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• A novel methodology for estimating material cost of electric aircraft is introduced.

• A degradation model is used to estimate maintenance intervals of battery cells.
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• Hybrid-electric concepts are expected to be more economically viable than all-electric concepts.
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A B S T R A C T

The aviation industry is driven by its pursuit of a cleaner and more sustainable ecosystem while continually 

growing in passenger volume and emissions on a global level. While current aero-engines have already reached 

their limits in terms of efficiency optimization, revolutionary drivetrain technologies such as battery-powered 

propulsion systems promise to significantly reduce emissions. However, besides the technological challenges 

such as low gravimetric energy densities for battery storage systems, a potential adoption of these technologies 

is further hampered by uncertainties about operational availability and maintenance costs. Therefore, with this 

work, we address parts of that knowledge gap by quantifying the expected changes in material costs and part 

replacements for the maintenance of battery-powered All-Electric Aircraft (AEA) and Hybrid-Electric Aircraft 

(HEA) propulsion systems. For this purpose, we establish a cost estimation method, which is based on expected 

reliability metrics for the corresponding drivetrain components and resulting spare part demand. Special focus 

is given to design and operating recommendations for the battery storage unit through the application of a 

degradation model. As a consequence, we can identify appropriate over-sizing ratios and operating temperatures 

to optimize the resulting maintenance costs of the battery system. By carrying out a comparative analysis with 

a conventional propulsion system, we can observe an expected increase in maintenance-related material costs of 

163 % for AEA and 26 % for HEA configurations, respectively. Therefore, with the results from this study being 

fed-back to early design iterations, we can support the development of technically-feasible and economically-

sustainable electric aircraft design concepts.

1. Introduction

In its pursuit of a cleaner and more sustainable ecosystem, the avi-

ation industry has undergone a fundamental transformation in recent 

years that will continue to shape the future development of the sector. 

Following a temporary drop during the global coronavirus pandemic, air 

transport is now once again characterized by strong growth in passenger

volumes and high absolute emissions [1]. Although aviation currently 

accounts for a minor part of the world’s annual CO 2 

emissions [2,3], 

this share is likely to increase in the coming years as other industries 

are continuously reducing their impact. In addition, an aircraft gener-

ates significant non-CO 2 

emissions (such as nitrogen oxides, soot, water 

vapor, and sulfate aerosols) that have climate damaging effects as well as
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Nomenclature

Acronyms

AC Alternating Current

AEA All-Electric Aircraft

APU Auxiliary Power Unit

ATA Air Transport Association

ATR Avions de Transport Régional

BCS Battery Cooling System

BMS Battery Management System

CDS Conventional Distribution System

CPS Conventional Propulsion System

CSS Conventional Storage System

DC Direct Current

DLR Deutsches Zentrum für Luft- und Raumfahrt

DMC Direct Maintenance Cost

DOC Direct Operating Cost

DOD Depth Of Discharge

ECU Electronic Control Unit

EDS Electric Distribution System

EOL End of Life

EPS Electric Propulsion System

ESS Electric Storage System

FC Flight Cycle

FH Flight Hour

FOD Foreign Object Damage

FQIC Fuel Quantity Indication Computer 

GCU Generator Control Unit 

HDS Hybrid Distribution System 

HEA Hybrid-Electric Aircraft 

HPS Hybrid Propulsion System 

HSS Hybrid Storage System 

HTS High-Temperature Superconductivity 

IDG Integrated Drive Generator 

LIB Lithium-Ion Battery 

LLP Life Limited Part 

LRU Line-Replaceable Unit 

MCS Motor Cooling System 

MPD Maintenance Planning Document 

MRO Maintenance, Repair and Overhaul 

MTBF Mean Time Between Failure 

MTBUR Mean Time Between Unscheduled Removal 

MTOW Maximum Takeoff Weight 

NFF No Fault Found 

PMSM Permanent-Magnet Synchronous Motor 

QPA Quantity Per Aircraft 

RCM Reliability Centered Maintenance 

SAF Sustainable Aviation Fuel 

SOC State Of Charge 

SRU Shop-Replaceable Unit 

SVC Shop Visit Cost 

TRU Thrust Reverser Unit

other harmful effects on the environment [1,4]. This impact is reflected 

by ambitious climate goals and the need for concrete countermeasures, 

e.g., the Green Deal initiative of the European Commission [5]. With 

one of its key objectives being climate neutrality by 2050, it becomes 

apparent that substantial operational optimizations and technological 

developments will be required for a sustainable future air transport 

system.

Consequently, a great effort has been made in recent decades to im-

prove fuel efficiency, e.g., by improvements in aircraft aerodynamics, 

structural weight, and engine performance [6,7]. Whereas an increase 

in efficiency of the engine was the most promising approach for a long 

time, the maturity of contemporary technologies has almost reached its 

limits today and only minor improvements can be expected for con-

ventional engines in the future [8]. Therefore, as the goal of climate 

neutrality appears to be incompatible with conventional aircraft designs, 

alternative propulsion concepts have received significant attention in 

aviation research recently. The most common approaches here are the 

use of Sustainable Aviation Fuel (SAF) [9] or liquid hydrogen [10] as 

alternative fuels as well as the electrification of drive systems through 

hydrogen-powered fuel cells [11] or battery storage [12], respectively. 

While battery-electric systems in particular face substantial technolog-

ical challenges, e.g., excessive system masses due to low gravimetric 

energy densities [13–15], they offer higher efficiencies and specific 

power compared to fuel cell systems [16]. For example, current batter-

ies can achieve efficiencies of 80 % to 95 %, whereas fuel cells typically 

transform 40 % to 60 % of the hydrogen-stored energy into electrical 

power [17–19].

Since the availability of renewable energy for air transport is limited 

and needs to be used as efficiently as possible [20], we will focus our 

work on battery-electric concepts, i.e., All-Electric Aircraft (AEA) and 

Hybrid-Electric Aircraft (HEA) configurations.

In case of an AEA, the entire energy demand of the propulsion sys-

tem is provided by electric motors, eliminating the kerosene combustion 

with the corresponding avoidance of direct emissions during the flight. 

However, due to the low energy density of current battery technologies,

this concept is mainly feasible for smaller aircraft. Consequently, for 

larger aircraft with high energy demands, the HEA concept is a suitable 

alternative, where electric motors are combined with conventional en-

gines to generate propulsion. The configurations allow electric motors 

to provide additional power during flight segments with high thrust de-

mands, e.g., during take-off, while the conventional combustion engine 

can be downsized and optimized for cruise segments [21].

Besides existing technological challenges, the required rapid market 

ramp-up of these new drive systems is also hampered by economic un-

certainties. Especially for a cost-driven industry such as aviation with 

its long development phases and high safety standards, the introduc-

tion of revolutionary technological innovations is associated with high 

economic risks [22]. Therefore, to mitigate reluctance of manufactur-

ers and operators, a cost estimation in early design stages is essential. 

While cost uncertainties can be attributed to a number of factors, one of 

the more relevant aspects is maintenance – as Direct Maintenance Cost 

(DMC) accounts for up to 20 % of an airline’s Direct Operating Cost 

(DOC) [14]. Taking a closer look at the DMC shows labor and material 

costs as main contributors, with the latter accounting for roughly 46 % 

of a Maintenance, Repair and Overhaul (MRO) provider’s cost [23].

Aircraft maintenance also has a strong secondary impact on operat-

ing costs, as it influences aircraft availability and operational reliability 

of a fleet. Over a 12-year period, a short- to medium-haul aircraft 

can be expected to spend between 40 and 68 days on the ground for 

scheduled maintenance alone [24]. Additionally, uncertainties in main-

tenance tasks and the unavailability of spare parts can lead to significant 

unexpected disruptions in flight operations [25]. Maintenance can ac-

count for up to 13 % of all flight delays, with long-lasting delays being 

particularly affected [26]. This could be even more severe in the case of 

battery-powered aircraft, as batteries require regular replacements and 

maintenance requirements are unknown due to a lack of operational 

experience. It is therefore important to take these changes into account 

in fleet planning and spare part inventory management. In an initial 

phase, the repair and replacement frequencies due to component failures 

or degradation can serve as useful indicators in this regard.
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While there are DOC-based methods to conduct economic compar-

isons between different aircraft concepts [27,28], they are typically 

based on regression analyses of airline fleet and financial data. These 

methods primarily consider data of conventional aircraft configurations, 

which limits their applicability to new or unconventional system de-

signs [29]. Therefore, there are only a few studies on DOC assessments 

of electric aircraft concepts that aim to provide a more comprehen-

sive estimate of the maintenance costs. For example, Finger et al. [30] 

provided an overview of cost estimation methods for hybrid-electric air-

craft, but maintenance costs were not adjusted in comparison to aircraft 

with conventional propulsion systems. Monjon and Freire [31] derived 

the operating costs for an regional AEA; however, the method is based 

on 1990s turbine-powered transport aircraft and no correction factors 

were applied to the maintenance costs. Although costs due to battery re-

placement were taken into account, only a standard replacement interval 

of 2000 Flight Cycles (FCs) was assumed, without considering mission-

specific degradation effects. Schäfer et al. [32] estimated the changes 

in maintenance costs of an all-electric A320-equivalent mainly based on 

the replacement costs of the battery, assuming a standard replacement 

interval of 5000 FCs without an extensive analysis of the useful battery 

life. Scholz et al. [33] conducted an operating cost analysis of an AEA 

after modifying the maintenance cost calculation of the electric power-

train. However, the electric system was not analyzed in detail and it was 

assumed that the costs correspond to a fixed proportion of 75 % of the 

conventional reference system.

Additionally, many scientific studies tend to focus on safety and 

certification issues [34–36] and neglect maintenance implications for 

different design solutions of battery systems. Consequently, despite the 

perception of batteries being a substantial driver for the maintenance ef-

forts [1,31–33,37], there is currently no reliable information available 

on how electrified drive systems in aviation will affect the maintenance-

related material costs. Lastly, several studies have investigated the 

expected changes in maintenance of conventional turbofan engines in 

HEA configurations [38–40], but they lack a holistic cost estimation for 

the entire drive system with all its accessories.

Considering these limitations, we want to address the following key 

aspects in our work.

• Establishment of a novel reliability-based methodology to assess the

expected changes in maintenance-related material costs for AEA and 

HEA to identify their main cost drivers.

• Analysis of different battery operating scenarios to identify essential

degradation factors and to derive recommendations for optimized 

maintenance-related costs.

• Analysis of the maintenance effects for HEA design concepts with

special focus on trade-offs between cost savings for the conventional 

engine and additional material costs for the electric drivetrain.

For our study, an Airbus A320 is used as conventional, kerosene-

powered reference system since it is the predominant passenger aircraft 

alongside Boeing’s 737 [41]. With single-aisle models for short-to-

medium flight segments being a continuously increasing factor in the 

world fleet [42], an economically-competitive electrified aircraft design 

provides substantial environmental leverage. Therefore, the compar-

ative analysis of our work will provide a valuable contribution to 

the assessment of cost efficiencies for alternative propulsion systems. 

Furthermore, the results allow aircraft designers and operators to gain 

insights into the maintenance characteristics of battery systems in 

aviation, building the foundation for a potential technology integration.

The remainder of this paper is structured as follows. After presenting 

the theoretical fundamentals of a reliability-based maintenance assess-

ment in Section 2, we will introduce the drive configurations and their 

components in Section 3. This is followed by a characterization of the 

battery systems in Section 4, whose influence is given a special focus 

in our work. On this basis, we will develop a method for analyzing the 

maintenance scope of different drive systems with regard to the spare 

part demand in Section 5. By applying this methodology, we will provide

Fig. 1. Schematic representation of the subdivision of maintenance tasks.

a detailed overview of the material costs for the individual components 

in Section 6. Finally, we will compare the cost efficiency of the drive 

systems and derive design and operating recommendations from this in 

Section 7.

2. Fundamentals to estimate material costs in maintenance

Aircraft maintenance is based on the concept of Reliability Centered 

Maintenance (RCM) [43], where maintenance tasks are defined by the 

impact of corresponding system failures on functionality and safety. 

Following this approach, our methodology for assessing the changes in 

maintenance-related material costs is based on the reliability of the driv-

etrain components. For this section, we will first specify the scope of our 

analysis by introducing different categories of maintenance tasks. We 

will then establish the basis of our methodology by presenting important 

metrics for the reliability assessment of components.

2.1. Categorization of maintenance tasks

Maintenance is the combination of all technical, administrative, and 

managerial actions that ensure the functional condition of an item [44]. 

In a first instance, maintenance measures can be divided into sched-

uled and unscheduled tasks, depending on their planning capability (see 

Fig. 1). Here, scheduled maintenance includes all measures that are car-

ried out according to a defined time schedule or number of utilization 

units [45], whereas unscheduled maintenance is not carried out based 

on a fixed schedule. A further subdivision can be made into routine and 

non-routine maintenance. Routine maintenance includes regular and 

repeated measures that are defined for each aircraft type in a main-

tenance program, e.g., a Maintenance Planning Document (MPD) [24]. 

These tasks can be functional checks or so called discard tasks (e.g., the 

scheduled replacement of filter elements). In contrast, non-routine main-

tenance covers all measures that are typically carried out in the event of 

unexpected failures or malfunctions beyond a prescribed program.

While the majority of scheduled maintenance tasks are visual in-

spections [46], we focus in this study on overhaul and restoration tasks 

since these categories are the main drivers of material cost in mainte-

nance [47]. Overhaul tasks include preventive measures to delay signs 

of degradation and wear, whereas restoration is characterized by cor-

rective tasks in order to restore the functionality of faulty or defective 

units [44]. In our analysis, the scope of routine tasks is mainly driven by 

Life Limited Parts (LLPs), i.e., parts that are replaced after a defined ser-

vice life. On the other hand, typical non-routine tasks considered in our 

work are failure-related repair or replacement tasks, which are caused 

by various incidents. First, such a failure may be based on unavoidable 

physical degradation mechanisms during regular operation and their 

probability of occurrence increases with the number of operating cycles 

and the associated applied stresses [45]. Second, a component may fail 

due to operational misuse or the occurrence of Foreign Object Damage 

(FOD), e.g., bird strikes or other object impacts. However, since the fail-

ure causes are random by nature [48], these events cannot be reliably 

projected and are excluded from our maintenance analysis. Lastly, it
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Fig. 2. Schematic representation of the subdivision of aircraft systems into on-

wing and off-wing.

should be mentioned that non-routine maintenance tasks can also arise 

out of scheduled maintenance measures [24]. This may be the case if 

unexpected damage is discovered during a routine task.

Furthermore, our maintenance analysis is carried out at a Line-

Replaceable Unit (LRU) level (see Fig. 2), i.e., the smallest coherent unit 

that can be removed and installed on-wing for repairs or replacement 

[49]. Therefore, the subsequent off-wing disassembly of these compo-

nents into Shop-Replaceable Units (SRUs) or piece parts in designated 

repair centers is outside the scope of this paper. Additionally, there is 

a lack of (a) information on maintenance of electric drivetrains in avia-

tion, (b) associated labor costs for maintenance task execution, (c) usage 

rates of consumables (e.g., lubricants), and (d) tool costs, which is why 

our analysis focuses exclusively on the material cost of the individual 

components.

2.2. Metrics for the reliability assessment of components

Reliability is the ability of a unit to perform a required function un-

der given conditions for a given time interval [45]; thus, it is one of the 

most important properties of a unit. If reliability is no longer guaranteed, 

e.g., due to a failure, the component must be repaired or replaced. The 

frequency of failure events can be expressed by statistical parameters, 

with the failure rate in particular being widely used in the aviation in-

dustry as a measure of the reliability of a component or system [50]. The 

failure rate indicates the average number of failures to be expected over 

a certain time period. It can be derived by the following three methods.

Empirical approach. Statistical values from the real operation are used

as the failure rate is determined by relating the measured number of fail-

ures of a component to its operating time. To derive the failure rate for 

components that have not yet been in operation for a longer time period, 

empirical values from comparable components under similar operating 

conditions can be used.

Experimental approach. For components without empirical values from

real operation, lifetime or accelerated aging tests in a controlled labora-

tory environment can be conducted. By simulating operating conditions 

and load cycles, the subsequent failure or degradation behavior can be 

used as a basis for determining failure rates.

Analytical approach. For novel or unconventional components, ana-

lytical models based on empirical or physical evidence can be used to 

simulate and predict the degradation and failure behavior.

It has to be noted that some components do not have a linear but 

a more complex failure behavior, which is driven by a combination of 

different degradation mechanisms. For example, failure rates for power 

electronics are typically described using so called bathtub curves con-

sisting of three phases (see Fig. 3). While the first phase is characterized

Fig. 3. Bathtub curve, which schematically represents the typical shape of the 

failure rate as a function of time.

by early failures, the second phase is represented by a low and approx-

imately constant failure rate, ultimately culminating in the third phase 

with an increased failure rate due to excessive degradation [40,49]. 

Although the operational utilization of these components is often located 

in phase 2, in reality the failure rate is not necessarily constant over time 

[51]. In our study, the component reliability is analyzed on a world-wide 

fleet level, which consists of both new aircraft at the beginning of their 

service life and aircraft with many Flight Hours (FHs) performed. For 

the reference aircraft A320, the world-wide fleet has logged over 357 

million total FHs since entry into service [52], with some aircraft still 

active after more than 30 years and with over 90,000 FHs performed 

[53]. Due to this very broad fleet, the effects of newer and older com-

ponents are expected to balance each other so that the assumption of a 

constant failure rate over time is valid [51].

The analysis in this paper is mainly based on the following reliability 

measurements of a component. Their respective relationships with each 

other are shown in Fig. 4.

Mean Time Between Failure (MTBF). The MTBF relates the flight hours

of a unit tFH  

 

to the number of failures n F 

that occurred during this period

(see Eq. (1)).

t MTBF 

= 

t FH
n F

(1)

If the failure rate λ is assumed to be constant, the MTBF can be calculated 

as the reciprocal of said failure rate (see Eq. (2)) [51].

t MTBF 

= 1
λ

with λ(t) = const. (2) 

Mean Time Between Unscheduled Removal (MTBUR). The MTBUR re-

lates the FHs to the number of unscheduled removals that are carried 

out, e.g., due to failure messages. In contrast to MTBF removals, no dis-

tinction is made as to whether a defect is actually present or whether 

no functional impairment can be determined and the component can 

continue to be used without repair or replacement [24]. This relation-

ship is expressed by the No Fault Found (NFF) rate, which indicates the 

percentage of removals without recognizable functional impairment in 

relation to the total number of unplanned removals. The NFF rate thus 

relates the MTBUR value and the MTBF (see Eq. (3)) [24].

r NFF 

= 1 - 

t MTBUR
t MTBF

(3)

With a given NFF rate, the MTBUR value can be transferred to a MTBF 

value (see Eq. (4)).

t MTBF = 

t MTBUR
1 - r NFF

(4)

so that

t MTBUR 

≤ t MTBF with r NFF 

≥ 0 (5)

The NFF rate is affected by various factors and generally varies for 

different types of components within a typical range from 10 % to 60 %
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Fig. 4. Temporal relationship between MTBF values, MTBUR values and the 

useful lifetime.

[24,54,55]. Based on conversations with aircraft manufacturers, we as-

sume a constant NFF rate of 15 % for each component within our study, 

as this corresponds to the maximum value that is typically specified as 

a requirement for component suppliers.

Useful lifetime. In addition to failure-based usage limits, other lim-

its must be taken into account for certain components as the End of 

Life (EOL) can be reached before the component actually fails. This 

may be the case for components that require a certain level of perfor-

mance during operation while experiencing performance decreases due 

to degradation effects, e.g., batteries with decreasing capacities.

Despite the failure rate being widely used for reliability assessments 

of systems and components, its validity for defining specific maintenance 

intervals remains controversial [14,51]. Furthermore, the specific relia-

bility value varies significantly depending on the underlying method for 

its determination since no binding boundary conditions are prescribed 

for obtaining failure rates. Therefore, it is often not feasible to derive 

distinct and reliable MTBF values for new components. However, in 

Section 5.1 we will present an approach for dealing with these strong 

variations.

3. Introduction to the drive configurations

Electric drive systems and their components differ significantly from 

conventional systems and introduce multiple uncertainties regarding 

their technology, reliability, and costs. Since no larger battery-powered 

aircraft is in commercial operation yet, the following section is dedicated 

to the brief introduction of the reference aircraft alongside a definition 

of the electric drive configurations.

3.1. Baseline operating scenarios

As mentioned in Section 1, our analysis of material cost implications 

for an electric drive system is based on a comparison to a conventional 

Airbus A320. The A320 family is a series of narrow-body airliners, pow-

ered by two conventional turbofan engines. The baseline model has 

a maximum capacity of up to 180 passengers and a maximum take-

off mass of 78 t [56]. Most of the versions currently in service are 

equipped with the CFM56-5B4 engine model from the manufacturer 

CFM International [57]. In this study, the operating scenarios in Table 1 

serve as reference values that are comparable to the mission profile of 

an A320 [41,58]. The characteristic values are given in Flight Cycle (FC) 

and Flight Hour (FH).

In our work, the electric systems are designed for an application on 

this reference aircraft. The A320 provides a reliable data basis for our 

analysis, despite smaller aircraft with lower range and payload gener-

ally being considered more suitable for electric propulsion due to their 

smaller battery size. Considering these circumstances, the basic design 

of the full-electric and hybrid-electric architecture described below has

Table 1

Operating scenarios as references for the investigated aircraft models [59].

Flight scenario Annual utilization Average flight time

Short segments 2750 FC/a 1.0 FH/FC

World average 1500 FC/a 1.8 FH/FC

Long segments 917 FC/a 3.0 FH/FC

therefore been chosen so that it can be applied to most aircraft types. An 

application to other aircraft sizes or different ranges would then require 

an adjustment of the component sizing and spare part price (see Table 4) 

depending on the maximum power of the aircraft. The battery sizing is 

particularly relevant here, where the required number of battery cells is 

determined based on the maximum power and energy requirements of 

the flight mission (see Section 4.2).

3.2. Electric drive configurations

With the specifications of the conventional system layout discussed, 

we want to define the electric drive system next. In order to evaluate the 

drive configuration’s reliability, the corresponding components need a 

certain level of technological maturity to provide the required failure 

rate data (see Section 2.2). For example, despite its high potential for the 

implementation of electric propulsion systems [8], we do not consider 

High-Temperature Superconductivity (HTS) systems due to its limited 

data availability. We also want to highlight that the underlying AEA and 

HEA system designs are based on preliminary assumptions. Therefore, 

a reiteration of compliance with current certification standards for the 

assumed design solution has been outside the scope of this paper.

In order to determine the number of drive motors, it is taken 

into account that today’s electric motors for aviation are limited to 

about half the power densities of conventional turbofan engines [60]. 

Consequently, for an initial AEA concept, we assume a design of four 

electric motors, each of them providing propulsion through a propeller. 

Furthermore, each motor needs to be supplied with electric energy 

by a distribution line corresponding to the layout in Fig. 5. In addi-

tion, the components for the energy supply of secondary systems (e.g., 

avionics, air conditioning, and de-icing) are not further analyzed in this 

study since they most likely remain unaffected by the changes to the 

propulsion system.

For the HEA layout, a parallel electric drive to the conventional 

kerosene-powered engine configuration seems appropriate, with this de-

sign requiring comparatively few adjustments to the drive layout. The 

most common parallel approach consists of integrating an electric mo-

tor on the low-pressure shaft of the conventional gas turbine in order to 

provide additional mechanical power or to drive the shaft fully electri-

cally during individual mission segments [8]. For the HEA in this study, 

thrust generation is still provided by two conventional turbofan engines 

with support of an electric motor on each. The electric drivetrain corre-

sponds to the basic layout of the AEA configuration in Fig. 5, except for 

the installation of propellers. The electric drivetrain can be subdivided 

into the following systems with respect to their respective functions.

Electric Storage System (ESS). The components of the ESS are re-

sponsible for storing chemical energy and converting it into electrical 

energy. The system consists of a rechargeable battery pack, a Battery 

Management System (BMS), and a Battery Cooling System (BCS). The 

BMS controls the storage unit and ensures a balanced operation, so that 

no battery cell is loaded beyond the specified manufacturer limits during 

charging and discharging [62]. A BCS is required to regulate operating 

temperatures of the battery within a permitted range. We define the BCS 

for this study as a liquid cooling system. Liquid-based systems are char-

acterized by high cooling performance and stable temperature control 

[63,64]. Furthermore, they are already being used in general aviation, 

e.g., for the Pipistrel Velis Electro [65]. For simplification, it is assumed 

that the cooling system consists of the main sub-components pump, heat 

exchanger, and piping. Due to redundancy and safety requirements, the
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Fig. 5. Basic layout and main components of an electric drivetrain. Figure generated in orientation to Anker et al. [61].

storage system is divided into several independent battery packs [66]. 

In alignment with the triple-redundant design of safety-critical systems 

commonly applied in aviation (e.g., the hydraulic system in larger pas-

senger aircraft [67]), we also assume installation of three redundant 

BMS and BCS units.

Electric Distribution System (EDS). The primary tasks of the EDS are to

transmit electrical energy from the ESS to the energy consuming com-

ponents and, if necessary, to adjust system voltage or current. The main 

components of this system are power cables and power electronics such 

as circuit breakers, converters, and inverters. While cables are respon-

sible for the actual transmission through the aircraft, circuit breakers 

serve as protective devices. In the shown drive layout (see Fig. 5), the 

converter serves as an interface between the storage and the distribu-

tion system. Lastly, the inverter transforms Direct Current (DC) voltage 

of the distribution system into Alternating Current (AC) voltage – re-

quired for the operation of the electric motor – and additionally serves 

as motor control unit. Since power electronic units can produce substan-

tial heat during operation, they need to be cooled [61]. Therefore, based 

on already existing aircraft, these components will be integrated into the 

cooling circuits for batteries and motors, respectively [68].

Electric Propulsion System (EPS). The EPS is responsible for transform-

ing electrical energy into mechanical energy and ultimately into thrust. 

For that conversion, an electric motor drives a propeller, which subse-

quently generates propulsive force during a flight. A gearbox can be used 

to couple the motor’s drive shaft with the propeller unit. During opera-

tion, the motor also produces large amounts of heat [69] and requires a 

Motor Cooling System (MCS) to avoid accelerated degradation. Since di-

rect liquid cooling is already used for electric motors of smaller aircraft 

[34], we also define our MCS to be based on that approach. In addition, 

each motor will be cooled by its own MCS unit. For the motor itself, 

various studies in literature show that Permanent-Magnet Synchronous 

Motors (PMSMs) have the greatest potential for application in aviation 

due to their high specific power and efficiency [69–71].

4. Characterization of the battery systems

Due to the high purchasing costs and the anticipated strong degra-

dation, battery cells are expected to be the predominant cost driver of 

the electric drive system. Consequently, we apply a degradation model 

to analyze the useful lifetime of the cells and to account for their influ-

ence on the total material cost. Within this chapter, we present the most 

significant battery parameters, an approach to size the battery storage 

system, and a degradation model of the battery health.

4.1. Performance and condition based parameters

The applied degradation model uses specific battery parameters that 

describe the operating status, the performance, and the level of degra-

dation. The most important of these parameters are introduced in the 

following.

Capacity. The amount of electrical charge that the battery can store. It 

indicates how much electric energy a battery can supply over time and 

is one of the two most important characteristics for assessing a battery’s 

performance. Due to degradation, the capacity decreases over time.

Power. The maximum amount of energy per unit time a battery can

supply during operation. In general, when designing a battery system, 

there is a trade-off between high capacity and high power, as it is 

infeasible to maximize these two parameters simultaneously [72].

State of charge (SOC). The charge level of the battery can be derived

from the ratio of the currently stored energy level and the maximum 

capacity. The value ranges between 100 %, i.e., a fully charged battery, 

and 0 %, i.e., a fully discharged battery.

Depth of discharge (DOD). The value, which indicates how deeply the

battery is discharged within a cycle. The DOD value has the following 

relationship with the SOC range of a cycle:

DOD = SOC max 

- SOC min

A discharge to at least 80 % DOD is typically referred to as a deep 

discharge [72].

Internal resistance. The resistance, which acts in opposition to the cur-

rent flow within the battery [73]. It’s value is dependent on the SOC and 

the temperature of the battery. Due to degradation effects, the internal 

resistance increases over time, reducing the efficiency of the battery and 

the maximum available power.

4.2. Sizing of the battery systems

The battery system is sized taking into account operational boundary 

conditions of the flight mission. As part of this sizing process, a mission 

profile is defined for the AEA and HEA configurations, respectively – 

including the required energy and power for the corresponding flight 

segments. Here, the mission profile is derived from prototypical flight 

profiles of passenger aircraft according to the operating scenarios in 

Table 1, and consists of segments for standard and reserve missions. 

The scenario with the longest intended flight distance (917 FC/a &
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Table 2 

Characteristics of the battery systems, based on sizing procedure.

System No. cells Stored energy Mass 

1

AEA 4,469,406 46.66 MWh 214,531 kg

HEA 321,090 3.35 MWh 15,412 kg

1 Exclusive consideration of cell mass.

3.0 FH/FC) is used for sizing the battery, whereas the world average sce-

nario (1500 FC/a & 1.8 FH/FC) is used as a reference for the subsequent 

degradation analysis.

We derive the required propulsion power and the flight times of the 

mission segments from available literature studies [61,74–76] and scale 

these reference values to the use case of an electrically-driven A320 for 

the maximum power output. With the efficiency of the drive compo-

nents, we can derive the required capacity and maximum power of the 

battery system. It has to be noted though, that we neglect most of the 

expected changes in mission profile due to an electrification of the driv-

etrain, e.g., changes in altitude, speed, and mass characteristics during 

a flight. While the overall aircraft mass decreases during a conventional 

mission due to the consumption of fuel, battery-powered aircraft masses 

remain constant – resulting in shorter ranges for equal amounts of energy 

[77], which is not taken into account in our analysis. 

Since one of the main design requirements for battery-powered elec-

tric aircraft is to minimize the battery system mass [60], the electric 

drive part of the HEA configuration is designed for a power supply only 

during taxi and take-off. In alignment with Bien et al. [38], we further 

set the maximum degree of power hybridization by the electric motor 

to 10 % during takeoff. Additionally, besides the support in propulsion, 

the energy demand of the secondary systems is exclusively supplied by 

the battery during all flight phases.

For the definition of the battery system in our study, we assume the 

installation of 18650PF cells from the manufacturer Panasonic [78,79]. 

These are standard-sized, cylindrical Lithium-Ion Battery (LIB) cells that 

are already used in smaller electrically-powered aircraft [65,68,80]. 

Based on the methods from Ng and Datta [81] and Jäger et al. [82], 

we are taking the cell performance together with the required mission-

specific energy and power into account to determine the battery size. 

Furthermore, to prevent battery cells from increased degradation due 

to a deep discharge [77], the last 20 % of a depleting battery charge 

is intended to be kept as a mission reserve. That is, the corresponding 

stored electrical energy should not be used during normal operation. 

The system voltage of the battery is set to 3 kV [83]. With these 

boundary conditions, the sizing process reveals that the battery size is 

predominantly driven by the required total energy storage and could 

theoretically be significantly smaller to satisfy the maximum power re-

quirement. In general, the energy capacity is the limiting factor for 

longer flights, whereas the power output is the dominant factor for 

shorter flights [61]. The resulting characteristics of our battery system 

for this paper are summarized in Table 2. It has to be noted that the pack 

mass refers to the total mass of the individual cells without considering 

needed structural elements.

Considering the actual current energy density of 217.5 Wh/kg for the 

selected Panasonic cells, the total battery mass of the AEA configuration 

clearly exceeds the scope of a realistic aircraft design, as it is almost 

triple the Maximum Takeoff Weight (MTOW) of a conventional A320 

[56]. This observation is consistent with most literature studies, which 

emphasize the technological challenges for large AEA with current LIBs 

[84], while smaller electric aircraft are also likely to experience signifi-

cant limitations in their intended range and payload [60]. An increased 

aircraft mass will lead to a higher energy demand, which in turn in-

creases the required capacity and mass of the battery [85]. In aircraft 

design, this snowball-effect can quickly result in an unfeasible concept. 

A potential increase in the energy density of the battery is therefore cru-

cial for a future implementation of a battery-powered aircraft. Although 

energy densities are expected to increase, even an optimistic scenario of

a gravimetric energy index of 500 Wh/kg [50,86] will still be incompat-

ible with current aircraft designs. Given these development challenges 

for AEA, our results still deliver valuable insights as the methodology is 

also applied to the far more realistic and technologically feasible HEA 

design concept.

When it comes to an AEA, the aircraft size should be reevaluated. 

Smaller regional aircraft with lower payload and range require less max-

imum power and energy, both of which are the basic design parameters 

for the required cell quantity. Our sizing process confirmed that lower 

energy requirements for the cruise segment of a mission in particular 

result in significantly reduced number of cells. Consequently, we expect 

a more feasible battery system for these regional aircraft in terms of size 

and mass.

4.3. Degradation modeling of the battery cells

The degradation characteristics of battery cells are driven by nu-

merous complex mechanisms that interact with each other and are 

influenced by the following factors [62,87].

• A dominant influence is the operating load due to cyclical charg-

ing and discharging, since the useful lifetime depends on the depth 

and frequency of these cycles. Especially for high DOD values (re-

spectively low SOC values), a strong degradation is experienced 

[77].

• Operation in the medium voltage range is favorable in order to keep

the degradation effects as low as possible [88].

• The operating temperature of the battery cells is also considered one

of the main influencing factors. Battery cells experience accelerated 

aging when exceeding the temperature range of 0 

◦ C to 50 

◦ C [89].

The effects of cell degradation can be observed during operation by 

an increase in internal resistance and a decrease in capacity [87].

With the exact degradation behavior being highly dependent on the 

cyclical load and the specific operational conditions, using statistical 

failure rates from literature is not suitable for deriving replacement 

intervals of battery stacks. Consequently, investigations of the degra-

dation behavior under different conditions require the application of 

a degradation model. There are various approaches to this, which are 

explained below. Complex physical models offer in-depth analyses of 

diverse degradation mechanisms on molecular level, but they mostly 

concentrate on the isolated consideration of individual aging effects and 

may not adequately reflect the interlinks between different effects [90]. 

Simpler empirical models are mainly based on experimental data and are 

often defined for a specific use-case scenario, while a transfer to different 

operating conditions may not be applicable [87]. Semi-empirical mod-

els combine physical analyses with experimental observations and are 

applicable to other operating conditions beyond the experimental tests 

[90]. As they have proven to successfully estimate battery lifetime in 

operational settings [91], we apply a semi-empirical degradation model 

established by Clarke and Alonso [89] and Schmalstieg et al. [88] in our 

study.

In order to reflect an actual operating scenario, the degradation 

model iterates through different flight phases, while simulating charging 

processes and operational pauses – taking into account battery system 

design parameters and flight data. Furthermore, we assume a constant 

operating temperature of 35 

◦ C (measured at the surface of the battery 

cell), since a detailed thermal simulation of the battery system during op-

eration would exceed the scope of this study. This assumption is based on 

the fact that many cell parameters used in this analysis were determined 

at this temperature [88]. As the model’s underlying experimental tests 

have been conducted with a standard discharge rate [88], we keep the 

value fixed as well, neglecting any variation in different battery charg-

ing processes. Regarding that, two different strategies are discussed in 

literature – batteries can either be integrated into the aircraft and be 

fast-charged between two flights or modular batteries are swapped with 

pre-charged units [92,93]. Although both strategies have their benefits
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and drawbacks, we are assuming a charging process of integrated units 

during turnaround in our analysis. At a more advanced stage of design, 

the trade-off between these charging strategies and the corresponding 

impact on battery maintenance should be examined in more detail. 1

Depending on (a) the performance parameters, (b) the operating 

temperature, and (c) the cyclic operating load of the cells, the model 

provides two fundamental relationships for the decrease in capacity and 

the increase in internal resistance. These are the decisive factors for es-

timating the useful lifetime of the battery cells, since they have a direct 

effect on the performance parameters that must be guaranteed for the 

execution of the flight mission. While a decreasing capacity leads to less 

usable energy for a mission, an increased resistance causes higher heat 

losses with a decreased efficiency. Consequently, at a certain threshold, 

the required maximum power can no longer be provided by the battery 

[62]. In many literature studies, a constant limit of 80 % of the initial 

capacity is used for determining the lifetime of batteries [76,97]. In our 

study, the application of this limit is considered to be too conservative, 

as it can potentially lead to a significant underestimation of the useful 

lifetime of battery cells.

In summary, a battery cell’s EOL is reached once one of the following 

monitored conditions occurs.

Capacity-related EOL. The current capacity of the battery is insufficient 

to provide energy for the standard and reserve mission or the battery 

would be discharged below a 20 % SOC during the standard mission.

Resistance-related EOL. The available battery power is insufficient

to provide the required maximum power for the mission due to the 

increased internal resistance.

5. Methodology of the maintenance analysis

As the level of available data differs between the electric and con-

ventional systems, the methods for assessing the material costs also vary 

depending on the configuration. In all cases, the analysis is carried out 

in two stages. At first, with the reliability analysis, MTBF values of the 

components are derived that serve as an initial indication of the expected 

operational lifetime. In a next step, the cost analysis then links these val-

ues with the spare part prices of the components and ultimately enables 

the estimation of the anticipated material costs.

5.1. Reliability assessment data input

Although the reliability assessment of components can be conducted 

according to the three main approaches discussed in Section 2.2, we 

focus in our work on the empirical approach. In the case of the con-

ventional configuration, data from real operation serve as a basis. The 

corresponding reliability values have been taken, among others, from 

the research aircraft of Deutsches Zentrum für Luft- und Raumfahrt 

(DLR) [98], which provides information for specific components on an 

LRU level. The corresponding data set contains FHs and the number of 

removals for each component as part of unplanned maintenance for the 

last 5 years. Based on this, the global fleet average MTBUR value of a 

component can be derived and subsequently translated into an MTBF 

value (see Section 2.2).

The reliability assessment of the electric drive components is con-

ducted taking into account statistical failure rates from literature studies, 

as no empirical data from the actual operation is available at the mo-

ment. These values can differ significantly from each other, as they 

are highly dependent on the underlying loads, operational conditions,

1 The trade-off between different charging strategies depends on a number 

of factors, such as the necessary airport infrastructure to handle the enormous 

charging volumes or the additional storage for the batteries [94,95]. When defin-

ing a possible charging process, it is also crucial to take into account the very 

stringent turnaround time requirements and the increased battery degradation 

caused by a high charging rate [96].

Table 3 

Minimum, maximum, and mean failure rates from literature, used for the 

reliability analysis of the electric drivetrain.

Component -6Failure rate (x10  

 ) Ref.

Min Mean Max

BMS 1.000 1.945 5.285 [99,100]

Inverter 1.912 5.746 86.000 [50,100–108]

Converter 2.044 4.035 28.660 [106,108–110]

Circuit breaker 1.967 4.821 46.000 [47,108]

Gearbox 1.500 5.254 17.700 [111–114]

El. motor 5.930 11.330 92.400 [50,105,106]

Heat exchanger 2.863 6.170 17.300 [106,108]

Pump 12.060 19.330 59.800 [100,106,108]

Cable 0.042 0.100 0.681 [37,100,108]

and system design [51]. Even though a specific failure rate is only 

valid under consistent loads, operational conditions, and system design, 

such consistency cannot be ensured in our case due to a lack of data. 

Therefore, we determine average failure rates from a dataset of differ-

ent failure rates from literature (see Table 3). The corresponding MTBF 

values are then obtained as reciprocals of those average failure rates 

(see Section 2.2). In order to take into account the large range between 

the minimum and maximum failure rates in our results, we perform an 

additional parameter variation with the respective extreme values in 

Section 6.4.1.

For the reliability assessment of the propeller units, we base the anal-

ysis on the model 568 F from Collins Aerospace, which is used on an 

Avions de Transport Régional (ATR) 42/72 aircraft [115]. Consequently, 

we can obtain empirical values from actual operation that show fixed 

overhaul intervals of 10,500 FH for the propeller blades and hub 

[116,117]. Lastly and in contrast to the other components of the elec-

tric drivetrain, we conduct the reliability assessment of the battery cells 

using the analytical approach. Since the battery’s useful lifetime is lim-

ited by degradation, the EOL of the cells can be derived by applying the 

degradation model as described in Section 4.3. The respective results 

obtained from the application of the degradation model are presented 

in Section 6.

5.2. Cost assessment data input

First, we want to emphasize that the total material cost will result 

from non-routine and routine maintenance actions. Therefore, we will 

distinguish between these two in the following. Cost data are stated in 

US-$ and historical values from literature are adjusted for inflation to 

the base year of 2023.

Non-routine material cost

In order to estimate the expected material costs of the conventional 

components, by default, we use their spare part prices as our refer-

ence. For the main engines, Aircraft Commerce provides a more detailed 

breakdown of material costs during engine shop visits for an exemplary 

CFM56-5B4 engine [57].

If a comparable component exists in the conventional system, its 

spare price data is also used for the components of the electric drive 

systems. This is applicable to the BMS and the sub-components of the 

cooling systems, in particular the pump and the heat exchanger. Data 

from actual operation is also used for the analysis of the propeller units, 

as Aircraft Commerce provides references for the overhaul costs of the 

propeller shaft and blades installed on an ATR 42/72 [116]. For all other 

components of the electric drive systems, actual spare part prices are not 

available and cost forecasts from literature are used (see Table 4).

To enable a comparison with the reference aircraft, our main cost 

analysis of the electric drivetrain is based on the stated values for the 

year 2023, which refer to the current technology and cost status in the 

aviation sector [118]. The cost for the battery cells is based on the av-

erage cost in the automotive sector [119], since these cells are used

Applied Energy 403 (2026) 127036 

8 



J.-A. Wolf, R. Meissner, A.A. Pohya et al.

Table 4 

Forecasts for spare part prices of the electric drivetrain.

Component Cost Ref.

2023 2050 Unit

Battery cell 112.70 64.18 $/kWh [119,121]

Inverter 129.96 51.72 $/kW [118,120]

Converter 129.96 51.72 $/kW [118,120]

Circuit breaker 129.96 51.72 $/kW [118,120]

Electric motor 63.48 20.11 $/kW [118,120]

Gearbox 63.48 20.11 $/kW [118,120]

as a reference in our work. However, as most of the components in 

Section 6.4.3 are still at a relatively low level of technological matu-

rity in the aviation sector, major cost reductions can be expected in the 

coming decades. We therefore also provide an optimistic cost forecast 

based on the automotive industry for the year 2050 [120] and exam-

ine the respective influence on the total material costs in a parameter 

variation in Section 6.4.3. 2

In the case of power electronics, the cost of the inverter or motor 

control unit is also used for all other components. This is considered 

valid, as this unit features the most complex design and it can be assumed 

that the costs of the power electronics will be in a similar range [122].

While the replacement of a component with a new unit usually re-

sults in material costs equivalent to the spare price, an economical repair 

typically reduces these costs. However, the existing reliability data does 

not indicate whether the removal of a component resulted in a replace-

ment or a repair, nor does it show the associated cost for a possible 

repair. Therefore, to cover both cases, we define a repair-replacement-

ratio factor as a reference for the average material Shop Visit Cost (SVC)

– based on historical maintenance data of an A320 engine with its ex-

-

tensive data availability [123]. Here, the cost of a complete overhaul of 

an engine is set in proportion to the price of a new engine, resulting in a 

factor of about 21.6 %. Although this factor is applied to all component 

types due to a lack of maintenance data, it is consistent with engineer

ing experience, since average maintenance cost of repairs equals about 

25 % of a new component’s cost [124].

Depending on (a) the spare part price C SparePart 

, (b) the cost factor 

for average material cost per shop visit r SVC 

, and (c) the Quantity Per 

Aircraft (QPA) of installed units n QPA 

, the material cost per LRU and FH 

for non-routine maintenance tasks can be calculated using Eq. (6).

C LRU,non-routine 

=
C SparePart 

· r SVC

t MTBF
· n QPA (6)

with

r SVC 

= 21.6 % (7)

For the analysis of the electric drivetrains, it is assumed that the 

battery cells will be replaced by new units upon reaching their EOL, 

resulting in no battery-related repairs in our analysis. The material costs 

of the battery cells are determined by taking into account (a) the cost of 

a single cell C Cell 

, (b) the total number of cells n Cells 

, and (c) their useful 

lifetime t EOL 

using Eq. (8).

C Cells 

= 

C Cell

t EOL

· n Cells (8)

In the case of the HEA configuration, additional cost adjustments 

resulting from hybridization must be taken into account. For the ap-

plied parallel layout, the associated decrease in operational loads of

2 To meet the higher certification and performance requirements for com-

ponent manufacturing in aviation, a comparison of current costs reveals an 

additional cost factor of approximately 2.2 [118,120]. For most components, 

with the exception of battery cells, we take this factor into account for projecting 

costs from the automotive sector to the aviation sector.

the conventional engine enables a potential cost reduction. Since the 

electric motor provides additional propulsive power during takeoff, 

the thrust of the turbofan engine can be reduced in this flight phase. 

Consequently, the engine components experience less severe degrada-

tion effects. 3 Various studies have provided indications of this change 

in maintenance cost, based on a degradation analysis of an A320 engine 

[38–40]. In Section 6.3, we will apply these results to our use case.

Routine material cost

In addition to the material cost due to unscheduled removals, the 

cost counterpart for routine tasks, e.g., replacement of LLPs or other 

scheduled discard tasks, must also be taken into account. As these 

replacements are scheduled by definition, the corresponding time inter-

vals can be retrieved from the MPD and do not have to be estimated 

through MTBF assessments. Furthermore, the resulting material cost 

equals the spare part cost since aviation regulations prohibit any re-

pairs for these replacements. Consequently, r SVC 

will be 100 % for these 

routine replacements, simplifying Eq. (6) to

C LRU,routine = 

C SparePart

t MTBF
· n QPA (9)

with

t MTBF 

= t MPD (10)

In the case of the main engines and the Auxiliary Power Unit (APU), 

routine material cost is not determined according to Eq. (9). Instead 

data from Aircraft Commerce is used, in which cost information for LLP 

replacements is provided with a higher level of detail [57,125]. In the 

case of electric drivetrains, there is currently no available information 

about the scheduled maintenance scope. For example, it is not yet clear 

which components will be defined as LLP or which discard tasks need 

to be carried out. Since this information is required for estimating the 

routine scope, routine material costs are not analyzed separately from 

the non-routine costs for the AEA and HEA configuration.

5.3. Scope of the comparative analysis

Before applying the presented methodology, we identify the systems 

and components that need to be considered in our comparative assess-

ment. In the case of the conventional configuration, the scope results 

from the components that are affected by a change to an all-electric or 

hybrid-electric drive system. In our study, we use the categorization by 

Air Transport Association (ATA) chapters [126] to identify these compo-

nents. The ATA chapters listed below serve as the basis for the analysis 

of the conventional systems. For consistency in the drive configuration 

comparison across all aircraft concepts (conventional, AEA, and HEA), 

we assign the individual ATA chapters to their respective sub-system, 

i.e., storage system, distribution system, and propulsion system. These 

are then compared in the analysis with the respective systems of the 

electric drivetrain (i.e., ESS, EDS, and EPS). It should be noted that the 

analysis of the HEA configuration includes parts of the conventional 

system as well as the electric systems.

ATA 24 – Electrical power. The electrical units and components that

generate, control, and supply AC/DC electrical power for other sys-

tems [127]. In the case of electric drive systems, the basic function and 

structure of this chapter mainly remain unaffected. As a result, most 

of the components of ATA chapter 24 are not included in our com-

parative analysis. However, the power supply from Integrated Drive

3 Hybridization results in a reduced turbine inlet temperature during takeoff. 

This value corresponds to the maximum temperature of the gas path, which 

is considered as main indicator of the degradation intensity of engine compo-

nents [40]. However, beyond a power hybridization degree of about 10 %, the 

optimum operating range of the gas turbine is restricted, which would require 

changes in the design and sizing of components [38].
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Table 5 

Primary cost drivers for routine and non-routine material costs of the conventional drive system. Averaged 

values per flight hour and aircraft, including all installed units.

System Chapter Category Component Cost Unit Share

CSS ATA 24 Non-routine IDG 10.57 $/FH 4.2 %

APU generator 1.75 $/FH 0.7 %

GCU 1.22 $/FH 0.5 %

Batteries 1.14 $/FH 0.4 %

Interface units 0.35 $/FH 0.1 %

Miscellaneous 0.03 $/FH 0.01 %

Routine Filter elements 0.97 $/FH 0.4 %

ATA 49 Non-routine APU engine 6.00 $/FH 2.4 %

APU control unit 1.20 $/FH 0.5 %

Routine APU engine LLPs 3.07 $/FH 1.2 %

Filter elements 0.17 $/FH 0.07 %

Sub-total 26.46 $/FH 10.4 %

CDS ATA 28 Non-routine FQIC 0.83 $/FH 0.3 %

Other computer units 0.30 $/FH 0.1 %

Miscellaneous 0.35 $/FH 0.1 %

Routine – – – –

Sub-total 1.48 $/FH 0.6 %

CPS ATA 71–79 Non-routine Main engines 87.04 $/FH 34.4 %

ECU 4.08 $/FH 1.6 %

TRU 3.08 $/FH 1.2 %

Miscellaneous 3.09 $/FH 1.2 %

Routine Main engine LLPs 127.45 $/FH 50.3 %

Filter elements 0.70 $/FH 0.3 %

Sub-total 225.44 $/FH 89.0 %

Total 253.38 $/FH 100 %

Generators (IDGs) or the APU generator is substituted by the battery sys-

tem. Consequently, these power-generating components can be removed 

for the AEA and HEA configuration, but need to be part of the conven-

tional maintenance scope of our analysis in which they are assigned to 

the storage system.

ATA 28 – Fuel. The units and components storing and delivering fuel

to the engines [127]. Components of this chapter are to be considered for 

the conventional as well as the HEA maintenance scope and are assigned 

to the distribution system. In the case of the AEA configuration, the 

conventional engines are replaced by electric motors and consequently 

all components of this chapter can be omitted.

ATA 49 – APU. All components with the purpose of generating and

supplying auxiliary power, including the related control units [127]. For 

the electric drive configurations, the battery system is intended to fulfill 

the tasks of the conventional APU engine. Therefore it is assumed, that 

all components in this chapter can be omitted for the AEA and HEA con-

figurations, but need to be part of the conventional maintenance scope 

in which they are assigned to the storage system.

ATA 71–79 – Engine. All components are dedicated to the engine and

the related units [127]. Components of this chapter are part of the 

conventional as well as the HEA configuration and are assigned to the 

propulsion system, whereas they can be omitted for the AEA. We assume 

that the structural parts for the cowling and mounting of the engine na-

celles are similar for all configurations and consequently are not part of 

our comparative analysis.

6. Results of the maintenance analysis

With the methodology for our analysis explained, we will present 

the resulting values in the following section. For each configuration, a 

detailed cost breakdown for the corresponding sub-systems (i.e., storage 

system, distribution system, and propulsion system) will be provided,

followed by the total material costs. In order to evaluate the validity of 

the results, we will then carry out a parameter variation for the most 

important variables.

6.1. Conventional drive system

In the following, the material cost of the conventional system will be 

presented in detail. For a better comparability, we subdivide the follow-

ing analysis into the Conventional Storage System (CSS), Conventional 

Distribution System (CDS), and Conventional Propulsion System (CPS) – 

with the individual ATA chapters being assigned to them. Additionally, 

the detailed cost breakdown of all components and systems is shown in 

Table 5.

Conventional Storage System (CSS)

The CSS comprises of the components for the ATA chapters 24 and 

49. With a share of 94 %, the material cost of ATA chapter 24 is pri-

marily driven by non-routine maintenance activities. IDG units have 

the biggest influence here, accounting for material costs of 10.57 $/FH. 

Other generators, like the APU generator, or electronic computer units, 

such as the Generator Control Units (GCUs), additionally have a no-

table influence due to the considerable number of removals and their 

high spare part prices. The scope of routine maintenance activities 

is derived by the scheduled replacement of oil filter elements for 

the generators. Overall, ATA 24 contributes 16.03 $/FH of material 

cost.

Similar to ATA 24, the material cost for ATA 49 is also primar-

ily driven by non-routine maintenance events. With material costs of 

6.00 $/FH, the APU engine is the most substantial contributing fac-

tor here. This unit experiences a significant number of unscheduled 

removals due to high thermal and mechanical loads during operation 

[125], in addition to comparably high spare part prices. Furthermore, 

with 3.07 $/FH, the APU is also a relevant cost driver when it comes 

to routine-maintenance-related material costs. Similar to the main en-

gines, the APU has several sub-components that are classified as LLPs;
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therefore, they must be replaced with new parts after a defined us-

age period. Additionally, in accordance with the MPD, the scheduled 

discard of oil filter elements contributes to those routine material costs. 

Consequently, ATA 49 contributes material costs of 10.43 $/FH, leading 

to ultimate material cost per aircraft for the CSS of 26.46 $/FH.

Conventional Distribution System (CDS)

In our comparative analysis, the CDS consists solely of the compo-

nents of ATA chapter 28. The material cost of this chapter is driven 

entirely by non-routine maintenance actions without any routine tasks 

scheduled according to the MPD. Here, the main cost driver is the Fuel 

Quantity Indication Computer (FQIC), accounting for material costs of 

0.82 $/FH. In addition to various other computer units, this chapter 

consists mainly of a large number of sensors and mechanical compo-

nents, e.g., valves. Since these components are usually less complex, 

they are characterized by high reliability values and low spare part 

prices. Together with the low number of components, this reliability 

results in comparably low average material cost for the CDS of only 

1.48 $/FH.

Conventional Propulsion System (CPS)

The CPS contains the engine-related ATA chapters 71–79. Here, the 

actual main engines (ATA 72) are the dominant cost drivers. According 

to Aircraft Commerce [57], the engines account for average material costs 

of 87.04 $/FH for non-routine tasks due to performance degradation 

and 127.45 $/FH for routine LLP replacements, respectively. The dom-

inance of routine costs can be attributed to the large number of LLP 

units within the engine and their high associated spare prices. In ad-

dition to the main engines, the Electronic Control Unit (ECU) and the 

Thrust Reverser Unit (TRU) have notable influence on non-routine ma-

terial costs, while the scheduled replacement of several filter elements 

contributes to the routine material costs. Overall, the CPS contributes 

average material costs of 225.44 $/FH per aircraft.

Total cost

The considered cost components result in total material cost of the 

conventional drivetrain of 253.38 $/FH per aircraft. The components of 

the CPS are the most relevant cost drivers with a total share of 89 %, 

with the main engines alone contributing about 85 % to the total cost. 

This dominance stems from the complex engine design, the numerous 

and expensive LLPs, and the high operating temperature and rotating 

speed ranges [57]. While components of the CSS contribute approx. 

10 % to the total cost, the share of the CDS is comparatively small at 

less than 1 %. For the total material cost, routine maintenance activ-

ities slightly dominate with a share of 52 %, compared to 48 % for 

non-routine maintenance events.

6.2. All-electric drive system

In the following, the material cost of the AEA drive system will be 

presented in detail, with analyses of the components for the ESS, EDS, 

and EPS, respectively. In this section, special focus is placed on the 

battery system.

Electric Storage System (ESS)

The most significant cost driver for the ESS is the battery; therefore, 

we will analyze the results obtained from the corresponding degradation 

analysis first. By applying the battery degradation model, it becomes ap-

parent that the required mission energy in conjunction with a decreasing 

capacity is the limiting factor for determining the EOL. Although the 

internal resistance increases over time as well, the required maximum 

power can be ensured over the whole battery lifetime. Consequently, the 

focus of our analysis is on the reduction of capacity depending on the 

battery’s age and the number of charging cycles, i.e., FCs (see Fig. 6). 

Assuming an operating temperature of 35 

◦ C, the battery capacity is 

no longer sufficient to supply the required mission energy after around 

4650 FC and the cells therefore reach their EOL. This corresponds to

Fig. 6. Capacity fade of the AEA battery cells in relation to the initial state for 

an operating temperature of 35 

◦ C.

the useful lifetime of 8370 FH with an average flight time of 1.8 FH per 

FC (see Table 1). However, since a prototypical capacity of 80 % is of-

ten cited as a battery’s EOL, the cells would need replacement already 

after roughly 1200 FC or 2160 FH, respectively. Since these intervals 

invalidate any business case, we adhere to the mission-dependent limit 

rather than the limit of 80 % battery capacity as already discussed in 

Section 4.3.

The degradation model output is then used to determine the 

maintenance-related material cost of the battery cells (see Section 5.2), 

resulting in 627.15 $/FH. In addition to the battery cells, the ESS 

also contains BCS units, i.e., cooling systems consisting of pumps, heat 

exchangers, and piping. By applying Eq. (6), we estimate their corre-

sponding material costs to equal 1.66 $/FH. The spare part prices and 

failure rates of the BCS units are determined as the sum of the respec-

tive values of the sub-components. Following the approach of Birolini 

[49] for determining the failure rate of a system consisting of multiple 

units, it is assumed that all sub-components are necessary to perform 

the required system function. It should be noted that the impact of the 

piping is neglected, since these are rather simple structural elements 

with high reliability and low spare part prices. Lastly, the costs of the 

required BMS units also hardly contribute to the total cost. Although 

costly when replaced, these components have comparatively high reli-

ability values (see Section 5.1) so that their replacement intervals are 

rather long. With these contributors factored in, we expect the overall 

average material cost for the ESS to equal 628.89 $/FH.

Electric Distribution System (EDS)

The EDS mainly consists of various power electronics with com-

parable spare part prices and reliability values (see Section 5.1 and 

Section 5.2). With estimated material cost contributions of 6.43 $/FH, 

the circuit breakers are the main cost contributors in this system – 

mainly because of the high number of units needed for the electric driv-

etrain. Additionally, while the material costs of inverters are expected to 

amount to 3.73 $/FH, converters account for costs of 2.68 $/FH. This dif-

ference can be attributed to the slightly lower reliability of the inverter 

which serves as a control unit of the electric motor and is potentially 

more complex in its design. Lastly, the associated costs of the cable sys-

tem and other connecting elements are considered to be comparatively 

low [30]. With their extremely low failure rates, we have not included 

these components in our analysis. Consequently, the average material 

cost of the EDS results in 12.84 $/FH.

Electric Propulsion System (EPS)

The material cost of the EPS is predominantly driven by the pro-

peller units with expected costs of 16.41 $/FH – mainly caused by
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Table 6 

Total material cost for the AEA drive system. Averaged values per flight hour 

and aircraft, including all installed units.

System Component Cost Unit Share

ESS Battery cells 627.15 $/FH 94.2 %

BCS 1.66 $/FH 0.2 %

BMS 0.08 $/FH 0.01 %

Sub-total 628.89 $/FH 94.5 %

EDS Circuit breakers 6.43 $/FH 1.0 %

Inverters 3.73 $/FH 0.6 %

Converters 2.68 $/FH 0.4 %

Sub-total 12.84 $/FH 1.9 %

EPS Propeller units 16.41 $/FH 2.4 %

Electric motors 3.52 $/FH 0.5 %

MCS 2.21 $/FH 0.3 %

Gearboxes 1.62 $/FH 0.2 %

Sub-total 23.76 $/FH 3.6 %

Total 665.49 $/FH 100 %

fixed overhauls of the propeller hub and blades due to corroding ef-

fects [116]. Additionally, the electric motors contribute material costs 

of 3.52 $/FH. For these rotating machines, maintenance activities are 

typically caused by aging effects on the insulation system and mechan-

ical loads on the bearings [69,128]. Lastly, MCS units and gearboxes 

contribute 2.21 $/FH and 1.62 $/FH, respectively, to the cost of the 

EPS, resulting in the overall expected material cost of 23.76 $/FH for 

this system.

Total cost

The material costs for all relevant units of an AEA drivetrain are 

shown in Table 6 and amount to a total cost of 665.49 $/FH per aircraft. 

Here, with a share of about 94 %, the ESS is clearly the most signifi-

cant cost contributor, which is almost entirely attributable to the battery 

cells. Compared to the ESS, the EDS with a share of approx. 2 % and the 

EPS with roughly 4 % have hardly any influence on the overall cost. 

For these two systems, the propeller units account for the largest cost 

contribution. The differences in cost share among the sub-systems can 

mainly be attributed to the comparatively low spare part prices and high 

reliability values of the EDS and EPS components. However, it should 

be noted that the reliability analysis of the battery cells with its degra-

dation model tends to have fewer uncertainties and be more realistic 

compared to the statistical MTBF-value-based reliability assessment of 

other components. In particular, it is difficult to consider all operating 

conditions with their impact on degradation and the resulting MTBF val-

ues. For a more accurate analysis, this consideration would be essential 

for lifetime estimations; for example, the degradation intensity of power 

electronics highly depends on their operating temperature and voltage 

[50]. To assess the validity of the MTBF values, we perform a simplified 

parameter variation in Section 6.4.1.

6.3. Hybrid-electric drive system

The HEA configuration consists of conventional and electric drive-

train components, combined as the joint Hybrid Storage System (HSS), 

Hybrid Distribution System (HDS), and Hybrid Propulsion System (HPS). 

Consequently, the analysis is based on the results of Section 6.1 and 

Section 6.2, which are adjusted for this use case.

Hybrid Storage System (HSS)

The HEA configuration is characterized by the substitution of 

conventional power-generating components with a battery system. 

Therefore, we expect no conventional components to be part of the HSS. 

For the electric part, the costs of the battery cells are again determined 

based on their useful lifetime. For this purpose, we apply the degradation

model with the specifications of the HEA battery sizing and mission pro-

files (see Section 4.2). With this information, the mission-specific EOL is 

expected to be reached at roughly 2150 FC or 3870 FH, resulting in ma-

terial costs of 96.91 $/FH for the cells. Due to the significantly smaller 

batteries and lower cyclical loads, the costs of the HEA batteries are re-

duced by approx. 85 % compared to the AEA configuration. With respect 

to the AEA analysis, the material costs of the BCS and BMS units remain 

unchanged, as these are determined independently from the battery sys-

tem size. Ultimately, we estimate the overall average material cost of 

the combined HSS to equal 98.65 $/FH.

Hybrid Distribution System (HDS)

The HDS consists of both conventional and electric components. As 

the main engines still need to be supplied with fuel, the material cost 

of the conventional part of the system remains at 1.48 $/FH. The lay-

out of the electric part of the system is based on the AEA configuration, 

consisting of the same components. However, they have to deliver sig-

nificantly less power; therefore, these components result in considerably 

lower spare part prices (see Table 4). This reduction translates in mate-

rial cost of 1.24 $/FH for the electric part, delivering combined material 

cost of 2.72 $/FH.

Hybrid Propulsion System (HPS)

The HPS also consists of a conventional and electric part. As shown 

in Section 5.2, the hybridization impacts the operation and degradation 

intensity of the conventional engine. According to Bien et al. [38], a 

degree of hybridization of 10 % can reduce an engine’s DMC per shop 

visit by about 11 %. In our analysis, these results are applied to the 

non-routine engine cost, reducing the corresponding conventional cost 

of 87.04 $/FH to 77.45 $/FH. For the routine cost components (i.e., 

engine LLPs), their operational life is not only affected by the turbine 

inlet temperature during takeoff but predominantly by time-based life 

consumption [38]. Therefore, it would require more complex analyses 

to derive the effects of hybridization on routine maintenance costs. As 

a simplification, we assume the routine material cost for the engine to 

stay unchanged at 127.45 $/FH. In addition, material costs of the ECUs, 

the TRUs, and miscellaneous components (including the routine costs of 

filter elements) need to be considered, which results in overall material 

cost of 215.86 $/FH for the conventional part of the HPS system. Besides 

the conventional components, the material costs of the electric part of 

the system must be taken into account, which are significantly lower at 

1.6 $/FH. Similar to the HDS, these values have also been scaled down 

by the reduction of required power output (see Table 4). Ultimately, 

with these adjustments, the overall material cost of the combined HPS 

then results in 217.46 $/FH.

Total cost

The final cost breakdown for all components of the HEA drivetrain 

is shown in Table 7, amounting to 318.83 $/FH in total. The main con-

tributor to these costs is the HPS with a share of roughly 68 %. Even 

though hybridization can reduce the material costs for the conventional 

engines, they still remain the biggest cost driver, accounting for almost 

2/3 of the total cost. With a share of approx. 31 %, the HSS has the sec-

ond largest impact in terms of cost, being almost entirely attributable 

to the battery cells. In comparison, the components of the HDS hardly 

impact the total cost at all.

6.4. Parameter variations and their cost effects

With the unavailability of actual operational data for electric drive 

systems, our analysis in this study is subject to uncertainties. In order to 

gather some insights into the accuracy of our results and to account for 

exemplary uncertainty factors, we want to conduct a simplified param-

eter variation. Specifically, we want to examine the effects of different 

failure intervals, the variation of selected battery parameters, and higher 

technological component maturity on the resulting material cost of the 

AEA drive system.
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Table 7 

Total material cost for the HEA drive system. Averaged values per flight hour and aircraft, including all installed units.

System Drivetrain Component Cost Unit Share

HSS Conventional – – – –

Electric Battery cells 96.91 $/FH 30.4 %

BCS 1.66 $/FH 0.5 %

BMS 0.08 $/FH 0.03 %

Sub-total 98.65 $/FH 30.9 %

HDS Conventional FQIC 0.83 $/FH 0.3 %

Miscellaneous 0.65 $/FH 0.2 %

Electric Circuit breakers 0.62 $/FH 0.2 %

Inverters 0.36 $/FH 0.1 %

Converters 0.26 $/FH 0.1 %

Sub-total 2.72 $/FH 0.9 %

HPS Conventional Main engines 204.91 $/FH 64.3 %

ECU 4.08 $/FH 1.3 %

TRU 3.08 $/FH 1.0 %

Miscellaneous 3.79 $/FH 1.2 %

Electric MCS 1.11 $/FH 0.3 %

Electric motors 0.34 $/FH 0.1 %

Gearboxes 0.15 $/FH 0.05 %

Sub-total 217.46 $/FH 68.2 %

Total 318.83 $/FH 100 %

6.4.1. Variation of the failure interval

As described in Section 5.1, the repair or replacement interval for 

most of the electric drive components is estimated based on the compo-

nents’ reliability, which is derived by taking into account various failure 

rates from literature. This methodology has two major uncertainty fac-

tors, namely the range of the failure rates and the underlying failure 

probability. In the following, we examine the impact of these uncer-

tainties on the final results. We want to emphasize that the estimated 

material cost for the battery cells and propeller units is not affected by 

the adjusted interval, since their reliability analysis is not based on MTBF 

values (see Section 5.1).

Examination of minimum and maximum failure rates. Table 3 lists the

minimum, maximum, and average failure rates of the components, de-

rived from literature studies. A comparison of the values shows that the 

range of data and, consequently, the uncertainty of the calculated aver-

age failure rates is significant. To consider the impact of this range, we 

examine two reliability scenarios: An optimistic assessment with mini-

mum failure rates and a pessimistic assessment based on the maximum 

values. The optimistic estimate results in a total material cost for the 

AEA drive system of 653.41 $/FH, corresponding to a relative decrease 

of roughly -2 % compared to the base analysis that takes into account 

the average failure rates. By contrast, the pessimistic estimate results in 

826.00 $/FH (+24 %). These results and the list of failure rates indicate 

that the average failure rates tend to be in the region of the minimum 

values, while they can deviate widely from the maximum values in some 

cases. In the pessimistic scenario, this leads to significantly higher ma-

terial costs, particularly for the electric motor and power electronics 

(inverter, converter, and circuit breaker).

Adjustment of the failure probability. With the expected value of the fail-

ure probability being considered as the average lifetime of components, 

MTBF values are usually used for reliability assessments. Even though 

the MTBF information is used for estimating intervals of maintenance 

tasks in our study, these values should generally not be misunderstood 

as repair frequencies or operating times without failures. The MTBF is 

first and foremost a measurement of failure probabilities. These proba-

bilities are based on a certain distribution, with the expected value (i.e., 

the distribution’s average) equaling the MTBF. Since we assume a con-

stant failure rate for our components (see Section 2.2), i.e., there are no

dominating effects of “infant mortality failures” nor wear-out failures, 

the failure probability can be estimated with an exponential distribution 

[49]. For this distribution, the expected value (our MTBF) represents the 

time when there is a 63.2 % probability that an item will experience 

a failure [51]. Therefore, in terms of our analysis, this MTBF informa-

tion translates to expected maintenance (i.e., repair or part replacement) 

when 63.2 % of all units in service would have experienced a failure 

already.

However, if the maintenance activities are to be based on a failure 

probability of 50 %, the nature of MTBF information, as seen before, 

would lead to an overestimation of time intervals. The time when there 

is a 50 % probability that the item will experience a failure can be de-

termined by the median of the distribution, which can be calculated for 

an exponential distribution as shown in Eq. (11).

t MTBF,50 % = 

ln(2)
λ

(11)

By applying this adjusted interval, the total material cost of the AEA 

drive system increases from 665.49 $/FH to 675.22 $/FH per aircraft, 

corresponding to a relative increase of roughly 2 %. Therefore, we can 

demonstrate that a statistical adjustment of the original MTBF definition 

has hardly any influence on the overall material cost. Consequently, 

despite common scepticism regarding the estimation of maintenance in-

tervals based on MTBF values, their application for the purpose of a cost 

assessment appears to be viable.

6.4.2. Variation of battery parameters

The useful lifetime of battery cells, estimated through application of a 

degradation model, is highly dependent on certain operating conditions 

of the battery – predominantly the operational load and the operating 

temperature. As these conditions for an AEA are not yet fully specified, 

this section is dedicated to examining the effects of a variation of these 

parameters on the resulting costs. Based on these results, we derive spe-

cific recommendations for an optimized battery operation in terms of 

maintenance costs in Section 7.

Changes in operational load. In the previous sections, the utilization 

factors of a world-average flight scenario (see Table 1) were used as a 

reference for the application of the battery degradation model. Since 

the battery systems were sized according to the required energy of the
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Fig. 7. Capacity fade of the AEA battery cells in relation to the initial state for 

different operating temperatures.

longest intended flight, the battery is significantly oversized for car-

rying out the average mission and can still provide sufficient energy, 

even after a substantial fade in capacity. If we change the underlying 

mission scenario to allow longer flight segments, corresponding to the 

long-flight-segments scenario of Table 1, the capacity fade leads to a 

much earlier battery EOL. In addition, we expect the cells to experi-

ence higher DODs during the mission, causing higher degradation rates. 

With these settings, the battery cells achieve a useful lifetime of merely 

285 FC or 856 FH, respectively. Compared to the average flight scenario 

from before, this corresponds to a reduction in useful lifetime of about 

90 %. Consequently, the total material cost of the AEA drive system 

would skyrocket to 6182.58 $/FH, rendering such a use as economically 

impossible with current battery technologies.

Changes in operating temperature. In order to assess the influence of 

the battery operating temperature on its useful lifetime, we examined 

four additional use cases with temperatures ranging between 15 

◦ C and 

55 

◦ C. The corresponding capacity fade curves for the battery cells of 

the AEA system are shown in Fig. 7. While battery cells with an oper-

ating temperature of 15 

◦ C reach their EOL at about 5920 FC (+27 % 

compared to the reference temperature of 35 

◦ C), cells that are subjected 

to temperatures of 55 

◦ C only last about 2560 FC (-45 %) before their 

capacity becomes insufficient to complete the intended aircraft mission. 

These changes result in total material costs for the AEA drive system of 

531.92 $/FH (-20 %) for 15 

◦ C and 1179.48 $/FH (+77 %) for 55 

◦ C, 

respectively.

6.4.3. Variations in technological maturity and spare part costs

Since most of the components of the electric drivetrain are not yet 

commercially available in the aviation sector, spare part price assump-

tions are subject to significant uncertainties. The impact of a more 

advanced stage of technological maturity on spare part prices is ad-

dressed in our work through a forecast for the year 2050 (see Table 4). 

By applying the aforementioned cost prognosis to our analysis, the total 

material cost of the AEA drive system is reduced from 665.49 $/FH to 

384.18 $/FH per aircraft. The corresponding relative decline of approx. 

-42 % is mainly attributable to the impact of lower battery cell costs, 

which in this case amount to 357.07 $/FH, while the remaining portion 

is attributable to the other components of Table 4.

In addition to LIBs, other battery technologies that are not currently 

considered technologically viable could also become relevant by the year 

2050. Solid-state, lithium-sulfur, and lithium-air batteries are discussed 

extensively in literature, as they offer higher theoretical energy den-

sities [70,129,130]. The prognosis from Mauler at al. [121] identified 

the lithium-air technology as having the lowest expected cost by 2050,

Fig. 8. Comparison of the average material cost per aircraft for the investigated 

drive configurations, highlighting the share of the Storage, Distribution, and 

Propulsion Systems.

with 53.48 $/kWh on cell level. Assuming a lithium-air battery in our 

study and applying this cost improvement, the total material cost of the 

AEA drive system amount to 297.56 $/FH, corresponding to a relative 

decrease of roughly -55 % compared to the base year 2023 and conven-

tional LIB technologies. The useful lifetime of the battery was not varied 

in this case, as there are no clear indications in the literature yet on how 

this will change for a fully developed lithium-air battery [70,131,132].

7. Conclusion of the study

Although all operating costs must be taken into account for a com-

prehensive assessment, the analysis in our study already allows a first 

evaluation of the cost efficiency of the selected drive systems from a 

maintenance perspective. As shown in Fig. 8, maintenance-related ma-

terial costs are expected to increase by approx. 163 % for all-electric 

and by 26 % for hybrid-electric aircraft configurations. In addition to 

the economic challenges, we also want to highlight the expected tech-

nological obstacles of the AEA configuration in terms of battery mass 

(see Section 4.2). Considering the current energy density of LIB tech-

nology, the cells alone would almost triple the MTOW of an A320 for 

comparable mission requirements. In contrast to that, the HEA configu-

ration of this aircraft type shows great potential for an early adoption, 

from both a monetary and technology perspective.

Our cost estimations are based on the current state of technology 

and significant cost improvements can be expected taking into account 

new technologies, such as lithium-air batteries. For a 2050 forecast 

horizon, the material cost of an AEA could decrease by -55 % com-

pared to an all-electric system based on current technology, making 

implementation much more feasible (see Section 6.4.3). Despite the elec-

trification of smaller regional aircraft involving fewer challenges from an 

economic and technological perspective (e.g., lower maintenance costs 

and reduced battery mass), we expect the trends and main cost drivers 

discussed in the following section to apply to these aircraft types as well.

Looking at the cost distribution for an electric drivetrain, the main 

cost drivers are shifting from the propulsion engine to the storage sys-

tem. While 85 % of material cost of the conventional system is driven 

by the components of the turbofan engine, battery cells are responsible 

for 94 % of the material cost for an AEA counterpart. This is mainly 

due to the enormous number of cells required for an AEA of this size, 

which results in high spare part prices for replacing battery packs once 

they reach their EOL. At the same time, strong degradation effects of the 

cells shorten their useful lifespan. Therefore, with the aspects shown in 

Section 5.1, battery cells have significantly shorter replacement inter-

vals compared to other components. Furthermore, due to the chemical 

structure of the cells, it is also not possible to perform conventional re-

pairs, which could substantially lower the material cost. We want to 

note though that some materials can be recycled after their replacement 

[133]. In contrast to the conventional configuration, components of the 

AEA propulsion system have only a minor impact on the total cost. This 

can mainly be attributed to the fact that electric motors are significantly
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Fig. 9. Comparison of the average material cost per aircraft for the AEA config-

uration, analyzing the impact of different operating temperatures of the battery 

system.

less vulnerable to failure than turbofan engines due to their smaller 

number of moving components [50] and lower spare parts prices.

Due to its major impact, a cost-optimized battery system is of cru-

cial importance. Our results highlight an important recommendation 

for future battery development: The focus should not solely be on op-

timizing specific energy densities, but also on improving the battery’s 

service life by reducing its susceptibility to degradation. At the same 

time, maintenance-related material costs can be minimized by levers in 

battery design and operation. Based on our results in Section 6.4.2, we 

can derive specific operating and design recommendations. Simulating 

battery degradation for a long flight segment of 3 FH per FC will re-

duce the useful lifetime of the cells by approx. 90 % compared to an 

average mission length of only 1.8 FH per FC. This highlights the impor-

tance of high capacity reserves with over-sized batteries, automatically 

resulting in lower DODs during flight missions and reducing degrada-

tion. Although an over-sizing increases the number of cells and the 

cost for a system replacement, these reduced degradation effects enable 

significantly extended replacement intervals, resulting in lower overall 

material costs per flight hour. It has to be noted though, that unrestricted 

over-sizing of the battery is limited by mass-specific constraints of the 

drive system that must be taken into account.

For the battery’s operating temperature, the relative changes as well 

as the capacity fade curves in Fig. 7 imply that variations in the higher 

temperature range tend to have a greater influence on the useful life-

time than variations of the same magnitude in the lower range. Fig. 9 

shows the respective effects on the total material cost of the AEA drive-

train. Accordingly, an increase in operating temperature of 20 

◦ C results 

in a cost increase of approx. 77 %, whereas a corresponding decrease 

in temperature leads to a reduction in material cost of approx. 20 %. 

Therefore, in order to prevent severe degradation effects, high temper-

ature ranges should strictly be avoided during battery operation. To 

reduce the requirements of the temperature management, we propose 

that the system should not necessarily be designed to maintain the oper-

ating temperature at an exact value, but rather ensure operation within 

an acceptable temperature range. This seems appropriate, since changes 

in useful lifetime do not appear to be significant within low-temperature 

ranges.

Another focus of our study is the impact of hybridization on 

maintenance costs, which was analyzed for the HEA configuration in 

Section 6.4.2. Here, we assumed a maximum degree of power hybridiza-

tion of 10 % during takeoff. Due to the lower degradation of the main 

engines and the elimination of some power-generating components, this 

hybridization enables a reduction in material costs of 36.05 $/FH for 

the conventional part of the drivetrain. However, these savings are not 

sufficient to compensate for the material costs of the additional com-

ponents of the electric drivetrain that amount to 101.49 $/FH. We can 

observe that an increase in the hybridization degree has a substantial 

positive impact on the material costs of the conventional drivetrain, as

it results in lower degradation of the conventional engine. This effect is 

also greater than the slight cost increase due to the higher performance 

demand for the electric drivetrain components. Since the battery only 

supplies the drivetrain during the comparably short takeoff phase, it can 

deliver a high power without significantly increasing the required num-

ber of cells and system mass. This observation can also be attributed to 

the fact that the maximum power is not the limiting factor for the sizing 

process of our battery system (see Section 4.2).

Based on this study, we can identify the following three key findings, 

referring to the research objectives outlined in the introduction of our

work.

F 1 Due to an increase in material costs of 163 %, a fully battery-

powered A320-equivalent does not appear to be economically 

viable from a maintenance perspective. With a more manageable 

increase of only 26 %, a hybrid-electric A320-equivalent seems 

to offer a significantly higher potential for a quicker market entry. 

Furthermore, cost-optimizing decisions should focus on the design 

and operation of the battery system, as this is by far the greatest 

cost driver. 

F 2 In order to optimize maintenance costs, the battery system should

be over-sized by a certain reserve capacity. A trade-off has to be es

tablished in aircraft design, since this contradicts the common goal 

of low battery mass. Furthermore, high operating temperatures 

should be avoided to minimize degradation. 

-

F 3 The parallel hybrid configuration enables a high degree of hy

bridization during takeoff; therefore, it reduces the degradation 

of the turbofan engine without a major increase in battery mass.

-

As we had to limit the complexity for the scope of this paper, the 

analysis is subject to a number of limitations as listed below.

L 1 

The derivation of maintenance intervals based on MTBF values is

subject to certain constraints. Apart from the battery cells, specific 

operating conditions were not taken into account. Consequently, 

the results should be considered as statistical indicators that are 

valid at the average fleet level but may vary between different 

aircraft or individual components. 

L 2 Due to the limited data available, a constant factor  

 

is applied

to all components in order to account for a repair-replacement-

ratio. However, the repair characteristics may vary depending on 

the component type and should be adjusted for more in-depth 

analyses. 

L 3 As no real components can currently serve as a reference, assump

tions were made for the electric drive configurations, e.g., the 

forecast of spare part prices.

-

8. Summary and outlook

In this work, we have examined how spare part demand and the re-

sulting material cost due to unavoidable degradation can be expected 

to change for battery-powered drive systems compared to kerosene-

powered conventional systems.

By defining an all-electric and a hybrid-electric configuration on the 

basis of an Airbus A320 and subjecting the components to a reliability 

and cost analysis, we carried out a preliminary assessment of mainte-

nance cost efficiencies for these systems. With this comparative study, 

we have demonstrated that a battery-powered all-electric aircraft in this 

size clearly exceeds the scope of an economically viable concept from 

a maintenance perspective, as an increase in material cost of approx. 

163 % is to be expected. At the same time, we have highlighted the po-

tential of the hybrid-electric configuration, where an increase of approx. 

26 % seems manageable. Thus, this work provides a clear indication 

of the preferable hybrid-electric concept for this size category and in 

accordance with maintenance-related criteria.

As battery cells have proven to be the main cost driver, a particular 

focus of our work has been on analyzing these components. After sizing
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the battery systems, a semi-empirical degradation model has been ap-

plied, for which we have developed an approach to estimate the useful 

lifetime of the battery cells depending on the specific mission require-

ments. By conducting a parameter variation, we have identified specific 

recommendations to minimize maintenance-related costs. The level of 

over-sizing and the operating temperature of the cells are particularly 

important design and operating criteria here. In order to realize larger 

battery-powered aircraft, future battery developments should focus on 

improving the service life by reducing the susceptibility to degradation.

Furthermore, we have investigated the trade-off in hybrid-electric 

aircraft design, evaluating cost savings for the conventional engine and 

additional material costs for the electric drivetrain depending on the 

degree of hybridization. Although the additional costs of the electric 

drivetrain dominate, the configuration has shown great potential, as 

in theory a high degree of hybridization can be achieved during take-

off without significantly increasing the battery mass. Our investigation 

closes a relevant research gap, as conventional and electric drivetrains 

of a hybrid configuration have not yet been investigated jointly with 

regard to the degradation-based material cost.

Overall, the approach developed in our work shows great potential 

to be integrated into a holistic assessment of the cost efficiency of an 

aircraft in an early design stage. In order to cover all relevant drivers of 

direct maintenance costs, future studies should address the labor scope 

in maintenance of electric drivetrains, with a particular focus on routine 

tasks. Furthermore, the analysis in this work can be extended to off-wing 

maintenance or applied to other propulsion concepts, e.g., hydrogen-

based systems. In doing so, the limitations outlined in this paper should 

be addressed.
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