCS. On the
other hand, however, this reduces the relative operating time. Therefore, an analytical
thermodynamic equation was used to determine how far the pressure ratio can be increased in
order to achieve optimum energy utilization. The reactor was then characterized at a pressure
ratio of 14, which represents a reasonable value, both from an energetic (47% exergy utilization)
and vehicle operation (79% relative utilization time) perspective. It was realized by an inlet

pressure for the open MHCS of 70 bar and a final outlet pressure of 5 bar.

The increased pressure ratio allowed the generation of elevated temperature lifts of 30 K
(10]40 °C) and 40 K (5/45 °C), at which the reactor was comprehensively characterized. As well
as for the lower pressure ration of 7 (Paper II), also for the higher pressure ratio of 14, the
experimental results showed a good agreement with the lumped model developed of Paper I.
With this experiments an application-realistic temperature lift of 40 K with a still high specific
power of 229 W/kgmu could be demonstrated. Therewith, the technological aims of this thesis

could be fulfilled by a systematic model-based analysis and design process.
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Nomenclature

c mass specific heat capacity, Jkg ! K?

fe cooling efficiency, —

E energy, J

Ex exergy, J

AH reaction enthalpy, Jmol !

k polynomial parameter, —

ke Heat capacity ratio of reactor to MH, —

M molar mass, kgmol !

m mass, kg

m mass flow, kgs™?

P pressure, Pa

Q heat, J

Q heat flux, W

q metal hydride mass specific thermal power, Wkgmh
R universal gas constant, Jmol ! K1

Ryo specific gas constant of hydrogen, Jkg™* K~}
T temperature, K

AT temperature lift, K

w, Aw  hydrogen capacity, kgys kgmh
Subscripts

0 standard condition

abs absorption

amb ambient

c cold/cooling

des desorption

h hot

Hy hydrogen
ini initial

lim limit

max maximum
ref reference

openSys open system

Abbreviations

0D/1D/2D zero-, one- or two-dimensional
A/C air condition

atm atmosphere

FC fuel cell

FCEV fuel cell electric vehicle

HTF heat transfer fluid

LHV lower heating value

MFM mass flow meter

MFC mass flow controller

MH metal hydride

MHCS  metal hydride cooling system
PEM polymer electrolyte membrane
PCI pressure concentration isotherm
PLC Programmable logic controller
PRV pressure reduction valve

R reactor

SDR specific discharge rate

TSVS time shifted valve switching
\ valve
VCS vapor compression system

1. Introduction

Fuel cell electric vehicles (FCEV) can play a significant role to
decarbonize the mobility sector, especially for heavy-duty vehicles like
trucks and buses, but also for trains [1]. According to the state of the art,
hydrogen in such vehicles is stored as a highly compressed gas in pres-
surized tanks at 350 or 700 bar [2]. To fill the tank, a remarkable energy
input of approximately 15 % of the lower heating value (LHV) is
required for compression [3-5] and is not recovered so far. Thus, there is
a significant energy potential available to be used onboard. As one
promising possibility, metal hydrides (MH) material are known to be
able to convert a pressure difference directly into a heat pump effect by a
thermochemical gas solid reaction. This principle is used since the first
works on metal hydride refrigeration systems in the 1980s [6] and has
been further developed [7-13]. However, in the most of these reported
machines the pressure difference, needed for the MH to generate the
heat pump or cooling effect, is generated also by a second MH material
with a slightly different equilibrium behavior and using a heat source as
driving force or by an external compressor. It leads to a closed and
thermal- or compressor-driven system, which has been extensively
investigated in the literature [14-22]. In contrast, an open pressure-
driven system is based on an external pressurized hydrogen flow pro-
vided for instance by a pressurized gaseous storage. It was first proposed
by Linder et al. [10] for use in FCEVs equipped with a high-pressure tank
and further reported by studies Meier et al. [23] and Weckerle et al.
[24-26] and publications of the authors of this study [27,28]. It is
further denoted as open metal hydride cooling system (MHCS). By
means of this system, a part of the compression work from the refueling
process can be recovered and converted directly into a heat pump effect.
From the obtained heat pump effect, the generated cooling power can be
used as an energy-efficient air-conditioning (A/C) system, that needs no
additional energy from the fuel cell (FC). Therefore, the MHCS could
assist or even replace the existing A/C and thus make the FCEV more

efficient by diminishing or removing its energy consumption. It leads
then to a higher range and lower fuel costs due to a reduced total energy
consumption [29].

The working principle of the open MHCS is characterized by two
identical MH reactors, that operate counter-cyclically. In the first half-
cycle, reactor R1 absorbs hydrogen at a high pressure level, while
releasing the heat of reaction to the ambient. The inlet pressure for the
open MHCS is on a constant pressure in the range between 30 and 100
bar. This pressure does not equal the actual tank pressure, but is main-
tained by a subsequent pressure reducer. While reactor R1 absorbs
hydrogen from the tank, reactor R2 desorbs hydrogen to the fuel cell, as
shown in Fig. 1. Since the inlet pressure of a low-temperature PEM-FC
typically used in vehicles is on a significantly lower level (3-12 bar
[30]), the desorption reactions takes place on a lower temperature level
than the absorption, according to the equilibrium characteristic of the
MH-hydrogen reaction. This first half cycle, in which reactor R2 gen-
erates cold and R1 releases heat, is shown in Fig. 1. In the second half
cycle the reactors are switched, leading reactor R1 to desorb hydrogen

DPini ... Phigh

abs/des TMPH2

Qh/c,max:

Fig. 1. The open MHCS arranged between a pressure tank and a fuel cell works
on the fixed upper pressure level ppign, and the lower fuel cell pressure pgc.
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and to produce cold while reactor R2 is now absorbing and releasing
heat. This operation procedure ensures a continuous supply of hydrogen
to the FC with a quasi-continuous thermal output.

In the course of the development of the open MHCS as an A/C-system
for hydrogen powered vehicles, several research studies have been
published so far. Linder et al. [10] identified a suitable MH material and
performed first experiments on appropriate pressure levels of 50 bar for
absorption and 6 bar for the desorption, resulting in a pressure ratio of 8.
A temperature lift of 17 K was achieved at a cold side temperature of 13
°C and a hot side temperature of 30 °C. However, the desorption process
was pressure-constrained instead of mass-flow constrained and there-
fore did not represent the real supply to a FC. Weckerle et al. [24]
demonstrated the first operation of an open MHCS on a constant mass-
flow with a coupled FC. With a new low-cost reactor filled with
another suitable MH material a specific cooling power of 265 W/kguy
was reached, but only at a temperature lift of 10 K [25]. The applied
pressure ratio was just slightly decreased to 7 by using 35 bar as the
absorption and 5 bar as the desorption pressure. The maximum achieved
temperature lift of 22.3 K was also only around 20 K. In previous studies
the authors discovered the operation characteristic of an open MHCS on
varying discharge rates and presented a novel reactor design specially
designed for that application [28]. The new design showed a signifi-
cantly enhanced specific power of 522 W/kgyy at the same boundary
conditions in terms of pressure ratio and temperature lift. However, only
the same maximum temperature lift of 20 K was reached.

Thus, it can be concluded, that in the course of the development of
the open MHCS, multiple suitable MH materials were identified [10,24],
the operation with a coupled FC was demonstrated [24] and a reactor
with a high specific power was developed [28]. But only a temperature
lift of approximately 20 K for all reported studies was achieved so far.
However, typical vehicle A/C systems have an evaporator temperature
of approx. 7 °C and a condenser temperature of approx. 45 °C [31].
Hence, reaching a temperature lift of at least 40 K can be seen as the last
missing requirement for application suitability. For achieving a high
temperature lift, the enabling factors are known from literature. They
are at first, a high pressure ratio as it is a direct result of the van't Hoff
correlation between reaction temperature and reaction pressure [32]. At
second, a material that fits to the available pressure boundaries and
intended temperatures [33]. And at third, a reactor facilitating a good
heat and mass transport capability with a low heat capacity of its own
structure [15].

The work presented herein focuses on two aspects. The first is the
experimental demonstration of a high temperature lift for a lab-scale
reactor. The second is the question of a proper scale-up of the lab-
scale reactor for use in a vehicle. Therefore, the first part presents
experimental results of a high-performance reactor, developed in a
previous study [28]. It incorporates the metal hydride material
Tig.99Zr0.01Vo.43F€0.09Cro.0sMn1 5 (‘Hydralloy C1°), that is suitable for an
air-conditioning application in a FCEV, due to its thermodynamic
property showing an equilibrium below room temperature at typical FC
supply pressures. The experiments are conducted on a pressure ratio of
14, that is significantly higher than in all other studies of an open MHCS
aiming for a temperature lift of 40 K. Under this conditions the specific
power and cooling efficiency are evaluated, as the relevant performance
indicators. The results are used for validating a simplified lumped model
as a predesign tool. Additionally, an evaluation of the thermodynamic
efficiency is presented. In the second part, the specific characteristic of
the lab-scale reactor is used to describe a design procedure for a suitable
sizing of the MHCS in a typical vehicle application. It also describes the
total achievable efficiency improvement on vehicle level.

2. Methodology
The methodology of achieving a high temperature lift with an open

MHCS is described in detail. Section 2.1 describes the selection of an
appropriate pressure ratio, in the context of the application in a FCEV,
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by means of an analysis of the exergy utilization. Section 2.2 describes
the applied high-performance reactor and the suitable MH material as
the fulfillment of the second precondition besides the high pressure
ratio. The test setup with the applied boundary conditions is described in
section 2.3. It is followed by a description of the evaluation procedure
for determining the power and efficiency characteristics in section 2.4.
The methodology part is completed with the presentation of a lumped
model in section 2.5 that was used for predesigning the prototype
reactor and compared in the results section with the experiments.

2.1. Selection of pressure ratio by exergy utilization

As the pressure ratio plays a significant role for realizing a high
temperature lift, it is analyzed how the chosen pressure ratio effects the
amount of energy the open MHCS ideally could recover from the pres-
sure tank.

According to the thermodynamic principles, the higher the pressure
ratio the higher the usable energetic potential. However, in this context
the pressure tank delivers the highest pressure only at the beginning,
when the tank is completely full and its pressure is decreasing contin-
uously during discharge until a final residuum pressure is reached. The
open MHCS in contrast operates on a fixed upper and lower pressure
level, whereby the lower one is determined by the fuel cell inlet pres-
sure, cf. Fig. 1. The upper pressure level, on the other hand, can be set
either on a high pressure level close to the initial tank pressure, or on a
low level close to the final tank pressure. Due to the fixed upper pressure
level, the open MHCS can only operate until the tank reaches this level.
A relatively high set upper pressure results into a high pressure ratio and
therefore to a high energetic potential. However, only a small amount of
the discharged gas flows through the open MHCS can be energetically
used. For a relatively low set upper pressure level, the reverse situation
occurs. In this regard the question arises, which upper pressure level is
the optimum from an energetic point of view in order to use the most of
the available energy from the compressed gas. It will be is analyzed in
the following.

At first, the available energy of the pressure tank is calculated as the
exergy of the contained compressed gas. Considering the tank on
ambient temperature T,,, and having an initial pressure piyi, it is
calculated by an isothermal expansion of a closed system to the ambient
pressure p,mp. However, most hydrogen pressure tanks for vehicles
cannot be discharge completely to ambient pressure during normal
operation to allow for a fast refueling process [34]. Instead a residual
pressure must remain inside the tank for technical reasons, e.g. 20 bar as
specified in the refueling protocol SAE J2601 [35]. Considering a re-
sidual pressure pempry inside the empty tank, the exergy is calculated by
Eq. (1) assuming an ideal gas. For a 350 bar-tank, 1 bar ambient and 20
bar empty tank pressure the exergy is 5.59 MJ/kgys, representing 4.7 %
of the LHV of the hydrogen (120 MJ/kg).

Ex = My, tank (1 71@) TambRHz <ln <ppli> +paimb7 1 > (€D)]

Pini amb Pini
At second, the maximum usable energy for the open MHCS is
calculated. Therefore, only the discharged hydrogen, until the tank
pressure equals the upper pressure level pyign, must be considered. This
usable mass can be calculated by the ideal gas equation leading to Eq.

(2):

Phi
My, usable = MH, tank (1 - h_gh) (2)
Pini
Considering Eq. (2), the usable energy is then calculated as the
isothermal expansion of hydrogen for an ideal open system from ppg, to
Plow at ambient temperature. It leads to Eq. (3) assuming an ideal gas.

P P
EopenSys = My, tank <1 - M) RH2 Tamb In (ﬂ) (3)

ini Piow
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This energy is referred to the total exergy of a 350 bar-tank and
visualized in Fig. 2. It shows the usable energy potential as a function of
the set upper pressure level of the open system for different FC pressures.

It reveals a maximum exergy utilization of 74 % for a fuel cell
pressure of 1 bar and a decreased maximum of 33 % for a fuel cell
pressure of 12.5 bar. The corresponding optimal upper pressure levels
are 67 bar for a fuel cell pressure of 1 bar and 110 bar for a fuel cell
pressure of 12.5 bar, respectively. The occurrence of a maximum can be
explained by two opposing effects: Increasing the upper pressure level
Phigh on the one hand increases the energy per mass of hydrogen an open
system can convert, represented in Eq. (3) by the term

Ry, Tamb In (phigh /] pk,w). On the other hand, an increased upper pressure

level reduces the usable amount of hydrogen according to Eq. (2), until
the tank pressure reaches pyig, during discharging.

The selection of the upper pressure level for the open MHCS does not
only determine the exergy utilization but also determines how long the
system can be used with respect to the total operation time of the FCEV.
Therefore, a second y axis is added in Fig. 2, that shows the relative
utilization time. It equals the relative usable mass of hydrogen and thus
is calculated by Eq. (4).

Mysable.opensys _ Pini — Phigh

= &)

Mysable total Pini

—P empty

In this regard Fig. 2 shows for instance for 1 bar FC pressure that the
open MHCS can operate for 86 % of the time until the tank is empty at
20 bar, if the upper pressure level is set on the energetical optimum.
Selecting an upper pressure level for the open MHCS that is lower than
the optimum, the exergy utilization decreases, but the coverage of the
operation can be increased. Therefore, as part of a preliminary design
choice, one has to find a compromise in the pressure range between the
optimum pressure, which exhibits the best exergy potential, and the
lower pressure limit pemyy Which leads to 100 % utilization time.

From a MH reaction point of view, a high exergy utilization does not
allow to generate more cold or to pump more heat per hydrogen mass
flow, since this is determined by the reaction enthalpy AHg of the MH
material. Instead, an increased pressure ratio will allow a higher tem-

350 bar tank
10 . : : 1.0
! Prc in bar
i 1.0 7.5 .
, 0'8‘5 —25 —100[|%® ~
1 —_— —_— )
- i 5.0 12.5 E
~ 06 H0.6 :
o i =
LTi y /\ g
@ 0.4 1 404 5
g ! .
0.2 H0.2 %;
/empty 20 bar
0.0 . . 0.0

200 300
Phigh / bar

Fig. 2. Energy potential of an open system that works between pigy and prc in
relation to the total exergy of a 350 bar-tank. In addition, the blue line shows
the operation time of an open system until the tank pressure reaches ppign in
relation to the total time of tank discharging, that is considered empty at 20 bar.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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perature lift for the same specific cooling power, or a higher specific
cooling power for the same temperature lift. Both aspects will be
addressed in the experimental part of this work.

2.2. Description of the reactor prototype

The MH reactor used in this work has already been presented in
detail in [28] and is therefore only briefly described here in its main
features. Its design aims especially on a good heat and mass transport
with a low structural heat capacity at the same time. It shows a func-
tional integrated design completely out of thin-walled aluminum. The
concept is based on a tube bundle in a simple version with two con-
nected tubes, each with an outer diameter of 19 mm, cf. Fig. 3. There-
fore, it is scalable in length and in number of parallel tubes, forming a
kind of tube bundle reactor in a scaled-up version. As the MH material,
the interstitial ABo-based material Tig.g9Zrg 01Vo.43F€0.09Cro.0sMn1 5 is
utilized. It is also known under its brand name ‘Hydralloy C1’ from the
manufacturer Gfe (Gesellschaft fiir Elektrometallurgie mbH) and rep-
resents a commercially available material, which can easily be obtained
in the lower two-digit kilogram range needed for use in the end appli-
cation in vehicles. It features a maximum hydrogen capacity of appr.
1.75 wt.-% and is highly cyclic stable. As a low temperature MH, it is
suitable in principle for cooling purposes in a FCEV. At a desorption
pressure of 5 bar, which is typical for the FC supply, it shows an equi-
librium temperature of —16 °C at the plateau mid. This allows still a high
power even at low cooling temperatures (5-10 °C), as there is a high
distance to the equilibrium. On the absorption side, a pressure of a least
70 bar is required to fully absorb hydrogen at 45 °C. The MH material is
not used as a loose powder, but mixed with graphite and then compacted
to pellets, in order to realize a high heat conductivity inside the reaction
bed. The stacked ring-shaped pellets form an inner hydrogen distribu-
tion channel inside the reactor tube to realize a high axial mass trans-
port. The heat transfer is provided via a heat transfer fluid (HTF), that
flows inside the reactor wall through micro channels with a diameter of
0.7 mm. They are produced in the course of the additive manufacturing
of the entire reactor. The reactor is filled with 178 g of MH. Its light-
weight design leads to a low heat capacity ratio of reactor structure
related to MH material of 2.4 with and 1.7 without considering the
hydrogen connection fittings. A low heat capacity ratio is important to
reduce the sensible heating losses, that occur due to the alternating
switching between hot and cold side and therefore essential to achieve a
high temperature lift. Additionally, it is also important to keep the
temperature difference between HTF and reaction bed low, to achieve a
high net temperature hub. In this regard the reactor features a high heat
transport capability in terms of temperature difference per heat source
power of 1.4 K W™!

2.3. Test setup

The test setup for characterizing the reactor in the quasi-continuous
operation procedure of an open MHCS is schematically shown in Fig. 4.
A photographic representation of the test rig can be found in a previous
publication in which the same setup was used [28]. The test setup
consists of two domains, the hydrogen gas side and the thermal side with
two HTF loops. The Hydrogen side simulates the integration of the open
MHCS in the hydrogen path between tank and FC. The gas supply from
the laboratory provides 150 bar and is further reduced by a pressure
reduction valve to a fixed pressure of 70 bar. The pressure reduction
valve is followed by a mass flow meter and a blocking valve. The outlet
of hydrogen to the ambient is routed via a mass flow controller. Between
the gas inlet from the supply line and the outlet to the ambient, the
reactor is connected via a cross type fitting that also connects a pressure
sensor to monitor the reactor pressure during the half cycles. The half
cycle operation is controlled by a programmable logic controller (PLC).
In the absorption half cycle, it sets the outlet mass flow controller to zero
and opens the inflow blocking valve. In the desorption half cycle, it
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Fig. 3. Additive manufactured reactor prototype made of aluminum with caps (a), cross section of single tube wall with integrated micro channels (b), stacked metal
hydride grahite pellets before insertion and (c) detailed view of pellet with central filter mesh (d).
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Fig. 4. Schematic of test setup showing the reactor arranged between the
hydrogen side on the top and heat transfer fluid (HTF) side on the bottom.

closes the inflow blocking valve and sets the outlet flow controller to a
defined value. The flow controller maintains the constant hydrogen
mass flow while the pressure of the reactor is decreasing from the initial
70 bar to the final pressure of 5 bar. When the pressure reaches 5 bar, the
desorption half cycle ends and the absorptions half cycle starts again.
The absorption on a constant pressure is hold for the same duration as
the previous desorption took. This allows to simulate the real operation
with two reactors by use of only one reactor.

From an energetic point of view, according to the exergy analysis in
Sec. 2.1, the optimal upper pressure for the chosen FC inlet pressure of 5
bar would be 90 bar instead of 70 bar. It would lead to an exergy uti-
lization of 47 % and a relative utilization time of 79 %. For the chosen
pressure of 70 bar, however, the exergy utilization decreases only
slightly to 46 %, but the utilization time increases to 85 %. It shows
therefore a good compromise between energetic potential and utiliza-
tion time.

In the thermal domain of the test setup, two thermostatic baths with
internal pumps and external flow meters are arranged in order to take up
the absorption heat and desorption cold, respectively. They simulate the
heat exchangers to the ambient and vehicle cabin by providing constant
inlet temperatures for the hot and cold side. The thermal power of the
reactor is measured via the temperature difference between HTF inlet
and outlet, the HTF flow and its heat capacity. The HTF flow is set
depending on the applied hydrogen mass flow in order to achieve a
constant temperature difference between inlet and outlet of 3 K in the
steady state phase after the initial cool-down phase at each half cycle.
Two three-way-valves at the HTF inlet and outlet of the reactor are
controlled by the PLC and connect the reactor either with the hot or cold
fluid loop depending on the active half cycle.

2.4. Evaluation of performance

For the evaluation of the thermal performance in the experiments,
three main performance indicators can be used, according to [28]. One
of these is found to be the temperature lift itself, that shows the grade of
the thermal output. On a certain temperature set, two additional per-
formance indicators can be evaluated. The first is the specific cooling
power related to the applied mass of MH, cf. Eq. (5). It determines the
necessary mass of MH for a certain cooling power and therefore the total
mass and size of the open MHCS in an application. Especially for a
vehicle integration, a high specific power is important.
G =

Myy

)

The second important performance indicator is the cooling effi-
ciency, introduced by Weckerle et al. It is defined as the actual cooling
power divided by the material limited cooling power, that is determined
by the desorption enthalpy AHg.s of the material multiplied with the
hydrogen flow rate. The cooling efficiency defined in Eq. (6) is therefore
explicitly not a thermodynamic efficiency, but a material related one.

Q.
L AI'Ides mH2 (6)

The temporal course of the thermal output is not constant during the
desorption half cycle, due to the temperature change at the beginning.
Therefore, for calculating the cooling efficiency as well as the specific
cooling power, the mean value over the half cycle is considered.

Previous studies showed that on a fixed temperature set the resulting
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cooling power and cooling efficiency depend on the discharge mass flow
leading to a characteristic curve. In this regard the specific discharge
rate (SDR) was introduced as a parameter that denotes the constant
hydrogen flow rate at the desorption half cycle normalized by the used
mass of MH, cf. Eq. (12). It is a measure of the forced reaction rate, if a
neglectable free gas volume inside the reactor is assumed. In a real
system with a fixed reactor size the SDR is proportional to the FC power.

SDR := 4k @)
My

An optimized valve control strategy was introduced by Weckerle
et al., that reduces the switching losses and hence increases the average
thermal output. It is based on a time shifted valve switching (TSVS) of
the HTF outlet valve compared to the inlet valve. To reproduce this
strategy in a single-reactor test setup, the TSVS is considered only in the
postprocessing during the data evaluation. Thereto, from the half cycle
start to the time of the delayed valve switching, the HTF outlet tem-
perature from the subsequent absorption half cycle is used instead of the
current one. The subsequent absorption cycle from the same reactor thus
simulates the parallel absorbing reactor in a normal two-reactor
configuration. The point of the delayed valve switching is determined
herein, when the outlet temperature of the current desorption half cycle
equals the outlet temperature of the subsequent absorption half cycle.

2.5. Lumped model

The following briefly describes a model, previously introduced in
[27], that is parametrized for the current reactor and that is validated
with additional experimental data from this study. This lumped model is
based on a steady state approach and considers the energy balance for a
half cycle. It is obtained by two subsequent simplification steps in the
spatial domain, shown in Fig. 5 (a). In a first step the 3D reactor model is
simplified to a 2D representation of the half of the cross plane, cf. Fig. 5
(b), since the reactor tube is assumed to be ideal rotational symmetric. In
a second step only the predominating radial effects are considered,
leading to a 1D profile for the temperature and pressure across the re-
action bed. Therefrom a mean temperature difference can be deduced
linking the mean HTF temperature with the 0D representation for the
lumped MH mass, where the kinetic equation is applied on, cf. Fig. 5 (c).

(a) (b)
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Fig. 5. Model reduction of MH reactor to lumped mass representation.
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The MH material properties are implemented considering the kinetic
constants and a hydrogen-concentration dependent function for the re-
action equilibrium. Therefore, the measured pressure concentration
isotherms (PCI) from literature [10] are fitted with a polynomial func-
tion at a reference temperature T, of 30 °C and are temperature
compensated by the van't Hoff equation with the reaction enthalpy
AH,ys for absorption and AHges for desorption, as an additional fitting
parameter respectively. It leads to Eq. (8), where py denotes the refer-
ence pressure of 1.013 bar.

p AHabs /des 1 1 n .
£ —expy e (- kiw'
exp{ R To T o (8)

The parameters k; of the fitting polynomial are listed in Table 2 in the
appendix. The comparison between experimental data and polynomial
fit is shown in Fig. 6 for the absorption (abs) as well as for the desorption
(des) line.

The polynomial function for the equilibrium pressure is applied on
the expression for the reaction kinetics of the lumped MH mass, whereas
the temperature and pressure at this mass point are determined by the
1D steady-state temperature and pressure profiles. Using the resulting
equation, the reaction conversion is calculated as a function of the
applied hydrogen mass flow. In combination with the reaction enthalpy
it defines the produced heat of reaction per half cycle. This generated
cold is further reduced by the sensible heat, which is required to cool
down the reactor from the hot to the cold temperature level. It yields the
net thermal cooling power, shown by Eq. (9).

_ My, (AHges cwm (1 +kc)

9. Myu ( My, Aw

AT ) (C)]

In the same way the cooling efficiency can be calculated, represented
by Eq. (10).

v (1 + ko) ATyge

Aw
Hy

ne=1- (10

The parameter k¢ in eqgs. (9) and (10) denotes the important heat
capacity ratio of the reactor structure to the contained MH material, cf.
Eq. (11).

kC L Creactor Mreactor (11)
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Fig. 6. Polynomial fitting of the experimental PCIs of Hydralloy C1 from [10].
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3. Results of characterization

The following presents experimental results conducted in a setup,
which fulfills the prerequisites for reaching a high temperature lift as it
consists of a high-performance reactor operated at a high pressure ratio
of 14. The first section describes the obtained characteristics in terms of
specific cooling power and cooling efficiency for temperature lifts from
20 K to 40 K. For each temperature setting the results with and without
the applied TSVS-strategy are presented and compared to the state of the
art. In a subsequent section the results are used to validate the lumped
model of the reactor. The third section takes another approach for
evaluating the efficiency by assuming a closed system with an ideal
compressor. This enables the comparison with an electrically or
mechanically-driven refrigeration cycle.

3.1. Specific cooling power and cooling efficiency

The plot on the left hand side of Fig. 7 shows the MH mass specific
cooling power as a function of the SDR for different applied cold and hot
side temperatures (T, and Ty,) and with applied TSVS-strategy. The right
plot of Fig. 7 shows the same results without considered TSVS. Each data
point represents the mean over 9 cycles on constant boundary conditions
and therefore a steady-state operation point. The corresponding error
bars show the minimum and maximum of the evaluated cycles. The
temperature sets are chosen in the way to symmetrically increase the
temperature lift ATy from 20 K to 40 K around a mid-temperature of 25
°C. Additionally the temperature set of 5|25 °C (T.|Ty) is applied, where
only the cold side is reduced by 20 K from the reference temperature.

For every temperature set, the experimental data in Fig. 7, as well as
the results from the lumped model, show a characteristic profile for the
specific cooling power with a maximum at an optimal SDR. It is caused
by two contradictory effects that occur for an increasing SDR. As a first
effect, the increased SDR leads directly to an increased conversion rate
and therefore to a higher thermal power per mass of MH. For an ideal-
ized case, this is represented by a straight line in Fig. 7, denoted as ¢ j;,-
It is determined only by the reaction enthalpy of the used MH neglecting
sensible heat losses. The seconds effect is shown by the results of the
hydrogen section in Fig. 8, in which a decreasing reaction conversion Aw
per half cycle at increasing SDR is visible. This is caused by an increasing
temperature difference from the HTF to the reaction bed, which leads to

with TSVS
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Fig. 8. Reaction conversion depending on the specific discharge rate for
different temperature settings.

the equilibrium being reached earlier. Consequently, the final desorp-
tion pressure of 5 bar is reached at a reduced conversion and less re-
action cold can be generated, whereas the sensible loss caused by the
cooling down phase remains the same. Exceeding the optimal SDR, the
cold per half is reduced to such an extent that the sensible heat loss
dominates.

The temperature setting of 15|35 °C shows the lowest investigated
temperature lift of 20 K. This setting is applied, since the previous ex-
periments of this reactor with 10 bar desorption pressure were con-
ducted at this temperatures as well. The results in Fig. 7 show a
maximum specific cooling power of 613 W/kgyy that leads to less than 2
kgmu per Kilowatt cold. It is roughly doubled than the result of 317 W/
kgny for the previous experiment at 10 bar, shown in Fig. 7 (left) as grey
dotted line. From a MH reaction perspective, the higher specific cooling
power compared to the 10 bar-experiment is reasonable, since the
reduced pressure of 5 bar leads to a higher distance from the equilibrium

without TSVS
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Fig. 7. MH mass specific cooling power for different temperature settings, applying the TSVS-strategy (left) and without it (right). Grey dashed line and grey empty

points show previous results on 15|35 °C at 10 bar back pressure [28].
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at the desorption. Thus, a higher conversion rate and therefore specific
cooling power is possible before the characteristic line declines due to a
significant reduced conversion, cf. Fig. 8.

The temperature setting of 5|25 °C also applies a temperature lift of
20 K, compared to the 15|35 °C-setting. However, the experimental
results show a lower characteristic for the specific cooling power in
Fig. 7 with a significantly reduced maximum at 422 W/kgyy. This is
remarkable, since both experimental setups not only have the same
temperature lift, but also have the same pressure ratio and therefore use
the same energy potential. It can be explained by the crucial effect of the
cold side temperature. The lower cold side temperature of 5 °C leads to a
smaller distance to the equilibrium at the desorption end pressure. In
contrast, on the absorption side, the 5|25 °C-setting benefits from a
higher distance from the equilibrium. It enables shorter regeneration
times within the available half cycle time, that is determined by the
parallel desorption of the second reactor. However, as Fig. 8 shows for
the reaction conversion, the system is able to fully absorb even at 35 °C
in the available half cycle time. That implies both systems are only
desorption limited. The 15|35 °C-setting reaches a higher specific
power, since 15 °C cold side temperature has a higher distance from the
equilibrium, at the applied desorption end pressure, than 5 °C. It shows
that not only the pressure ratio is important for a high performance. It
determines only the upper physical limit. However, for a high-
performance system a proper choice of absolute temperature and pres-
sures for a certain material is equally important.

For the experiments at 30 and 40 K temperature lift, Fig. 7 shows the
principle behavior of a decreasing specific power with increasing tem-
perature lift. The maximum cooling power for the 30 K-experiment is
386 W/kgun. The lower value compared to the 15|35 °C-setting (20K)
can be explained by two main effects that occur. At first, the higher
temperature lift directly leads to a higher sensible loss at each half cycle
switching. At second, the reduced cold side temperature of 10 °C is
closer to the equilibrium and therefore allows only a lower SDR before
the conversion per half cycle drops significantly, as shown in Fig. 8.

The highest temperature lift of 40 K was applied by a cold side
temperature of 5 °C and a hot side temperature of 45 °C and thus rep-
resents the most relevant setting for application as a vehicle A/C. The
corresponding characteristic in Fig. 7 reveals a further reduced specific
cooling power of 229 W/kgyy. It is nearly the same the first prototype
for an open MHCS reached [25], however at 40 instead of 10 K tem-
perature lift. Leading to 4.4 kg MH material per Kilowatt, it can be
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considered as suitable for scaling up in a mobile system.

The results for the conversion in Fig. 8 reveal a further aspect in
addition to the principle behavior of a decreasing conversion with
increasing SDR and the earlier decrease for a reduced cold side tem-
perature. Fig. 8 shows moreover, that the principle behavior applies to
all curves except the curve for the 5|45 °C-experiment. For this tem-
peratures, the measured values for the conversion Aw are clearly below
the ones of the 5|25 °C-setting, despite the same cold side temperature.
It can be explained by a lower starting point of Aw for the cold half-
cycle. This implies that the regeneration in the absorption half cycle
could not be finished completely, since the hot side temperature of 45 °C
is too close to the equilibrium temperature at 70 bar. It means that for
the selected material and an upper pressure level of 70 bar, the
maximum hot side temperature is somewhere between 40 and 45 °C. In
order to increase the performance at 45 °C and higher temperatures, the
absorption pressure must therefore be increased. Considering the results
of the model, Fig. 8 show the same conversion line for 5|25 °C and 5|45
°C, which was also expected for experimental results. It confirms that the
absorption limitation, which is not considered in the model so far, be-
comes relevant for this case.

Fig. 9 shows the cooling efficiency for the investigated temperature
setting as a function of the SDR. The curves show a similar course to that
of the conversion, since a decreased conversion leads directly to a lower
efficiency. For the cooling efficiency, however, also the sensible heat
losses from the half cycles switches are relevant. They lead to a greater
difference of the various curves on the y-axis, showing a significantly
reduced cooling efficiency for an increased temperature lift, even for a
low SDR. The resulting cooling efficiencies for the highest specific
cooling power are between 48 and 59 %. The characteristic shows an
increasing value for a reduced SDR, which is due to a corresponding
higher conversion. This trend is observed for all applied temperature
sets except for the 40 K-curve. Here the measurement point for the
lowest or second lowest SDR have to be considered as outlier.

3.2. Model validation

As it can be seen in the comparison of experiment and simulation (in
Fig. 7 and Fig. 9), the model presented in Sec. 3 describes the charac-
teristic for the cooling power and efficiency for most of the temperature
sets quiet well. The corresponding model parameters are listed in Table
3 in the appendix. The mean deviation for the maximum power and the

Ne = q.c/q.c, lim /
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Fig. 9. Cooling efficiency for different temperature lits ATy (Tc|Ty) as the cooling power normalized by the material limit, determined by the reaction enthalpy.
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corresponding efficiency is only 16 % and even lower for the case
without TSVS. As a result, it can be considered as a valid predesign tool
for reactor development, material evaluation and performance predic-
tion on different temperature boundaries. Herein the temperature
setting of 5|45 °C is excluded, since the model is not valid for the herein
occurring absorption limitation Thus it has to pointed out that the model
is only valid if the MH inside the reactor can be fully regenerated in the
regeneration half cycle. For the presented setup this is not possible any
more at the hot side temperature of 45 °C, since this temperature is too
close to the equilibrium. Hence a possible absorption limitation is
necessary to be implemented in the model.

The model predicts the optimal SDR precisely for 15|35 °C and 5|25
°C with a deviation of 2 % and 4 % respectively, whereas for 10|40 °C
and 5|45 °C the deviation is significantly higher at 34-78 %. However,
the knowledge of the correct optimal SDR is important to be imple-
mented in a hydrogen flow controller that prevents the system from a
dropping performance caused by a too high discharge rate. Conse-
quently, it must be noted that the model is valid for reactor pre-design,
but not valid for use in a controller. Instead it is rather recommended to
fit the experimentally obtained performance points by a fitting function
for each temperature set, as exemplarily shown in Fig. 11, in order to
generate a characteristic map.

Comparing the reactor performance between with and without TSVS,
Fig. 7 and Fig. 9 show a significant improvement in power and efficiency
for the case with applied TSVS. The improvement increases with
increased temperature lift from about 30 % for 10 K to 45 % for 30 K to
even 250 % for the highest temperature lift of 40 K. This effect is
reasonable, since an increased temperature lift increases also the sen-
sible losses caused by the HTF, that are primarily aimed to mitigate by
the TSVS.

The measurements are in good alignment with the first demonstra-
tion of Weckerle et al. [24], where an improvement of 26 % was re-
ported at a temperature lift of 10 K. Thus, it can be stated, that the
application of TSVS is even more important for increased temperature
lifts.

3.3. Thermodynamic efficiency

In the previous chapter the cooling efficiency 5, was used as a ma-
terial related evaluation parameter for the efficiency. It indicates to
which extend the material is utilized by the realized reactor design
under the applied operation conditions. Therefore, it is especially useful
for reactor assessment and for predesigning a scaled-up system for an
application (cf. Sec. 4). However, it does not represent a thermodynamic
efficiency. In contrast, the available energy for an open MHCS on a
certain pressure ratio, calculated in Sec. 2.1, can be taken as a reference.
Even though this energy is available for free in a FVEC, it is worth
analyzing how well this energy is utilized from a thermodynamic point
of view.

Thereto, the system is considered separately from the hydrogen flow
between high-pressure tank and low-pressure FC. Instead, the hydrogen
outlet is virtually connected with the inlet via an ideal assumed
compressor. Fig. 10 shows this setup, representing a closed system. The
two pressure regulators from the FCEV integration setup are retained for
this configuration. Therefore, the compressor has to deliver a constant
pressure of 70 bar, sucking hydrogen at a constant pressure of 5 bar. The
minimal energy, that is required for this compression, is determined by
the isothermal process, that equals the calculation for the usable exergy
of an open system in Sec. 2.1. This leads to the definition of an
isothermal Coefficient of Performance (COPjyherm) in Eq. (12),
assuming the hydrogen being heated up to ambient temperature before
entering the compressor

Q.
mHz RH2 Tamb In (IM)

Piow

Copisoﬂierm = (1 2)
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Fig. 10. Flow diagram of the metal hydride cooling system (MHCS), closed by
an assumed isothermal compressor.

Phigh Plow

The results for this theoretical setup can be taken from the secondary
y-axis in Fig. 9. Since according to Eq. (12) the COPjstherm iS proportional
to the cooling efficiency 7., it shows the same behavior of a reduced SDR
leading to a higher COP with the disadvantage of a lower specific power.
For the optimum SDR the corresponding COPjstherm iS at approximately
1.5 for the temperature lifts of 20 K and 30 K and can be increased to a
2.5 for the 20 K-settings by lowering the SDR. The result shows that the
present reactor uses the available energy with a COP in the same range
as the COP of a conventional vapor compression system (VCS), that
typically has a COP of 2. At this point, it must be emphasized that the
reference value for the VCS is electrical or mechanical energy causing
fuel costs and a reduction of vehicle range. Whereas the reference for the
open MHCS is unused available energy and thus leads to no further
energy consumption for the vehicle but instead to an overall increase in
system efficiency.

4. Discussion on sizing for applications

For a vehicle application with a certain available hydrogen flow rate,
the question arises, how large the lab-scale system should be scaled up in
terms of applied mass of MH and what thermal power could be achieved
by it. In order to determine an appropriate size, a diagram for the ab-
solute cooling power as a function of the applied MH mass is beneficial.
The deduction of such a diagram using the mass specific characteristics
of a prototype reactor is presented in the following. It is exemplarily
conducted for the reactor of this work using the experimental results
from Sec. 3.

The scaling considered in this section is meant not to affect the
reactor concept itself. The current reactor could therefore be scaled
either by the number or the length of tubes, or a modular scaling is
realized with several reactors in parallel. At first, a certain temperature
setting is chosen as the thermal design point. The corresponding mea-
surement data for the specific power and cooling efficiency are then
approximated with a fitting function, as Fig. 11 (left) shows for the 10|
40 °C-experiment of the current reactor using a polynomial function (cf.
Table 4 for coefficients). In the second step, the optimal MH mass is
determined for the specific hydrogen flow rate available in the target
FCEV. It is obtained by dividing the design flow rate by the optimal SDR.
As an example, an available hydrogen flow rate of 55 g min! is
assumed, which corresponds to a FC power of 55 kW at an efficiency of
50 % (LHVys = 120 MJ/kg). This assumed power represents the typical
average continuous FC power of a FC-powered bus, whereas for a FC-
powered truck or train this value has to be approximately doubled.
With the optimal SDR of 7.97 g min~! kgy}; from the fitting function in
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Fig. 11. Polynomial fitted reactor characteristic for experiments on T.=10 °C and T;,=40 °C (left), and scaling case for my, = 55 g min

utilized MH mass on the absolute cooling power (right).

Fig. 11 (left) the optimal mass is calculated to be 7 kg. It refers to a scale-
up factor of 20 related to the presented lab-scale prototype, which is
assumed to be feasible since the presented prototype is relatively small
and a bundle version with 25 tubes is currently under construction. The
corresponding absolute cooling power on this optimal design point is
5.1 kW, calculated by the optimal MH mass multiplied with the
maximum specific cooling power of the fitting function (372 W/kgyn)-
From an application point of view, the continuous cooling power of 5
kW could cover the base cooling load of the assumed FC bus.

As an alternative to this optimal size, the use of a smaller system for
this hydrogen flow rate is also possible, but would lead to a SDR above
the optimum and a consequently lower cooling output than possible. To
prevent this suboptimal operation, a permanent bypass is assumed that
only allows the amount of hydrogen to flow through the MHCS which
leads to the optimum SDR. It ensures the system to actually achieve the
maximum cooling power, that is possible with this lower MH mass. In
general, a linear graph from zero to the optimal sizing point can be
drawn, cf. Fig. 11 (right), defining a region, which can be denoted as
undersizing region. In contrast, the region that is related to a system
exceeding the optimal MH mass, is denoted as oversizing region. In this
region, the graph for the absolute cooling power is calculated directly
with the specific power from the fitting curve in Fig. 11 (left) at the
corresponding SDR, without the need to consider a bypass.

As a result, Fig. 11 (right) shows in principle that upscaling the
system by an increased mass of MH increases the obtained cooling power
in every case. For sizes from zero to the optimal mass, the power raises
with a constant gradient. In this undersizing design region, a higher MH
mass could reduce the bypassed hydrogen flow and therefore could use
the available hydrogen flow to a higher extend resulting in a higher
thermal output. For scaled-up systems exceeding the optimal mass, no
bypass is needed any more and the cooling output increases further due
to an increased cooling efficiency at a reduced SDR (cf. Fig. 11 left).
However, the curve has a declining gradient, implying that a further
increase in mass increases the cooling output only to a smaller extend.
Sizing the system in this oversizing region, thus requires a dispropor-
tional higher mass.

Fig. 11 (right) additionally shows two horizontal lines representing
upper limits. The upper defines the material limited cooling power
Qclim, determined only by the reaction enthalpy multiplied with the

10

~1 showing the effect of

hydrogen flow rate and considering no sensible losses. The second line
defines the maximum cooling power Q‘C.’max the current reactor could
reach. It is determined by the maximum cooling efficiency that would be
reached at full conversion for a SDR going to zero and could therefore
only be reached with an infinite high MH mass.

The method described above of deducing a diagram which shows the
achievable cooling power for different sizes of the MHCS, is now applied
in order to calculate the efficiency gain on vehicle level. Thereto a
reference vehicle is considered, equipped with a conventional electricity
powered A/C with a typical COP of 2 [31]. In the above-mentioned
example case, the reference bus has to use 2.5 kW electrical power for
the generation of 5 kW cold, that the open MHCS can generate from the
available hydrogen flow without electricity consumption. It reduces the
FC output of the reference vehicle to 52.5 kW compared to the retained
full 55 kW-output of the MHCS-equipped vehicle. As a result, the
application of the open MHCS shows an efficiency improvement of 4.8 %
at the optimal sizing. A sizing with a higher MH mass can further in-
crease the efficiency improvement, albeit to a lesser extent. For instance,
doubling the MH mass to 14 kg increases the cooling output of the open
MHCS only to 6.9 kW, cf. Fig. 11 (right). For this higher cooling power,
the reference bus would require 3.45 kW electrical power and hence
would have a reduced net FC output of 51.55 kW. Consequently, the
vehicle equipped with the open MHCS shows an increased efficiency
improvement of 6.7 %, but with a doubled system size compared to the
optimal sizing.

In order to emphasize the economic relevance of the calculated ef-
ficiency improvement, a rough estimation of the fuel cost saving is
given. Assuming a yearly operation time of 2500 h for a commercially
operated FC bus and a hydrogen price of 8 €/kgys, a yearly cost saving of
3200 to 4400 € depending on the sizing of the MHCS is calculated. Thus,
an amortization period of less than 10 years is very likely.

It should be noted that this efficiency is only apparent for a steady-
state FC operation at this design point (temperatures and hydrogen
flow rate) and if the produced cold is actually required and would have
been produced electrically instead. For a more detailed analysis of the
efficiency gain at vehicle level going beyond this pre-dimensioning
methodology, the dynamic profiles of the FC and cold load have to be
considered as well. Therefore, either a dynamic simulation model, like
the one in [36], or interpolations in between a characteristic map
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deduced from the experimental results could be suitable.
5. Conclusion

This work aimed to achieve an application relevant temperature lift
of the open MHCS to allow its use as a air-condition system in a vehicle.
Therefore, in the first section, the optimal pressure ratio of the open
MHCS is discussed, with respect to the best energy recovery from the
compression state of the gaseous hydrogen inside a pressure tank of a
FEV. For each specified low pressure, it reveals an optimal high-pressure
level for the best exergy utilization. However, a compromise has to be
found between exergy utilization and coverage of operation time.
Moreover, the analysis shows that lowering the back pressure (FC supply
pressure) increases the exergy utilization in every case.

In order to generate a higher temperature lift than 20 K, which was
the highest achieved values published so far, at first, a high-performance
reactor from a previous study is used. It facilitates a high heat transfer at
a low one structural mass at the same time. At second, an increased
pressure ration of 14 is selected, realized by a decreased back pressure of
5 bar compared to 10 bar in the previous study. The experiments show
an almost doubled specific cooling power of 613 W/kgyy at reference
conditions of 15|35 °C, that is caused by the higher available energy
potential. It represents the highest value known in literature for an open
MHCS. Moreover, higher temperature lifts of 30 K and 40 K could be
demonstrated along with a comprehensive reactor characterization
under these conditions. As expected, it shows a decreasing maximum
specific power with increasing temperature lift, but still reaches 229 W/
kgmy for 5 °C cold and 45 °C hot side temperature. Considering also the
result at 5|25 °C and 10|40 °C, and comparing all results with each
other, it shows furthermore, that for achieving a high temperature lift it
is not sufficient to apply a high pressure ratio and use a high-
performance reactor. Additionally, a suitable selection of the MH ma-
terial for the chosen pressure and temperature conditions is also
important. T.

The predicted results of a lumped mass model, are compared with the
experimental obtained characteristics and showed a maximum devia-
tion of 16 % for the highest specific power and corresponding cooling

Appendix A. Appendix

Table Al
Parameters of PCI fitting polynomial.
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efficiency over all investigated temperature settings. Since the model
was also able to represent the results on a lower back pressure in a
previous study, it can be considered as a valid tool for pre-dimensioning
a reactor under various temperature and pressure boundaries.

Further on, a method is presented to describe the cooling output of a
scaled-up system and the resulting efficiency improvement for the FCEV.
An example vehicle with a 55 kW-FC (at 50 % FC efficiency) at thermal
design point of 10|40 °C, shows a total efficiency improvement by 4.8 %
at the optimal scale of 7 kg MH. A further increase of the MH mass by 57
% could push the efficiency gain to even 6.3 %.

In conclusion, the experimental demonstration of a temperature lift
of 40 K at a cooling temperature of 5 °C reaching a specific power of
>200 W/kg indicated, that the performance requirements for the
application as a air-conditions system in a FCEV can be accomplished on
lab-scale. A scaled version of this system promises a significant effi-
ciency improvement of ~5 % on vehicle level and could therefore assist
the establishment of FCEVs for a decarbonized mobility sector.
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Absorption (n = 11)

Desorption (n = 8)

Tref in °C 30 30
AHy (Abs/Des) in J mol;z3 17,459 22,669

ko -0.21 0.28

K 66.28 —~134.5

ko —~1683.2 1873.51

ks 20,079.61 —7044.45
ks —96,220.69 13,514.4

ks 253,312 —14,943.32
ke —411,912.82 9646.95

ks 432,855.2 —3383.56
ks —295,316.37 498.63

ko 126,507.35

k1o —~30,941.97

ki 3297.74
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Table A2
Model parameters.
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Parameter Symbol Value

Metal hydride material properties

maximum total hydrogen capacity, wt.-% Winax total 1.9

plateau mid hydrogen capacity, wt.-% Whid 1.1
absorption end capacity, wt.-% Wabs.end 1.54

kinetic constant, s~ Ko 190,400
activation energy, J E, 5.083*10~20
density of MH, kg m3 Pmu 6300

mass specific heat capacity of MH, J kg™ K™! CmH 500
Reactor properties

inner radius of MH compacts, m ri 1.7e-3

outer radius of MH compacts, m To 7.5e-3

heat transfer coefficient to HTF for des, Wm 2 K! Ages 3000

heat capacity ratio related to MH, — ke 2.2 (1.6 w/o fittings)
effective heat conductivity of MH compacts, W mK! A 10 [37]
effective permeability of MH compacts, m> K 1.5e-15
Operation conditions

temperature difference of HTF inlet and outlet, K ATytr 3

Hydrogen and HTF properties

dynamic viscosity of hydrogen, Pa s ! n 9.05%10%*(T / 293) %68
density of HTF, kg m—> Phit 1082

mass specific heat capacity of the HTF, J kg’1 K1 Chef 3260

Table A3

Parameters of polynomial fitting function for measurement on 10|40 °C-setting.

Specific cooling power

Cooling efficiency
(n=2)

(n=3)
Do 5.068
n 117.758
D2 5.363
ps ~1.067

0.722
0.003
—0.004

Data availability

Data will be made available on request.
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3. Discussion

The three core publications of this thesis showed the model-based analysis, development and
experimental characterization of a high-performance reactor for the desorption-driven open
MHCS. In the following section, first, the discovered characteristics of this specific MH-system
are discussed in the context of the other MH-based refrigeration or heat pump systems, as they
are the heat-driven and the compressor-driven closed MH-system, see section 1.2.2.
Furthermore, as one main application of such system is the utilization as an energy-efficient
air-conditioner in a fuel cell electric vehicle (FCEV), in the second part, the technology is also
compared with other technologies, especially with the concept of a mechanical expansion

machine which also uses the potential energy (enthalpy) related to the onboard pressure tank.

3.1. Characteristics of the desorption-driven open MH-system

This work shows for the first time a comprehensive analysis of the characteristics of an open
thermochemical refrigeration or heat pump system that operates at constant outlet flow. In order
to discuss the characteristic followed by this kind of operation in a wider context, the three
types of MH heat pump/refrigeration, described in the introduction part and depicted in Fig. 2,
are compared in detail. A key difference between them in terms of operation characteristics are
the variables which are kept constant over time from outside and the internal variables which

are time-dependent.

e For the heat-driven closed MH-system, the heat source temperature in the
regeneration half cycle represents the only constant variable, whereas the pressures
and the hydrogen mass flow are internal non-constant variables in both half-cycles.

e For the compressor-driven closed MH-system, in both half cycles the compressor
speed represents the constant variable that is applied in most reported configurations.

e For the open MH-system, it must be differed between the two half cycles. In the
absorption half cycle a constant pressure is present, where as in the desorption half
cycle a constant hydrogen flow rate is present resulting from a downstream arranged

consumer, e.g. the fuel cell in a FCEV.

Accordingly, the three systems show different degrees of freedom during operation. Both the
heat- as well as the compressor-driven MH-systems show the half cycle time and the amount

of initially charged hydrogen as additional degrees of freedom besides the heat source
61



temperature or the compressor speed, respectively. In contrast, for the open MHCS studied in
this work, the half cycle time is not a free variable. Instead it was found to be a result of the set
desorption mass flow and consumer’s pressure level, that represent the corresponding degree

of freedom for the open MHCS system, see Tab. 2.

Tab. 2: Comparison between the three types of MHCS

Heat-driven Compressor-driven  Desorption-driven
closed MHCS [50] closed MHCS [38] open MHCS [44]
Energy Thermal energy Compressor work Enthalpy
expend (previous spend compressor
work for H» storage or
distribution)
Fixed TS» Tha TC Th: TC Th, TC
temperature
levels
Fixed = pcompr,max Pabss Pdes,end
pressures
Behavior Dabs> Pdes # CONSt.  Daps, Pdes # CONSt.  Paps = const., M, # const.
during Myps, Mdes F CONSt.  Myps, Mges F CONSt.  Pges F CONSt., Myes = CONSt.
steady-state T, = const. Neompr = const.
operation
Degrees of  Ts, My initial> the Ncompr> MH2,init> the  Pabss Pdes,ends Mdes
freedom

Generalized operation characteristics

The specific boundaries, summarized in Tab. 2, are considered in this work in a combined zero-
and one-dimensional steady-state model (Paper 1), that thereby extends the variety of literature-
available models [48, 51] to this kind of MH-systems. It presents for the first time a model for
a MH heat pump/refrigerator that is able to calculate not only the efficiency, but also the mean
thermal power without solving the time-dependent differential equation for the reaction
kinetics. The model results revealed a characteristic dependency of the thermal power and
efficiency on the gas flow rate of the discharge side. This principle behavior could be validated
with two different reactor concepts, a plate reactor [45] (Paper I) and a tube bundle (Paper II)
under a variety of temperature settings and also at different discharge end pressures (Paper I1I).
It is schematically depicted in Fig. 4 and will be discussed in the following at first for the SCP

and at second for the cooling efficiency.
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Fig. 4: Generic operation characteristic of the desorption-driven open MH-system

In Fig. 4, on the one hand, the SCP is shown on the left y-axis over the specific gas flow rate
being discharged. It shows a clear maximum at an optimum specific discharge rate. The reason
for the maximum is the occurrence of two contradictory effects. On the one hand an increased
flow rate directly leads to an increased rate of heat release during the thermochemical reaction.
On the other hand, an increased specific discharge rate leads to a decreased reaction conversion
resulting in a decreased amount of reaction heat per half cycle and the predominance of the
sensible heat losses. Thus, it was found that the maximum SCP does not occur for the full, but

for a reduced conversion at an optimal specific discharge rate.

The strong effect of the discharge rate on the conversion can be considered as an analogy to the
current-dependent usable capacity of electrochemical energy storages like lead-batteries [52].
It is also known in literature for MH-based hydrogen storage system [53]. However, for
hydrogen storage application this effect is mostly not relevant during operation, since the
storage reactor is mostly designed to the requirement to ensure full capacity at the highest
occurring discharge rate. In contrast for the desorption-driven MH-system, the effect is of

particular relevance and leads to an optimal operation point in terms of thermal power.

The efficiency on the other hand, is shown in Fig. 4 on the right y-axis versus the specific
discharge rate. It is considered herein as the net thermal power (reduced by sensible losses)

related to the maximum thermal power that is determined solely by the reaction enthalpy
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multiplied by the discharge rate. For the efficiency, in contrast to the thermal power, no
maximum occurs. Instead it is decreasing with increasing discharge rate, due to the reduced
conversion. The opposed direction of power and efficiency shows that the highest efficiency is
not reached at the optimum operation point, but could be increased for a lower gas flow rate
with the drawback of a lower SCP. It has to be noted that the characteristic curves for power
and efficiency in Fig. 4 are only valid for a fixed hot and cold side temperature. Another
temperature set consequently results into another curve, but shows the same characteristic

shape.

This operation characteristic for power and efficiency described above was so far unknown for
the desorption-driven open MH system and complements the known characteristics of the two
closed MH-systems. The literature reports that for both the heat- and the compressor-driven
system an optimal half-cycle time and an optimal amount of initial hydrogen leads to a
maximum thermal power. For the desorption-driven system however, the parameter that causes
a maximum in thermal power was found to be the optimal desorption flow rate. Moreover, an
additional analogy exists with the compressor-driven closed MH-system. Lloyd et al. [54]
showed in a numerical study that the power can be increased with increased volume flow rate,
with the drawback of a decreased efficiency. A similar relation was found for the desorption-
driven open system, but for the mass flow instead of the volume flow. However, with more
practical relevance, since the desorption-driven system shows a real constant mass flow to a
hydrogen consumer, whereas the compressor-driven system in general does not show a constant

volume flow at a set compressor speed.

Consequences of operation characteristic

From the investigated characteristic shown in Fig. 4 two main consequences can be deduced.
The first one is related to a preferable operation strategy: The declining course of the thermal
output after the optimum discharge rate suggests to avoid higher discharge rates than the
optimum by using a hydrogen bypass path. It retains the maximum thermal power in case the
hydrogen demand is too high for the MH-system. In a technical system it could be realized with
a combination of a passive pressure-controlled bypass and an active mass flow controller at the
outlet of the MH-system actively limiting the mass flow rate. For the controller, a characteristic
map that contains the optimal discharge rates for different temperatures is therefore deduced
from various characteristic curves. They are either generated by use of the presented model
(Paper I) or by the experimental characterization procedure from Paper II and III.
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Fig. 5: Absolute thermal power over absolute gas flow rate for different sized MHCSs

The second consequence of the discovered characteristics of the desorption-driven open MH-
system is related to the scaling strategy: The mass specific representation of the characteristic
allows to determine the optimal scaling in terms of applied mass of MH to get the highest power
density for a certain design mass flow rate, as exemplarily shown in Fig. 5 with the black line.
For the case of a hydrogen consumer, which operates not at a constant but more dynamically in
a range around a mean flow rate, it furthermore reveals that a larger size could be beneficial.
As the line for 1.5x optimal mass in Fig. 5 exemplarily shows, at first it leads to a higher thermal
output at the design point, due to a higher efficiency at the decreased specific discharge rate. At
second, the higher scaled system is able to produce an increased thermal output instead of being
limited in the thermal power, if the gas flow exceeds the design point. However, such an
oversized system also has the disadvantages of higher investment cost, higher installation space

and an increased weight.

In the present thesis, the operation characteristic was described for the reaction system of metal
hydride and hydrogen. Besides the application as an air conditioner for FCEV in the motivation
of this work, the findings presented herein can be transferred to any other case where the
investigated system is applied between a high pressure hydrogen supply (e.g. pressure tanks or
pipelines) and a low pressure hydrogen consumer. By use of other pressure levels and an
appropriate selection of the MH material in the wide variety of available MHs, also other

temperature levels can be addressed, where the MHCS could is used for instance in a
65



refrigerated truck [55] or as a stationary heat pump [56]. In those cases, similar sizing and

operation problems occur, which can be solved by applying the results of this work.

Moreover, the model and characterization method described with the three publications is not
only restricted to MH-based systems. Instead it is relevant for all kind of thermochemical gas-
solid reaction systems that are operated at a constant desorption mass flow under the
prerequisite of a conversion-dependent reaction kinetic. Therefore, the findings of this work
can be applied to the development of other thermochemical heat pumps. For example, they can
be applied for thermochemical systems working with water vapor as the gaseous reaction
partner as they are subject of research as an industrial heat pump for upgrading waste heat to
process heat [57]. Thereby the system can be integrated into process steam levels in which often
a constant mass flow to a steam consumer is present and therefore fulfils the prerequisite to

transfer the results from this work

Applicability of developed tool for reactor design

The model developed in this work does not only represent the validated operation characteristic,
but it can also be used as an ideal pre-design tool. In the early phase of reactor design several
parameters can be considered as variables that can be varied either by reactor dimensioning,
material selection or setting of operation conditions and are known to have a strong influence
on the system performance [58]. For example, on reactor side such variables are the MH bed
thickness and heat transfer coefficient. On MH material side for instance the MH bed porosity
or the MH heat conductivity can be adjusted and on operation side the discharge rate can be
varied to find the maximum thermal power. Moreover, the influence of the back pressure and
the influence of different hot and cold side temperatures are of interest in most cases. This leads
to a large parameter domain. In literature, however, only a transient 2D model is present so far
for the description of desorption-driven open MHCS [59]. The model of this work, in contrast,
shows an approximately 20 times faster computation, due to its steady-state approach, and thus
facilitates large parameter variations and optimizations in the pre-design phase. It helps in the
first step to get a proper basis for the design parameters. In a subsequent step the existing 2D
transient model can be used to verify the assumptions made in the simplified model, for example
the assumed homogenous reaction. Therefore, the steady-state 0D+1D model from this work
enables a model-based reactor design from the beginning and closes the gap to obtain an overall

development process.

66



In this work, as presented in the three published papers, such a model-based design process was
conducted to build a high-performance reactor that reaches a higher SCP, cooling efficiency
and temperature lift than reported in literature so far (summarized in Tab. 3). The developed
reactor showed an 89% higher specific power at equal conditions (Paper I) as the plate reactor
of Weckerle et al. [49] as the only known open MHCS in literature that was operated on a
constant desorption mass flow. Referred not only on MH mass, but on the total mass of the
reactor, the specific power could be increased by a factor of 3 and even higher for elevated
temperature lifts. Whereas the previous system showed 15 kg per Kilowatt cooling power, the
system of this work shows a system mass of only 5 kg (both without fluid pumps and valves).
The thermal power could also be increased compared with the first experimental work of such
system of Linder et al. [43], despite its beneficial mode of operation at constant outlet pressure

instead of a constant flow rate.

Tab. 3: Performance comparison of open MHCS reported in literature

Author MH Reactor Operation Pressure AT [K] SCP
material concept ratio [-] (Thot [°C] [W/kgmmn]
(pmax [bar]  |Teaa [°C])
/pmin
[bar])
Linderet TiMn;- Bundle (76 mm Const. H>- 8.3 (50/6) 17 (30]13) 563
al. (2011) based OD) of 372 outlet
[43] fluid tubes (1.8  pressure
mm OD), MH
powder in
between
Weckerle TiMn;- Plate heat Const. Ho- 7 (35/5) 10 (30]20) 276
et al. based exchanger with  outlet flow 17 (30]13) 61
(2019) 1.67 mm mean rate 22 (42120) 96
[44, 49] plate distance,
alternately
filled with MH
powder and
fluid
This TiMn,- MH-ENG Const. H- 7 (70/10) 10 (30]20) 522
work based compacts in outlet flow 20 (30/10) 198
(Paper I1 15 mm tube rate 20 (35125) 317
and III) with 4 mm 20 (40|20) 349
(2025) bore, fluid 14 (70/5) 20 (15]35) 613
micro channels 30 (10/40) 386
in reactor wall 40 ( 545) 229
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A broader view in the literature indicates that the reactor performance is most comparable with
the compressor-driven MH system, since the hydrogen flow rate for such system is reported in
several studies to occur nearly constant when operated at constant compressor-speed [42]. In
contrast, the heat-driven system shows a highly non-constant mass flow during each half cycle,
whereas the pressure remains nearly constant [60]. Comparing the experimental results
achieved in this thesis (Paper II and III) with the literature of experimental studies on the
compressor-driven system Tab. 1, it is seen that the achieved SCP outperformances not only
the previous open systems but also the most comparable compressor-driven systems. It applies
also for the temperature lift, which at 40 K is the highest one demonstrated so far, also for the
compressor-driven system. In this regard it has to be mentioned that this temperature lift is not
only an academic result, but rather represents the lower limit of the real required temperature

lift for a vehicle air-conditioning system, which is addressed as target application [61].

These results were enabled, at first by a model-assisted development process, but also by the
implementation of an established heat conduction enhancement method and the use of additive
manufacturing. As the established measure to increase the low heat conductivity of MH powder,
MH composite compacts were utilized consisting of a mixture of MH particles and 15 wt.-%
expanded natural graphite [62]. The technique of additive manufacturing was mainly used for
function integration in terms of integrated micro cooling channels. But it also avoided additional
connection items, which would add parasitic thermal mass instead. So far, the innovative
technology of additive manufacturing was used in literature only for MH-based heat [63] or
hydrogen storage systems [64]. With this work it was used for the first time for a MH heat pump
or refrigeration reactor, where its utilization has even more advantages. Likewise, for the first
time high-strength aluminum was used for such a reactor, as proposed for instance by Magnetto
et al. [40], in order to lower the mass and especially the crucial heat capacity of the reactor. The
reactor developed in this work served then as an ideal basis for an upscaled version by a factor

of >10, to build a system in the order of 5 KW for a subsequent technology integration project.

3.2. Evaluation of technological concept

The open MHCS of this work is developed with the intention to replace the conventionally used
vapor compression system (VCS) in the air-conditioning unit in a FCEV in order to increase
the total vehicle efficiency. In the subsequent section, the MHCS technology is compared in

this context with a mechanical expander as another technology that recovers the potential
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energy stored in the compressed gas in the high-pressure tank. As a reference for a mechanical
expander, the study by Singer et al. [6] is referred to and for the MHCS the results of Paper 11
and III are considered. A configuration with a 700bar-tank and a fuel cell inlet pressure of 5 bar
is considered, as it represents the case for which the MHCS prototype of this study was
designed and characterized. The results of Singer et al. for the mechanical expander are
evaluated originally with a fuel cell inlet pressure of 15 bar. They are recalculated for the

following comparison with an inlet pressure of 5 bar, using the original methodology..

For a 700bar-tank and a Sbar-fuel cell the maximum possible energy, that an ideal expansion
machine can generate, can be calculated by the exergy of a closed thermodynamic system

according to Eq. (7), following the first principles of classical thermodynamics.

—Wex = htank,initial - hFC,in - Tamb( Stank,inital - SFC,in) (7)

+ vtank,initial (pFC,in - ptank,inital)

For the assumed pressures it results in a specific energy of 4.76 MJ per kilogram hydrogen.
Considering a fuel cell efficiency of 50% related to the LHV of hydrogen of 120 MJ/kg, an
ideal expansion machine could supply additional energy that corresponds to a range increase of
7.9%. Alternatively, it can be considered as a reduced fuel consumption, denoted as fuel cost

reduction in the following.

The ideal expansion machine is compared with an ideal open MHCS consisting of two ideal
reactors that ensure full reaction conversion and have no thermal mass and therefore only show
the sensible heat loss that results from the MH mass itself. Considering a real suitable MH
material, that was used in the built-up reactor (Paper II and III) and a temperature lift of 30 K,
this ideal system has a cooling efficiency 7. of 90%. According to Eq. (8), which is deduced
from the definition of the cooling efficiency with the heat of reaction 4Hg4es, the cooling power

Q. related to the electrical fuel cell power P corresponds to 17%.

&z AHdes (8)
Pec LHVy, npc

For calculating the corresponding range increase it is assumed that this ratio of thermal to
electrical power is actually required by the vehicle as an air-conditioning load and would have
been generated instead by means of an energy-consuming conventional VCS, as schematically

depicted in Fig. 6.
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Fig. 6: Integration of the open MHCS and the conventional VCS in the power architecture of a
fuel cell electric vehicle

Considering a typical COP of the conventional refrigeration system to be 2 [65], the fuel cost

reduction for the ideal MHCS is calculated to 9.3% according to Eq. (9).

1
fuel cost reduction = -1 )

0 1
1=p.c top

As shown in Paper III the possible utilization time has to be considered to get a more practical
value for the fuel cost reduction reached by the MHCS. Considering it for the realized system
of this work and an assumed empty tank pressure of 35 bar from the study of Singer et al., the
fuel cost reduction is slightly reduced from 9.3 to 8.8%. As depicted in Fig. 7, it is still
significantly higher than the corresponding range increase that can be generated by an ideal

expansion system.

The higher possible range increase of the MHCS with an ideal reactor compared with the ideal
expander is reasonable, since in this calculation a non-ideal refrigeration machine with a
COP<COPcamot 1s considered as reference. In this context an ideal expander with a subsequent
ideal Carnot-refrigeration machine would have the highest range increase, but is obviously not

realistic.
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Fig. 7: Comparison between a hydrogen expander (calculated accordingly to Singer et al. [6])
and the MHCS (this work) in terms of range increase/fuel cost reduction for different

realizations

Following the comparison of the ideal systems of the expander and the MHCS, real
implementations are considered with their corresponding fuel cost reduction/range increase
potential. For an implementation of the expander as a three stage machine the calculation
according to the referred study shows a range increase of 4.6% assuming an isentropic
efficiency of 60% for each stage. Due to the low gas temperature after the isentropic expansion,
the expander could also generate an additional cooling power. However, this cooling power is
only 1.5% of the fuel cell power [6], which according to Eq. (9) corresponds to only 0.7% of
additional range increase. The three stage expander is a complex, heavy and costly system with
the benefit of a higher efficiency compared to a single stage system. It can be therefore
compared with the oversized MHCS with 1.5 times the optimal size, which also results in a
higher efficiency with the drawback of a larger system. Considering the results of the built-up
reactor of this thesis (Paper III, 30 K temperature lift), a cooling output of 12% of the fuel cell
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power can be deduced. According to Eq. (9) it corresponds to a range increase of 5.6%, which

is significantly higher than for the three-stage expander, see Fig. 7.

Due to the high complexity, Singer et al. proposed rather a single-stage than a three-stage
expander as a more realistic variant for vehicle applications. It achieves a range increase
potential of only 3.2%, including 0.8% range increase for the extra cooling effect. This less
complex and more compact expander concept can be compared with the MHCS sized to an
optimal mass leading to the highest power density. Based on the results of Paper III (30 K
temperature lift) a range increase of 4.3% can be calculated, which is again higher than the

single-stage expander also for this most vehicle-relevant implementation variant.

In conclusion, the technical evaluation of the MHCS in comparison with the competing
technology of the hydrogen expander reveals a clear efficiency advantage for the MHCS under
the prerequisite that the generated cold is actually required. The comparison, summarized in
Fig. 7, shows this efficiency advantage is not only true for the ideal case, but also for the
efficiency-focused and the mobility-focused implementation. Whereas for the considered
expansion system only theoretical studies are available [5, 6], the results of Paper II and III

enabled to calculate the potential fuel cost reduction for the MHCS on an experimental basis.
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4. Summary of contributions

In this thesis, the characteristics of the open metal hydride cooling system (MHCS) were
fundamentally investigated in order to optimize the system for application in hydrogen powered
vehicles. The following main findings were incorporated in a model-based development of a

new reactor design, that has proven an advanced thermal performance.

A simplified model was developed, which determines the mean specific cooling power (SCP)
and cooling efficiency as the main outputs of interest. It considers a steady-state, lumped 0+1D-
apporach, transferrable to other thermochemical gas-solid reactions showing a conversion-
dependent kinetic and being operated at constant desorption flow rate. The model was validated
with available experimental data. The main influences on power and efficiency, that were

identified and considered in the developed model, are as follows:

o Metal hydride material: thermodynamic and kinetic parameters
o Boundary conditions: in- and outlet pressure, temperatures, desorption mass flow rate

o Reactor: heat and mass transport characteristics, heat capacity ratio

The developed model was used in a numerical analysis to investigate the thermal performance
at different specific discharge rates representing fuel cell consumption rates. It was found that
the specific discharge rate has a major influence on the quasi-continuous operation in two half
cycles. An increasing specific discharge rates significantly decreases the conversion per half
cycle, which leads to increasing thermal losses. It contradicts with a simultaneously increasing
heat source rate and thus results in the following two characteristics for the thermal

performance:

o Decreasing cooling efficiency with increasing specific discharge rate

o Maximum in specific thermal power at optimum specific discharge rate

In the course of a technology demonstration these findings were considered and the model
was used as a numerical tool to design a new high-performance reactor. The reactor uses
pelletizing methods established in literature to enhance heat conduction in the reaction bed,
micro channels to enhance heat transfer to the laminar flow of the heat transfer fluid and
additive manufacturing to reduce the reactor heat capacity. A developed test procedure with

only one reactor reduces time and financial effort and allows comprehensive characterization
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at different discharge rates. The experimental results represent technological milestones and

fulfil typical requirements for the target application in vehicles.
The experiments at a pressure ratio of 7 demonstrated:

o Maximum SCP of 511 W/kgmn at 20|30 °C
(+89% compared to the literature at comparable conditions)
o Requirement of only 5 kg system mass per kilowatt

(only 1/3 compared to literature)

Further experiments at a pressure ratio of 14 demonstrated:

o Enhanced SCP for the same reactor from 317 to 613 W/kgmn at 15|35 °C
o For the first time a temperature lift of 40 K (5|45 °C) at a SPC of 229 W/kgwmn

Concluding, the discovery of the characteristics of the open MHCS and the model-based
development of a lightweight reactor with an experimentally proven performance increase of
over 80% as well as a two times higher temperature lift, have now set the scientific and

technological basis for integrating the technology into a real fuel cell electric vehicle.
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