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1. Introduction

The number of aircraft retirements has been steadily increas-
ing over the past few decades and is projected to continue rising
in the coming years [1, 2]. Currently, over 20% of the global air-
craft fleet is more than 20 years old and likely to be decommis-
sioned soon, with an average retirement age of 26.5 years [1].
Despite this, End-of-Life (EoL) scenarios for aircraft have been
largely neglected for a long time for a long time [3]. Indeed,
landfill disposal remains the most common EoL scenario for
decommissioned aircraft today [3]. However, this approach is
raising environmental concerns due to the risks of hazardous
material leakage and contamination of surrounding soils and
water [1]. In response to these concerns, alternative EoL scenar-
ios such as incineration, recycling and reuse are gaining atten-
tion. This shift is driven by emerging environmental regulations
for aircraft recycling [2] and the increasing global demand for
raw and secondary materials, which contrasts with the valuable
resources present in decommissioned aircraft [3].

Understanding the environmental impacts of these emerging
EoL scenarios is crucial. Currently, most aircraft reaching EoL

are from the 1980s to 1990s and contain high levels of metallic
components [4]. However, newer aircraft models like the Airbus
350 and Boeing 787 have significantly increased their use of
composite materials, which now make up to 50% of their total
structural weight [2, 4]. The technological options for recycling
these composite parts and materials represent one of the major
challenges and drivers of the aircraft EoL industry [2, 4].

This study aims to assess the environmental impact of sand-
wich composites used in aircraft cabin interiors over their en-
tire life cycle and compare the impacts of different EoL scenar-
ios, including landfill, incineration and recycling. The chosen
method for this assessment is Life Cycle Assessment (LCA),
as defined by the DIN 14040/14044 standards, which is used to
evaluate the environmental impact of a product or system across
its entire life cycle [5]. The LCA process includes four key
steps: Goal and Scope definition, Life Cycle Inventory (LCI)
Analysis, Life Cycle Impact Assessment (LCIA) and Interpre-
tation.

This paper is structured as follows: Section 2 outlines the
LCA methodology, inventory, and impact assessment methods.
Section 3 presents and interprets the results. Finally, Section 4
provides the conclusion and recommendations.
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2. Materials and Methods

This section outlines the LCA methodology used in this
study: Section 2.1 defines the goal and scope, Section 2.2 covers
the LCI preparation, and Section 2.3 details the LCIA method-
ology and impact categories.

2.1. Goal and Scope

The primary objective of this study is to evaluate the envi-
ronmental impact of an A321 cabin interior panel across various
life cycle stages and various EoL scenarios. Initially, the assess-
ment will consider landfill disposal as the baseline scenario.
Subsequently, the study will explore four alternative EoL op-
tions: incineration, mechanical recycling, thermal recycling via
pyrolysis and chemical recycling via solvolysis. Additionally,
a side analysis will consider a fifth scenario, which involves
reusing the panel. The environmental assessment will focus on
both the cabin interior panel ((using specificities given in Ta-
ble 1) and the entire aircraft, considering the full life cycle to
determine the panel’s cumulative environmental impact.

Table 1: Aircraft specifications.

Paramter Value Reference

Aircraft type A321 MaTiC-M project
Lifespan 25 years Rahn et al. [5]
Operational empty weight 48.5 t Airbus [6]
Cabin length 34.44 m Airbus [6]
Panel count in cabin 26 Own calculations
Panel weight 10.1 kg MaTiC-M project
Panel surface 7.9 m2 MaTiC-M project
Heavy maintenance 9 years From [7]

The subject of this study is the A321 cabin interior panel,
which includes two sidewall panels, two overhead storage com-
partments and a ceiling panel. This panel is made from a sand-
wich composite structure comprising a core, skins and a decora-
tive foil [8]. It is important to note that other components, such
as windows and brackets, are excluded from this assessment.
The cabin interior panel considered in this study is produced
in Germany. Consequently, a German electricity mix is used
for the production process to accurately reflect the local energy
conditions.

The functional unit for this study is defined as one complete
cabin interior panel, including all components listed above. The
system boundaries cover the cabin panel’s life cycle from raw
material extraction to transportation, manufacturing, and final
EoL disposal, excluding the use phase, assumed to have identi-
cal impacts across scenarios. This comprehensive approach en-
sures a thorough understanding of the environmental impacts
associated with each stage of the product’s life cycle.

2.2. Inventory Analysis

The LCI analysis forms the backbone of this study, captur-
ing essential inputs like raw materials and energy as well as

outputs such as emissions and waste. For this analysis, data
was primarily gathered from the MaTiC-M (Methods and Tech-
nologies for an intelligent Circularity of Materials) project, an
internal initiative at DLR focused on developing a holistic ap-
proach for design-for-circularity. When field data was not avail-
able, additional information was sourced from scientific litera-
ture, the ecoinvent database version 3.9.1 [9] and ESA LCA
databases [10]

Raw materials The interior panel analyzed in this study is
built using a sandwich composite structure consisting of sev-
eral layers: a decorative film made of tedlar foil, a honeycomb
core with a thickness of 5 mm composed of 20% aramid fi-
bres and 80% phenolic resin and outer skins on each side of
the core made from Glass Fibres Reinforced Prepeg (GFRP),
with a composition of 60% glass fibres and 40% phenolic resin.
Other components, such as windows and brackets, are excluded
from this assessment. The mass breakdown of the materials
used in the panel, as shown in Table 2, was primarily obtained
from the internal MaTiC-M project and supplemented with data
from the literature. The LCI data for glass fibres, phenolic resin
and polyvinyl fluoride were sourced from the ecoinvent 3.9.1
database and enriched with additional literature data [9]. For
aramid fibres, due to a lack of specific LCI data, nylon 6-6 was
used as a proxy [8] with further data adjustments made using
relevant literature.

Table 2: Material composition and mass breakdown of a cabin panel.

Materials Mass (kg) Distribution (%)

Glass fibres 5.01 49
Aramid fibres 0.42 4
Phenolic resin 4.32 44
Polyvinylfluoride 0.36 3
Total 10.1 100

Manufacturing The manufacturing process for the cabin in-
terior panel consists of several key steps as described in Fig-
ure 1: producing the GFRP and honeycomb core, forming the
sandwich composite and applying the tedlar foil. The GFRP
is made by combining glass fibres with a resin matrix. The
LCI data for this process comes from studies [11–14], which
cover the production of glass fibres and prepreg. The honey-
comb core is manufactured with aramid paper using the expan-
sion process, where sheets of aramid paper with adhesive lines
are cured, expanded into various cell shapes and trimmed to the
desired dimensions [15]. The LCI data for this was obtained
from [8, 11, 16, 17] and the ESA database. The sandwich com-
posite is then formed by combining the GFRP with the hon-
eycomb core. LCI data for this process was sourced from [8],
detailing the material combination and curing steps needed for a
lightweight composite. Finally, tedlar foil is applied to the sand-
wich composite to provide a protective and decorative layer.
The LCI data for this step was sourced from [17].

Transport This life cycle phases for this study includes
several stages. First, the materials used for manufacturing the
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Fig. 1: Manufacturing process diagram adapted from [8].

cabin interior panel are transported by road from the suppliers
to the manufacturing plant, with an estimated distance of 200
km. Additionally, waste generated throughout the manufactur-
ing process and at the EoL stage of the panels is also trans-
ported by road. The estimated distances for waste transport,
based on [18], are 100 km for landfill, 200 km incineration and
300 km for each of the three recycling scenarios. The reuse sce-
nario is the only EoL option that does not require transportation.
To model the transport of materials and waste, freight transport
was assumed to be conducted using a lorry with a gross vehicle
weight of 16–32 metric tons and meeting the Euro III emissions
class.

End-of-Life Cabin panels are replaced every 6–12 years
during heavy maintenance or when the aircraft is decommis-
sioned (after 25 years) [7, 5]. Four EoL scenarios are analyzed:

a) Landfill (Baseline): this is the most common method for dis-
posing of decommissioned aircraft materials, where the pan-
els are buried in a landfill.

b) Incineration with energy recovery (scenario 1): panels are
burned in a controlled environment to reduce waste volume
and recover energy. Credits are given for avoiding energy
production by recovering energy from the incineration pro-
cess.

c) Recycling scenarios: given that both the GFRP and aramid
honeycomb components of the panels are made with pheno-
lic resin, a thermoplastic resin, several recycling methods are
explored:
• Mechanical recycling - Scenario 2: this method in-

volves physically grinding the composite materials into
smaller particles that can be reused in other applications.
A credit is assumed for avoiding virgin material produc-
tion, with recycled fibers considered at 70% of virgin
fiber quality.
• Thermal recycling via pyrolysis - Scenario 3: in this

method, the panels are subjected to high temperatures in
an oxygen-free environment, breaking down the materi-
als into basic compounds that can be reused. Here too,
credits are assumed for avoiding virgin material produc-
tion.

• Chemical recycling via solvolysis Scenario 4: this pro-
cess uses chemical solvents to break down the composite
materials into their constituent components, which can
then be separated and reused. Here too, credits are as-
sumed for avoiding virgin material productions.

d) Reuse - Scenario 5: panels that are still in good condition
are reused after replacing the decorative foil, extending their
life cycle.

The LCI for each scenario was modeled to assess the envi-
ronmental impacts of EoL processes. For landfill, incineration
and recycling, the initial step is grinding the sandwich compos-
ite panels for size reduction, as described by [19]. In recycling
and reuse scenarios, the tedlar foil is dismantled first, as per Vi-
dal et al. [8] methodology. Incineration is modeled using meth-
ods from [18, 20, 21], while recycling follows the approaches
of [18, 20–22]. The reuse scenario is based on Vidal et al. [8]
approach.

2.3. Impact Assessment

The LCA calculations in this study were performed using the
open-source, python-based Brightway2 framework [23], with
the Environmental Footprint (EF) 3.1 method [24] applied for
the LCIA. Table S1, in the supplementary material, lists the se-
lected impact categories of this methodology as well as their
indicators and units.

3. Results

This section presents the environmental impacts of the cabin
interior panel across its life cycle stages: Section 3.1 evaluates
a single panel, Section 3.2 compares EoL scenarios, and Sec-
tion 3.3 examines its cumulative impact over the aircraft’s life
cycle.

3.1. Environmental Impact of a Single Cabin Panel

Figure 2 illustrates the environmental impacts of various life
stages of the product, focusing on raw materials, manufactur-
ing, transport, and landfill as the EoL scenario. The raw ma-
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Fig. 2: LCA results for the cabin interior panel across all impact categories and life cycle phases.

terials phase is the primary contributor in categories such as
Climate Change (CC) (53.1%), Resource Use, Minerals and
Metals (MM) (59.5%), and Freshwater Ecotoxicity (FETP)
(62.6%), highlighting the environmental burden of material ex-
traction and processing. The manufacturing phase shows signif-
icant contributions across several categories, particularly Par-
ticulate Matter (PM) (73.6%) and Land Use (LU) (72.3%).
These results emphasize the energy-intensive nature of compos-
ite production processes. The transport phase contributes min-
imally to the overall impact, with values below 2% in all cat-
egories, such as CC (0.4%) and Photochemical Ozone Forma-
tion (POF) (1.8%), reflecting its relatively minor influence. The
EoL phase, represented by the landfill scenario, has negligible
impacts, contributing 0.1% across most categories. Comparing
these phases reveals that raw materials and manufacturing dom-
inate the environmental footprint of the cabin interior panel.
This underscores the importance of addressing these stages to
reduce environmental impacts. Additionally, exploring alterna-
tive EoL scenarios, such as recycling or incineration, could fur-
ther mitigate the environmental burden by promoting material
recovery and reducing the need for virgin resources.

56%

37%

7%
a)

64%
32%

4%
b)

91%

7%
2%

c)

GFRP Aramid honeycomb Tedlar foil

Fig. 3: Material impact share by category: (a) Climate Change, (b) Freshwater
Ecotoxicity, and (c) Minerals and Metals.

Figure 3 compares the environmental impacts of the three
materials used in the cabin interior panel — GFRP, aramid
honeycomb, and tedlar foil — across three impact categories:
CC, FETP, and MM. These categories were chosen for their
broad relevance and implications [25, 26]. GFRP has the high-

est environmental impact in all three categories, accounting for
91% of the total impact in MM, 56% in CC, and 64% in FETP.
Aramid honeycomb shows lower impacts, contributing 37% to
CC, 32% to FETP, and 7% to MM. However, the LCI data
for aramid honeycomb was incomplete, using a proxy from the
ESA database. Consequently, its actual impact, particularly dur-
ing the expansion stage, might be higher. Tedlar foil has the
smallest impact, contributing 7% to CC, 4% to FETP, and 2%
to MM. The mass breakdown of the panel — 7.9kg of GFRP,
2kg of aramid honeycomb, and 0.33 kg of tedlar foil — aligns
with the impacts. GFRP, the heaviest component, drives most
impacts, while aramid honeycomb and tedlar foil, with smaller
masses, contribute less, reflecting their minimal usage.

3.2. Comparison between End-of-Life Scenarios

The results shown in Figure 4 compare the baseline scenario,
which is landfill, with other EoL scenarios, including incinera-
tion, mechanical recycling, thermal recycling, and chemical re-
cycling, across various environmental impact categories. In the
baseline scenario, all impacts are normalized to 1, serving as
the reference point for comparison. Incineration shows a mixed
impact compared to the baseline. For instance, CC is slightly re-
duced by 2.1 times and Ozone Depletion Potential (ODP) by 2.3
times. However, certain categories like PM see a slight increase
of 0.6, indicating that while incineration can reduce some envi-
ronmental impacts, it may exacerbate others. Mechanical recy-
cling demonstrates the most significant reductions across nearly
all categories. For example, CC is reduced by 3.3 times and
ODP by 32.0 times. In terms of resource conservation, MM
sees a reduction of 86.7 times and Water Use (WS) by 35.0
times. These results highlight mechanical recycling as the most
effective strategy for minimizing environmental impacts, par-
ticularly for pollutant emissions and resource usage. However,
mechanical recycling of the sandwich composite can produce
hazardous dust, requiring proper controls and further research
to mitigate health risks. Thermal recycling shows substantial re-
ductions in some categories, such as MM, which decreases by
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Fig. 4: Comparison of environmental impacts (normalized to 1) across EoL scenarios for cabin interior panel.

172.7 times, but it increases impacts in others, like ODP, which
rises by 11.6 times. This suggests that while thermal recycling
can significantly reduce resource-related impacts, it may in-
crease emissions in other categories. Chemical recycling shows
moderate reductions across most categories, such as a 6.9 times
decrease in Human Toxicity, Cancer (HHC) and a 16.9 times
reduction in Human Toxicity, Non-Cancer (HHNC). However,
it causes a 21.9 times increase in Ionising Radiation, Human
Health (IR), highlighting that while chemical recycling reduces
certain impacts, it increases those related to energy consump-
tion.

Table 3: Impact reductions for landfill and reuse scenarios.

Impact category Reduction (%)

CC (kg CO2-eq) -58%
FETP (CTUe) -68%
MM (kg Sb-eq) -68%

Aircraft cabin panels are typically replaced every six to
twelve years during heavy maintenance or when the aircraft
is decommissioned after about 25 years. A fifth scenario, in-
volving panel reuse, was considered in the study but analyzed
separately since the reuse of composite materials has not been
proven viable due to inspection and repair challenges. The reuse
scenario is based on [8], where only the tedlar foil is disman-
tled and replaced. The focus is on three environmental cate-
gories: CC, FETP and MM. The results, presented in Table 3,
show a reduction of 58% for CC, 68% for FETP and 68% for
MM when switching from landfill to reuse. These significant
improvements align with the expected reductions in resource
extraction and waste generation through reuse.

3.3. Cumulative Impact Across Aircraft Life Cycle

The results, presented in Table 4, of the CC impact com-
parison between the aircraft cabin interior and the entire air-
craft reveal that the cabin interior has a relatively small contri-
bution to the overall environmental impact. The total climate
change impact of a single cabin interior panel is approximately
457 kg CO2-eq. When scaled up to account for the entire air-
craft cabin interior over its full life cycle, this impact increases
to 35,660 kg CO2-eq. However, when compared to the total
climate change impact of the entire aircraft, which amounts
to 735,272,408 kg CO2-eq as reported by Rahn et al. [5], the
cabin interior’s contribution represents only 0.005% of the over-
all impact. This indicates that while the cabin interior plays a
role in the aircraft’s environmental footprint, its impact remains
marginal when viewed in the context of the entire aircraft’s life
cycle. Recycling cabin panels remains relevant, given their fre-
quent replacement, as it supports circular economy principles,
reduces waste, and mitigates resource burdens. Given that the
cabin interior represents approximately 0.55% of the aircraft’s
total weight, this significant reduction in contribution to CC im-
pacts is not surprising, as the flight operations of an aircraft ac-
counts for over 99.70% [5] of its total environmental impacts in
terms of climate change.

Table 4: Climate change impacts: cabin interior vs. total aircraft.

Impact category CC (kg CO2-eq)

Single cabin interior panel 457
Entire aircraft cabin interior 11,887
Aircraft cabin over aircraft’s lifetime 35,660
Total aircraft lifetime [5] 735,272,408
Cabin share over aircraft’s lifetime 0.005%
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4. Conclusion

Although the EoL phase under landfill shows low impacts,
considering alternative EoL scenarios could address challenges
such as emerging environmental regulations for aircraft recy-
cling and the increasing global demand for raw and secondary
materials. The environmental impact analysis reveals that me-
chanical recycling is the most advantageous for reducing the
environmental footprint of aircraft cabin interior panels, signif-
icantly lowering emissions and conserving resources. Inciner-
ation also offers reductions, particularly in CC and ODP, al-
though its effectiveness varies across other impact categories.
Chemical and thermal recycling present mixed results. Chem-
ical recycling reduces impacts in several areas but increases
others, while thermal recycling shows both improvements and
setbacks, primarily due to limited industrial implementation.
Reuse of cabin panels shows benefits but faces challenges re-
lated to material inspection and repair. These findings align
with previous studies, confirming the dominance of raw mate-
rial and manufacturing phases while providing new insights into
EoL scenarios for aircraft cabin panels. Although the cabin in-
terior’s overall impact is minor compared to the full aircraft life
cycle, enhancing EoL strategies remains essential for improv-
ing sustainability. Moreover, the growing interest in biocom-
posites presents a promising opportunity. Biocomposites, with
their sustainable material profiles, could simplify the manage-
ment of EoL scenarios, offering more effective and environmen-
tally friendly solutions. This study’s limitations include exclud-
ing the operation phase and lacking comparison with existing
EoL studies, highlighting the need for future research. Embrac-
ing these emerging materials and innovative recycling methods
will be key to advancing aircraft component sustainability.
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