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Abstract

Hydrogen has huge potential for sustainable future industries, but the formation of hydro-
gen boil-off gas (BOG) is a main drawback of liquid hydrogen (LH2) applications as BOG
venting raises safety issues and leads to significant hydrogen loss. A promising approach
for BOG recovery is a system with exchangeable cartridges filled with metal hydride (MH).
Previous studies focus on the macroscopic level of the interaction between the cartridges
with the boil-off sources and the consumers. A detailed investigation of the cartridge design
remains necessary to assess the potential of this novel BOG recovery system. This study
elaborates design concepts for the individual cartridge. A thorough material selection for
suitable MH alloys is conducted and requirements for the cartridge design are derived.
The key design features of the cartridges are determined and summarized in a morpho-
logical box. Four explicit design concepts are elaborated and illustrated. These results
provide the baseline for upcoming studies to explicitly design and manufacture an MH
cartridge demonstrator for testing, assisting the transformation to an even more sustainable
LH2 industry.

Keywords: metal hydride; sustainable aviation; hydrogen; boil-off; conceptual design

1. Introduction
For decarbonizing the aviation sector, hydrogen presents a promising fuel option,

especially in its liquid phase [1]. However, the inevitable formation of hydrogen boil-off
gas (BOG) is a main drawback of liquid hydrogen (LH2) applications. As the venting
of BOG reduces the overall efficiency and implies a safety risk at the airport, means for
capturing and re-using the BOG should be implemented [2,3]. In addition to the significant
undertaking of installing pipelines underneath the airport’s apron to recover the boil-off
losses, an infrastructure-independent system based on metal hydrides (MHs) presents an
appealing alternative for aviation and beyond [4,5]. A particularly promising approach for
MH-based BOG recovery is a system with exchangeable MH cartridges, which are used
in a circulating manner. Although a previous study focuses on the macroscopic level of
the interaction between the cartridges with the boil-off sources and potential consumers, a
detailed investigation of the MH cartridge design remains necessary to assess the potential
of this novel BOG recovery system and to prove its feasibility [6].
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Hence, this study elaborates design concepts for the MH cartridges to be used for BOG
recovery. Firstly, the state of the art of MH cartridges for boil-off recovery is presented.
Secondly, the methodology of the conceptual design process is described. Subsequently,
the process is started by deriving the requirements. This step is supported by a systematic
material selection and by analytical estimations of the acceptable MH bed thickness. A
functional structure is then established and working principles are determined in a mor-
phological box to identify the key design features. Finally, four explicit concepts are derived
by the combination of these working principles. These concepts form the baseline for
upcoming studies, in which a functional demonstrator is built that proves the feasibility of
this novel approach of BOG recovery using exchangeable MH cartridges. This work is a
revised and expanded version of a conference publication [7].

2. State of the Art of MH Cartridges for BOG Recovery
A previous study presents the macroscopic level of the MH-based BOG recovery

system and briefly covers the MH cartridge regarding its shape and interfaces [6]. Hence,
this current study focuses on the cartridge design as contextualized in Figure 1. The
exchangeable MH cartridges consist of the following components [8,9]:

• A gas-proof vessel, in which the MH material is placed;
• Inputs and outputs for the heat transfer fluid (HTF) to supply or remove the heat of

the reaction;
• Means for the input, output and distribution of hydrogen.
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Figure 1. Overview of the MH-based boil-off recovery system to illustrate the scope of the conceptual
design of this study based on [6].

The cartridges can be filled with hydrogen from various boil-off sources. While a
liquid HTF is required to reject the heat of absorption at high hydrogen mass flow rates, the
cooling by ambient air may be sufficient at lower rates [6]. For the subsequent hydrogen
extraction and delivery to a consumer, the supply of waste heat for the desorption reaction
is reasonable with a liquid HTF.

Hampton et al. experimentally investigated the capture of boil-off hydrogen with
La-Ni alloys and thereby demonstrated general material suitability [10]. Explicit cartridge
designs for the capture, recovery or pressurization of BOG from LH2 storage by MHs or
any other solid hydrogen storage material have been presented by other studies [11,12].
Combinations of explicit cartridge designs with experimental validation are published as
well [4,13–15]. Fuura et al. experimentally investigated the MH-based on-board capture
of boil-off losses that result over time from heat leakage into the LH2 tank of a vehicle,
for example during parking periods [14]. Although the MH cartridge offers internal HTF
channels to provide the heat for desorption from a fuel cell (FC), cooling by natural convec-
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tion with ambient air is sufficient for absorption due to the relatively low hydrogen mass
flow rates. The design of the internal structure of the cartridge is not displayed. Neither is
it explored what hydrogen mass flow rates could be achieved by using the internal HTF
channels for dissipating the heat of absorption. In another study, Rosso and Golben [4]
demonstrated the rapid absorption of low-pressure GH2 to validate the suitability of MHs
for BOG capture from LH2 refueling operations. They achieved absorption durations of less
than 10 min using forced liquid cooling. However, their coil-shaped design is not favorable
for exchangeable MH cartridges that are to be used in a circulating manner. Based on this
successful cartridge design, further design concepts will be elaborated in this study for the
purpose of meeting the requirements of the previously proposed BOG recovery system like
compactness and exchangeability [6].

3. Methodology for the Conceptual Design of the MH Cartridge
The process for the conceptual design of the MH cartridge is adopted from the previous

study of the MH-based BOG recovery system [6]. Figure 2 illustrates the process while the
following section presents the results of its steps.

Figure 2. Process steps of the conceptual design adopted from [6].

4. Results of the Conceptual Design
4.1. Requirements and Material-Based Estimations

The conceptual design of the cartridge adopts the requirements from the previous
system-level study [6], which will be described in thisparagraph. During absorption, the
ambient air shall serve as the heat sink to reject the heat of the reaction. To enable the
absorption of high BOG mass flow rates from LH2 refueling operations, the MH cartridge
should include means for a liquid HTF to dissipate the generated heat to the heat sink as
depicted in Figure 1. In addition, the cartridge should allow for a connection to external
fins for air cooling, which could reduce infrastructure and power supply demands at low
hydrogen boil-off rates. To drive the desorption reaction for supplying the captured BOG to
an FC-powered consumer, the waste heat of the FC is provided to the MH material by the
HTF. This results in operational requirements, which are summarized as design points in
Table 1. The composition of the BOG is considered to be pure hydrogen with a high purity
grade as it is formed by vaporization of LH2. Apart from this pure hydrogen BOG, BOG
containing a mixture of hydrogen and helium is also produced during refueling operations
because the LH2 systems and lines are filled with helium when not in service and have
to be purged with hydrogen before usage [16]. However, the suitability of La-Ni alloys
for the purification of such helium and hydrogen mixtures has already been successfully
demonstrated by Hampton et al. [10].
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Table 1. Design point parameter definition partly based on previous system-level study [6].

Parameter Value Comments

Target absorption time tabs 30 min LH2 refueling time [3,4,17]
Target desorption time tdes 180 min Assumption
Target absorption pressure pabs ≥1.2 bar LH2 tank pressure as BOG pressure [2,3]
Target desorption pressure pdes ≥2 bar FC inlet pressure [18]
Temperature to reject heat during absorption THTF,abs ≤39.4 ◦C Aerospace standard hot day [19]
Temperature to drive desorption THTF,des ≤80–100 ◦C Waste heat of LT-PEMFC [20]

Expected challenges for the conceptual design that arise from these design points are
as follows:

• The relatively short absorption time, which requires high heat transfer rates and causes
higher hydrogen pressure losses;

• The desired pressure elevation from absorption to desorption;
• The relatively high heat rejection temperature for absorption;
• The narrow temperature difference between absorption and desorption.

To contextualize these expected challenges, the MH material-specific behavior is
described in the following sub-section.

4.1.1. Selection of a Suitable MH Alloy

The identification of a suitable MH alloy is usually assisted by van’t Hoff plots of
an array of different alloys [5,21]. A generic van’t Hoff plot is illustrated in Figure 3 on
the left-hand side. The material-specific pressure–temperature correlation of the MH’s
equilibrium condition, which resembles a straight line in this van’t Hoff plot, has to lie
in between the design points of absorption and desorption [22]. When comparing the
van’t Hoff plots of multiple alloys, only a single line for each alloy is often illustrated as
a simplification. However, the following two properties also need to be considered: the
plateau slope of the equilibrium condition and the hysteresis between absorption and
desorption, including the deviations for the dynamic hysteresis behavior [4,22]. The van’t
Hoff plots are derived from the pressure–concentration isotherms (PCIs) of isothermal
experiments as illustrated in Figure 3.
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Figure 3. Exemplary comparison of the van’t Hoff plot on the left and corresponding pressure–
concentration isotherms (PCIs) on the right for a generic alloy.

These graphs of a generic MH alloy show the deviation of the van’t Hoff plot caused
by hysteresis and by dynamic operation. When the mid-plateau pressures are used to
interpolate the van’t Hoff plots as illustrated in Figure 3, an additional margin between the
operating points and these plots needs to be considered. To achieve a high concentration
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during absorption and a low concentration during desorption, an even higher or respec-
tively lower operating pressure is required to compensate the plateau slope of the PCIs.
Hence, after identifying a potentially suitable alloy, the specific PCIs of the design points
have to be taken into account.

Figure 4a provides an overview of potential alloys for boil-off recovery. By inserting
the data from Table 1, the alloy LaNi4.6Al0.4 is identified as a promising alloy, as its
van’t Hoff plot lies in between the design points. However, the specific PCIs of the alloy
are additionally illustrated in Figure 4b so that the aforementioned properties of plateau
slope, hysteresis and dynamic behavior can be considered. Due to the relatively short
target absorption time tabs of 30 min, a dynamic PCI is utilized to represent the absorption
behavior while a static PCI is applied for desorption. It has to be noted that the PCI for
absorption refers to a temperature of 25 ◦C, which is below the maximum target temperature
THTF,abs from Table 1. The reasons for selecting a lower absorption temperature are the
lack of data on the one hand and the goal to achieve a high usable conversion on the
other hand. The usable conversion describes the difference in the maximum gravimetric
concentration of hydrogen in the alloy that can be achieved during absorption and the
minimum concentration that can be achieved during desorption. The target pressures from
Table 1 and the PCI temperatures used in Figure 4b allow for the favorable operation of the
chosen alloy in the range of its plateau regions. This enables a usable hydrogen conversion
ωmax of approximately 1 wt.%. Although Figure 4a,b indicate the general suitability of
LaNi4.6Al0.4, the provided data is not sufficient for a detailed cartridge design. For future
studies, dedicated experiments are recommended to generate PCI data of the designated
MH alloy for the actual hydrogen mass flow rates and pressure levels of the design points
of the target application from Table 1.

 

(a)  (b) 

Temperature T, °C

40 30 205060708090

1

10

2,7 2,9 3,1 3,3

Pr
es

su
re
p

, b
ar

Temperature 1/T, 1000/K

0

10

20

30

40

50

60

70

80

90

100

2.7 2.9 3.1 3.3

90

100

110

LaNi5

LaNi4.9Al0.1

LaNi4.7Al0.3

LaNi4.6Al0.4

LaNi3Co2

Design points
0,1

1,0

10,0

0,0% 0,5% 1,0%

Pr
es

su
re
p

, b
ar

Concentration ω, wt.%

Desorption (80 °C, static)

Absorption (25 °C, dynamic)

Design pressures

Usable conversion ωmax ≈ 1 wt.%

Boil-off capture

Hydrogen supply to consumer

0.1

1.0

10.0

0.0    0.5    1.0    

Figure 4. Illustration of the design points for alloy selection based on data from [4]: (a) van’t Hoff
plots of various alloys showing potential suitability of LaNi4.6Al0.4; (b) pressure–concentration
isotherms (PCIs) of LaNi4.6Al0.4 with estimation of usable conversion.

However, as the design pressures are close to the plateau regions, any pressure loss
and any temperature derivation within the MH cartridge would directly reduce the usable
conversion. Hence, a low pressure and temperature gradient are key parameters for the
MH cartridge design as already highlighted by Yang et al. and by Kölbig et al. [22,23]. As
the MH bed is a kind of porous medium and contributes significantly to the aforementioned
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gradients, the reductions in the thermal transfer distance and in the GH2 travel distance
through the MH bed are fundamental [22,23].

4.1.2. Analytical Estimation of MH Bed Thickness

To examine the demand for design features to enhance the transfer of heat and the
transport hydrogen gas, the acceptable MH bed thickness is estimated in relation to a given
limit for the temperature gradient ∆T and to a given limit for the pressure drop ∆p. This
section starts with the estimations regarding the heat transfer limitations and their resulting
temperature gradients. The heat of reaction

.
Q can be calculated with the molar mass flow

of hydrogen
.
nH2 and the reaction enthalpy ∆H as follows [24,25]:

.
Q =

.
nH2·∆H =

.
mH2·

∆H
MH2

. (1)

The variables
.

mH2 and MH2 represent the mass flow rate and the molar mass of
hydrogen. While the heat of reaction

.
Q needs to be rejected from the MH bed during

absorption, the supply of
.

Q is required to engender the desorption. Within the MH
cartridge, the heat is transferred from the MH bed to the HTF or vice versa. The thermal
heat flux P within the MH cartridge can be described as follows [6,22,26]:

P = Utotal·A·∆T = Utotal·A·(THTF − TMH) with (2)

Utotal =
1

Rtotal
and (3)

Rtotal =
sMH

λMH
+

1
αwall

+
swall
λwall

+
1

αHTF
. (4)

Factor A describes the available area for heat transfer and indicates the importance of a
high surface-to-volume ratio. The variables s and λ are the travel distance through the solid
layers of the MH cartridge and their corresponding thermal conductivity. The variable α

represents the heat transfer coefficients between the cartridge wall and its adjacent layers.
The layers and their corresponding variables are illustrated in Figure 5, which shows a
schematic cross section resembling a unit cell of an MH cartridge.

sMH

αHTF

αwall

λMH, κMH, ρMH

λwallswall

GH2

HTF

s

T
ΔT

THTF TMH

MH

Figure 5. Schematic of a unit cell of the MH cartridge to illustrate the heat transfer path including the
exemplary temperature distribution during absorption based on [22,27].

To calculate an average heat of reaction
.

Q, the average hydrogen mass flow rate
.

mH2

is derived with the following equations [18]:

.
mH2 =

mH2

t
with (5)

https://doi.org/10.3390/aerospace13030242

https://doi.org/10.3390/aerospace13030242


Aerospace 2026, 13, 242 7 of 17

mH2 = mMH·ωmax = VMH·ρMH·ωmax. (6)

The variables mMH, VMH and ρMH represent the mass, volume and volumetric mass
density of the unit cell of the MH cartridge. The abbreviations of the indices can also be
found in the list of abbreviations at the end of this manuscript. The time t embodies either
the target absorption time tabs or the target desorption time tdes. Combining Equation (1)
with (5) and (6) delivers Equation (7):

.
Q =

.
mH2·

∆H
MH2

=
VMH·ρMH·ωmax·∆H

t·MH2
. (7)

By inserting the dimensions of the unit cell, the average heat of reaction
.

Q of the unit
cell can be calculated as follows:

.
Q =

sMH·A·ρMH·ωmax·∆H
t·MH2

. (8)

In an idealistic scenario, the MH should be kept in an isothermal condition during
absorption and desorption so that the reaction rate is not deteriorated by heating up or
cooling down [6]. Therefore, the heat flux P has to be equal to the heat of reaction

.
Q as

shown in Equation (9). By accordingly setting Equation (2) equal to Equation (8), the area
A can be eliminated as shown in Equation (10):

.
Q = P, (9)

sMH·ρMH·ωmax·∆H
t·MH2

=
∆T

sMH
λMH

+ 1
αwall

+ swall
λwall

+ 1
αHTF

. (10)

Subsequently, Equation (10) is converted into the quadratic Equation (11), which can
be solved with the quadratic formula to estimate the acceptable MH bed thickness sMH for
a given temperature gradient ∆T as shown in Equation (12):

0 = sMH
2 +

(
λMH

αwall
+

swall·λMH

λwall
+

λMH

αHTF

)
sMH − ∆T·t·MH2·λMH

ρMH·ωmax·∆H
, (11)

sMH = −
(

λMH

2·αwall
+

swall·λMH

2·λwall
+

λMH

2·αHTF

)
±
((

λMH

2·αwall
+

swall·λMH

2·λwall
+

λMH

2·αHTF

)2
+

∆T·t·MH2·λMH

ρMH·ωmax·∆H

) 1
2

. (12)

As a negative MH bed thickness is not reasonable, only the form of Equation (12) with
the plus sign delivers a valid solution. It has to be noted that the argumentation from above
is an idealistic scenario and underlies the following assumptions: steady-state conditions,
a uniform temperature distribution in the MH bed and heat transfer only in thickness
direction within the unit cell. This resembles a simplification of the real reaction behavior
of the MH, which will be transient and spatially non-uniform [28,29]. In addition to these
assumptions, the energy to heat up the BOG is not considered as its temperature depends
on the final system setup in terms of the length of the lines and their insulation. However,
neglecting the heat uptake of the BOG leads to conservative results as this reduces the heat
energy that has to be dissipated by the HTF during absorption.

To estimate the acceptable MH bed thickness in relation to gas transport limitations
and its corresponding pressure drop, Darcy’s equation for the flow through porous media
according to Equation (13) is used [23,30,31]:

.
VH2

A
=

κ·∆p
µH2·sMH

with (13)
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.
VH2 =

.
mH2

ρH2
. (14)

While
.

VH2 is the volumetric flow rate of hydrogen, the variable µH2 represents its
viscosity. The permeability of the MH bed is described by κMH. With Equations (5) and (6),
Equation (13) is converted to Equation (15):

.
mH2

A·ρH2
=

mH2

A·ρH2·t
=

VMH·ρMH·ωmax

A·ρH2·t
=

sMH·ρMH·ωmax

ρH2·t
=

κ·∆p
µH2·sMH

. (15)

Rearranging Equation (15) for sMH leads to Equation (16), which allows the acceptable
MH bed thickness for a given pressure drop ∆p to be estimated:

sMH =

√
κ·∆p·ρH2·t

µH2·ρMH·ωmax
. (16)

These argumentations for the gas transport also have underlying assumptions, which
are named as follows: steady-state conditions, a uniform temperature distribution in the
MH bed, constant hydrogen properties and gas transport only in the thickness direction of
the unit cell.

To estimate an acceptable MH bed thickness as a guidance for the conceptual design,
the input parameters of Tables 1 and 2 are used in Equations (12) and (16). The density of
hydrogen ρH2 results from the ideal gas equation according to Equations (17) and (18) [32]:

p·V = m·R·T or (17)

ρH2 =
p

RH2·T
. (18)

Table 2. Assumptions for the estimation of an acceptable MH bed thickness.

Parameter Value Source

Thermal conductivity of MH bed λMH
Powder: 1 W m−1 K−1; compacts with ENG or
powder with conductive elements: 10 W m−1 K−1 [33–35]

Thermal conductivity of wall λwall Aluminum alloy: 155 W m−1 K−1 [33,36]
Heat transfer coefficient between MH and
wall αwall

1000 W m−2 K−1 [37–39]

Heat transfer coefficient between wall and
HTF αHTF

400–6000 W m−2 K−1 with chosen value of
1000 W m−2 K−1 [37,38,40,41]

Reaction enthalpy ∆H of LaNi4.6Al0.4 34.6 kJ mol−1 [42]
Density of MH bulk material based on
LaNi4.7Al0.3 7440 kg m−3 [34]

Density of MH bed ρMH
Powder: 2445 kg m−3 based on porosity of 67%
Compacts: 5208 kg m−3 based on porosity of 30%

[25,43]

Permeability of MH bed κMH
Powder: 1.75 × 10−13 m2; compacts:
1.5 × 10−15 m2 [33,41]

Hydrogen viscosity µH2
Linearly scaled from 0.84 × 10−5 Pa s at 0 ◦C to
1.04 × 10−5 Pa s at 100 ◦C

[13,44]

Special gas constant of hydrogen RH2 4124.4 J kg−1 K−1 [32]
Temperature gradient ∆T 5 K Target
Pressure drop ∆p 0.1 bar Target
Usable conversion ωmax 1 wt.% Target
Wall thickness swall 1 mm Assumption
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As the density of hydrogen ρH2 is affected by pressure and temperature according to
Equation (18), the above-mentioned assumptions lead to deviations between the calculated
density of hydrogen and the actual local densities within the MH bed. Consequently, the
result of Equation (16) is also affected and should therefore rather be seen as an estimation
for the conceptual design rather than a binding sizing operation of the MH bed thickness.

The MH can be used in its delivery state as a powder or in compressed form as
compacts [6]. The compacts offer several advantages such as a lower susceptibility to
particle disintegration and accumulation, and their increased thermal conductivity by an
order of magnitude compared to powder as stated in Table 2 [23]. The latter will enable a
higher acceptable MH bed thickness in the heat transfer direction. However, compacts limit
the design possibilities of the cartridge and they suffer from a lower permeability by two
orders of magnitude as seen in Table 2 as well [22,45]. The latter will reduce the acceptable
MH bed thickness in the direction of the gas transport compared to MH powder.

The results of the calculations are summarized in Table 3. By using MH powder,
the acceptable MH bed thickness in the heat transfer direction is 3.6 mm to achieve the
temperature gradient target. The acceptable MH bed thickness in the direction of the
gas transport is 36.1 mm to attain the pressure drop target. In contrast to the illustration
of the unit cell in Figure 5, the heat transfer direction and the gas transport path may
not be aligned in the same direction. The direction of the heat transfer can be oriented
perpendicular or at any other angle to the gas transport as the channels for HTF and
hydrogen gas may be oriented in different dimensions of the three-dimensional design
space. According to the results for MH powder, the acceptable MH bed thickness in the
direction of the gas transport is an order of magnitude higher than in the heat transfer
direction. Hence, the cartridge design may incorporate ten times as many HTF channels as
gas channels. To avoid spatial conflicts and to not introduce more gas channels than are
necessary, it may be advisable to arrange the different channels vertically to each other.

Table 3. Results of the estimation of the MH bed thickness as an input for necessary design features
to enhance the transfer of heat and the transport hydrogen gas for the conceptual design.

Input for Calculation Acceptable MH Bed Thickness Value
MH Powder MH Compact

Temperature gradient calculation according to Equation (12):
Absorption conditions 3.6 mm 7.4 mm
Desorption conditions 10.1 mm 26.3 mm

Pressure drop calculation according to Equation (16):
Absorption conditions 36.1 mm 2.3 mm
Desorption conditions * 98.1 mm 6.2 mm

* Desorption temperature of 100 ◦C from Table 1 applied as this leads to conservative lower values for the MH
bed thickness.

For MH compacts, the acceptable MH bed thickness is 7.4 mm in the heat transfer
direction and 2.3 mm in the direction of the gas transport. These results underline the
demand for a narrow MH bed thickness as a requirement for the cartridge design.

4.2. Functional Structure Tree

The functional structure of the MH cartridge is derived from the requirements and
from the previous study of the BOG recovery system [6]. The result is illustrated as a
functional structure tree in Figure 6.
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4.3. Working Principles

In this next step of the conceptual design process, working principles for the various
functions are elaborated from literature research on the one hand and from brainstorming
sessions with people from different engineering fields on the other hand. The working
principles are compiled as a morphological box in Table 4, which is guided by previous
conceptual designs [6,46,47].

The working principles may be specified in more detail during the further refinement
of the design. For example, the HTF channels of working principle A for function 2.1 can
be realized with different cross-section shapes. The channels can also follow different paths
through the cartridge, e.g., a longitudinal, radial or transversal course or even combinations
thereof resulting in zigzag-, spiral- or grid-shaped courses [46]. It should also be noted that
apart from the compiled solutions for function 3.3, the impact of MH expansion can also
be reduced by limiting the initial filling fraction to 40 % or by re-cycling the MH before
filling [22,23].

4.4. Combination of Working Principles to Concepts

To develop conceptual designs that fulfill the primary function ‘Recover boil-off
hydrogen with MH cartridge’, it is necessary to combine the working principles of each of
the single functions to create solution options [48]. The scheme of the morphological box
according to Table 4 is particularly suited for systematically deriving solution options. It
should be emphasized that this process step is intended to lead to several solution variants
and that only those working principles that are compatible should be combined. Four
exemplary concepts, which are derived from the morphological box, are presented in the
following sub-sections: plate-fin concept, gyroid concept, dendrite concept and tube-bundle
concept. These four concepts resemble pertinent options toward a feasible MH cartridge
design, although they should not be understood as all-encompassing as other combinations
may also be reasonable. The combination logic is driven by defining a main motivation for
each concept and then adding promising working principles.

Table 4. Morphological box for the conceptual design of the metal hydride cartridge.

ID Function Working Principle A Working Principle B Working Principle C

1.1 Accommodate MH Cylindrical MH vessel Prismatic MH vessel Coil-shaped MH vessel
1.2 Enable GH2 transport Ullage above MH bed Hydrogen artery [6,23] Short travel length in MH bed
1.3 Filter contaminants Filter in interface [33] Filter end cap [49] Filter as GH2 artery [50–52]
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Table 4. Cont.

ID Function Working Principle A Working Principle B Working Principle C

2.1 Enable heat transfer
by HTF

Internal channels (e.g.,
straight or helical tubes)

Heat exchanger plates as
separate components External jacket

2.2 Enable heat transfer from
HTF into the MH bed

Conductive matrices (e.g.,
metal foam, fins,
honeycombs, pins,
dendrites or TPMS) [46,53]

Admixture of thermal
conductive material (e.g.,
ENG, graphite fibers, and
aluminum particles) [6,54]

MH compacts [6]

2.3 Measure temperature Temperature sensor at the
vessel surface

Temperature sensor in
MH bed

External temperature sensor in
HTF return pipe

3.1 Provide resistance against
gas pressure

Sufficient strength of vessel
structure [46]

Implementation of internal
braces as
reinforcement [46]

Implementation of external
stiffeners as reinforcement

3.2 Protect cartridge against
overpressure

Non-reclosing pressure
relief device (such as
rupture disks or
diaphragms) [55]

Re-sealable pressure relief
device (such as pressure
relief valves) [55]

3.3 Compensate expansion
of MH

Admixture of additives
(e.g., ENG) [6,56]

Prevent local accumulation
of MH by reduction in
vertical height or by
dividers [23]

Flexible design (e.g., springs,
elastic sheets or deformable
vessel) [13,23,33]

4.1 Protect cartridge against
external loads Elastic bumper devices [6] Rigid casings Protective collar to shield the

interfaces

4.2 Ease handling and
insertion of cartridge

Handles, lugs or threads
for lifting [6]

Guide rails or guide pins
for insertion [6] Wheels [6]

4.3 Enable loading and
unloading of MH Re-sealable ports Removable side face Dismantling of vessel

4.4.1. Plate-Fin Concept

The plate-fin concept is a stacked assembly of prismatic MH vessels and planar HTF
channels as shown in Figure 7. The MH powder is arranged between fins that are connected
to the HTF channels. Besides transferring the heat, the fins also serve as internal braces to
reinforce the vessel structure against the internal gas pressure. Moreover, the fins reduce
the vertical MH bed height to prevent accumulation of MH powder at the bottom of the
cartridge. The main motivation for this concept is to decouple the heat transfer and gas
transport directions. The fins split the MH bed into narrow layers with heat transfer in
the thickness direction. As the gas transport distance through the MH can be an order of
magnitude longer according to Table 3, the gas is transported in the plane of this layer. The
use of simple parts and the scalable and compact design are advantages of this concept.
Disadvantages could be the long gas transport distance, which contributes to hydrogen
pressure drop, and the high number of interfaces, which increase complexity and are prone
to leakage.

 

 

Figure 7. Plate-fin concept—Prismatic stack with fins and planar HTF channels.
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4.4.2. Gyroid Concept

The gyroid concept exhibits a prismatic outer shape as well. But in contrast to the
planar fins of the plate-fin concept, the MH powder is now filled into a strongly curved
gyroid-type triply periodic minimal surface (TPMS) structure as illustrated in Figure 8.
This TMPS structure not only provides a high surface area for heat transfer, which is the
main motivation for this concept, but is also equipped with integrated HTF channels as
proposed by Sain et al. [57]. The advantages of the gyroid concept are the low number of
interfaces, the high heat transfer area and the compact design. As a potential drawback,
the production of the cartridge requires additive manufacturing techniques. Moreover, the
vessel needs to be flat in shape to limit the gas transport distance through the MH bed and
to prevent accumulation of MH powder at the bottom.

 
Figure 8. Gyroid concept—Prismatic vessel with gyroid-type TPMS structure.

4.4.3. Dendrite Concept

In contrast to the previous concepts, the dendrite concept is based on a cylindrical
vessel that contains all cartridge components, like the HTF channels or the dendrite-shaped
conductive elements. As depicted in Figure 9, the HTF channels are arranged in the
longitudinal direction of the vessel. Sinter metal plates are placed in the radial direction in
such a way that a free space is formed in the center of the cartridge as a passage for the
GH2 in longitudinal direction.

 

 
Figure 9. Dendrite concept—Cylindrical vessel with dendrite elements.

The main motivation of the dendrite concept is the inherent strength of the cylindri-
cal vessel against internal pressure, which allows for higher absorption and desorption
pressures without significantly increasing the passive reactor mass. The dendrite elements
ensure a short heat transfer distance through the MH bed. However, the cylindrical vessel
impairs the filling of the MH material, the assembly of the components and the handling of
the cartridge. The illustrated design is also prone to MH accumulation at the bottom of the
cartridge, which may be reduced by operating the cartridge in a horizontal position.
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4.4.4. Tube-Bundle Concept

In contrast to the previous concepts, the tube-bundle concept according to Figure 10 is
the only concept using MH compacts. The disk-shape compacts are stacked in cylindrical
vessels together with sinter metal elements to reduce the gas transport path through the MH
bed. The cylindrical MH vessels are arranged in a prismatic container. Thereby, the concept
combines the structural strength of cylindrical vessels against internal pressure with a
prismatic outer shape which is beneficial for handling and stacking of the cartridges. This
combination of beneficial properties is the main motivation of this concept. The prismatic
container is filled with HTF for immersion cooling and heating of the MH vessels. The
tube-bundle concept makes use of semifinished parts, which are easy to manufacture, and
allows for scaling of the total cartridge size by increasing the number of cylindrical MH
vessels within a prismatic container. Potential drawbacks are the complex assembly due to
the high number of parts and the compactness deterioration due to the necessary sinter
metal filter elements.
 

 

Figure 10. Tube-bundle concept—Multiple cylindrical vessels immersed in HTF.

4.4.5. Comparison of the Concepts

According to Figure 1, air cooling of the cartridge may be reasonable at low BOG mass
flow rates. The plate-fin concept and the gyroid concept could be suitable for connecting
the cartridge to external fins for direct heat rejection to the ambient air as proposed in the
previous study [6]. While the flat shape of the gyroid concept seems beneficial for placing
the whole cartridge between plates with external fins, the modular approach of the plate-fin
concept allows for the replacement of the planar HTF channels with external fin elements.

For comparison of the four concepts, a balance of arguments is compiled in Table 5.
The balance of arguments is a universally applicable approach for decision-making which
is notable for its ease of implementation [58]. However, this approach is not suited to clearly
identify the most promising concept as it lacks a numerical assessment by weighted criteria.
Before selecting a concept by a numerical approach, the authors recommend elaborating a
higher level of detail. For example, a sensitivity analysis of the analytical MH bed thickness
estimation is proposed together with a sizing analysis of the HTF channels. The results of
these analyses would enhance the numerical assessment of arguments and strengthen the
concept selection regarding the relative feasibility.
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Table 5. Balance of arguments to compare the advantages and disadvantages of the four concepts.

Plate-Fin Concept Gyroid Concept Dendrite Concept Tube-Bundle Concept

+ Compactness
+ Use of simple parts
+ Scalability
+ Prevention of MH

accumulation
+ Suited for air cooling

by external fins
+ Outer shape

simplifies handling
and stacking

− Long gas transfer
path

− Complexity by high
number of parts and
interfaces

− Prone to leakage

+ Compactness
+ Low number of parts

and interfaces
+ High heat transfer

area
+ Suited for air cooling

by external fins
+ Outer shape

simplifies handling
and stacking

− Additive
manufacturing
required

− Limited to flat vessel
shapes

+ Inherent strength of
vessel shape

+ Low number of parts
and interfaces

− Filling of MH
material difficult

− Difficult assembly
− Difficult handling
− Additional means for

stacking required
− Prone to MH

accumulation
− Low compatibility

with external air
cooling

+ Use of simple parts
+ Scalability
+ Inherent strength of

vessel shape
+ Outer shape

simplifies handling
and stacking

− Complexity by high
number of parts

− Reduced compactness
− Low compatibility

with external air
cooling

+ refers to arguments with a positive impact; − refers to arguments with a negative impact.

5. Conclusions
As previous studies already revealed the macroscopic level of the MH-based BOG

recovery system, this current work conducts a conceptual design of the corresponding MH
cartridges. First, the requirements were identified with support from a systematic MH
alloy selection including material property considerations. Moreover, an analytical sizing
guideline for the acceptable MH bed thickness was determined and conducted to generate
input for the conceptual design. Subsequently, a functional structure tree was established
before corresponding working principles were compiled in a morphological box. Finally,
four specific concepts were elaborated and illustrated. The combination logic to derive
these concepts was driven by defining a main motivation for each concept and then adding
promising working principles from the morphological box. The concepts generate the
baseline for upcoming studies to select a concept and to explicitly design a demonstrator of
an MH cartridge for manufacturing and testing. Before selecting a concept, the conducted
analytical estimations should be supplemented by a sensitivity analysis and by sizing of the
necessary HTF channels. Moreover, dedicated experiments are recommended to generate
PCI data of the designated MH alloy for the actual design point conditions. The results from
these sensitivity, sizing and material investigations will enhance a numerical evaluation
to identify the most promising concept to be pursued during the upcoming design of a
demonstrator cartridge. The detailed demonstrator design should encompass mechanical
and thermal simulations. The performance of the demonstrator should be validated by
experiments to prove the feasibility of the cartridge design and to reveal its operational
limits. Such experimental results would allow for a system-level assessment of the potential
of MH-based boil-off recovery with exchangeable cartridges. If this assessment predicts
promising potential, this novel approach of BOG recovery by MHs should be employed to
full-scale demonstrators in a realistic environment. This encompasses not only the airport
environment but also maritime infrastructures, spaceports and the automotive sector.
Thereby, this novel approach could contribute not only to future sustainable aviation but
also to the empowerment of LH2 as an energy carrier in general. Moreover, the established
generic morphological box is also applicable for conceptual design studies of MH cartridges
beyond BOG recovery.
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