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ARTICLE INFO ABSTRACT

Keywords: In the context of growing environmental awareness and a drive towards sustainable aviation, Life Cycle

L%fe cycle assessment Assessment (LCA) emerges as a pivotal tool for evaluating the environmental impacts of current and novel

I[;‘ff’ eycle inventories technologies. This paper focuses on Life Cycle Assessment within the aviation sector, with a specific emphasis on
viation

Life Cycle Inventories (LCIs) and databases. Recognizing a relevant data gap in existing databases regarding
aircraft maintenance, our study seeks to address this limitation. A maintenance, repair and overhaul use-case is
proposed as an illustrative example to enrich underrepresented data in LCIs. Our methodology considers the
entire service life of aircraft, building a cumulative life cycle inventory in a cradle-to-gate approach.
Geographical representativeness is ensured for maintenance activities conducted in Germany, with extrapolation
applied across Europe where necessary. Our findings underscore the need to differentiate maintenance activities
between aircraft components and engines, as well as the importance of considering various flight scenarios,
ranging from short to long haul. This paper contributes to the advancement of LCA in aviation by providing
insights into improving data accuracy and completeness. It also delves into how and why data generation is
possible and what are the necessary data improvements within the topic. This paper is aimed at LCA practitioners
in both research and industry, thus fostering sustainable practices in aviation.

environmental impact, making it applicable in the achievement of
1. Introduction environmental targets and policy objectives. As defined by the ISO
14040/44 standards (ISO, 2006a,b), it is a holistic tool comprised of four
steps: 1. Goal and Scope Definition, 2. Life Cycle Inventory (LCI), 3. Life

Despite the impact on air transportation and air passenger numbers
Cycle Impact Assessment (LCIA), and 4. Interpretation.

posed by the Covid-19 travel restrictions during recent years, the sector

is expected to recover and grow steadily and in a faster rate than effi- The goal of an LCA must s.tate the inter.lded application, the reasons
ciency improvement. The European Commission estimates that emis- to perform the study, and the intended audience. The scope, on the other
sions would more than double by 2050 (EU, 2020). With raising hand, includes the product system to be analysed, the functions of such
environmental awareness and efforts towards sustainable aviation, system, the Functional Unit (FU), the system boundary, the selected

accurately assessing the sector’s influence in transportation sustain- impact categories, data requirements, limitations, and initial data

ability has been proved central. Although the greatest share of aviation quality requirements (ISO, 2006a). The LCI analysis is an inventory of
emissions occur during the flight operations phase (e.g., taxiing, takeoff, input/output data regarding the system in scope, and involves the
cruise, descent, and landing), life cycle phases such as manufacturing compilation of data necessary to meet the goals of the study. The main
and maintenance are also relevant when holistically assessing environ- objective is to collect and compile the data on elementary flows from all
mental impacts (Chester, 2008; Facanha and Horvath, 2006; Jordao, processes on a combination of different sources (Hauschild et al., 2017).
2012). Life Cycle Assessment (LCA) is a method used to comprehen- The object of study in an LCI analysis is the product system - a set of
sively assess the environmental impacts of products throughout their processes which are connected by energy or material flows and should
entire life cycle, i.e., from raw material extraction, production and use perform the functions defined during the goal and scope definition

phases, to end-oflife (Finnveden et al., 2009). LCA can assist phase. In LCA, an FU is established during the goal and scope step,

decision-makers in choosing products or processes that yield the least serving as the reference for all inputs and outputs in LCI (ISO, 2006a).

* Corresponding author.
E-mail address: joana.albano@dlr.de (J. Albano).

https://doi.org/10.1016/j.clet.2024.100813

Received 30 May 2024; Received in revised form 30 August 2024; Accepted 16 September 2024

Available online 30 September 2024

2666-7908/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:joana.albano@dlr.de
www.sciencedirect.com/science/journal/26667908
https://www.sciencedirect.com/journal/cleaner-engineering-and-technology
https://doi.org/10.1016/j.clet.2024.100813
https://doi.org/10.1016/j.clet.2024.100813
https://doi.org/10.1016/j.clet.2024.100813
http://creativecommons.org/licenses/by/4.0/

J. Albano et al.

Cleaner Engineering and Technology 22 (2024) 100813

Acronyms

APU Auxiliary Power Unit

CFRP Carbon Fibre Reinforced Polymer

EIO-LCA Economic Input-Output Life Cycle Assessment
FC Flight Cycle

FEP Freshwater Eutrophication

FETP Freshwater Ecotoxicity

FH Flight Hour

FU Functional Unit

GFRP Glass Fibre Reinforced Polymer

GPU Ground Power Unit

GWP Global Warming Potential

IRP Ionising Radiation

LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment

LLP Life Limited Part

MPD Maintenance Planning Document
MRO Maintenance, Repair, and Overhaul
PKM Passenger-Kilometre

POCP Photochemical Ozone Creation Potential
SA Sensitivity Analysis

UPR Unit Process

Within aviation, the prevailing FU is the Passenger-Kilometre (PKM),
representing the transportation of one passenger over a distance of 1 km.
The system boundary is the border between a product system, the nat-
ural environment, and other product systems, i.e., it delimits the product
system to be studied (Ciroth and Arvidsson, 2021).

Subsequently, the LCIA phase provides a holistic interpretation of the
elementary flows provided in the LCI phase and translation into relevant
impact scores, representing the product’s system impact different
impact categories. This can support decision-making as well as answer
the questions stated in the goal and scope definition phase (Hauschild
and Huijbregts, 2015). The LCIA phase translates inventory data into
impact categories (such as climate change, ozone layer depletion, among
others) and areas of protection (e.g., human health, natural environ-
ment, and natural resources). The interpretation is the final phase, in
which the results of LCI and LCIA are summarized and analysed for
conclusions, recommendations and decision-making in line with the
goal and scope definition.

LCA facilitates a comprehensive analysis of a product or service life
cycle, preventing burden-shifting across phases, regions, or environ-
mental issues (Finnveden et al., 2009). This is particularly pertinent
when evaluating different aircraft technologies within the context of
evolving configurations for sustainable aviation. This technique can take
either an attributional or a consequential approach, with the former
focused on describing environmental properties of a product or a system
and the latter aimed at outlining the effects (consequences) of changes
within the life cycle (Laca et al., 2011).

The relevance of LCA studies in aviation has been growing, allowing
hotspot identification, comparison between different aircraft technolo-
gies, and fulfillment of environmental targets. International initiatives
such as the Carbon Offsetting and Reduction Scheme for International
Aviation (CORSIA) developed by the International Civil Aviation Or-
ganization (ICAO) aim at reducing CO2 emissions for international
flights. To that end, the conduction of LCA has been pivotal as the first
internationally adopted approach for the calculation of life cycle
greenhouse gases emissions of aviation fuels (Prussi et al., 2021). At
regional level, the Federal Aviation Research Programme (LuFo) by the
German Federal Ministry for Economic Affairs and Energy highlights the
relevance of LCA when assessing innovative technologies over the entire
product life cycle (BMWI, 2024).

However, LCA is highly data-intensive, especially during the LCI
stage, requiring both foreground (study-specific) and background data
(generic). Background LCA databases, as ecoinvent, provide inventory
information on a wide range of economic activities and industrial sec-
tors, relevant for most product systems. Nonetheless, there are data gaps
and shortcomings in aviation-specific activities such as aircraft main-
tenance. In order to achieve comprehensive LCA studies, consistent,
sector-specific, and detailed LCI datasets are needed (Rupcic et al.,
2023).

Since process-based LCA significantly depend on background data
availability, aviation-related studies are conducted using Economic

Input-Output Life Cycle Assessment (EIO-LCA) (Chester, 2008; Lewis,
2013), prone to high levels of uncertainty inherent to the method itself.
Process-based LCA usually has a bottom-up approach, in which data are
collected for all processes within the chosen system boundary, whereas
EIO-LCA data collection approach is top-down, accounting for product
flows between different economy sectors (Kje r et al., 2015; Hen-
drickson et al., 1998). Due to data scarcity, authors also make simpli-
fications such as considering only airport infrastructure maintenance
(Bicer and Dincer, 2017; Su-Ungkavatin et al., 2023). The complexity
and high level of confidentiality associated to the aviation sector often
represent an obstacle in building representative datasets.

This paper aims to address the research gap in LCI in aviation using
the case study of aircraft maintenance. Through timely and proper
maintenance, vehicle degradation due to flight operations is reduced (e.
g., engine wash reduces fuel consumption, which in turn decreases
flights environmental burdens). Conversely, the use of hazardous ma-
terials during different Maintenance, Repair, and Overhaul (MRO) ac-
tivities may pose hurdles in areas of protection such as human health
and ecosystem quality (Halpern and Graham, 2018; Aerospace Tech-
nology Institute, 2021). Lastly, hangar operations are highly
energy-intensive and represent a key driver in environmental impacts
(Rahn et al., 2024). Despite the importance of this phase in the overall
product’s life cycle, MRO datasets are not yet available in leading LCI
background databases such as ecoinvent (Rupcic et al., 2023; Keiser
et al., 2023; Melo et al., 2020). The goal is to improve life cycle data
coverage in air transportation datasets. Additionally, the aim is to pre-
sent the process of translating foreground data to background databases,
considering assumptions, data gathering, aggregation levels, and cut-off
criteria when generating LCI datasets. A comparison of findings from
literature-based research and insights derived from interviews with LCA
experts within the aviation industry offers a nuanced examination of the
inherent limitations of LCIs as well as LCA conduction in the sector.

The novelty of this paper is the translation of detailed, foreground to
aggregated, background data. Such process is exemplified via an MRO
use-case, as aircraft maintenance activities are not yet present in LCA
background databases (Rupcic et al., 2023). The development of such
dataset is especially relevant since MRO processes are energy-intensive
and includes scarce or hazardous materials in many activities
(Aerospace Technology Institute, 2021), thus allowing for more
comprehensive LCA conduction.

The paper is structured into the following sections: Firstly, it in-
troduces fundamental concepts of LCA, with a special focus on LCIs and
prominent background databases. Next, an overview of LCA in the
context of aviation is provided, addressing current gaps and shortcom-
ings. Subsequently, a MRO use-case serves as the foundation for con-
structing background datasets. Finally, the paper discusses relevant
aspects and considerations necessary for creating such representative
data. The conclusion and outlooks highlight the importance of
addressing data gaps in sectors like air transportation, especially in the
context of advancing sustainable aviation and emerging technologies.
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2. Life cycle inventories (LCIs)

The LCI step, a critical yet time-consuming stage in LCA, involves a
mass-energy balance, quantifying both input and output flows within
the analysed system (Islam et al., 2016; Ferrari et al., 2021; Laca et al.,
2011). This stage serves as the central point for data collection to ach-
ieve the study’s defined goals, encompassing energy and raw material
requirements, atmospheric and water emissions, solid waste, and other
releases throughout the entire life cycle (ISO, 2006a; Curran, 2008).
Given that LCA studies often demand a significant amount of data, the
accuracy of this information greatly influences the quality of the ob-
tained results (Ciroth et al., 2019).

In LCA, the connection of numerous interlinked human activities,
each with associated exchange flows, is necessary. These flows are
quantified through Unit Processes (UPRs), the smallest element in LCI
analysis (ISO, 2006a). Together, these UPRs form product systems,
consisting of interconnected processes in a highly complex network
(Hellweg and Mila i Canals, 2014; Reinhard et al., 2019; Bourgault et al.,
2012). Input flows encompass materials, energy, and resources, while
output flows include products, waste to treatment, and emissions.
Typically, UPRs maintain mass balance, where the sum of input flows
equals the sum of output flows. Additionally, outputs from one UPR can
serve as inputs to subsequent processes within categories such as ma-
terials and energy. Resources and emissions, denoted as elementary
exchanges, are not exchanged between UPRs (Hauschild et al., 2017).
Fig. 1 illustrates a UPR example for aircraft maintenance, demonstrating
flows within each of the six categories. During aircraft maintenance
activities, environmental impacts are mostly caused by energy con-
sumption, maintenance products (e.g., cleaning agents) and spare parts
(e.g., landing gear, airframe, systems, and engine components) pro-
duction as well as waste and wastewater generation (Shirinfar et al.,
2022; EASA, 2022).

LCI models typically consists of two systems, commonly referred to
foreground (under direct control/influence of the company or decision-
maker) and background system. The former is specific to the modeled
system and can represent directly measured or study-specific data. In
contrast, background data are generic and usually sourced from third-
party LCI databases, often presented with high aggregation levels
(Goedkoop et al., 2016). Distinguishing between these data types is not
always straightforward and depends on the subject of the LCA study
(European Commission, 2013). LCA practitioners commonly collect
foreground data on selected activities relevant to a specific project,
while the remaining activities (referred to as background data) are
modeled using generic LCI databases such as ecoinvent (Wernet et al.,
2016). Fig. 2 illustrates the differentiation between foreground data,
which comprises engine and airframe (structure and components), and
background data, which encompasses raw materials, resources, and
utilities for an aircraft MRO use-case.

Furthermore, the characteristics of LCI databases can vary depending
on their intended use. Whether employed for a detailed LCA study or
company-internal inventories, industry-specific analysis, or as a back-
ground LCI database, these databases exhibit differences in data quality,
parametrisation, and aggregation levels of UPRs. The audience, be it
experts, industry insiders, or general LCA users, plays a crucial role in
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Fig. 1. A potential UPR for an aircraft maintenance activity (adapted from
Hauschild et al. (2017)).
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shaping these variations. For instance, company-internal LCI databases
may feature a lower level of aggregation, focusing on individual process
steps, whereas background LCI databases, like ecoinvent, adopt a
modular approach. This modularity allows for the application of
different allocation methods based on study goals and enables the ag-
gregation of UPR to meet the needs of diverse audiences.

The use of LCA databases brings advantages to the end-user, such as
reduced efforts and resources for data collection and improved repre-
sentativeness of complex supply chains when conducting comprehen-
sive and accurate environmental analyses (Ciroth et al., 2019). In the
context of aviation studies, ecoinvent is recognized as the most exten-
sively utilized database, followed by sphera (formerly GaBi), and Eu-
ropean Reference Life Cycle Database (ELCD) databases (Keiser et al.,
2023). For the end-of-life phase, the Granta Database provides materials
data and can be applied as background database considering recycling
and upcycling of materials, enabling streamlined-LCA condunction and
quick environmnetal hotspots identification. The database includes in-
formation on embodied energy and CO; emissions (Mayyas et al., 2012).
Given the high level of confidentiality required in the aviation sector,
improving data availability poses a challenge, leading to potential data
gaps (Rupcic et al., 2023). To address this challenge, research and in-
dustry partners, along with leading LCI databases providers, are
encouraged to collaborate closely while maintaining transparency
within the bounds of data sensitivity.

3. LCI and background data shortcomings in aviation

The following section provides an overview of LCA conduction
within aviation (3.1), focusing on data availability and other challenges
faced by both industry and research sectors. For that end, a literature
review was conducted. Given that of LCIs are the backbone of LCA
studies, the discussion delves into LCI data requirements and short-
comings (3.2) for specific stages such as production (3.2.1), operation
(3.2.3), maintenance (3.2.2), and end-of-life (3.2.4). It also highlights
assumptions, results, data gaps, shortcomings, and potential improve-
ments in existing LCIs.

3.1. LCA in aviation

Incorporating insights from industry experts, especially from aircraft
manufacturers, maintenance providers, and airline operators, holds a
big potential for improving completeness and representativeness for
LCIs. In aviation, LCA is a relatively new discipline, lacking sufficient
knowledge for providing data in a format suitable to build datasets. The
available information are often only provided in raw data. Above that, it
is not clear for suppliers what data is actually needed, as the industry is
used to assess key performance indicators for economic considerations,
which sometimes differ drastically to ecologically-driven parameters.

Indeed, LCA practitioners in industry often encounter challenges
with LCI data collection. In order to properly assess complex process
chains, they need to extensively review the raw data gathered from
suppliers and restructure such data. This is a highly resourceful and
time-expensive process, often overlooked by industry partners who hold
different understandings of aspects such as ecodesign and LCAs in gen-
eral. Initiatives such as the Digital Product Passport (DPP) hold the
potential of prompting efforts on product data traceability and avail-
ability (Gotz et al., 2022). Furthermore, DPPs provide primary, granular
data of a product over its life cycle, thus increasing LCA outcomes ac-
curacy given that LCIs would be built upon primary data rather than
secondary or generic data (Protokol, 2024; Haupt et al., 2024). The LCA
development in aviation industry has been tenuous in the last decades;
however, with raising environmental awareness, concepts such as eco-
design and Design for Environment (DfE) have become increasingly
relevant for different stakeholders, such as manufacturers, service pro-
viders, and operators (Boeing, 2023; Pigosso et al., 2013). In such
context, LCA represents a well-established tool for measuring impacts
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Fig. 2. The fore- and background data for the aircraft life cycle, with special focus on the MRO use-case. Foreground data are categorized into engine and airframe
(structure + components), whereas background data are obtained from LCI databases.

over the product’s life cycle for informed decision-making.

Both production and maintenance activities are highly dependent on
specific aviation alloys and materials, highlighting the relevance of data
enrichment efforts within LCI databases. Either taking a detailed
approach (e.g., component level) or a general perspective in
manufacturing and maintenance activities, LCA practitioners within the
aviation industry benefit greatly from upstream and downstream im-
pacts across process chains. Such impacts are provided by secondary
inventory data, usually in an aggregated manner.

As for research, Chester (2008) focused on various transportation
modes (i.e., air, rail, and road), employing a hybrid-LCA approach,
which integrates process-based LCA with EIO-LCA, connecting eco-
nomic outputs with environmental metrics. Lopes (2010) conducted a
cradle-to-grave assessment of an A330-200, utilizing foreground data
from the aircraft’s weight and balance manual along with confidential
airline data, and ecoinvent as the background database. Challenges in
obtaining detailed information for alloyed materials and Carbon Fibre
Reinforced Polymer (CFRP) production emphasize the importance of
representative inventories.

Dallara et al. (2013) introduced a streamlined LCA tool for multi-
disciplinary aircraft design optimization and compared results to pre-
vious LCA studies by Chester (2008), Lopes (2010), and Howe (2011).
For aircraft manufacturing and operation, the author utilized the
ecoinvent database and made assumptions regarding material compo-
sition and buy-to-fly ratio,’ acknowledging that these assumptions can
significantly impact the resulting environmental assessments. Jordao
(2012) compared the emissions of an A330-200 and B777-200 using
embodied CO2 emissions during manufacturing and maintenance and
COs-eq emissions during the operational phase. Lewis (2013) examined
flight scenarios for the A320, A330, and A380 models, including airport
construction and operation. The author compared results obtained by
process-based LCA (using ecoinvent as background database) and
EIO-LCA. Howe et al. (2013) primarily examined the breakdown of
materials and components examining the life cycle of an Airbus A320.
The study employed ecoinvent databases to characterize materials such
as aluminum, steel, and titanium. For CFRP and aviation biofuel pro-
duction, custom UPRs were built based on Duflou et al. (2009) and
Suzuki and Takahashi (2004).

! The weight ratio between the raw material (buy) used for a part and the
weight of the finished part (fly).

Cox (2018) performed an LCA of 72 common aircraft types for
different flight distances. The LCI for both airport construction and
aircraft production, operation, maintenance, end-of-life as well as fuel
production (kerosene) is built upon ecoinvent datasets, however these
are adjusted considering annual passenger data and scaled aircraft
operating empty weight for different production years (1970-2050). As
for aircraft operation, the exhaust emissions are based on EEA (2013).
Fabre et al. (2022) assessed an overall aircraft design using the A320 as a
reference, focusing on the manufacturing phase with data from Lopes
(2010), Verstraete (2012), Johanning and Scholz (2013), Jemioto
(2015). The ecoinvent database was used to consider the extraction and
transportation of raw materials. The study also addressed the opera-
tional phase, covering fuel production, combustion, and tyre and brake
wear from landing and takeoff.

3.2. LCIs for aviation: requirements and improvements

In the following sections, a summary of LCA research in aviation is
provided, along with detailed analyses of the different stages of the
aircraft life cycle (from production to end-of-life), and a discussion of the
specific data requirements and challenges for each stage, given their
distinct and intrinsic characteristics.

3.2.1. Production

The aircraft production phase is comprised of several key stages,
starting with the extraction of raw materials. These materials are then
transported to production sites, where various manufacturing processes
take place to create different components. Due to their high level of
complexity, strict regulations, and specific requirements, aviation ma-
terials are typically more expensive than those of other sectors (e.g., the
automobile industry) and require highly complex manufacturing
processes.

While the EIO-LCA method is applied using the aircraft and engine
parts manufacturing sectors (Chester, 2008; Lewis, 2013), other authors
(Lopes, 2010; Howe, 2011; Jordao, 2012; Lewis, 2013) focus on the
material breakdown of different aircraft components (e.g., structural
components and sub-assemblies) for the most common aviation alloys.
As for CFRP, custom UPRs were created based on various sources
(Duflou et al., 2009; Suzuki and Takahashi, 2004) since no activity
dataset was available at the time of the studies. On the other hand,
recent research (Cox, 2018; Fabre et al., 2022) utilizes the ecoinvent
aircraft production dataset, which provides a good basis for comparing
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transportation modes and conducting general studies. However, some
datasets of aviation-specific materials, such as special alloys, CFRP, and
Glass Fibre Reinforced Polymer (GFRP), lack adequate representative-
ness and represent potential for data enrichment efforts. In the
following, the main shortcomings regarding aircraft production in-
ventories are outlined and the motivation for enhanced datasets is
presented.

Alloyed materials. Aerospace materials are a core aspect of aircraft
component design and must meet strict requirements such as high
strength, lightweight characteristics, excellent corrosion resistance, and
high performance at wide temperature ranges. Different alloys are used
for various aircraft parts, such as the airframe, engine, and landing gear,
to meet specific mechanical requirements and environmental conditions
(Tech Briefs, 2019). The material generation of special alloys is highly
energy-intensive, particularly when compared to alloys used in other
industry sectors. Moreover, the manufacturing processes also represent
significant energy demand and are highly complex (e.g., blisk
manufacturing). Due to the lack of aviation-specific alloys, such as
aluminum, magnesium, nickel, cobalt, and titanium-based alloys, in
leading background databases, some researchers (Vinodh et al., 2017;
Fricke et al., 2022; Rahn et al., 2022) have created their own datasets on
material generation, considering the raw material composition and en-
ergy intensity.

Composite materials. In recent aircraft development, as seen in models
such as A350 and B787, there is a growing utilization for lightweight
composite materials such as CFRP and GFRP (Dolganova et al., 2022).
This trend allows for decreased fuel consumption compared to con-
ventional aircraft, which are predominantly constructed with metals.
Hence, a greater share of composite materials in aircraft manufacturing
has a high potential for reducing emissions during operation.

Fibre reinforced plastics consist of reinforcing fibres and a polymer
matrix that surrounds the fibres. Without the matrix material that sur-
rounds the fibres, the high specific strength and stiffness of the rein-
forcing fibres cannot be utilized (Melby and Castro, 1989). Typical fibres
used in aviation are carbon, glass, and aramid fibres. The matrix can be
thermoset, such as epoxy and phenolic resin, or thermoplastics such as
those from the polyaryletherketone family (Ogin et al., 2016). For some
applications such as interior linings and flooring, a metallic or polymeric
sandwich core is added. Bio-based materials, including natural fibres,
have been researched for years but have not yet been integrated into
commercial aviation (Bachmann and Yi, 2020). Recycled carbon fibres
are under consideration as a potential replacement for glass fibres in
interior linings or in secondary structures (Gardiner, 2014).

Due to the lack of primary data, the assessment of potential envi-
ronmental impacts from the production phase (cradle-to-gate) of com-
posite materials leads to considerable uncertainty. Available LCI data for
composites contain mainly information on energy consumption in
literature (Suzuki and Takahashi, 2005; Dér et al., 2021) or aggregated
data in commercial databases (sphera, 2022).

Most virgin carbon fibres produced today are made of a petrol-based
polyacrylonitrile precursor in continuous process including stabilisa-
tion, oxidisation, carbonisation, and surface treatment (Groetsch et al.,
2021a; Lengsfeld et al., 2020). While energy consumption is a main
influence on the comparatively high environmental impacts of virgin
carbon fibre production compared to other materials, most published
LCAs only include energy demand data and neglect other sources of
environmental impacts such as equipment, consumables, or direct
emissions (Suzuki and Takahashi, 2005). Due to confidentiality, primary
data are currently not available. Therefore, many studies use assump-
tions (Hermansson et al., 2019) or laboratory data (Dér et al., 2021)
instead. Within the example of virgin carbon fibre, a considerable range
of energy consumption data can be observed, differing in several orders
of magnitude (Dér et al., 2021). Further unclarity occurs due to the
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limited information on type of energy used, yield of conversion, emis-
sions (Groetsch et al., 2021b), and general uncertainty on which process
steps are included in the data.

Realistic LCI data are also rare for the production steps of composite
materials in aviation. Aircraft structures, roughly divided into interior,
primary, and secondary structures are produced in distinct processes.
Data for typical processes, e.g., automated fibre placement or autoclave
curing is rare (Ogugua et al., 2023; Atescan Yuksek et al., 2024). Fibre
cut-offs, consumable material, and tool preparation are only seldom
included (Silva et al., 2024). Equipment and direct process emissions are
usually neglected, leading to potential incomplete data. Proxy datasets
for composites containing CFRP produced by injection moulding are
present in leading databases such as ecoinvent (Notten et al., 2018a).
However, injection moulding, while utilized often in the composite in-
dustry in general, is not a typical production step for primary aircraft
composite-based structures. Therefore, global aircraft production
models have a high uncertainty based on missing data or proxy datasets,
leading to a potential over- or underestimation of environmental im-
pacts (Rahn et al., 2022; Vivalda and Fioriti, 2024; Lopes, 2010; Ver-
straete, 2012). An improvement of LCA databases regarding aircraft
structures is necessary and should contain the addition of transparent
and representative UPRs for typical materials and production steps.

3.2.2. Maintenance

Aircraft maintenance is often included in LCA in a simplified way,
with different methodologies such as EIO-LCA or specialized LCA da-
tabases leading to different results regarding the share of maintenance in
the total environmental impact. Several researchers (Chester and Hor-
vath, 2009; Facanha and Horvath, 2006; Krieg et al., 2012) have used
the EIO-LCA method to assess the environmental impact over the entire
life cycle of an aircraft. Other studies (Bicer and Dincer, 2017;
Su-Ungkavatin et al., 2023) have utilized specialized LCA databases, for
instance the ecoinvent database, which, however, provide data related
to airport maintenance rather than specifically to aircraft maintenance.
Generally, in the studies that have analysed maintenance, it was often
allocated to different life cycle phases and merged (usually together with
production or infrastructure), which led to a wide variation in the
magnitude of its contribution to the overall environmental impact and
therefore made the results difficult to compare (Rahn et al., 2022).

Further, some studies evaluated the environmental impact of main-
tenance based on the energy consumption of individual processes and
spare parts, where differentiating the resource consumption for main-
tenance from other airport or logistic operations proves difficult. While
this approach facilitates comparability under set conditions, none of
these methods allow a detailed investigation of specific maintenance
aspects. Due to the lack of specific data on aircraft maintenance activ-
ities, it is not feasible to evaluate the environmental impacts at, for
example, the component level. Hence, some LCA studies (Calado et al.,
2019; Liu, 2013) have deliberately omitted the analysis of environ-
mental impacts of maintenance activities. Lopes (2010), Lewis (2013),
and Cox (2018) simplified the MRO aspect considering only airport
maintenance.

This literature overview underscores the difficulties and un-
certainties associated with precisely capturing and examining the spe-
cific environmental impacts of maintenance activities in the aviation
sector. Although existing research has utilized a variety of methodolo-
gies and approaches to assess these impacts, there is currently no
comprehensive approach that enables a detailed analysis of MRO pro-
cesses. Moreover, comparing results from existing literature often proves
challenging, as maintenance in aviation is not always considered ho-
listically in studies, or the investigations vary depending on available
data and specific conditions. A more detailed literature review on LCA
studies regarding aircraft maintenance can be found in Rahn et al.
(2024).
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3.2.3. Flight operations

Many factors are relevant when determining the environmental
impact of flights. The first is the choice of fuel, which has to be produced,
distributed and stored before it can be burned. For conventional kero-
sene, there are already many datasets available in LCI databases, such as
GREET or the ecoinvent database. However, current research is partic-
ularly focused on advanced fuel types such as sustainable aviation fuels
or hydrogen (Mussatto et al., 2022; Fernanda Rojas Michaga et al.,
2022). For combustion, emission factors (Aihara et al., 2007; Chester,
2008) or data based on the European Environment Agency (EEA) and
European Monitoring and Evaluation Programme (EMEP) Inventory
Guidebook (Johanning and Scholz, 2013; Jordao, 2012) are often used.
However, a common challenge is to translate these results into non-CO5
impacts or other impact categories (Cox, 2018). Most studies often
divide the studied flights into different phases, such as the landing and
takeoff cycle and the cruise phase. This segmentation is done to relate
emissions to flight phases of different lengths, as the distance flown can
significantly influence environmental impacts.

The life cycle phase of flight operations receives by far the most
attention in current research, not least because the environmental
impact during the flight has the largest impact when considering the
contribution to global warming. However, non-CO-, effects play a major
role, especially in the cruise phase of flights. Unlike CO, emissions, non-
CO; effects depend on parameters such as the flight altitude and
geographical location. Due to distinct lifetimes and spatial de-
pendencies, non-CO3 induced climate change by aviation is not pro-
portional to COy emissions and are prone to significant uncertainty
(Scheelhaase et al., 2016). Covering flight operations with other metrics
or impact categories, apart from, for example, the Global Warming Po-
tential (GWP), is therefore still a major topic of discussion (Megill et al.,
2024).

3.2.4. End-of-life

Given the rising trends in air transport and the expected retirement
of aircraft within the next decade, the end-of-life phase is becoming
increasingly relevant for a comprehensive analysis of an aircraft life
cycle (IATA, 2024). Initiatives such as the Aircraft Fleet Recycling As-
sociation (AFRA) and the research project Process for Advanced Man-
agement of End-of-Life Aircraft (PAMELA) have prompted efforts on
aircraft end-of-life. The PAMELA project focused on recycling and
dismantling and aimed at developing and establishing the safe and
sustainable management of aircraft end-of-life. AFRA is a global network
of different sectors such as waste management, raw material production,
aircraft maintenance and manufacture, parts suppliers, and service
providers (Dwulet, 2016; Maaf, 2020). The PAMELA project demon-
strated components recyclability potential, i.e., between 80 and 85% of
an aircraft’s weight (Dolganova et al., 2022).

Most LCA studies (Chester, 2008; Jordao, 2012; Lewis, 2013),
however, do not cover this life cycle phase. Dallara et al. (2013) uses

Table 1
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automobile industry data to represent aircraft end-of-life, while the
analyses by Lopes (2010) and Howe et al. (2013) are based on Airbus’
PAMELA (Airbus, 2008).

End-of-life is intrinsically considered in studies by Cox (2018) and
Fabre et al. (2022), as both authors use the ecoinvent dataset to repre-
sent the aircraft production. The assumption employed is that all ma-
terials (aluminium, titanium, nickel, steel, and CFRP) are to be scrapped
during the end-of-life stage (Notten et al., 2018b). In addition, com-
posite materials pose challenges in end-of-life treatment due to their
complex composition. Recycling efforts for CFRP primarily focus on
carbon fibre, with pyrolysis being the established method (Oliveux et al.,
2015). However, recycled carbon fibres often undergo downcycling,
limiting closed-loop recyclability, especially in aviation (Hermansson
et al., 2022). Implementing end-of-life recycling credits requires careful
consideration due to limited data availability, highlighting the need for
further research.

Table 1 outlines the analysed LCA studies. In summary, the envi-
ronmental assessment of aircraft is an emerging field, with most studies
indicating that the operational phase has the greatest impact on the
entire life cycle. The manufacturing and flight operations phases are the
most thoroughly defined, whereas maintenance and end-of-life repre-
sent the greatest gaps in terms of life cycle coverage. Maintenance ac-
tivities are either partially included by considering only airport
infrastructure maintenance or not included at all. End-of-life is either
intrinsically examined via simplifications in LCI background datasets or
excluded from the scope. Most studies use process-based LCA with
ecoinvent as the LCI background database. The ReCiPe method
(Huijbregts et al., 2016) is the most commonly applied LCIA approach,
while SimaPro is the most frequently used LCA software, followed by
openLCA and Brightway?2.

Ultimately, the previous sections highlight the relevance of repre-
sentative LCI information. Even though industry and research face
different limitations regarding data collection and availability, the
shortcomings intersect to a certain extent. In industry, aspects such as
confidentiality, transparency and data gathering of highly complex
production chains and maintenance services currently represent the
biggest hindrance when conducting LCA within the sector.

As for research, for both aircraft production and maintenance,
datasets for special alloys and composite materials are either present but
with limited representativeness or not present at all. Even though the
flight operations phase is the major focus of LCA studies, the inherent
complexity of analysing both CO, and non-CO; effects and connecting
meaningful results with other impact categories poses a challenge to
LCA practitioners. At last, end-of-life is usually omitted from the scope of
most LCA studies due to lack of realistic LCI data. Most scenarios
consider complete disposal and dismantling of aircraft, which does not
accurately depict its end stage.

LCA studies in aviation, in which SNB and LNB stand for small narrow body and large narrow body, respectively.

Study Chester (2008) Lopes (2010) Dallara et al. (2013) Jordao (2012) Lewis (2013) Howe et al. (2013) Cox (2018) Fabre et al. (2022)
Aircraft type B737 A330 A330 A330,B777 A320, A330,A380 A320 SNB,LNB A320

Database N.A ecoinvent ecoinvent NA." ecoinvent ecoinvent ecoinvent ecoinvent

LCA Method hybrid P-LCA S-LCA S-LCA hybrid P-LCA P-LCA P-LCA

LCIA Method N.AG ReCiPe N.AC N.A.C ReCiPe ReCiPe ReCiPe ReCiPe

Software N.A SimaPro N.AC N.A. SimaPro SimaPro Brightway2  openLCA
Manufacturing @ [ ] [ ] [ [ J [ J [ J [ ]

Operations [ ) ] () ) ) [ ] [ ) [ )

Maintenance ) [ o ° [ o [ °

End-of-Life o [ ) o o ) o [

@included; @ partially included; onot included.
@ Hybrid LCA: P-LCA and EIO-LCA.
b C0O,-eq emissions per PKM.
¢ Streamlined-LCA.
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4. Improvements: MRO use-case

Maintenance is a pivotal aspect in reducing emissions. The vehicle
degradation tendency due to operations is avoided by timely and correct
maintenance. For instance, regular use of engine wash reduces the fuel
consumption, which in turn reduces the environmental impact of flights.
On the other hand, impacts can surface from different sources. Toxic
materials from aircraft servicing and maintenance in different checks
and MRO activities may be relevant for impact categories such as human
toxicity and ecotoxicity (Halpern and Graham, 2018). In addition,
energy-intensive activities during hangar operations are also present
through the overall aircraft life cycle and must be addressed. Despite the
relevance of maintenance when considering environmental impacts,
there is a lack of MRO datasets in background LCI databases, such as
ecoinvent, as the air transport datasets do not cover aircraft mainte-
nance yet (Rupcic et al., 2023).

Based on the identified gaps and challenges, the following will
demonstrate how an improved dataset can simplify the conduct of an
LCA by using the example of MRO activities of a conventional passenger
aircraft. Maintenance activities are a crucial component in an aircraft’s
life cycle, as they not only maintain the airworthiness of the aircraft but
also have the potential to continuously reduce ecological impact over its
entire life cycle through targeted measures. An example is the enhanced
fuel efficiency of the engine following an engine wash, which pays off
after just a few flights, both economically and environmentally (Rahn
et al., 2021). The MRO dataset will be exemplarily generated based on
calculations from Rahn et al. (2024) and examined from various per-
spectives, with the detailed LCI data available publicly in the same
source. The aim of this analysis is twofold: Firstly, to establish the
foundation of an MRO dataset for integration into LCI background da-
tabases, thereby making it accessible to other LCA practitioners.
Concurrently, the aim is to expedite a guideline for generation of un-
derrepresented LCI data, preparing them for implementation and use in
various LCA applications.

To assess the ecological impact of aircraft MRO, a top-down meth-
odology was utilized. The top-down approach focuses on various
maintenance checks that aggregate maintenance activities into MRO
packages. These packages vary in their level of detail, maintenance
duration, and execution intervals, and can differ depending on the
aircraft type or operational requirements. By employing the top-down
approach, general maintenance parameters over the aircraft’s entire
life cycle are calculated. These parameters can, for example, entail the
total duration an aircraft spends in maintenance during its service life or
the service life of specific equipment. Maintenance intervals for aircraft
components are determined by “whatever occurs first” principle
(Hinsch, 2019), based on time in operation, Flight Hours (FHs), Flight
Cycles (FCs), and the aircraft’s operational environment (high or low
outside temperatures, humidity, dust, and salt in the air). The overview
of the maintenance types and intervals can be found in the supple-
mentary material.

4.1. LCI dataset

The proposed LCI dataset is structured to encompass both airframe
and engine maintenance activities. These maintenance processes
involve various upstream activities, including energy consumption,
material usage, and resource utilization (e.g., water). The MRO opera-
tions are interconnected with existing datasets concerning aircraft pro-
duction, airport infrastructure, and kerosene production. In contrast, the
detailed Maintenance Planning Document (MPD) analysis, which serves
as a comprehensive guide for aircraft maintenance programs, including
specific task descriptions, execution times, references to technical
documentation, and required equipment, offers an insight into the
ecological impact at the component level. This allows for more advanced
analyses. The MPD provides granular data, enabling a more component-
specific evaluation of the ecological footprint. Since UPRs in background
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databases represent individual processes of human activities and their
respective exchanges with a higher level of data aggregation, the MPD
in-depth analysis is not applied to this study.

Through the integration into the transport dataset, the MRO activ-
ities are incorporated alongside other life cycle phases. This approach
provides calculations based on different FUs such as FC, FH, PKM as well
as for the aircraft entire lifetime, which are then translated into impact
categories during the LCIA phase. As illustrated in Fig. 3, the cumulative
LCI methodology aggregates environmental inputs and outputs across
the entire life cycle of a product or process. This cumulative approach
provides a comprehensive understanding of the environmental impacts
by considering all stages of the life cycle, i.e., in a cradle-to-gate
approach. It is reasonable to also divide the maintenance dataset into
different flight segments (from very short to very long haul). This seg-
mentation reflects the varying maintenance needs and ecological im-
pacts associated with different flight lengths and operational
characteristics. For simulation purposes, the A320 class is chosen as the
operating aircraft for all flight routes.

Generally, the maintenance efforts for commercial aircraft can be
categorized into three main areas: engines, airframe, and components.
These areas constitute the aircraft’s maintenance demands during its
operational life (Ackert, 2011). For the purpose of this analysis, airframe
and components are merged into a single category. During its opera-
tional life, engines undergo wear, stress, and fatigue, leading to lower
efficiency and reliability, and critical components such as the fan,
compressor, and turbine (referred to as Life Limited Parts (LLPs)) have to
be replaced at fixed intervals to ensure safety. Moreover, the aircraft and
engine are not necessarily coupled for their entire life span. This means
that an engine, after undergoing a detailed engine shop visit, can be
reassigned to another aircraft. Particularly safety-critical components
such as LLPs in the engine have defined life spans and must be replaced
at fixed intervals, leading to a high demand for newly produced parts.

Hence, the maintenance activities are divided into two types:
airframe (structure and components) maintenance and engine mainte-
nance. This division was chosen since the aircraft and engine are two
highly complex systems with different conditions that are challenging to
represent in a single dataset. Separating the airframe and engines also
allows for the representation of aircraft with varying numbers of en-
gines. Airframe maintenance includes line maintenance (daily, weekly,
and A-checks), base maintenance (C- and D-checks), and shop mainte-
nance (Auxiliary Power Unit (APU) and landing gear), whereas engine
maintenance is comprised of engine shop visit and LLPs exchanges. In
addition, materials and resources used in each activity are distinct for
airframe and engine MRO. For instance, composite materials are
extensively used for maintaining the aircraft airframe through its life
cycle, while engine parts and LLPs are generally comprised of special
aviation alloys (e.g., titanium, nickel, and steel).

The approach is elaborated in greater detail in Rahn et al. (2024) and
can be adapted to various operational scenarios. The LCA was conducted
utilizing the ecoinvent version 3.9.1 database, employing the allocation,
cut-off by classification system model (ecoinvent, 2023a). The Envi-
ronmental Footprint (EF) 3.0 LCIA methodology (Fazio et al., 2018) was
chosen as per recommendation provided by the European Commission,
given its robustness and recognition as a reliable framework to quantify
environmental performance (European Commission, 2024). The gener-
ated results are applied to various flight schedules in order to represent
the different hauls. The aircraft’s life cycle is simulated using
DLR-internal framework called Life Cycle Cash Flow Environment
(LYFE) for discrete-event simulation (Pohya et al., 2021). This tool al-
lows for aircraft life cycle simulation based on flight schedules and
maintenance needs and calculates the occurrence of individual main-
tenance activities throughout the aircraft life span. An average flight
distance for each flight category is assumed. For example, for very long
haul flights, the assumed distance is always set to 7000 km per flight
event, equivalent to the great circle distance between Frankfurt (FRA)
and Chicago (ORD). It is assumed that the flight schedule either starts or
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Fig. 3. The proposed MRO dataset is categorized into airframe and engine maintenance. The upstream processes comprise utilities, materials, and resources, which
serve as inputs to the MRO activities. The MRO UPR is utilized downstream by the transport activity. The inventory represents a cumulative LCI, i.e., it spans over the
product whole life cycle. Finally, the environmental impact results are calculated and translated into different impact scores based on existing LCIA methods.

(adapted from ecoinvent (2023b)).

ends at one of these airports. In addition, the obtained LCA results for
each maintenance check type (e.g., line, base, or shop) are then aggre-
gated and distributed according to its occurrence for each flight haulage.
The occurrence of maintenance activities for each flight distance
changes, e.g., aircraft operating in very short- or short-range networks
exhibit higher FCs due to shorter distances and more frequent flights,
whereas long- and very long-range routes present higher FHs due to
longer flights per cycle.

4.2. Results and Sensitivity Analysis (SA)

A summary of the results for each impact category can be found in
the supplementary material to this article. The MRO simulation for all
passenger-dedicated flights assumes a passenger capacity of 150, with
an average load factor of 80% and no cargo load. Table 2 presents the
climate change results [kgCOs-eq] for flights of varying duration,
ranging from very short to long hauls, considering a 25-year lifespan.
The flight range influences factors such as FC, FH, and the lifetime
distances of the aircraft. Here, a FC begins with the aircraft takeoff and
ends after its landing and usually represents the interval unit for LLPs
replacement, whereas FH comprises the actual hours flown by the
aircraft and triggers activities such as engine and APU shops (Ackert,
2011).

Lifetime distances are obtained by the product of the average flight
distances and the total number of flight cycles during the whole aircraft
operation phase. A PKM is a unit of measurement that represents the
transportation of one passenger over a distance of 1 km. It is calculated
by multiplying the number of passengers by the vehicle’s lifetime dis-
tance. Maintenance activities were assumed to predominantly occur in
Germany or, in cases where additional data was unavailable, within

Table 2

Europe.

Fig. 4 illustrates the results for the climate change impact category
per lifetime, PKM, FC, and FH for various flight distances. All mainte-
nance checks are performed during an aircraft lifetime, but at different
points in time. The frequency of such tasks is significantly influenced by
the aircraft’s utilization. The accumulated impact over the lifespan in-
creases as the total lifetime distance rises. Despite having the smallest
accumulated result, very short haul flights had the highest environ-
mental impact per FH due to shorter duration. Conversely, very long
range networks exhibited the highest environmental contribution per
flight cycle.

Since LCA is a relative approach structured around a FU (ISO,
2006a), to which all in- and outputs in the LCI and consequently the
LCIA profile are related, it is thus relevant to analyse the suitability of
such unit in this study. FCs can represent diverse routes ranging from
very short haul trips, e.g., Frankfurt to Munich, to very long haul flights,
such as Frankfurt (DE) to Chicago (US). Since FUs are reference units
and should represent the primary service provided by a product system,
the variability associated to FCs makes it unsuitable as a FU.

A more spread trend is observed in the climate change results per
PKM and FH, revealing distinctions between very short and short haul
and medium to very long haul flights. For distances between 500 km and
1150 km, the environmental impact per flown hour and per passenger
kilometre is exceptionally high when compared to longer distances
(from medium to very long haul). That is due to the larger amount of
flight cycles in shorter distance flights. For higher distances, the values
do not vary significantly, demonstrating a similar tendency for ranges
between 2750 km and 7000 km. In air transportation datasets and in
aviation, PKM is the most commonly used FU and considered a good unit
of comparison of the entire aircraft operation (Keiser et al., 2023). Since

Overview of results for very short haul (500 km), short haul (1150 km), medium haul (2750 km), long haul (4500 km), and very long haul (7000 km).

Flight haulage Lifetime distance [km] Climate change

[tCO2-eq./lifetime]

[kgCO2-eq./PKM] [kgCO4-eq./FH] [kgCO2-eq./FC]

Very short haul 17.76 x 10° 1531
Short haul 39.93 x 10° 1734
Medium haul 69.92 x 10° 2069
Long haul 90.73 x 10° 2298
Very long haul 100.42 x 10° 2601

0.57 x 1072 30.4 43.1
0.29 x 1073 24.0 49.9
0.20 x 1072 19.1 81.4
0.17 x 1073 18.5 114.0
0.17 x 1073 19.3 181.3




J. Albano et al.

Lifetime Distance

| | | | 120
o5l == Lifetime Distance 25-01
2 22.11 2
X ;/l H 100 S
g 20 1982 /'/ =
& 16.68 80 =
g d .
20 15 S
= H60  Z
I 1or H40 ¢
o 3
2 k5]
g 50 H20 =
5 052 0.87 0.88 1
=t / m— | ’—\‘ 0
500 1150 2750 4500 7000
Flight Distances [km]
(a)
Flight Hours
35 ‘ ‘ L L 160
== Flight Hours
E osop 24 140
\‘ ]
§ o5 31 1120 <
3 X
8 1100 =
éu; 20 - %3 178 18.5 " é
o 15 /'/ =
£ A 60 =
© 1w} *] 2
8 40 =
'E
N 20
O 1 0.9 0.8 0.7 0.7
0 — | — — — — 0

T T T T T
500 1150 2750 4500 7000
Flight Distances [km]

()

Cleaner Engineering and Technology 22 (2024) 100813

Passenger-Kilometre (PKM)

) 600 | | Il Il Il

S 554.99 —e— PKM 2
= 500) X
= 13 =
[ x4
= 400 a
g g
o) I 12 g
3 300 278.47 2 ;
20 =}
=3 ; E
o 200 18895 604 5
; / 1 go
% 100 [ o %
g o 1067) not) Jss2| e 6.64 o ~
= T T T T T

© 500 1150 2750 4500 7000

Flight Distances [km)]
(b)
Flight Cycles
180 L - — 7 40
. —o- Flight Cycles
g 160 |- H 35
w140 - o
g o H30 s
S 120 - X
g Hos —
20100 2
) 77.9 20 g
& 80f - &
) o (15 =
g 6o 18 =
“ o0

o 41.6 H1o =
g dor B
= = H 5

o 20 1.5 H 1.9 3.4 4.7 i

0 / ! = — 1 0

T
500 1150 2750 4500 7000
Flight Distances [km)]
(d

D0Engine  00Airframe ‘

Fig. 4. Climate change results [kgCO-eq.] per (a) accumulated lifetime, (b) PKM, (c) FH, and (d) FC.

FHs are relevant for life cycle phases as flight operations and mainte-
nance, but not so representative of production and end-of-life, PKM is
the recommended FU. It also allows for the connection to other UPRs
comprised in passenger transportation datasets, such as aircraft and
kerosene production.

Depending on the intended use and target audience, the necessary
level of data aggregation may change. For MRO and aviation-specific
applications, the differentiation between different flight distances is
relevant due to distinct frequency of maintenance checks. Modularity in
LCI datasets is especially valuable for LCA applications within aviation
(Rupcic et al., 2023). For sector-specific purposes, datasets for different
flight distances enable in-depth calculations given the granularity of
inventories. The distinction between different haulages becomes espe-
cially relevant due to the high climate change results per PKM in flight
schedules for very short and short haul networks.

On the other hand, for general LCA purposes, practitioners might
benefit from an aggregated dataset representing general maintenance
activities for passenger aircraft, i.e., a gate-to-gate UPRs, typically
average or representative models of product systems. Background LCI
databases require a balance between providing sufficient detail and
avoiding unnecessary complexity in data aggregation. Given that
background databases typically represent an average technology
description of activities of a given area, a dataset representative of
aircraft maintenance in Germany for aircraft operating medium-range
networks is proposed.

The main contributors are the energy consumption for hangars and
equipment operation, accounting for approximately two-thirds of the
overall results (Rahn et al., 2024). Consequently, these parameters are
considered key drivers and require closer examination through a
Sensitivity Analysis (SA). A local SA allows for assessing the behaviour
of a model when some input parameters are varied around a nominal

value. It takes a one-at-a-time approach, i.e., vary one input while
keeping the others fixed (Pohya et al., 2022).

Input parameters such as electricity for hangar operation (EASA,
2015; Department for Business, Innovation & Skills, 2016) and diesel for
Ground Power Unit (GPU) operation (Hydro Systems KG, 2024) are
interchangeably varied and fixed. Fig. 5 shows the respective change in
the output results in comparison to the baseline in a Aoutput vs. Ainput
visualization. The following impact categories are presented: Climate
Change (CC), Freshwater Ecotoxicity (FETP), Energy Carriers, Photo-
chemical Ozone Creation Potential (POCP), Ionising Radiation (IRP),
and Freshwater Eutrophication (FEP).

In terms of CC, changes in both input parameters reflect a slightly
small deviation in the output results. For GPU operations powered by
diesel, the greatest effect can be seen in the FETP, Energy Carriers, and
POCP categories. FETP is strongly affected by chloride emission to sur-
face water contributing to freshwater ecotoxicity (Miiller et al., 2019). In
addition, the extraction and use of diesel contributes to Energy Carriers,
given the importance of crude oil extraction and the fact that diesel is a
non-renewable energy source. Lastly, diesel fuels release volatile organic
compounds (VOCs) and nitrogen oxides (NOx) during combustion.
These substances are significant contributors to the photochemical
ozone creation potential (POCP) impact category (Derwent et al., 2007).
On the other hand, hangar operations are particularly based on the
German electricity mix. IRP is particularly impacted by nuclear power in
Germany, since the composition of the market dataset is valid for the
year 2014 (Reinert et al., 2021). At last, fossil-fuel-based power gener-
ation (e.g., coal, natural gas) contributes to nutrient overload in water
bodies, impacting freshwater systems, thus affecting the FEP category.

These findings illustrate how different energy sources and their
associated emissions affect different environmental impact categories.
In the context of aircraft maintenance, which is notably energy-
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Fig. 5. Sensitivity analysis of environmental performance. Dark green circles represent scenarios where the GPU operation is fixed and the hangar operation is
varied, while light green squares show results where the GPU operation is varied and the hangar operation is fixed, illustrating the effect of these parameters on the
output values. Results are presented for the (a) CC, (b) FETP, (c) Energy Carriers, (d) POCP, (e) IRP, and (f) FEP impact categories. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)

intensive, technological improvements that reduce the energy demand
of maintenance activities hold significant potential for advancing sus-
tainable aviation.

5. Discussion

Within aviation, the conduction of LCA is particularly hindered by
sector-specific LCI data limitations, e.g., maintenance and materials. The
results presented in the previous section indicate that the environmental
impacts of aircraft maintenance activities vary depending on flight
distances. Additionally, it is necessary to categorize MRO tasks into
airframe and engine maintenance owing to their distinct complexities
and characteristics. This dataset is derived from an in-depth analysis of
scheduled maintenance activities throughout an aircraft’s complete life
cycle, with variations observed based on the chosen flight distance
(Rahn et al., 2024). It holds potential advantages for end-users of
background databases, as it facilitates more comprehensive comparison
studies of different transportation modes or the environmental impact
share of maintenance across the overall aircraft life cycle (e.g.,

10

production, flight operations, or end-of-life).

Translating extensive and detailed foreground data into background
data requires comprehensive interpretation, assumptions, and hypoth-
eses consistent with the system boundaries. The level of data aggrega-
tion is a crucial aspect, varying depending on the intended purpose of
the study and the target audience. LCI background databases typically
represent average models of product systems, requiring a balance be-
tween providing sufficient detail and avoiding unnecessary complexity
in data aggregation. However, aviation experts and LCA practitioners in
the sector may require more disaggregated, detailed LCI data
(Thonemann et al., 2024). Particularly in the context of new aircraft
concepts, components may exhibit different maintenance requirements,
and potential burden shifting between different life cycle phases can
occur (e.g., from climate change to minerals and metals categories). For
that end, in-depth inventories are especially relevant when conducting
comparative studies.

Regarding the presented MRO use-case, our findings suggest that
airframe and engine maintenance should be separated due to differing
system complexities and operational life characteristics throughout the
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life cycle. For the intended use of general LCA studies, the authors
recommend the dataset aggregation representative of aircraft mainte-
nance activities in Germany for aircraft operating medium-range net-
works. For LCA applications within aviation, the distinction between
different haulages becomes especially relevant due to the high GWP
results per PKM in flight schedules for very short and short haul. Addi-
tionally, the most suitable FU was found to be PKM, as it remains rela-
tively consistent regardless of flight distance, unlike FC, which varies
significantly depending on haulage. Moreover, PKM is the most
commonly used FU in air transportation datasets, allowing for connec-
tion to other UPRs.

However, the study has limitations. Firstly, only routine and sched-
uled maintenance activities are within the scope of analysis, potentially
underestimating MRO events and environmental impacts by excluding
unscheduled maintenance events. Secondly, the disposal or recycling of
components, such as LLPs, is not considered, despite their complex
aviation alloys, making analysis of the end-of-life stage relevant for more
comprehensive results. Additionally, to maintain simplicity and avoid
infinite inventories or feedback loops, the system boundaries do not
include the manufacturing and maintenance of tools and equipment,
transportation within maintenance facilities, or impacts related to
maintenance staff. Lastly, the geographical representativeness of the
MRO dataset is limited to activities conducted in Germany, with a
smaller extent within Europe.

6. Conclusion and outlooks

Conducting LCA is primarily based on meaningful and accurate LCI
data. However, the aviation industry faces significant challenges
regarding the sensitivity and confidentiality of such data. This difficulty
arises from the complex nature of aviation operations and the pro-
prietary information involved. However, overcoming this challenge is
crucial for accurately assessing the environmental impacts of air trans-
port activities. In the industry context, LCA is a relatively new discipline
and most companies do not possess a deep level of expertise in the
subject yet, meaning that process LCI is usually provided in a rather raw
format, and LCA practitioners are required to extensively restructure
and review data, which is highly resource-intensive. Due to data sensi-
tivity and legal constraints, the data gathering process is especially
difficult. An alternative to such issue is the inclusion of data extracted
from patents, which are already used as indicators in fields such as
technological forecasting. Since aviation is a highly evolving and
changing field of application, future analysis with a prospective nature is
relevant, and for that end, the use of patents-extracted to build LCI
foreground data for LCA studies is thus applicable (Spreafico et al.,
2023). This approach is particularly relevant for novel technologies,
such as fuel cell and mild-hybrid aircraft, and could significantly
enhance future research when considering technology forecasting
(Thonemann et al., 2020).

In research, despite facing own issues with data collection and
awareness on the relevance of environmental assessments, researches
still most of the time underlie their own confidentiality regulations.
Initiatives as the Supply Chain Act in Germany (Federal Ministry for
Economic Cooperation and Development (BMZ), 2023) represent key
drivers for the future and aim to prevent, reduce or end any violation of
human rights and environmental obligations at any point in the supply
chain, including contractual partners, direct, and indirect suppliers.
Additionally, alternative strategies such as data aggregation can prove
effective. Aggregation involves the combining of data, such as summing
individual emissions into specific categories or merging processes into a
simplified UPR where only input and output flows are disclosed (Edelen
and Ingwersen, 2016).

Within this context, data enrichment plays a pivotal role in gener-
ating more meaningful and accurate LCA results. Special attention is
given to data shortcomings for aircraft maintenance activities. This
study delves into the process of generating aviation-specific LCI
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background data based on expert level primary data through an exem-
plary MRO use-case. The high flexibility of our aircraft life cycle simu-
lation tool allows for calculations of maintenance efforts for different
flight distances. Based on the study findings, dividing airframe and en-
gine maintenance is also needed due to different maintenance charac-
teristics and demands through the aircraft service life. For future, the
inclusion of end-of-life scenarios is beneficial to ensure completeness.
Additionally, enhancing the representation of special aviation alloys
such as aluminium, titanium, and nickel alloys, as well as fibre rein-
forced polymers, and characterizing energy-intensive maintenance
processes can improve results for LLPs. Linking the proposed MROs
dataset to downstream air transport processes can benefit other LCA
practitioners aiming for comprehensive studies.
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