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Abstract: Liquid hydrogen (LH2) is a promising energy carrier to decrease the climate
impact of aviation. However, the inevitable formation of hydrogen boil-off gas (BOG) is a
main drawback of LH2. As the venting of BOG reduces the overall efficiency and implies a
safety risk at the airport, means for capturing and re-using should be implemented. Metal
hydrides (MHs) offer promising approaches for BOG recovery, as they can directly absorb
the BOG at ambient pressures and temperatures. Hence, this study elaborates a design
concept for such an MH-based BOG recovery system at hydrogen-ready airports. The
conceptual design involves the following process steps: identify the requirements, establish
a functional structure, determine working principles and combine the working principles
to generate a promising solution.
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1. Introduction

Hydrogen is a promising energy carrier to enable sustainable transportation for long-
haul routes. In the aviation sector in particular, hydrogen is an increasingly investigated
fuel option, especially in its liquid form [1]. However, many challenges regarding its storage
or handling still have to be solved to successfully utilize liquid hydrogen in aircrafts and at
airport infrastructures. One major challenge is the inevitable formation of hydrogen boil-off
and the corresponding losses when this BOG is vented. These hydrogen losses reduce the
overall efficiency of the LH2 supply chain and any exposure implies a safety risk at the
airport [2,3]. Moreover, the release of hydrogen to the ambient would partially offset the
climate benefit of savings in CO, emissions, as hydrogen indirectly influences global warm-
ing [4]. Hence, means for capturing and re-using the BOG should be implemented [5-8].
Besides the extensive effort of installing pipelines underneath the airport’s apron to recover
the boil-off losses, an infrastructure-independent system based on metal hydrides (MHs)
could be a promising alternative [9,10]. While MHs are the most compact and safest state to
store hydrogen, they can also directly absorb gaseous hydrogen (GH2) at ambient pressures
and temperatures [11]. When subsequently increasing the MH’s temperature, e.g., by using
the waste heat of a fuel cell (FC), the hydrogen can be released at a higher pressure to be
directly supplied to the FC [12].

The goal of this study is to conceptualize a BOG recovery system that utilizes the afore-
mentioned advantageous properties of MHs. In contrast to an infrastructure-demanding

Eng. Proc. 2025, 90, 17

https:/ /doi.org/10.3390/engproc2025090017


https://doi.org/10.3390/engproc2025090017
https://doi.org/10.3390/engproc2025090017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0009-0006-9073-1457
https://doi.org/10.3390/engproc2025090017
https://www.mdpi.com/article/10.3390/engproc2025090017?type=check_update&version=2

Eng. Proc. 2025, 90, 17

2 0f9

pipeline-based recovery system, the concepts rely on multiple, exchangeable MH cartridges,
which are used in a circulating manner. Firstly, fundamentals of LH2 handling are described,
and the state-of-the-art of MH-based BOG recovery is presented in the following section.
Subsequently, the methodology of the conceptual design phase is briefly introduced before
the design process is conducted and the results are combined into a design proposal.

2. LH2 Handling and Boil-Off
2.1. Review of LH2 Handling at Airports

Venting is the process of releasing hydrogen vapor from the LH2 tank once it has
reached its maximum allowable pressure [3]. Reasons for pressure rise are displacement of
the GH2 during refilling or hydrogen evaporation due to heat input into the cryogenic tank.
Although vented hydrogen gas can be ignited and burned safely at a venting nozzle, the
corresponding flare stacks need to be distanced 60 m from any occupied building [3]. This
procedure results in limitations in an airport environment, which may lead to no-venting
regulations in the first phases of LH2 operations at airports [3].

Two possible scenarios to transfer hydrogen from storage facility of the airport to
the aircraft are a distribution by bowser trucks and a supply by a pipeline dispenser
system [5,9]. While the pipeline system allows the recovery of BOG, the distribution by
trucks offers higher flexibility [9]. In future airport operation, there will be a trade-off
between bowser distribution, with its low capital costs and higher operational costs, and a
pipeline dispenser system, with its high capital costs and lower operational costs [5]. As
the potentially higher boil-off losses of the bowser distribution are not favorable, additional
devices for BOG recovery are hence recommended for the trucks to enhance the efficiency
of the supply chain and to decrease the financial loss from BOG venting [5,7].

During the different phases of the refueling process, the boil-off rate differs as there
are different sources which trigger the evaporation [6,9,11]. Although some phases like
cooling down the hoses or depressurizing the bowser’s vessel generate short bursts of
GH2, the boil-off rate is nonetheless fairly constant during the whole refueling process
of approximately 30 min [5,6,11]. The amount of BOG that needs to be vented strongly
depends on the specific filling process and on the applied means of mitigation [6,9]. Despite
these uncertainties, Mangold et al. proposed a hydrogen capacity of 50 kg for a boil-off
recovery system onboard of a refueling truck [5]. Compared to the total mass of a trailer for
transporting fossil fuels of typically 34 tons, an LH2-trailer exhibits a lower total mass of
approximately 27 tons due to the low density of LH2 [13,14]. This weight margin could be
used to integrate a boil-off recovery system into the trailer of the refueling truck.

2.2. Boil-Off Recovery by Metal Hydrides

With their potential ability to absorb hydrogen at low pressure levels, metal hydrides
(MHs) can be used to capture, store and compress the BOG released from LH2 tanks
for further utilization, as illustrated in Figure 1A [9,11]. When absorbing the BOG, the
MH needs to reject the heat of the absorption reaction. On the contrary, a supply of
heat is required to drive the release of hydrogen by desorption. The black line indicates
the equilibrium pressure of the material in relation to the temperature T. This pressure-
temperature-correlation can be utilized to supply the hydrogen at a higher level pp;g
than the available pressure level pj,, during the uptake of the BOG. In an exemplary
arrangement with a fuel cell (FC) as a consumer, the waste heat of the fuel cell can be
sufficient to achieve a desorption pressure high enough for the hydrogen to be directly
supplied to the FC. This process of hydrogen compression by waste heat further increases
the efficiency of the MH-based BOG recovery beyond the effect of only mitigating the
hydrogen losses.
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Figure 1. BOG recovery by MHs: (A) Schematic plot of the working principle of hydrogen compres-
sion by MHs from low-pressure LH2; (B) Scenario of MH cartridges at airports.

Several studies highlight the potential of MHs for BOG recovery [11,15]. Fuura et al.
developed an on-board MH system to capture the boil-off losses that result over time
from heat leakage between LH2 tank and ambient atmosphere for example during parking
periods [15]. To absorb the corresponding relatively low hydrogen mass flow, the cooling by
natural convection with the ambient air proved to be sufficient. In another study, Rosso et al.
not only demonstrated the capture but also the subsequent compression of low-pressure
GH2 [11]. By achieving rapid absorption rates with the help of forced liquid cooling, they
validated that MHs are also suited to capture the typically higher mass flow rates of BOG
which occur during LH2 refueling. In addition to these scientific studies, there are several
patents that describe the use of MHs or other hydrogen absorbents to handle BOG [16-21].
Although all these publications illustrate various ways to successfully recover boil-off
losses with MHs by capturing, storing and compressing, each of these systems is dedicated
to a single, specific application, which results in the following limitations:

e  No trans-sectoral use is considered, like BOG capture from an aircraft’s LH2 tank and
a subsequent consumption in a ground-based vehicle;

e Limited to narrow operation windows and therefore not suited for varying pressure
levels of different boil-off sources and several potential consumers;

e No mobile use is intended to enable distribution or intermediate hydrogen storage
according to the needs of the processes at the airport.

The goal of this study is to elaborate a conceptual design of a BOG recovery system for
the bowser distribution at airports that overcomes these limitations by using exchangeable
MH cartridges as illustrated in Figure 1B.

3. Methodology of the Conceptual Design

The design of complex systems is usually supported by methodical design approaches
like the VDI guideline 2221, which defines the central objectives, activities, and results of
the design process. Such approaches reduce the complexity of a design task by breaking it
down into discrete process steps [10,22]. Figure 2 depicts the process that is used in this
study, and the following subsections present the results of these steps.

Identify the
requirements

Evaluate solution
options against criteria
& identify the most
promising concept

Determine working Combine working
principles to fulfil P principles to generate
required functions solution options

q Establish a functional
structure

A 4
A 4

Y
To be investigated in this study

Figure 2. Process steps of the conceptual design in respect to [22].
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4. Results of the Conceptual Design
4.1. Requirements

The alloy LaNi4.6Al0.4 is favorable for MH-based BOG recovery as it exhibits fast
kinetics and favorable equilibrium pressures with flat plateau slope and low hysteresis [11].
Hence, the derivation of the requirements in Table 1 are based on this alloy. With its
usable hydrogen capacity of 1.3 weight percent, an amount of approximately 150 kg of
LaNi4.6Al10.4 will be required to store 2 kg of hydrogen. Considering a weight ratio of 1:1
for the MH material weight to the empty cartridge weight, the total cartridge weight adds
up to 300 kg [23]. Based on an alloy density of 7.44 kg/1 and a packing density of 60%, the
volume results in approximately 35 liters [11,24]. This leads to a characteristic nature of the
MH cartridges to be compact but heavy.

Table 1. Excerpt from the requirements list of the boil-off recovery system.

Parameter Value Comments
Storage capacity per cartridge 2 kg defined in [9]
Target absorption time 30 min LH2 refueling time from [5,6,11]
Heat to be rejected /supplied 181 MJ/kgyr reaction enthalpy derived from [25]
Target absorption pressure >1.2  bar LH2 tank pressure from [5,7]
Target desorption pressure >2 bar FC inlet pressure from [12]
Temperature to reject heat 394 °C hot day as worst case from [26]
Temperature to drive desorption 80 °C waste heat of LT-PEMFC

Target capital cost of cartridge 3000 $/kgm derived from [9]

4.2. Functional Structure Tree and Corresponding Working Principles

The illustration of a functional structure of a system helps to identify the required
physical processes, components, and relationships [22]. Figure 3 depicts the functional
structure tree of the BOG system with main functions and a first level of subfunctions.

Recover boil-off hydrogen
[

[ 1 1.-.

Capture boil-off hydrogen Store boil-off hydrogen Supply boil-off hydrogen
. . | |Respond to immediate hydrogen
—1 Reliable uptake of hydrogen gas — Provide system status demand and release steadily
Adapt to different boil-sources Enable exchangeability and Adapt to different consumers
and hydrogen mass flow rates portability and hydrogen mass flow rates

Use waste heat to drive

——  Reject heat of absorption ——{ Enable long-term buffer storage — . .
desorption reaction
— LN ] e o 0o 0 o 0o 0
Symbols: [ Function e o o Undeveloped Functions

Figure 3. Functional structure tree of the BOG recovery system with main and subfunctions.

Based on the functional structure tree, the scope of the conceptual design of this study
is framed with the help of Figure 4. In addition to defining the designated application areas
of the BOG recovery system, this illustration highlights the main subsystems with their
tasks and elements. For these subsystems, potential working principles are elaborated in
the following subsections.
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Figure 4. Overview of the potential subsystems involved in the BOG recovery process.

4.2.1. Interface Design Proposals

Generally, an MH vessel consists of a gas-proof containment in which the MH material
is placed, of a thermal management system (TMS) with a heat transfer fluid (HTF) to
remove or supply the reaction heat and of means for input, output, and the distribution of
hydrogen [10,27]. The interfaces of the cartridge are schematically illustrated in Figure 5.

Management system  Symbols;

GH2
Low-temperature HTF
High-temperature HTF

MH cartridge with interfaces
|

N D

Temperature sensor
gd [P] Pressure sensor
MH JM """" £q Pressure relief safety valve
3::::‘;*2 ''''''''''''' { O+¢-  Fast coupling (self-sealing)
Mass flow meter
Optional interfaces for 8 Cartridge identifier
74 Communication system

serial coupling of cartridges
ping g f;,o, Management system

Figure 5. Essential interfaces of the cartridges and overarching management system for control.

4.2.2. Design Proposals for the TMS of the MH Cartridge

While there are various ways to remove and to supply the reaction heat, the use of
liquids, such as water—glycol mixtures, or air as a heat transfer fluid (HTF) is a common
solution [27]. Figure 6 presents the TMS principles, which are considered for the heat
transfer out of and into the MH cartridge.

Although Figure 6 depicts fans to drive the airflow, both convection types, natural and
forced, may be used. However, natural convection only allows low specific absorption and
desorption rates [28,29]. For higher hydrogen mass flows, for example, the boil-off losses
during refueling operations, slow specific desorption rates would lead to unreasonable
system sizes as large amounts of MH material would be required. The use of natural
convection is especially challenging for the BOG recovery application with its operating
conditions close to the MH material’s equilibrium conditions.

Although forced air convection is more effective than natural convection [30], it is
expected to be more limiting in terms of implementation than the heat transfer by liquids.
Firstly, consumers with air-cooled PEMFCs will be required to provide a heat supply by air.
However, liquid cooling is the most common cooling method for FCs with more than 5 kW
of power [31]. Secondly, for heat supply by air, the MH cartridges require external fins and
have to be installed in the cooling air ducts of the PEMFCs, which will lead to limitations
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regarding potential consumers due to design space restrictions. For waste heat transfer by
liquid media, the positioning of the MH cartridges is less restricted, as the HTF lines could
be placed more versatilely.

A) Heat rejection and B) Heat rejection by air / ©) Heat rejection and
supply by liquid heat supply by liquid supply by air
.. " Heat Grﬁé\' ' GH2 ' GH2
% ® exchanger
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\~ High-temperature air — Low-temperature liquid @ Pump

Figure 6. Potential TMS interfaces (A-C) for heat transfer out of /into the MH cartridge.

Based on the hydrogen mass flow iy, the reaction enthalpy AH, and the molar mass
of hydrogen My, the heat of reaction can be calculated as follows:

: MH2

Q= M AH. (1)
The target absorption time from Table 1 and the corresponding hydrogen mass flow ngyp
lead to a power requirement for the heat rejection of a single cartridge of 20 kW. This
cooling power demand would lead to unreasonably large dimensions of external fins for
heat rejection by air, especially in hot day conditions when the temperature difference for
heat rejection becomes low. A respective heat transfer coefficient of natural convection
of 5 W/(m?K) and a temperature difference of 5 K would lead to an external fin area
requirement of 800 m? [30]. As the heat transfer coefficient of liquid cooling is two orders
of magnitude higher, its area requirement is correspondingly smaller. Hence, liquid heat
transfer is recommended to not deteriorate the compact nature of the MH cartridges.

4.2.3. Proposals for MH Cartridge Logistics

Potential locations for the cartridges during BOG capture are shown in Figure 7. Al-
though option (A) enhances flexibility between actual BOG rates and hydrogen demands by
connecting the MH cartridges to the GH2 grid, this solution requires higher infrastructure
demands and thereby offsets the benefits of bowser distribution. Hence, it may be beneficial
to use option (B) or (C) in combination with only a single, separate facility for intermediate
storage. This intermediate storage acts as a buffer during times with high amounts of
boil-off and low hydrogen demand from consumers or vice versa. A connection to the GH2
grid enables refilling the MH cartridges or deploying the hydrogen into the grid. Option
(C) may be more beneficial compared to (B), as the systems of the truck could be used
to supply electrical power for sensors, communication, or to drive the HTF pump. As
described in Section 2.1, the LH2 trailer offers a weight margin of approximately 7 tons
that can be used for the integration of the cartridges and further subsystems. However,
the hydrogen capacity of 50 kg suggested by Mangold et al. could not be fully achieved
by retrofitting a conventional LH2 trailer, as this capacity would require 25 cartridges in
total, which leads to a total cartridge weight of 7.5 tons. Nevertheless, the mismatch may
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be solved by modifying the LH2 trailer or by slightly reducing the total capacity of the

recovery system. However, option (B) can still be promising as it offers high independence

and flexibility. Especially for lower hydrogen mass flow rates, when natural convection is

sufficient to reject the heat of absorption, this positioning can be beneficial.

(A) Sationary to grid

(B) Mobile cartridges

(C) Cartridgesiin trailer or tractor of the truck

Figure 7. Potential positioning of MH cartridges during LH2 refueling.

4.3. Combination of Working Principles to a Design Concept

Based on the description of the working principles, the most promising ones are

combined with the design concept illustrated in Figure 8. Depending on the boil-off source,

the use of two different TMS interfaces is proposed for the BOG capture. To meet the

high BOG mass flow rates during LH2 refueling, liquid cooling is applied to meet the

demands for powerful heat rejection. Thus, the positioning according to Figure 7 option

(C) is proposed as the additional systems of the TMS, like heat exchangers with fans and

HTF pumps, could be supplied with electrical power from the truck. For low boil-off rates,

on the other hand, natural convection may be sufficient. For example, when the aircraft is

out of operation and exceeds its dormancy time, which is the time span until the internal

pressure reaches the venting pressure. The use of passive natural cooling can be beneficial

in this case, as infrastructure and power supply demands will be minor, allowing for more

flexible positioning of the cartridges. As illustrated, the external fins for the heat rejection

to the ambient air are not part of the cartridge, as permanently attached fins would lead

to high space demands in all other subsystems and are prone to damage during handling.

In the consumer subsystem, however, only the use of liquid as HTF is proposed due to

the limitations of air, which have been described in Section 4.2.2. Referring to the buffer

storage, a connection to the hydrogen grid ensures refilling of the cartridges when the

occurring boil-off rates are too low to cover the demands of the consumers. On the contrary,

hydrogen can also be fed back to re-liquefaction or converted into heat or electricity for

stationary use when the boil-off rates exceed the demands of the consumers.

Boil-off source
Heat rejection by liquid or by air

Buffer storage & Consumer
management system Heat supply by liquid

r

VT

High GH2 massflow (e.g. LH2 refueling) - Liquid

HQ

M..
M..

R &F

g?

Symbols:

Low GH2 mass flow (e.g. dormancy periods) > Air ,0

\r‘ e T

ﬁﬁﬁ EEE

VT 1

- Communication &

— GH2 — Low-temp. liquid "~ Low-temp.air «[—] MH cartridge ﬁ/gﬂz/l;l' management system
— LH2 — High-temp. liquid ¥™" High-temp. air -9+ Fast coupling © Pump

Figure 8. Proposed design concept for boil-off recovery at airports by MH cartridges.
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5. Conclusions

As the overview of the state-of-the-art examples of boil-off gas (BOG) recovery by
metal hydrides (MHs) already emphasizes the general feasibility and reasonability of
this technology, this study provides a conceptual design that uses exchangeable MH car-
tridges to enable trans-sectoral application. At first, the requirements were identified, and
a functional structure tree was established before corresponding working principles were
determined. Finally, the most promising principles were combined into a design concept
proposal for BOG recovery at airports. In upcoming studies, further concepts should
be derived from the working principles and subsequently evaluated and benchmarked.
Moreover, a proof of concept by experiments based on a small-scale demonstrator is recom-
mended to verify the operation range, to explore potential improvements like alternative
MH alloys with higher storage densities, and to identify the electrical power demands of
additional systems like pumps and fans. However, the proposed concept already reveals
the huge potential of exchangeable MH cartridges to empower future sustainable aviation
and to enhance the efficiency of the LH2 supply chain in general. As this concept is not
limited to aviation, further markets, such as maritime infrastructures or the automotive
sector, should be addressed to achieve a high market penetration.
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