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Abstract

Technological transitions of aircraft propulsion concepts are a key strategy for reducing the environmental impacts of air travel. Using battery-
electric and fuel cell-based powertrains can avoid climate-damaging CO2 and non-CO; emissions from kerosene combustion in conventional jet
engines. However, the long service life of aircraft requires extensive maintenance, repair, and overhaul (MRO) processes of the powertrain. The
main components of novel powertrain concepts (e.g., batteries, fuel cells, and electric motors) might require more frequent replacements than
conventional powertrain components, leading to negative impacts on sustainability. Therefore, this article analyzes the environmental and
economic impacts of novel powertrain concepts associated with their MRO. For this purpose, the aging behavior of the main components is
analyzed, and replacement times are determined. Using life cycle assessment and life cycle costing, the MRO-related impacts of novel powertrain
concepts are investigated and compared to those of conventional jet engines. The analysis shows that batteries, fuel cells, and electric motors
must be replaced more often than conventional jet engines. In addition, the replacement frequency of batteries and fuel cells results in higher
environmental impacts than conventional jet engines.
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1. Introduction 2.4% of the global CO, emissions and 5% of global
anthropogenic climate forcing [3]. Even if fuel efficiency

Global air traffic is increasing rapidly and has already  improvements of approximately 25% can be achieved per new

achieved the pre-COVID-19 level [1]. Strongly positive annual
growth rates of 3.2% to 3.8% are expected in the long term,
leading to a doubling of air traffic every 20 years [2]. While
aircraft manufacturers and airlines desire this trend, it is also
associated with new environmental challenges. Especially the
emission CO; and non-CO; emissions (nitrogen oxides, soot,
water vapor, and sulfate aerosols) resulting from fossil kerosene
combustion are associated with long-lasting harmful effects on

aircraft generation, the predicted growth of air traffic would
cause the aviation-induced CO, and non-CO; emissions to
triple until 2050, making the aviation sector one of the main
emitters in the long term [4]. This is particularly critical as the
impacts of emissions at high altitudes are more severe than
those at ground level [5].

While minor reductions of CO; and non-CO, emissions per
passenger kilometer traveled (pkm) can be achieved by

the climate. In 2018, the aviation sector was responsible for  efficiency improvements of aircraft engines, radical
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technological innovations are needed to generate further
progress toward sustainable aviation [6]. Promising approaches
are battery-electric propulsion concepts consisting of propellers
powered by electric motors and a battery system for energy
storage applicable in regional and short-range aircraft [7-9] and
hydrogen and fuel cell-based propulsion concepts consisting of
propellers powered by electric motors, a battery system for
energy storage and a fuel cell system for generating electricity
from hydrogen applicable in short- and medium-range aircraft
[10]. Furthermore, synthetic fuels burned in conventional jet
engines are a promising solution for medium- and long-range
aircraft [11]. These concepts promise a significant reduction or
complete avoidance of climate-damaging CO, and non-CO;
emissions during flight operations.

However, in addition to the direct emissions from flight
operations, there are indirect emissions from maintenance,
repair, and overhaul (MRO) activities associated with the novel
propulsion concepts. These impacts are primarily due to
replacing components during MRO. When components of the
propulsion concept have to be replaced, the environmental
impacts of their production are incurred. At the same time, the
replacement of components is an important driver of the
operating costs of today's aircraft, accounting for approximately
10-15% of the overall operating costs [12]. Therefore, MRO,
particularly the replacement of components and assemblies, is
a crucial factor of the environmental and economic impacts
during the use stage of an aircraft. These negative impacts may
increase further when using novel propulsion concepts with
new technologies. For example, batteries usually have shorter
lifetimes (10-15 years) than aircraft (20-30 years or ~60,000
operating hours) [13]. However, these aspects are barely
addressed in the scientific literature, and studies focusing on
MRO-related environmental and economic impacts of novel
aircraft propulsion concepts are scarce [14].

This article aims to analyze the MRO-related environmental
and economic impacts of novel aircraft propulsion concepts.
The focus is particularly on analyzing and comparing the main
components of state-of-the-art, battery-electric, and fuel cell-
based concepts. To this end, the aging behavior of the
components is analyzed, and the replacement frequencies are
determined. Subsequently, the associated environmental and
economic impacts of the replacement activities are analyzed
using life cycle assessment (LCA) and life cycle costing (LCC).

The intended contribution to the scientific literature is
twofold: First, we seek to determine the replacement
frequencies of the components of novel aircraft propulsion
concepts. For this purpose, we analyze the degradation behavior
of batteries, fuel cells, and electric motors. Second, we seek to
derive insights into the environmental and economic impacts of
replacing these components. Therefore, we use LCA and LCC
to determine the environmental and economic impacts and
compare them with those of a conventional jet engine.

The remainder of this article is structured as follows: The
degradation behavior and the resulting replacement frequency
for jet engines, batteries, fuel cells, and electric motors are
derived in Section 2. The replacement frequency and the
resulting environmental and economic impacts are analyzed in
Section 3. The main findings are discussed in Section 4, and a
conclusion and outlook are provided in Section 5.

2. Methods and materials
2.1. MRO strategies for aircraft propulsion concepts

In the MRO of aircraft propulsion concepts, a basic
distinction is made between three strategies: corrective,
preventive, and predictive MRO [15].

In corrective MRO, faults and failures are corrected after
they have occurred and are noticed [16]. No intermediate
inspection takes place, and possible faults and failures are
accepted. After a fault occurs, the system is restored to a
condition where the required functionality is ensured [16].
Corrective MRO requires the least amount of planning in
advance and enables optimum use time of components.

Preventive MRO proactively attempts to avoid unplanned
MRO activities [17]. It is usually based on predetermined or
periodically recurring intervals, such as flight cycles or flight
hours [18]. Preventive MRO is characterized by complex
maintenance management compared and sometimes leads to
premature removal of still functioning components.

In predictive MRO, the components of the propulsion
concept are evaluated based on their condition and subjected to
an MRO activity in good time before they fail [19]. There is the
possibility to evaluate the condition of the component at regular
time intervals or to continuously collect data on the condition
during operation [20]. This enables the subdivision of
predictive MRO into diagnostic and prognostic MRO [15].
Diagnostic MRO attempts to detect impending failures on time
by assessing the affected components. In prognostic MRO, the
remaining service life is determined by considering the wear
and operating behavior. Predictive MRO requires the greatest
effort of all maintenance strategies due to the necessary
expertise and diagnostic or prognostic technology. However, it
leads to the best possible service life of the components, and
MRO can be planned very well [20]. Thus, predictive MRO is
best suited for determining the replacement frequency.

2.2. Degradation behavior and assumptions on the usage of
conventional aircraft propulsion concepts

Based on predictive MRO, data is collected during the
operation of the conventional aircraft propulsion concept,
which is used to infer the internal condition of the engine [21].
When critical values are reached, indicating a fault or failure,
the propulsion concept is subjected to an MRO activity. Here,
the engine is inspected, and the necessary parts are replaced or
repaired [22]. In addition, preventive MRO is carried out on
those components whose failure could lead to further damage.
These components, known as life-limited parts (LLP), are
replaced once they have reached the end of service life [23].

Different operating conditions, such as the flight-cycle-to-
flight-hour-ratio, can determine the replacement time. The
LLPs are usually subject to flight cycle limitations due to the
high stress placed on components during the take-off. Another
MRO reason results from the flight-hour-independent
efficiency decrease associated with an increasing exhaust gas
temperature. An MRO activity has to be conducted as soon as
the difference between exhaust gas temperature and the
maximum permissible exhaust gas temperature exceeds a
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threshold that operation is no longer possible. However, due to
the high flight-cycle-to-flight-hour-ratio in short-range
operations, the replacement of the engines is primarily based
on reaching the service life limit of the LLPs [24].

The service life of LLPs differs between different engine
designs and between specific components. However, it can be
assumed that the service life of the LLP is approximately
20,000 flight cycles for short-range engines [24]. The flight
time of a short-range flight is defined as one to three hours [25].
In this study, it is assumed that a flight cycle has a flight time
of two hours and is conducted three times a day.

2.3. Degradation behavior and assumptions on the usage of
novel aircraft propulsion concepts

Due to uncertainties concerning the design of novel aircraft
propulsion concepts, the study focuses primarily on the known
main components of battery-electric and fuel cell-based
concepts. These are the battery, fuel cell, and electric motor, for
which the replacement time is determined based on their
degradation behavior.

In the case of batteries, the current state of health and the
remaining useful life are of particular interest, as they change
through degradation as the operation progresses [26]. The
potential remaining useful life, measured in charging cycles, is
directly related to the state of health [27]. Here, degradation is
based on changes in the properties of components of the
battery, specifically affecting the anode and cathode. The key
drivers are the state of charge, temperature, and storage
conditions [28]. In particular, the environmental conditions
during aircraft operation, such as low pressures, strong
temperature fluctuations, and radiation, are the drivers of
degradation [29]. Therefore, the current scientific literature
assumes that 7,000 charging cycles can be achieved in
unmanned aerial vehicles and only 2,500 in short-range electric
aircraft [30]. In this study, the replacement time is determined
based on the 2,500 charging cycles, where one charging cycle
corresponds to a short-range flight of two hours. Due to
charging times, two flights per day are assumed, and one
battery system is used per aircraft.

Several potential fuel cell systems could be used in
passenger aircraft. The scientific literature focuses primarily on
proton-exchange membrane fuel cells (PEMs) due to their high
mass-specific performance [10]. PEM degradation is primarily
driven by the anode, cathode, and membrane. These are subject
to mechanical, thermal, and electrochemical degradation
effects, which lead to reduced performance due to restricted
proton transport. This decreases the electrical voltage, which is
used as a measure of wear [31]. The maximum operating life
of PEMs is often defined as the period until the available power
has decreased by 10%. This period is the operating life. Current
scientific studies determine an operating life of 8,900 hours for
using PEMs in commercial aircraft [32]. Since fuel cell-based
propulsion concepts do not require charging but only hydrogen
refueling, it is assumed in this study that three flights per day
with a flight time of two hours each can be performed. In
addition, it is assumed that a fuel cell-based short-range aircraft
is equipped with only one PEM.

Electric motors are essential in all novel propulsion concepts
that can potentially be used in short-range aircraft. Although
they differ in terms of the power to be delivered due to the
different sizes of the fan to be driven, the basic design and
degradation characteristics are very similar. The degradation
behavior of electric motors depends on mechanical, electrical,
and thermal influences as well as environmental conditions
[33]. The scientific literature estimates maximum operating life
of 8,000 to 10,000 hours [33,34]. In this study, 9,000 operating
hours are assumed, and two electric motors are required per
aircraft.

2.4. Assessment method

The assessment carried out in this article is based on the
LCA and LCC methods, and the procedure is derived from the
ISO 14040/14044 standards. Explanations of the basic LCA
and LCC approaches can be found in the pertinent literature
(e.g., [35-37)).

This study analyzes the MRO of conventional, battery-
electric, and fuel cell-based propulsion concepts for short-
range aircraft. The focus is on the environmental and economic
impacts associated with replacing batteries, fuel cells, and
electric motors during the aircraft service life. For this purpose,
the replacement frequency based on the degradation behavior
is determined, which is described in subsections 2.1-2.3.

The different components of the propulsion concepts are
modeled in the foreground system and are taken from our
previous studies [7,9,10]. Background data from the ecoinvent
3.8 database with the system model "allocation, cut-off by
classification" is used to model raw materials and supplies [38].

The functional unit is a scaled component (battery, fuel cell,
and electric motor), which can be used for propulsion of a
short-range aircraft with a load of 100 passengers, including
luggage, over 60,000 operating hours.

The environmental impact assessment is based on three
impact categories, according to the ReCiPe Midpoint v1.13
method [39]. Here, the impact category climate change is
chosen due to the high amount of climate-damaging CO, and
non-CO; emissions resulting from the production of the
components, fossil resource depletion is chosen due to the
fossil sources required for electricity generation, which is used
during the production, and mineral resource depletion is chosen
due to the materials needed for the components of the
propulsion concepts. The economic assessment is based on the
replacement costs associated with the components of the
propulsion concepts [35,40]. Table 1 provides an overview of
the considered impact categories within this study.

The calculation model for the inventory analysis and impact
assessment is implemented in Python using the Brightway2
framework [41].

Table 1. Environmental and economic impact categories

Dimension Impact category Unit

Environmental ~ Climate change kg CO2-eq.
Fossil resource depletion kg Oil-eq.
Mineral resource depletion kg Fe-eq.

Economic Replacement costs US-Dollar
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3. Results

3.1. Replacement frequency of different components of
propulsion concepts

Based on the degradation behaviors of conventional jet
engines, batteries, fuel cells, and electric motors presented in
sections 2.1-2.3, the replacement frequency is derived in this
section. The calculation is based on the maximum operating
hours of a short-range aircraft (60,000 flight hours [13]). The
replacement times of the individual components were
converted to the operating hours accordingly, and a full
replacement of the components is always conducted. Individual
parts of the components are not replaced. Furthermore, for
conventional jet engines, the replacement frequency is
calculated exclusively concerning the LLPs, and the increased
exhaust gas temperature is neglected. The resulting
replacement frequency is shown in Figure 1 and Table 2.
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Figure 1. Replacement frequency of the investigated components

Conventional jet engines must be replaced every 20,000
operating hours. Assuming three flights per day and a flight
time of two hours, as presented in section 2.2, this corresponds
to a replacement of approximately every nine years. During the
entire service life of a short-range aircraft, the jet engine is thus
completely replaced twice and would have to be replaced a
third time if the aircraft were to be used for more than 60,000
operating hours. The low replacement frequency is mainly due
to the high level of development of the jet engine and the good
interaction of the subcomponents.

The battery, on the other hand, as a key component of the
electric propulsion concept, must be replaced every 5,000
operating hours. Based on the assumptions of two flights per
day and a flight time of two hours, this corresponds to a
replacement approximately every 3.5 years. Overall, with the
assumed 60,000 operating hours, the battery system must be
replaced a total of eleven times over the entire service life of a
short-range aircraft. This significantly more frequent
replacement is mainly due to low pressures, strong temperature
fluctuations, and radiation during flight operations as major
drivers of degradation.

Based on current forecasts, the fuel cell, an essential
component of the fuel cell-based propulsion concept, must be
replaced every 8,900 operating hours. Assuming three flights
per day with a flight time of two hours each, the fuel cell must
be replaced approximately every four years and one month.
Thus, assuming 60,000 operating hours of the short-range
aircraft, the fuel cell must be replaced six times. This
replacement frequency results mainly from decreased electrical
voltage due to degradation.

The electric motor is required in both the battery-electric and
the fuel cell-based propulsion concept, and it is assumed that
replacement is necessary every 9,000 operating hours. For an
application in a battery-electric propulsion concept with two
flights per day and a respective flight time of two hours, this
corresponds to a replacement every six years and three months.
In a fuel cell-based propulsion concept, the electric motor must
be replaced after only four years and two months due to the
more frequent flight operations (three flights per day of two
hours each). Accordingly, the electric motor in a battery-
electric concept can be used for almost twice as long as the
battery. In contrast, the replacement of a fuel cell and electric
motor in a fuel cell-based propulsion concept takes place at
about the same interval. In total, the electric motor must be
replaced six times during the assumed 60,000 operating hours
of the short-range aircraft.

Table 2. Replacement frequencies of different propulsion components

Component Maximum operating  Replacement frequency along
hours the aircraft's lifetime
Jet engine 20,000 2 times
Battery 5,000 11 times
Fuel cell 8,900 6 times
E-Motor 9,000 6 times

3.2. Environmental and economic impacts associated with the
component replacement

Based on the replacement frequencies calculated in section
3.1, the associated resulting environmental and economic
impacts are analyzed. These are based on impacts related to the
production of the components that are replaced. The
environmental and economic assessment results associated
with the component replacement are depicted in Figure 2. The
analysis focuses on climate change, mineral resource depletion,
fossil resource depletion, and replacement costs.

Overall, the results show that replacing the battery and the
fuel cell is associated with high negative impacts concerning
the environmental impact categories.

Regarding climate change and fossil resource depletion, the
battery is associated with the highest negative impacts.
Compared to the jet engine, these are 7.1 times higher for
climate change and 9.1 times higher for fossil resource
depletion. About the fuel cell, the battery is also clearly worse,
with 2.6 and 2.7 times higher impacts for climate change and
fossil resource depletion, respectively. Concerning the electric
motor, it is even 76.9 and 107.2 times worse for climate change
and fossil resource depletion. This is mainly due to the high
replacement frequency and the substantial negative impacts of
battery production due to the high energy demand.

Regarding mineral resource depletion, the fuel cell is
associated with the highest negative impact due to replacement.
They are 1.9 times higher compared to the battery, 88.6 times
higher compared to the electric motor, and even 290.1 times
higher compared to the jet engine. Since the replacement
frequency is relatively low compared to the battery, the
negative impact is mainly due to the materials used in the fuel
cell. The main driver here is the platinum used in the catalyst.
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The battery also has the highest replacement costs.
However, the battery replacement costs are only 2.1 times
higher than the jet engine, 3.4 times higher than the fuel cell,
and 1.9 times higher than the electric motor. This is because
energy and material costs are the main drivers for fuel cells and
batteries. In contrast, labor costs are primarily relevant for the
conventional turbine engine and the electric motor due to the
complexity of the systems and the long manufacturing and
assembly times.

4. Discussions

The analysis shows that conventional jet engines are
advantageous in terms of replacement due to their high level of
development. With a short-range aircraft's maximum of 60,000
operating hours, fuel cells and electric motors must be replaced
three times more often and batteries five times more often.

This is associated with high environmental and economic
impacts, making the MRO-related impacts between 2-290
times higher than those of the conventional jet engine. Even if
novel propulsion concepts do not release direct CO, and non-
CO; emissions during the use phase, these indirect emissions
from MRO cannot be neglected. In addition, the associated
costs can become a major determinant of aircraft operating
costs. They must be considered when assessing propulsion
concepts, leading to disadvantages of novel propulsion
concepts in terms of environmental and economic impacts
along the entire life cycle.

However, this study is subject to some uncertainties,
especially concerning the novel aircraft propulsion concepts,
their components, and their degradation behavior. The
propulsion concepts and components were modeled in previous
work and are based on multiple assumptions about energy
demand, scaling, and actual composition. The sizing of the
components cannot be validated since there are no field-tested
passenger aircraft with battery or fuel cell-based propulsion
concepts yet. These circumstances result in the fact that there
is still no information on the actual degradation behavior and
the resulting replacement frequency. The calculated

Climate change
[kg CO,-equivalents]

Jet engine

Battery F
E-Motor E

0 2,000,000 4,000,000 6,000,000 8,000,000

Fossil resource depletion
[kg Oil-equivalents]

Jet engine

Battery t
E-Motor ﬁ

0 750,000 1,500,000 2,250,000 3,000,000

replacement frequency is based on scientific forecasts for the
components. However, if the propulsion concepts or individual
components change regarding the technology used and scaling,
this would significantly influence the replacement frequency
and the resulting environmental and economic impacts.

Further uncertainty arises from the subject of the study.
Here, only the indirect environmental and economic effects of
the use phase associated with MRO were investigated.
However, these need to be expanded to include the direct
impacts of energy carrier consumption during flight operations
in order to analyze and assess the use phase of conventional and
novel aircraft propulsion concepts. To ultimately derive valid
recommendations for the development of future aircraft
propulsion concepts, production and end-of-life must also be
integrated.

5. Conclusions and outlook

The study provides initial insights into the MRO behavior
and the associated environmental and economic impacts of
components of novel aircraft propulsion concepts compared
with currently operated conventional jet engines. Here, the
analysis shows that batteries, fuel cells, and electric motors
must be replaced more frequently, leading to disadvantages of
the novel propulsion concepts regarding environmental and
economic impacts. The findings obtained in this study extend
the literature on the analysis and assessment of novel aircraft
propulsion concepts with an initial analysis of MRO-related
environmental and economic impacts and can be used as a basis
for future research.

In future research, four aspects should be focused on: 1.) the
integration of further components of the propulsion concepts
into the analysis of the replacement frequency, 2.) the
consideration of the replacement of individual subcomponents,
3.) the development of further measures for replacement and
degradation, and 4.) the integration of the MRO analysis into a
life-cycle oriented sustainability assessment of the propulsion
concepts.

Mineral resource depletion
[kg Fe-equivalents]

Jet engine E
Battery [
Fuel Cell EI:III I]I:I:I:I:I:I:I:I:I:I:I:I I:I:I!
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Figure 2. Environmental and economic assessment results associated with the component replacement along the aircraft lifetime of 60,000 operating hours
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