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Abstract: Hydrogen is one of the most promising power sources for meeting the aviation sector’s long-
term decarbonization goals. Although on-board hydrogen systems, namely, fuel cells, are extensively
researched, the maintenance, repair and overhaul (MRO) perspective remains mostly unaddressed.
This paper analyzes fuel cells from an MRO standpoint, based on a literature review and comparison
with the automotive sector. It also examines how well the business models and key resources of MRO
providers are currently suited to provide future MRO services. It is shown that fuel cells require
extensive MRO activities and that these are needed to meet the aviation sector’s requirements for
price, safety and, especially, durability. To some extent, experience from the automotive sector can be
built upon, particularly with respect to facility requirements and qualification of personnel. Yet, MRO
providers’ existing resources only partially allow them to provide these services. MRO providers’
underlying business models must adapt to the implementation of fuel cells in the aviation sector.
MRO providers and services should, therefore, be considered and act as enablers for the introduction
of fuel cells in the aviation industry.

Keywords: aviation; liquid-hydrogen-fueled aircraft; fuel cell; maintenance; business model analysis

1. Introduction

To contribute to the global effort to reduce greenhouse gases, the aviation industry
has to meet increasingly strict externally and internally imposed decarbonization goals.
While, in 2009, a commitment from the International Air Transport Association called for
a 50% reduction in emissions by 2050 and carbon-neutral growth from 2020 onward [1],
the goal now is to achieve net-zero carbon emissions by 2050 [2]. The former is also the
official position of the International Civil Aviation Organization [3]. The European Union is
calling for a 90% emissions reduction by 2050 in the whole transportation sector, including
aviation, as part of the New Green Deal [4], and refocusing the goal to reduce carbon
dioxide CO2 emissions by 75% by 2050 set in 2011 [5]. Even though these targets have
different timelines and exact values, it is clear that the aviation sector faces a challenging
decarbonization process. To manage this process successfully, a wide range of technologies
must be further developed and implemented. One of the most promising technologies
is the use of liquid hydrogen (LH2) as an energy source inside the aircraft [6]. This has
also been recognized by the aviation industry, such as the major aircraft manufacturer
Airbus, with its ambitious goal to develop a short-to-medium range hydrogen-powered
aircraft by 2035, called ZEROe [7]. An overview of past and ongoing projects relating to
hydrogen-powered aircraft is given in Table 1.
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Table 1. Excerpt from relevant projects on hydrogen-powered aircraft.

Year Project Name Base Aircraft Typ of Hydrogen Usage Institution Source

1957 Bee Martin B-57B Direct combustion NASA [8]

1988 Tu-155 Tu-154 Direct combustion Tupolev [8]

2008 - Diamond DA20 polymer electrolyte membrane fuel cell (PEMFC) Boeing [9,10]

2008 ELBASYS A320 PEMFC as auxiliary power unit (APU) DLR [11]

2009 Antares Antares 20E PEMFC DLR [12]

2010 ENFICA-FC Rapid 200 PEMFC POLITO [13]

2016 HY4 Pipistrel Taurus G4 PEMFC DLR [14,15]

2025 - Dornier 228 Fuel cell ZeroAvia [16]

2025 328H2-FC Dornier 328 PEMFC DLR [17,18]

2035 ZEROe - Direct combustion & fuel cell as APU Airbus [7]

In general, there are two ways in which hydrogen can be used as an energy source.
First, it can be burned directly in gas turbines, like kerosene. This requires only minor
changes to aircraft turbines, namely, turboprop and turbofan engines, but requires a newly
designed fuel system [19,20]. As no carbon is used in the combustion, the production
of the greenhouse gas CO2 is completely avoided, while nitrogen oxides NOx are signifi-
cantly reduced [21]. Hydrogen also has a higher gravimetric density (33.33 kW h/kg) than
kerosene (11.9 kW h/kg). However, the climate impact of hydrogen combustion in aircraft
remains significant, mainly because of the high production of H2O vapor which results
in contrails and cirrus formations [21,22]. Furthermore, hydrogen’s volumetric density as
LH2 (2.4 kW h/L) is unfavorable compared to kerosene (9.5 kW h/L), as shown in Figure 1.
This is only partially offset by the higher gravimetric density, resulting in larger tanks than
in kerosene-powered aircraft, creating tank integration and configuration challenges. These
problems are accentuated by efficiency issues relating to boil-off and heat losses [21].

Secondly, hydrogen can be used in conjunction with oxygen in fuel cells to generate
electricity for propulsion or on-board power supply. When compared to gas turbines, the
fuel cell is more efficient and less sensitive to descaling efforts [23,24], and its climate impact
is substantially lower [22]. However, there is little to no experience of using fuel cells at
the multiple megawatt scale; for example, an Airbus A320 needs approximately 40 MW for
takeoff [25], which is needed for medium- to long-range aircraft propulsion [21]. However,
for smaller aircraft with a shorter range, fuel cells could be used as the main energy source.
This is shown, for example, in Table 1, which describes projects using smaller Dornier
aircraft with fuel cells as their main energy source.

Given the aviation industry’s superior expertise with gas turbines, direct hydrogen
combustion appears to be the way forward, at least in the near future and for larger aircraft.
However, it is still likely that fuel cells will be employed as auxiliary power units (APUs)
in a hybrid system because of their higher efficiency compared to gas turbines. In addition,
APUs have a lower power requirement, between approximately 90 kW (Airbus A320)
and 450 kW (Boeing 787) [26], which makes fuel cells more feasible [24,27–29]. This is
consistent with the projects presented in Table 1, where direct combustion is used for larger
aircraft with the option of fuel-cell-based APUs.
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Figure 1. Volumetric and gravimetric density comparison between hydrogen and kerosene, data
from Office of Energy Efficiency & Renewable Energy [30].

Fuel-cell-based APUs could also produce a higher share of the total energy needed for
the aircraft than conventional APUs, in what are often called more-electric aircraft, allow-
ing hydrogen-fueled or conventional gas turbines to be used only or mainly for propulsion
energy [31–34]. This would enable designing of turbines that are more efficient because of miss-
ing secondary power losses and more precise operating conditions [33]. Schröder et al. [27] es-
timated a power range of several hundreds of kW for such fuel-cell APUs, while
Campanari et al. [34] estimated ranges of up to 900–1500 kW for next generation APUs.
Apart from electric power, fuel cells could provide products that are useful in an aircraft
environment, such as water or oxygen-depleted air to inert fuel tanks [32,35–37].

However, a number of limiting factors are currently preventing the use of fuel cells in
aircraft, such as the lack of hydrogen infrastructure at airports and increased safety require-
ments compared to other industries [24]. Contrary to popular belief, the power-to-weight
ratio of fuel cells and the system surrounding them has now reached a theoretically satis-
factory level, as their weight can be compensated for by higher efficiency [27,32]. The most
crucial limiting elements, however, are production costs and durability. The latter is also
strongly interconnected to degradation, reliability, longevity and service life [29,32,38–41].
While considerable work has been undertaken to address the production cost issue [42],
and significant savings can be predicted as a result of future scaling effects [43], a solution
to the service life problem has not been addressed to the same degree [44] and, therefore,
is not currently in sight. MRO measures might and must contribute to such a solution,
with the goal of prolonging service life and strengthening the reliability of fuel cells and, in
consequence, achieving lower lifecycle cost [40,45,46].

This paper aims to help enable the use of fuel-cell systems in aviation applications.
Therefore, it addresses the identified lifetime and reliability issues and presents a new per-
spective that has not been considered sufficiently in current production and design-oriented
research. To achieve this, the paper will examine two consecutive research questions:

1. How can fuel cells be maintained, repaired, inspected and overhauled effectively
in aviation?

2. How well are MRO providers equipped to perform the necessary MRO tasks from a
business model standpoint?

The first question is addressed based on a literature review and comparison to the
automotive sector. A more in depth technological analysis is conducted to provide further
insight into challenges for fuel cell MRO in aviation. The second research question concerns
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especially the key resources of MRO providers, e.g., their supplier networks and repair and
engineering capability, which are described and discussed in detail.

2. State of the Art of Fuel Cell MRO

While fuel cells may represent a relatively new technology for aviation purposes,
much experience has been gained in other sectors with respect to fuel cell use. This includes
selection of the right kind of fuel cell for a given application, which is specified in further
analyzes described in the paper. Based on the type of fuel cell used, the importance of
MRO can be assessed. Comparison with the automotive sector can offer further insights
into fuel cell MRO.

2.1. Fuel Cell Types

There are various types of fuel cells, each with their own advantages and disadvan-
tages. Therefore, it needs to be determined which fuel cell types are most relevant for
aviation purposes and how they compare to fuel cells used in automotive applications.

It has been demonstrated that the polymer electrolyte membrane fuel cell (PEMFC)
is the most promising type of fuel cell for aviation purposes [22,27,47] and is, therefore,
used in most of the projects listed in Table 1. This is because of its high efficiency (40–60%),
high power density (1.6 kW/kg), broad power application range (10 W up to 1 MW), fast
start-up and shut-down times due to low operating temperature (60–90 °C), cold start and
cold storage capability, as well as low noise emissions [8,34,48–50]. Another promising
type of cell, which could be used in aviation, is the solid oxide fuel cell, which has a
theoretically higher efficiency (60–65%) [33,48,51]. However, it is still underdeveloped for
mobile applications [52]. Other fuel cells do not meet the power density and efficiency
requirements for use in the aviation sector [8,48,50].

Since the commercialization of high-temperature PEMFCs is so far limited by their
durability and considerable demand for platinum [53], the current literature suggests that
low-temperature PEMFCs represent the most realistic option for future aviation fuel-cell
applications [22,27,47]. The characteristics described make PEMFC particularly suitable
for automotive applications, so that low-temperature PEMFC has become the dominant
fuel-cell type in the automotive industry [42,54]. The following sections, therefore, focus
on low-temperature PEMFCs.

2.2. Role of Fuel Cell MRO

The challenge created by the limited durability and reliability of fuel cells, introduced
in Section 1, leads to particularly high demands and increased importance for MRO of
PEMFCs. MRO can play a key role in mastering this challenge, but is only partially
addressed in the current literature. The present focus of PEMFC MRO research is on
prognostic health management (e.g., Wang et al. [55], He et al. [56], Chen et al. [57]) and
has shifted from concern with degradation and performance effects in recent years (e.g., Li
et al. [45], Gonnet et al. [58], Hashimasa and Numata [59]). In wider PEMFC research, there
is a focus on production techniques, aimed at reducing the acquisition cost of PEMFCs
(e.g., Department of Energy, U.S.A. [43]) and overcoming technical hurdles, especially the
maximum energy output in the MW-scale (e.g., BALIS Project [60], 328H2-FC Project [18]
and the ZEROe concept aircraft proposed by Airbus [7]). This research suggests that
conventional maintenance activities, such as regular inspection, repair of defective parts
and the scheduled replacement of components, has mostly been overlooked and neglected,
even though fuel-cell maintenance can lead to significant lifetime extension [61]. This can
mainly be explained by the fact that PEMFCs are not yet widely used. In the aviation
industry, in particular, they have not progressed beyond the demonstration phase.

It is also difficult to compare the MRO of PEMFC based on experience in other in-
dustries. While MRO mostly follows the same principles and goals, such as ensuring
operational readiness, cost reduction, complying with regulations and securing resale
value, aviation MRO has the overarching goal of ensuring airworthiness and, thus, the
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safety of flight operations [62,63]. This leads to high safety and certification requirements
and highly standardized processes, which do not occur to the same extent in most other
industrial sectors. In terms of operations, fuel cells are often used in stationary applica-
tions for micro-combined-heat-and-power configurations and to achieve uninterruptible
power supply [49]. These stationary applications involve different environments, MRO
requirements, operational parameters and safety requirements, and lower maintenance
requirements [64]. They do not, therefore, represent an ideal comparison to aviation. A
theoretically interesting field, with a similar level of safety and certification standards, is the
use of PEMFC on board naval vessels, especially submarines. While the use of PEMFC on
ships is discussed but does not yet occur in practical applications, submarines use PEMFC
for power generation [65]. However, as most of these applications are in the military sector,
there is very limited access to data.

2.3. Fuel Cell MRO in Automotive and Aviation

In the automotive industry, PEMFCs are the standard for hydrogen-powered cars and
buses and, even though the market share of fuel-cell-powered vehicles is still small [40,42],
this has enabled experience to be acquired in the operation and MRO of PEMFCs, some of
which is transferable to the aviation sector. Moreover, in the automotive sector, a similar
concept to airworthiness exists, called road-worthiness. Although this is not as strict
and internationalized in terms of regulation, it has resulted in similar certification and
regulation measures. In particular, hydrogen-powered bus projects financed by the public
sector provide a basis on which to build.

A commonality of both sectors is the use of fuel cells as a mobile power source. This
results in exposure to challenging environments as fuel cells are sensitive to vibrations and
shocks, which can lead to a variety of problems, such as gas leakage, structural damage
and decreased voltage [39,66]. This can eventually necessitate replacement [65] or lead to
operational failure [29]. The same is true for temperature and humidity fluctuations [29,66],
though these are worse in aviation than in standard automotive applications, since they
occur with greater frequency and with greater extreme value variations, especially with
respect to cold temperatures.

Another point of similarity is the handling of hydrogen components in maintenance
facilities. To work safely with hydrogen, automotive workshops have to be equipped
accordingly, for example, requiring the use of hydrogen concentration sensors mounted
below the ceiling. A critical concentration is normally defined as 20% of the lower explosion
level of 4% hydrogen in air by volume; therefore 0.8% results in a pre-alarm, which is turned
into a main alarm if the concentration doubles and reaches 1.6% [67]. When sensors detect
a critical hydrogen concentration, a strong ventilation system should be turned on and/or
additional vents should be opened if the roof design offers this capability. The ventilation
system and vents must be located at the highest points in the ceiling area and be of explosion-
proof design. Standard, non-explosion-proof electrical systems, including lighting, have
to be automatically turned off in the event of a major alarm. This is accompanied by
evacuation of all employees [67]. Similar regularities would require to be followed by
MRO providers in hangars, who can, therefore, learn from experience acquired in the
automotive sector.

Furthermore, personnel must be specially qualified for hydrogen system maintenance,
both in the aviation and automotive sector. This requires technical training on the system
and fault diagnostics with modern, computer-aided diagnostic tools, enabling checking and
interpreting vehicle error and warning messages, as well as detection of leaks. Additionally, it
is crucial to understand how to safely assemble and disassemble fittings, identify faulty screw
connections, and work with valves, pressure reducers and damaged gas pipes, including
knowing how to render the gas system inert. Employees must be instructed in the use of
mobile gas detectors and be able to handle these detectors safely [67,68]. Safety measures and
special qualifications for employees also have to be considered for work on electric systems,
both in the automotive and aviation sector, as high voltages are present [67,69]. Theoretical
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layouts for an electric system in a fuel-cell-powered aircraft can be found in Eid et al. [70] and
Hoenicke et al. [71]. When working with hydrogen systems, there is a great deal of common
ground in both the aviation and automotive industries, which means that it is possible to
build on qualification standards and measures that have already been developed.

There are also a number of differences between automotive and aviation applications.
First, while the storage of gaseous hydrogen under high pressure at 700 bar for cars and
350 bar for buses is the standard in the automotive industry, in aviation liquefied hydrogen
will be used. This is especially true for larger commercial aircraft [7,24], which are the focus
of MRO and, thus, of this paper. However, smaller applications, such as unmanned aerial
vehicles, can often use pressurized containers comparable to those used in the automotive
sector [72]. Liquefied hydrogen is obtained by cooling gaseous hydrogen to 20 K [67].
This requires a fundamentally different type of tank and different system architecture and
poses thermal isolation challenges [21,24]. As stated in Section 1, fuel cells in aviation
will be required to deliver energy over a range of at least several hundreds of kilowatts,
compared to below 100 kilowatts in most automotive applications. In addition, the power
demand pattern of aircraft is different to that occurring in most cars. This is important, as
the frequency and magnitude of cycling loads will decrease the durability of a fuel cell
system [73]. Since the load in automotive applications is very dynamic [45], the target
lifetime set by the U.S. Department of Energy is 8000 h [38]. In contrast, a service life of over
25,000 h has already been achieved for fuel-cell buses, mainly driven by more continuous
power demand [74]. In aviation, long periods of continuous power demand will occur, e.g.,
during the cruise phase. However, dynamic load requirements are expected, especially
during take-off and climb. Therefore, the target lifetime for the European Fuel Cells and
Hydrogen Joint Undertaking is set to 20,000 h [75]. Because of the high safety standards in
aviation, deriving from the concept of airworthiness, more redundant systems and higher
safety margins will be required [24]. In addition, variation in the environmental pressure
and inclination of the system during flight phases will occur, resulting in more challenging
water management demands, especially with respect to the humidification of the fuel
cell [35]. Together with higher energy demands and the use of LH2, these factors result in a
drastic increase in system complexity.

As summarized in Table 2, there are significant differences between automotive and
aviation applications of fuel cells in terms of general requirements, operational environment
and MRO requirements. Therefore, a more in-depth analysis of the nature of MRO tasks
is required.

Table 2. Summary of commonalities and differences in fuel-cell applications in the automotive and avia-
tion sectors.

Automotive Aviation

General requirements

Power Demand <100 kW >100’s kW
Power Demand Pattern very dynamic continuous with peaks

Type of Storage gaseous at 350 or 700 bar liquid at 20 K

Environmental

Temperature Range ≈235–320 K ≈210–320 K
Temperature Fluctuation low high

Humidity Fluctuation low high
Atmospheric Pressure ≈1 bar ≈0.25–1 bar
Vibrations & Shocks existent existent

Inclination occasional at every flight

Maintenance specific

Workshops Special equipment required Special equipment required
Employees Specifically qualified Specifically qualified

Goal Road-worthiness among others Focus on airworthiness
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3. Technological Analysis of Fuel-Cell MRO in Aviation

To further analyze the PEMFC, the analysis is divided into two parts. PEMFCs trans-
form the chemical energy liberated during the electrochemical reaction of hydrogen and
oxygen into electrical energy, thermal energy and water. In practice, this requires a complex
surrounding system, as shown in Figure 2. This includes, for example, the hydrogen supply
and cooling, water management and electrical systems. First, the surrounding system is
examined. Second, the core of the fuel cell, called the stack, is considered.
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Figure 2. Exemplary illustration of a PEMFC, including stack and surrounding system.

3.1. Surrounding System

The system around the stack can vary in form and appearance, and, depending on
the environment and application, different system components are required. For example,
hydrogen is stored in metal hydride cylinders, while the oxygen is stored in liquefied form in
submarine applications [65], a completely different approach from the previously discussed
solution for aircraft. Specific layouts for commercial aviation PEMFC systems are, for example,
described in Schröder et al. [27], Campanari et al. [34], Correa et al. [76], Lapeña-Rey et al. [77],
while An et al. [72], Marinaro et al. [78], Suewatanakul et al. [79], Kim and Kwon [80], Bradley
et al. [81] describe layouts for smaller unmanned aerial vehicles.

The electrical system that pulls electric power from the stack, the anode system that
delivers hydrogen, the cathode system that delivers oxygen and discharges water, and
the cooling system, are all shown in Figure 2. This layout will generally be the same for
every PEMFC. However, the specific design and dimensioning of the components is a
difficult task that depends heavily on the required applications and usage scenarios. For
example, a battery is used to start the fuel-cell system because its auxiliary electrical power
is needed for the initial supply of reactor gases and coolant to the system. Once hydrogen
and oxygen are present in the stack, a cell potential builds up and the fuel cell system
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can supply electrical power. In addition, a battery can temporarily relieve the stack, for
example, during the take-off and climb phases of an aircraft [71]. Thus, the stack can
provide a base load while the batteries are used for peak loads. However, the optimal
power ratio between battery and fuel cell depends on the application of the system and
its usage profile. It can be seen that the surrounding system of the PEMFC and its design
can become rather complex due to the number, dependencies and diversity of components.
Furthermore, there are specific properties (explained in the following paragraph), which
lead to significant challenges for the MRO of all components.

First of all, there are considerable thermal and pressure differences across the system.
Schröder et al. [27], for example, proposed a pressure between approximately 0.25 and
1.75 bar across the system. Temperatures are lowest at 20 K in the tank, about 360 K at
the fuel-cell inlet and calculated to be highest at around 500 K at the heat exchanger
inlet. These thermal differences are strengthened by the fact that the ambient temperature
can vary between 210 and 320 K during and outside aircraft operations, as shown in
Table 2. Furthermore, hydrogen puts most materials under stress by permeating the
surface, possibly causing embrittlement, especially in aviation materials such as aluminum,
titanium and steel [8]. This has to be counteracted by careful material selection and regular
maintenance [8,82].

Additionally, the presence of hydrogen creates unique safety risks in and around fuel
cells. A first safety critical aspect is the dispersion of hydrogen gas. As a concentration of 4%
hydrogen by volume in air is sufficient for an explosion, resulting in an alarm threshold
of only 0.8%, and the minimum ignition energy of 0.02 mJ is very low, hydrogen leakage
should be minimized as far as possible [41,83,84]. This is challenging, mainly because
hydrogen molecules are significantly smaller than those of other gases and, therefore, pass
through most materials, which results in increased leakage rates [41,84]. At the same
time it is colorless, odorless and tasteless [83,84]. Therefore, an appropriate hydrogen
sensor system must measure the concentration at any time, especially in the vicinity of
sealed connections and vulnerable parts, particularly pumps and valves, in order to alert
personnel and enable countermeasures to be taken [8,58,83].

Many of the individual parts are already in use in aviation (e.g., compressors, pumps,
valves, cooling/heating systems, power electronics), albeit in different settings and mag-
nitudes. The parts are also well known in several other industries and are thoroughly
understood, for example, by the manufacturer. An exception are the LH2-tanks, as they
are currently not used in any industry except aerospace. It can, therefore, be assumed
that most parts are maintainable and previous knowledge from other industries can be
transferred. Specific MRO tasks for PEMFCs in aviation are rare but, for example, are
described by Wehrspohn et al. [31], based mainly on Lanz [85] and Saxe et al. [86], com-
plemented by [87–91]. A theoretical maintenance schedule derived from these sources is
presented in Table A1 in Appendix A. It should be noted that the exact intervals, whether
provided from literature sources or based on assumptions, depend on the system layout
and environmental circumstances and that other sources, such as Gonnet et al. [58], can
deliver slightly different results. It can be seen that the circumstances described above result
in frequent inspection tasks, as well as a large number of system tests. As the surrounding
system of fuel cells includes parts that wear, e.g., filters, seals, valves and air compressors,
scheduled replacement of parts is performed at every eighth A-check and all C-checks.
There is potential to replace the high number of inspection tasks and tests with respect to
the surrounding system of PEMFCs with a sophisticated condition monitoring system and
concluding with condition based maintenance (CBM), as suggested by Knowles et al. [41]
in 2010.

In sum, it can be stated that the surrounding system of a PEMFC consists of a large
number of components, which are not exclusively used in fuel cell or aviation applications.
However, their interdependencies and the unique environment can make their MRO
challenging.
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3.2. Stack

The stack is the core of the fuel cell. It is the part that converts chemical energy into
electricity, heat and water. As such, it is the most complex subsystem, although it works
passively and is completely reliant on the surrounding system [46]. A stack is built from
numerous separate cells, with the exact number varying from a handful for low-power
applications to several hundred for high-power applications, such as those required in
aircraft. A more detailed picture is provided in Figure 3, which also shows that the number
of parts needed to construct a single cell is limited. However, the cell incorporates many
high-tech materials, such as membrane electrode assembly and valuable resources (e.g.,
a platinum catalytic layer). A detailed overview of the materials present in a PEMFC
is provided by Miotti et al. [92], including future scenarios and developments. These
materials make the stack the most valuable and expensive part of the PEMFC, representing
around 50% of the entire PEMFC cost [40,93].

Bipolar Plate
Stack of Cells

Clamping Force

End Plate

Sealants Membrane Electrode
Assembly

Single Cell

Figure 3. PEMFC stack. Reprinted from Journal of Power Sources, 194/1, Lin et al. [94], A high-
efficiency assembly technique for large PEMFC stacks: Part I. Theory, 381–390, Copyright (2022), with
permission from Elsevier.

The stack is subject to various degradation and damage mechanisms. The most
relevant are flooding, drying, electrode poisoning, and fuel or air starvation [93]. The
first describes a process where water is not evacuated properly from the inside of a cell,
causing inhibition of the electrochemical reaction. On the other hand, evacuating too
much water and dehumidifying a cell damages the membrane and blocks proton transport,
resulting in the inhibition of the electrochemical reaction. This process is also called “dry
out”. The platinum catalytic layer, as part of the electrode, can be poisoned by carbon
monoxide CO and sulfur hydroxide H2S, which limits the reactivity of the cell. Every
inhibition of the electrochemical reaction and reduction in cell reactivity will ultimately
lead to reduced power output. The final damaging mechanism, starvation, occurs when
insufficient reactants, either hydrogen or oxygen, are supplied to the active sites. Starvation
leads to reduced power output and also to membrane damage. Such damage, which occurs
because of operational parameters, can be caused by a damaged surrounding system.
In particular, blocked or worn filters, damaged or leaking valves, a defective pressure
regulator and problem with the humidifier, could cause and enhance such degradation and
damage mechanisms [42,93,95].

Degradation and damage mechanisms can be avoided by modifying the stack’s oper-
ating conditions. An overview of such measures is given in Table 3. Because most measures
will affect the power output of the PEMFC, the power demand by electricity consumers
may prohibit certain countermeasures. The avoidance mechanisms can have opposite
effects on different damage mechanisms, especially drying and flooding. Therefore, the
determination of the precise nature of any damage is critical.
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Table 3. Overview of damage mitigation measures, adapted from Aubry et al. [93].

Flooding Drying

Decrease relative humidity of inlet gases Increase relative humidity of inlet gases
Increase flow of inlet gases Decrease flow of inlet gases
Increase stack temperature Decrease stack temperature

Decrease current Increase current

Poisoning Starvation

Increase air flow Increase air flow
Air bleeding Increase hydrogen flow

Increase pressure

Modification of operation conditions can not only prevent damage, but even reverse
some degradation and damage mechanisms. For example, high current pulses can reverse
the poisoning of the catalyst layer [41]. The incursion of single cells into negative potential
values due to hydrogen starvation is also partially reversible [96]. However, hydrogen
shortage inside a cell should be prevented in any event by taking appropriate measures.
Side-reactions of a short-term under-supply of oxygen can lead to faster activation or
reconditioning of a cell, but can also result in a decline in power output [97]. Again, it
should be noted that the stack is an interdependent system, so determining the nature of
damage and its cause is important for selecting the appropriate countermeasure. Similar to
the surrounding system, a sophisticated condition-monitoring system and suitable sensor
technology will be required.

These issues are compounded by the lack of opportunity for visual inspection, mostly
due to the extremely compact design of the stack and the miniature size of damage oc-
curring. Other inspection technologies exist, namely electrochemical impedance spec-
troscopy (EIS) in conjunction with the use of a polarization curve, which can provide
detailed information about the static and dynamic performance and health status of the
stack [57] and enable conclusions to be drawn about the specific damage mechanism [96].
However, EIS only works if the fuel cell is operated in a steady state [98] and does not
currently have the technological readiness level to be used in real-world environments [99].
It is obvious that only non-destructive diagnostic methods are permissible for MRO tasks.
A thorough coverage of inspection technologies and diagnostic methods for PEMFCs stacks
can be found in Wu et al. [100] and Wu et al. [101]. Ex situ examinations are reserved for
scientific investigations. However, the knowledge gained here can be used with model-
based methods, summarized by Lin et al. [102], to make predictive statements and enable
condition monitoring.

Aviation fuel cells, including the stacks, are exposed to strong vibrations and mechan-
ical shocks, as well as high thermal stresses, as described in Section 2. This favors the
formation of pinholes, cracks and degradation mechanisms in the membrane. The effects of
this damage are similar to flooding and drying and the damage itself is irreversible [29,44].
In the event of such damage to a single fuel cell, repair methods are very limited or non-
existent [41,47]. The simplest option is to exchange the entire affected cell if it is detected
to be outside of the predefined limits. This will mostly happen to cells near the beginning
and especially the end of the stack, as they are more prone to damage [96]. Li et al. [45]
showed that the exchange of damaged cells mitigated performance deterioration of a
PEMFC, enabling refurbishment of fuel cells, which was less expensive than installing a
new system [61]. However, exchange of a damaged cell has to be performed by a special-
ist [41], and, in most cases, the complete stack has to be shipped to the manufacturer [85].
The difficulty of cell replacement lies primarily in the correct assembly and, above all, in
pressing the individual cell parts and the cells themselves onto each other.
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4. Implications for MRO Providers

In relation to the second research question, the implications of implementing fuel
cells in aviation for MRO providers are discussed below. A generic business model of
an MRO provider is presented and adapted to the unique challenges of fuel cell MRO.
Subsequently, the key resources of MRO providers are examined in-depth with regard to
possible fuel-cell implementation.

4.1. Business Model

Despite the fact that the concept of business models is used extensively in research,
it does not have an unequivocal definition [103–105]. In the following, the definition
proposed in Osterwalder and Pigneur [106] is used:

A business model describes the rationale of how an organization creates, delivers,
and captures value [106].

According to this definition, the value proposition is the focal point of all business mod-
els. The other building blocks are the key partners, key activities, key resources, customer
relationships, channels, customer segments, cost structure and the revenue streams [106].
Together they represent the business model canvas, developed by Osterwalder [107]. The
canvas is used to answer the second research question due to its general and comprehen-
sive character.

Figure 4 depicts a generic business model canvas for a classic MRO provider, closely
adapted from Wirths [62], though the business model of a specific MRO provider may
deviate from this generic approach. Reasons for this might include the degree of integration
into an airline [108], the size of the MRO provider [62] and their customer segment [63].

Analyzing the individual building blocks indicates that some of them are unaffected by
implementation of fuel cells in aviation. This accounts for the customer segments, customer
relationship and channels. The same is true for the core of the business model, the value
proposition of MRO providers. The key activities are also unaffected. The suppliers may
change and grow in quantity because fuel cells are not yet manufactured by traditional
aviation firms. Some traditional aviation companies plan to build their own fuel cells,
for example, the Airbus joint venture Aerostack [109] and the “Flying Fuel Cell” from
MTU [110]. The growth in suppliers is primarily attributed to the complex layout of the
PEMFC surrounding system, which is unknown in today’s aviation industry, as analyzed in
Section 3.1. Therefore, a component management issue may emerge that proves to be more
challenging for the MRO provider. This is accentuated by the fact that many components
will be maintained by the manufacturing supplier. However, because MRO providers have
considerable experience in working with a large number of component suppliers, and
aircraft have traditionally been complex systems, the effects of PEMFCs complexity and a
small number of new suppliers should be limited.

Changes to cost structure and revenue streams are difficult to predict. This is primarily
due to a complete absence of data on MRO of PEMFCs [40]. An approximate calculation is
provided in Wehrspohn et al. [31], where the total MRO cost of an aircraft is calculated. A
PEMFC is used as an APU with a higher energy share than modern APUs; a likely scenario
already introduced in Section 1, is used as a basis. Depending on the scenarios, which
are mostly determined by the LH2-tank, an increase in the MRO cost from 5 to 37% is
calculated. While the higher estimates are primarily attributable to the required exchange
of the entire fuel tank during the lifecycle of the aircraft, it is nevertheless demonstrated
that, under the assumed boundary conditions, no MRO cost reduction should be expected
as a result of implementing fuel cells [31]. This is supported by the fact that automotive
fuel cell vehicles are more expensive to maintain than conventional cars [61]. For MRO
providers, this would result in a continuous revenue stream. The authors of Wang et al. [40]
emphasize the potential increase in MRO cost following the implementation of fuel cells.
The substantial costs associated with disassembling the stack for repair are particularly
highlighted. These are projected to be up to 22% of the whole stack cost and will occur
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every time the stack has to be disassembled [40]. This is especially relevant for the exchange
of individual fuel cells to increase stack performance, as described in Section 3.2.

Key Partners
- Affiliated airline
- Maintenance, Repair
and Overhaul (MRO)
providers
- Suppliers
- Original Equipment
Manfucaturers

Key Resources
- Maintenance network including suppliers
- Operator experience
- Serviced fleet
- Financial strength
- Tangible and intangible manufacturing-
specific resources
- Multi-vendor capability
- Repair and engineering capability
- Data processing and interpretation capability

Cost Structure
- Cost Structure varies with services segment, averaging at
48% labor, 46% material, 7% services
- Lower cost base by use of alternative repair methods and
parts

Key Activities
- Operational services:
Line-, Base, Engine-,
Components repair
and aircraft
engineering
- Development of
alternative parts and
repairs
- Process optimization

Value Proposition
- Airworthiness
assurance
- Reduction of Direct
Maintenance Costs
- Service Quality
- Broad portfolio of
basic and advanced
services across
aircraft plattforms
- Airline (costumer)
perspective

Revenue Streams
- Time and material-based revenue streams
- Market growth mainly in specific regions
- Segment growth mainly Engine- and Component MRO

Channels
- Key account
manager for
dedicated personal
assistance predominant
- Other channels
(e.g. aircraft-on-
ground desk) present

Costumer
Relationship
- Often: long-term
relationship driven
by trust, cooperation
and cost efficiency
- Low level of
long-term dependence
of airline on
MRO provider

Costumer Segments
- Airlines
- Aircraft lessees
and lessors

Figure 4. Generic business model canvas for an MRO provider. Reproduced with permission
from Wirths [62].

With respect to the cost structure, no data-based statements can be made. It could
be that the use of high-value materials, as described in Section 3.2, will raise the share
of material costs. Components containing such materials will need to be replaced many
times during the aircraft lifecycle. For example, Wehrspohn et al. [31] estimate five PEMFC
stacks, with a lifetime of 20,000 h, during an aircraft lifecycle of 32 years. This potentially
opens the door to a valuable end-of-life (EoL) treatment of such components. This can
include reselling to lower requirement applications or recycling of materials, particularly
the high value and highly recyclable metal platinum [31]. Such EoL management could
also significantly reduce the environmental impact of PEMFC [31,111] and represent a new
revenue stream for MRO providers.

In order to further evaluate the individual changes to cost structure and revenue
streams, methods in the area of cost analysis offer helpful tools for an MRO provider. In the
EoL treatment example, these methods would help understanding of whether the additional
expenditure to expand building blocks, such as key activities and value propositions, would
be financially beneficial. Detailed analyses of the lifecycle cost of fuel-cell systems would
also allow the MRO provider to identify material- or labor-intensive tasks. In combination,
these methods can provide a basis for an individual MRO provider to prioritize future
fuel-cell maintenance activities.
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4.2. Key Resources

The most significant changes to the status quo must be anticipated in the key resources
building block of the business model canvas. The key resources describe a business’s most
important assets [106] and include key capabilities [107] needed to deploy them [112].

A thorough comprehension of the surrounding system and the stack itself is essential
for MRO of fuel cells. It is first important to understand that PEMFCs are highly reliant on
the operating conditions, as explained in Section 3.2. Because some damage mechanisms
can be reversed by altering operating conditions, MRO providers should have the technical
capability to perform such procedures. However, because these methods differ fundamen-
tally from state-of-the-art maintenance procedures, they have to be explored during the
design and certification process and developed through operational experience in order to
describe them in manuals, such as the “Aircraft Operating Manual” and “Aircraft Mainte-
nance Manual”, and eventually be used in practice. This concerns the stack particularly as
it is the most complex component. Depending on the overall system design and designated
redundancies, the stack may also be a critical safety component. Furthermore, it is the
most expensive component of a PEMFC and, therefore, of high economic relevance for
the aircraft operator as well as MRO providers. Possible conflicts could occur because the
MRO of stacks is mostly in the hands of the corresponding supplier. However, as shown in
Wirths [62], this is a regular occurrence in the MRO industry, as suppliers are frequently
the only source of necessary resources for MRO tasks.

Focusing on Figure 4, the key resources “tangible and intangible manufacturing-
specific resources” and “repair and engineering capability” are particularly affected as MRO
providers would have to expand these resources to the area of fuel cells. The deployment of
fuel cells will most likely have a significant impact on “data processing and interpretation
capability”. Because of the significant effect of operating conditions on system health,
acquiring and analyzing the operating data is crucial. This is accentuated by the missing
inspection possibilities for the stack, making it necessary to interpret operational data
correctly. As a result, sophisticated competencies in the areas of condition monitoring and
concluding CBM need to be expanded.

5. Conclusions

In this paper, two consecutive research questions were addressed. First, based on a
literature review, including a comparison between aviation and automotive fuel-cell appli-
cations, and a thorough examination of PEMFCs in aviation, it was shown that fuel cells can
be maintained, repaired and overhauled effectively. MRO tasks for the stack are limited to
replacement of single damaged fuel cells and alteration of the operating conditions. In the
surrounding system, it can be assumed that most components are easily maintainable due
to the transferable experience from other industries. Second, it was shown that the business
model and the capabilities of MRO providers, in principle, enables them to perform MRO
tasks for fuel cells. However, the key resources have to be adapted to apply the technical
capabilities to the field of fuel-cell MRO. This includes prioritizing data-processing and
interpretation capabilities. A competent MRO can enable the implementation of fuel cells
in aviation since it is the foundation for solving the challenge of durability. As a result,
MRO providers will play an important role in implementation because MRO is inextri-
cably linked to other key issues, such as system safety and certification. Future research
activities should emphasise MRO when assessing the feasibility of hydrogen systems for
use in aviation. This includes consideration of MRO when comparing different fuel-cell
types, sophisticated life-cycle analysis for environmental impacts, as well as lifetime and
life-cycle comparison to assess the economic and operational effects. MRO should always
be considered when researching these and other hydrogen-related topics to support the
aviation industry in achieving its decarbonization goals.
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Appendix A

Table A1. Overview of all necessary maintenance tasks for an aircraft using PEMFC in combination
with LH2 as an APU (without consideration of tank maintenance). Reproduced with permission
from DLR e.V. [31].

Check Interval Task Description MH [h] Downtime [h]

Daily every

Check ground fault monitor resistance and replace water
or de-ionizing filter if required

1.25 0.25

Check stack vent fans
Inspect burst disk vent cap

Check leak indicators and sensors, and calibrate system
if required

Check for fluid leaks or puddles

Inspect air intake, air exhaust and canopies

Weekly every

Perform leak-down test

4.5 1

Check cell voltage monitor

Perform fuel delivery circuit leak test

Inspect fire suppression sensors

Clean stack vent fan filters

Inspect stack air inlet filters and replace if required

Inspect filter minder and replace air intake filter
if indicated

Check stack coolant level

Inspect hoses and tubes

A-Check every

Perform fuel cell external and transfer leak tests

20 10

Perform glycol system integrity test

Check power cable connections

Perform high- and motive-pressure circuit leak test

Inspect high, motive and fuel delivery circuit
components

Compare fuel pressure transducer readings

Inspect radiator
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Table A1. Cont.

Check Interval Task Description MH [h] Downtime [h]

every 2nd
Check the motive pressure regulator solenoid valve

10 10

A-Check every 4th

Perform ground integrity tests

80 10

Inspect and/or replace air intake filter

Inspect heat exchanger (vaporizer)

Inspect primary and secondary relive valve and vent line

Inspect pressure regulator and boost pumps

Inspect vacuum pump system, N2 purge system and
high pressure pump

Inspect burst discs

every 8th

Replace pressure regulator diaphragm, seal replacement

20 10Perform fire suppression system tests

Inspect power train and stack vibration mounts

C-Check

every Exchange of humidifier 9 3

every 2nd Exchange of compressor 9 3

every 3rd

Exchange of primary and secondary relive valve and
vent line

30 5

Exchange of pressure regulator and boost pumps

Exchange of heat exchanger (vaporizer)

Exchange of vacuum pump system, N2 purge system
and high pressure pump

Exchange of burst disc

every 4th Exchange of fuel-cell stacks and compressor
power converter 72 24
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