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Abstract
As climate change intensifies and existing resources are depleted, the need for sustainable industries becomes more important.
The aviation industry is actively addressing environmental concerns by enhancing fuel efficiency and adopting lighter mate-
rials, especially carbon fibre composites. Research has proven that the use of carbon fibre composites provides cumulative
benefits in reducing fuel consumption over the entire life cycle of an aircraft. However, existing studies are lack of a com-
prehensive exploration of the diverse impacts associated with composite manufacturing processes and recycling methods. To
address this gap, a comparative life cycle assessment analysis covering thematerials’manufacturing, operation, and end-of-life
phases is conducted. This analysis includes aluminium alloy and five different carbon fibre composite materials produced with
varied constituents and manufacturing methods. Composite manufacturing processes, encompassing carbon fibre production,
resin selection, and composite manufacturing methods, are considered. Weight savings based on the mechanical properties
of utilised composite type are also taken into account. Results highlight the potential to mitigate the environmental impact of
composite materials through strategic choices in constituent types, manufacturing processes, and disposal scenarios. More-
over, break-even distances indicate that aluminium becomes more environmentally detrimental than the analysed composite
structures beyond a flight distance of 300,000 km.

Keywords Life cycle assessment (LCA) · Aviation emissions · Carbon fibre reinforced plastics (CFRP) · Aerospace
manufacturing

1 Introduction

The aviation industry is becoming increasingly aware of the
issues related to global warming and environmental pollu-
tion caused by the extensive use of fossil fuels. As a result,
there is an urgent need for the industry to adapt and propose
solutions that not only meet the growing market demand for
performance but also minimise the impact on the planet and
society. The projected rise in air transport over the next few
decades poses a challenge due to its potential environmental
consequences. Airbus predicts an annual growth of 3.6% in
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passenger traffic over the next 20 years, based on the Com-
pound Annual Growth Rate from 2019 to 2042 [1]. Despite
the rising demand for air transportation, the aviation sector
is actively developing promising technologies to reduce its
environmental footprint and achieve the CO2 reduction tar-
gets by 2050.

Heading towards a more sustainable aviation future,
the International Air Transport Association (IATA) has
introduced a ‘four-pillar strategy’, comprising improved
technology, more efficient aircraft operations, infrastruc-
ture improvements, and positive economic measures [2].
Aligned with these strategies, various studies have been con-
ducted on sustainable aviation fuels (SAF) [3, 4], operational
improvements [5], new technologies [6] and aircraft configu-
rations [7, 8]. Among these, reducing emissions comes from
the fuel consumption holds the greatest potential accord-
ing to the IATA strategy [9]. While the development of
SAF represents one approach, constructing fuel-efficient air-
craft through technological advancements, novel materials,
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and operational practices is another method to reduce fuel
consumption. With this purpose, lightweighting aircraft
structures stand out as an effective approach [10]. Advanced
composite materials, particularly those centred on carbon
fibres, have captured the industry’s interest for producing
lightweight and high-performance components. The impres-
sive strength-to-weight ratio of carbonfibre reinforcedplastic
(CFRP) composites allows for the creation of lighter and
more efficient designs, consequently leading to a decrease
in fuel consumption [11–14]. Due to this surge in demand,
particularly in lightweight applications, the global com-
posite market has expanded, reached a valuation of USD
95.89 billion in 2020, and is projected to reach USD 160.54
billion by 2027 [15]. Nevertheless, the substitution of con-
ventional materials such as steel or aluminium alloys with
CFRP composites can introduce various challenges. These
include increased energy consumption, higher environmen-
tal impacts during the manufacturing phase, and reduced
recyclability of the materials at the end of their product life
cycle [16]. Consequently, conducting a comprehensive inves-
tigation is crucial to assess the replacement of traditional
materials with CFRPs, examining the environmental impacts
associated with rawmaterial production, manufacturing pro-
cesses of CFRP components, emissions during the use phase
of the components, and end-of-life (EoL) scenarios.

Several studies in the literature have investigated the effec-
tiveness of CFRP composites in reducing fuel consumption
and, ultimately reducing the environmental impact of aircraft.
In [17], a life cycle assessment (LCA) study was conducted
to compare aluminium 2024 alloy, CFRP composite and
GLARE (glass fibre and aluminium laminate). CFRP and
GLARE demonstrated weight savings of 20% and 10%,
respectively. The findings indicated that both lightweight
CFRP composite andGLAREcontribute positively to overall
emissions savings, leading to significant reductions in fossil
fuel consumption and subsequentCO2 emissions. Similarly,
another study [18] compared CFRP composite with 20%
weight reduction to aluminium, considering two scenarios
for aluminium with different buy-to-fly ratios. Recycled alu-
minium was used for both cases, with buy-to-fly ratios of 1:1
and 8:1 being defined. Even in a scenariowith a 1:1 buy-to-fly
ratio and 100% recycled aluminium, CFRP was found to be
preferable. These results highlight that carbon fibre compos-
ites offer cumulative savings in reducing fuel consumption
throughout the entire life cycle of an aircraft. However, it is
important to note that these studies did not account for vari-
ations in the environmental impact resulting from different
manufacturing methods of CFRP composites, such as resin
transfer moulding (RTM) and injection moulding.

Numerous studies have shown that the manufacturing of
CFRP composites is an energy-intensive process with a sub-
stantial environmental impact compared to aluminium [19].

The production of carbon fibre from polyacrylonitrile (PAN)
contributes significantly to energy consumption during the
manufacturing process [20]. Additionally, energy consump-
tion in the manufacturing process of CFRP composites,
including fibre and prepreg production, varies significantly
(see Table 3) [19, 21]. Several studies have conducted a
comparative LCA study on variants of CFRP manufacturing
methods. In [22], low-pressure RTM, compressionRTM, and
high-pressure RTM processes were compared. A compara-
tive LCA analysis between pressure bag moulding and bag
moulding with an autoclave for manufacturing car compo-
nents in CFRP was carried out in [16]. These studies provide
insight into the environmental impact of the analysed meth-
ods, but they are limited to a fewmanufacturing methods and
do not take into account the impact of different rawmaterials.

The majority of these studies have utilised an aver-
age weight saving for CFRP composites. However, the
weight-saving ratio can vary depending on the mechanical
requirements of the structure, as well as the strength and
density of the specific CFRP composite type used [23].

In addition to the manufacturing phase, EoL disposal of
CFRP composites is another aspect that needs to be taken into
consideration. Unlike aluminium, which is more easily recy-
clable, CFRP requires specialised disposal processes [24].
Advanced composites typically utilise a thermoset polymer
matrix, such as Epoxy,which presents challenges for conven-
tional recycling methods, resulting in limited recyclability
[25]. The common and cost-effective disposal method for
CFRP is landfilling but this method is not considered envi-
ronmentally friendly, prompting both the US and the EU to
regulate and restrict the use of this method. [26, 27]. Addi-
tionally, landfilling does not allow for the recovery of the
energy used in creating the composite materials. Incineration
offers energy recovery by burning composites at high tem-
peratures, converting embodied energy into usable energy.
However, it generates emissions and ash, posing environ-
mental concerns and subject to regulations and restrictions
in some countries [28].

To address these challenges, various approaches have
been explored to minimise the environmental impact of
CFRP waste, including mechanical recycling, pyrolysis, and
solvolysis [13]. Mechanical recycling, or size reduction,
involves a shredding technology to break the composite into
smaller pieces. After an initial size reduction, the material is
grounded in a hammer mill and graded into different lengths
through sieving [29, 30]. This method is the simplest and
relatively inexpensive approach, but it results in lower qual-
ity and discontinuous fibres. Pyrolysis is a heating process
without the presence of oxygen that breaks down the poly-
mer matrix into smaller molecules, allowing the fibres to be
recovered [31]. Solvolysis uses solvents or enzymes under a
certain combination of temperature and pressure to break
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down chemical bonds in the polymer matrix and release
the fibres [32]. While studies on CFRP composite recycling
methods exist, their consideration in the LCA of CFRPs is
often overlooked and should be incorporated into studies
comparing the environmental impact of CFRP with other
metal materials.

Overall, several specific research gaps have been identi-
fied from the literature review. First, the majority of LCA
studies did not account for variations in the impact of differ-
ent manufacturing methods. While certain studies touch on
a few methods, a comprehensive consideration of raw mate-
rial types is lacking. Second, an accurate assessment of the
weight-saving ratio, depending on the mechanical require-
ments of the structure, and the strength of the specific CFRP
composite type, is missing. Third, there is a notable absence
of specific LCA studies that incorporate EoL scenarios into
overall life cycle assessments. Consequently, it is crucial to
conduct a thorough evaluation of the environmental impact of
CFRPcomposites. This should encompass diverse composite
manufacturing processes, including carbon fibre production,
resin selection, and composite manufacturing methods. The
assessment should also consider changes in weight savings
based on the particular CFRP type utilised and incorporate
EoL scenarios.

The primary objective of this study is to address the gaps
in discussions related to the selection of various material
constituents and manufacturing methods, weight savings of
different composite types, and the inclusion of composite
recycling methods. To accomplish this, the environmen-
tal impacts of an aircraft component are compared using
six different material and process combinations, including
aluminium as the base material and five different CFRP
composites. A comparative LCA is conducted, covering
manufacturing, operation, and EoL phases of the material
types, to determine the most environmentally friendly option
throughout its entire life cycle. The report begins with an
explanation of the material and process options and follows
the same methodology flow as the LCA study. Inventory
data, including the energy demand of each material and pro-
cess option, is obtained from databases and literature. The
environmental impacts of the six options and the break-even
distances (in kilometres) of the CFRP and aluminium com-
ponents are evaluated based on their CO2eq emissions.

2 Materials and processes

The six options were selected based on the usage area, which
is a commercial aircraft wing skin for this study. The main
material groups used in aircraft construction are steel, alu-
minium alloys, titanium and fibre-reinforced composites.
Since the product analysed for the study is a wing skin,

aluminium and fibre-reinforced composites are the defined
material groups. aluminium is a widely used material for
fabricating wing skins, and in this study, it is analysed as a
referencematerial for evaluating the environmental impact of
other materials. The other options are fibre-reinforced com-
posite materials, made from carbon fibre (CF). The options
considered in the study aim to evaluate and compare the
emissions produced during the manufacturing of different
CF composites. Non-crimp fabric (NCF) CF, carbon fibre
sheet moulding compound (CFSMC), woven CF and CF
prepreg are the CF fabric variants evaluated. NCFs differ
from woven fabrics by a stitching material (polyester yarn)
that is introduced to bind a number of unidirectional straight
layers without tow crimp. This continuous fibre structure of
NCFs results in improved strength, stiffness and fatigue life
compared to woven fabrics [33]. CFSMCs are a type of dis-
continuous fibre-reinforced composite material that offers
improved formability compared to woven fibre composites,
due to the use of short fibres. This makes them a pop-
ular choice for manufacturing complex-shaped parts [34].
Prepreg is widely used in the aerospace industry since it pro-
vides a more consistent product with low porosity and high
fibre volume fraction.However, prepreg has a shelf life due to
pre-impregnated resin and needs to be stored within a sealed
bag in a freezer which requires extra energy compared to dry
fabrics. For the polymer matrix, in addition to the Epoxy, the
commonly used polymer matrix in the aerospace industry, a
thermoplastic matrix Nylon 6 (PA6) is also considered for
its recyclability properties. Another modified polymer type,
Vinyl Ester is used for its material properties. As manufac-
turing processes, injection moulding and wet compression
moulding are included in the study.

The product analysed for the study is wing skin charac-
terised by dimensions of 11.4m by 1.18m and a mass of
122kg, fabricated from aluminium 7075. Due to the unavail-
ability of specific data regarding the geometric properties
of the structure, the section is simplified to a uniform panel
shape for the purpose of determining an average uniform
panel thickness. The calculationof the averageuniform thick-
ness of the aluminium wing skin panel is executed based on
the mass and dimension parameters of the wing skin, as well
as the density of aluminium 7075. As a critical design param-
eter for thewing skin, it is assumed that the component should
maintain a specific bending stiffness. Since the mechanical
properties are different for each material under examination,
the thicknesses of the wing skins for the various compos-
ite materials are computed by referencing the thickness of
the aluminium wing skin as a baseline. The determination
of panel thickness is accomplished through the utilisation
of Eq. 1 [35], where t is the thickness of the panel [mm],
E the Young’s Modulus of the material [GPa], y the maxi-
mum allowed deflection of the panel which is same for each
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Table 1 Material properties and calculated thickness and mass of the panel

Material options Weight percentage Young modulus Thickness of the wing skin Mass of the wing skin
Fibres Matrix [GPa] [mm] [kg]

Aluminium 0% 100% 69 3.24 122

CFPA6 Inj. Mould 40% 60% 25 4.54 89

NCF CF Epoxy 63% 37% 70 3.22 67

Woven CF Epoxy 61% 39% 48 3.66 77

CFPA6 Prepreg 57% 43% 44 3.76 81

CFSMC Vinyl Ester 60% 40% 35 4.06 77

material, α a constant depending on the length-to-width ratio
of the panel, q the load per unit area [N/mm2], and b thewidth
of the panel [mm].

t = 3

√
αqb4

Ey
(1)

Based on the dimensions and the calculated thickness of
the wing skin, the required mass of each material option is
determined using the density of the chosen materials. The
properties of materials and the calculated thickness and mass
of the panel for each material are listed in Table 1. After the
calculation of the mass of each panel, the mass of the con-
stituent materials for each variant is calculated. Calculated
amounts and embodied energy of each constituent material
are given in Table 2.

3 LCA of wing skin panels

3.1 LCA software andmethodology

Life cycle assessment (LCA) is a systematic approach to
evaluate the environmental impact of a product or service
from its inception to its disposal. It takes into account all
the stages of a product’s life cycle, including the extraction
of raw materials, production, use, and disposal. The goal of

LCA is to improve the sustainability of products and ser-
vices by identifying the key areas of impact. By providing a
comprehensive view of a product’s impact, LCA can inform
decisions about the design, production, use, and disposal of
products in away that can prevent problem-shifting andmake
interventions more effective. To conduct an LCA in a con-
sistent and transparent manner, ISO 14040 and ISO 14044
standards were published in 2006 and are widely used as a
reference for conducting LCA [36]. These standards provide
a framework for conducting LCAs and ensure that the results
of an LCA are reliable, comparable and can be used to make
sound decisions.

A comparative LCA study was conducted on six differ-
ent wing skin panels with aluminium and CFRP options.
The LCA was performed utilising SimaPro 9.2 as a soft-
ware tool and the Ecoinvent 3 as a supporting inventory
database. Ecoinvent is a database that contains industrial life
cycle inventory (LCI) data on a wide range of products and
processes. The data in Ecoinvent is based on detailed LCAs
of various systems and includes information on energy sup-
ply, resource extraction, material supply, chemicals, metals,
agriculture, waste management services, and transport ser-
vices. For the life cycle impact assessment (LCIA) process,
ReCiPe 2016 mid-point (H) was the chosen method to cal-
culate the environmental impact of the inventory data [37].
ReCiPe 2016, one of the most widely used LCIA method-
ologies, has been chosen due to its worldwide coverage,

Table 2 Material embodied energies and mass calculations for each variant

Mass calculated [kg]
Materials Embodied

energy [MJ/kg]
Aluminium CFPA6 Inj.

Mould.
NCF CF
Epoxy

Woven CF
Epoxy

CFPA6
Prepreg

CFSMC
Vinyl Ester

Aluminium ingot 157.61 122

Carbon fibre 8702 36 42 47 46 46

Nylon 6 (PA6) 122.51 53 35

Epoxy 97.41 25 30

Vinyl Ester 120.51 31

1 from Ecoinvent database. Materials were selected from the regional market for Europe. It includes production and transportation of materials
2 from calculation presented in Section 3.2.1
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including characterisation factors for midpoint and endpoint
indicators. This method refers to the normalisation values of
Europe and contains, in the climate change impact category,
all greenhouse gases described in the Kyoto Protocol [38]
utilising global warming potentials from the IPCC Fourth
Assessment Report within a time frame of 100 years [39,
40].

3.2 LCA data collection and system boundaries

The goal of this LCA study, compliant with the ISO 14040
and ISO 14044 standards, is to evaluate the best material
and process for the manufacturing of an aircraft wing skin
panel from a list of six options in terms of lifetime CO2eq
emissions.

In this study, the system boundaries include the material
production, component manufacturing, use phases and dis-
posal. It is assumed that the product is made in Europe. The
grid efficiency of Europe is about 33% and the amount of
energy necessary to produce and supply 1MJ of electricity is
∼ 2.98MJ [41]. In the selection of materials and processes
from the database, the regional market for Europe was used.
The material production phase includes raw materials enter-
ing the production, activities that produce the end-product
material and transport of the material to the consumer. The
manufacturing phase includes the energy demand of the
selected manufacturing processes. Since the wing skin is
assumed to be in a uniform panel shape, the material cut to
create the structure is considered negligible. For this reason,
no extra amount of material has been added other than the
actual weight of the structure. In the use phase, emissions
of the flight to carry the load of the component were con-
sidered over the distance of the flight. EoL scenarios were
included depending on the type of material and the current
technological capabilities for recycling.

3.2.1 Manufacturing of wing skin panels

The inventory related to materials production and process-
ing was taken from the Ecoinvent database except for the
carbon fibre. The aluminium wing skin panel was obtained
fromAl-7075 ingots by hot rolling and the final machining to
the required size. Unavailable data on carbon fibre produc-
tion processes were collected from previous LCA studies.
The embodied energy, which is the total energy consumed
throughout the production processes, and the consumed raw
materials were then calculated based on the information col-
lected. Carbon fibres are produced from PAN-based fibres
through a process called the ‘PAN process’. The process
starts with the polymerization of acrylonitrile monomer to
form a long-chain polymer. The polymer is spun into fibres
through a wet spinning process. The produced PAN-based
fibres are first stabilised with oxidation and then carbonised

at temperatures between 980 and 1480 ◦C to convert the
polymer into carbon fibres [42]. Produced carbon fibres are
then surface treated and sized [18]. The raw materials and
amount of energy required to produce 1kg of carbon fibre
from acrylonitrile monomer are presented in Fig. 1 [43, 44].

Data on processes involved in fibre fabric and prepreg pro-
ductionwere also collected fromprevious studies and defined
as embodied energy per kg. Energy consumption for manu-
facturing processes,wet compressionmoulding and injection
moulding were identified from the Ecoinvent database. The
processes included in each option and the embodied energy
data for each process, collected from the Ecoinvent database
and literature, are reported in Table 3. These data do not
include any primary data from the manufacturing process
flow. That is why any further energy consumption between
the fibre production and part manufacturing processes, such
as for fabric lay-up, was ignored. It was assumed that the
needed materials and energy usage for mould manufacturing
are the same for each composite material option.

3.2.2 Use phase

The objective of this part of the study is to estimate the poten-
tial savings of composites over the entire life cycle of the
component. To calculate the emissions in the use phase, the
wing skin panels were assumed to be designed for instal-
lation on a civil aircraft. The fuel consumption of aircraft
depends on thrust. If it is assumed that the thrust-to-weight
ratio and the cruise speed are maintained constant when
replacing metals with composites in a specific aircraft type,
fuel consumption can be assumed to be proportional to the
total weight of the aircraft [17]. That is why panels were con-
sidered as a load to be carried during the flight. Following
the in-use analysis of a typical commercial aircraft a number
of assumptions were made; (1) the aircraft has a range of
14,000km and a life span of 30 years [46], (2) the aircraft
operates daily, leading to the distance travelled by an aircraft
during its lifetime of 150 million kilometres.

The functional unit is defined as ‘tonne-kilometre [tkm]’
and global long haul freight transport used to calculate emis-
sions with respect to the mass of the component and flight
distance [tkm]. The functional unit for transportingwing skin
panels is calculated for each option and implemented into the
LCA transport model for freight transport.

3.2.3 End of life

The disposal scenario for each wing skin panel was defined
according to the type of material. In respect to CFRPs, there
are three main strategies to manage the waste; disposal by
landfilling, energy recovery through incineration, and recy-
cling through methods such as mechanical, chemical, and
thermal [13, 47]. Table 4 summarises the CFRP disposal sce-
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Fig. 1 Production process of 1kg carbon fibre from PAN fibres

narios, process energy consumption, applicability to matrix
types (either thermoset or thermoplastic, or both), and recov-
ery from processes.

In the present study, mechanical recycling was selected
for CFRP composites that are fabricated with a thermo-
plastic matrix. Mechanical recycling is the most common
method used for recycling thermoplastic matrix compos-
ites as it provides recyclates to be used to manufacture
new parts by re-moulding [25]. The recycling rate of car-
bon fibre from mechanical recycling has been defined as

an average of 24% from the literature. This is because the
fibres are often damaged or degraded during the recycling
process, resulting in recovered fibres that may not be suit-
able for use in new aerospace components. Considering the
amount of composite material processed in the aerospace
industry, the mechanical recycling process with a shredding
rate of 150kg/h and an energy consumption of 0.3 MJ/kg
was selected (see Table 4). For thermoset composites, on the
other hand, pyrolysis was utilised to recover the long carbon
fibres [25]. The carbon fibre recovery percentage from pyrol-

Table 3 Process embodied energies for each option

Processes Embodied
energy [MJ/kg]

Aluminium CFPA6 Inj.
Mould.

NCF CF
Epoxy

Woven CF
Epoxy

CFPA6
Prepreg

CFSMC
Vinyl Ester

Fibre production 8702 x x x x x

Fabric production 2.63 x x x

Wet compression moulding 11.31 x x x

Injection moulding and heating 25.31 x

Prepreg production 404 x x

Curing 11.84 x

AI sheet rolling 9.61 x

AI machining 3.05 x

1from Ecoinvent database. Processes were selected from the regional market for Europe. It includes energy demand of the manufacturing processes
2from [19, 20, 43, 44]
3from [21]
4from [19]
5from [45]
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Table 4 CFRP disposal
scenarios, process energy
consumption, applicable
polymer matrix type and
recovery from processes

Disposal scenario Energy consumption [MJ/kg] Polymer matrix Recovery

Landfill − Both −
Incineration 32.06 Both Energy

Mechanical 0.37 Both Composite for new

recycling (shredding rate: 150kg/h) manufacturing

2.07

(shredding rate: 10kg/h)

Pyrolysis 30.0 7 Thermoset Fibre

(thermal) (feed rate unavailable)

Solvolysis 63 7 Both Fibre

(chemical) (17,000 tennis racket/month) matrix

91 7 composite for

(1000 tennis racket/month) new manufacturing

6from [48]
7from [24]

ysis depends on the type and quality of the carbon fibre being
processed, as well as the efficiency of the pyrolysis process
itself. In general, carbon fibre recovery rates from pyrolysis
can range from 50 − 80% [49]. That is why, 65% of fibre
recovery has been defined as average. To avoid confusion,
it is worth mentioning that the amount of fibre recovered is
calculated from the amount of fibre in the composite, not the
total weight of the composite. The energy consumption of
the pyrolysis process was used as 30 MJ/kg (see Table 4). At
the beginning of the disposal process, all thermoset and ther-
moplastic composites are pretreated by cutting to reduce the
size of the waste for easy handling. The energy consumption
of the cutting process is defined as 0.04 MJ/kg from [30].

Aluminium recycling is well known and relatively easy
to do. It is highly efficient requiring 95% less energy than

producing new aluminium and the process does not alter
the properties of the material [50]. The recycling rate for
this analysis is assumed to be 95% recycling to account for
possible losses in the recycling process such as collection
and sorting. The cutting process to reduce the size of the
part is applied with an energy consumption of 0.04 MJ/kg.
The energy consumption of aluminium recycling processes is
used as 34MJ/kg from the Ecoinvent database in the regional
market for Europe.

According to the processes described above, the sys-
tem boundaries of the case study are summarised in Fig. 2.
The evaluation in this study does not take into account
assembly, disassembly, maintenance operations, transporta-
tion between the manufacturing phase, the use phase, and the
EoL phase.

Fig. 2 System boundaries of the case study
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4 Results

Figure 3 shows the comparison of the global environmental
impact of sixwing skin panel variants for theirmanufacturing
and disposal scenarios considered in this study. For clarity,
only impact categories that contribute significantly to the
overall impact are represented. Impact results are normalised
to dimensionless ratios to provide a comparative analysis.
Normalisation is a process that offers a relative relevance
of the impact on the environment for each environmental
impact category. This process enables the transformation
of abstract impact scores for each category into the prod-
uct’s relative contributions to a reference situation [51]. This
reference situation is defined as the environmental load of
an average European inhabitant [52]. Normalised results
are represented in Pt where 1 Pt is the reference situation.
Among the selected impact categories, the highest contribu-
tions came frommarine ecotoxicity and carcinogenic toxicity
for each wing skin panel variant.

It can also be seen from this graph that the aluminium
panel is by far the most environmentally friendly choice dur-
ing the manufacturing and disposal stages. The main reason
for this low impact of aluminium is the 95% recycling of it at
the disposal stage. Aluminium recycling requires much less
energy than extraction and this energy saving is counted as
positive emission. The CFPA6 Prepreg panel produced the
highest environmental impact during the manufacturing and
disposal stages of the life cycle. There are two reasons for this
result. First, the prepreg production process requires the high-
est energy usage compared to other processes, resulting in
high energy consumption for manufacturing this panel type.

Secondly, for CFRP composites manufactured with thermo-
plastic matrix, PA6, mechanical recycling with a recycling
rate of 24% was chosen for disposal. This low recycling
rate of mechanical recycling resulted in lower carbon fibre
recovery and as a result, lower emissions recovery. The
other thermoplasticmatrix composite panel manufactured by
injection moulding (CFPA6 Inj. Mould.) showed relatively
lower environmental impact, although the recovery rate is
still 24%. The reason for the lower emissions during man-
ufacturing is due to the usage of carbon fibre without any
additional processing for fabric or prepreg production.On the
other hand, NCF CF Epoxy, Woven CF Epoxy and CFSMC
Vinyl Ester panels also showed a lower environmental impact
even though they included fabric or prepreg production. This
is because of the higher recycling rate (65%) of thermoset
matrix composite panels.

The environmental impacts of the wing skin panel vari-
ants throughout their entire life cycle, with the addition of
the use phase to the manufacturing and disposal phases, are
given in Fig. 4. It can be seen from this graph that, con-
trary to previous results, aluminium is now more harmful to
the environment than composite options over its entire life
cycle. This is because, the impact of the use phase, which
dominates the total impact, increases in proportion to the
weight of the structure due to higher fuel consumption and
the aluminium panel has the highest weight (see Table 1 for
weight information). Similar to previous results, the high-
est contributions over the entire lifetime came from marine
ecotoxicity and carcinogenic toxicity, while global warm-
ing, terrestrial acidification and fossil resource scarcity also
showed increased impact due to increased fuel consumption.

Fig. 3 Normalised impact
results for manufacturing and
disposal stages of six wing skin
panel variants
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Fig. 4 Normalised impact
results for the whole life cycle
of six wing skin panel variants
with a 30-year life time

Global warming (kg CO2eq) is an impact category that
widely recognised as an important metric for measuring
the potential impact of a substance or activity on climate
change. Similar to many other industries, the aerospace
industry is increasingly focusing on CO2eq emissions and
trying to implement sustainability measures to address cli-
mate change. To compare the CO2eq emissions of different
variants of wing skin panels, Table 5 presents the results
in terms of kg CO2eq for the manufacturing and disposal
stages, and for the entire life cycle, including the use phase.
The CO2eq emission over the entire life cycle of aluminium
resulted 6700× higher than the manufacturing and disposal
stages, while it increased 720× for the CFPA6 Prepreg. The
NCF CF Epoxy panel by wet compression moulding has the
lowest emission over the entire life cycle. It is followed by
the CFSMC Vinyl Ester and Woven CF Epoxy panels. Even
though the NCF CF Epoxy and the CFSMCVinyl Ester pan-

Table 5 CO2eq emission results for manufacturing and disposal stages
and whole life cycle of six wing skin panel variants

CO2eq emissions for
manufacturing and dis-
posal [kg]

CO2eq emissions for
the entire life cycle [kg]

Aluminium 6.04e2 7.56e6

CFPA6 Inj. Mould 3.59e3 5.52e6

NCF CF Epoxy 2.94e3 4.14e6

Woven CF Epoxy 2.78e3 4.77e6

CFPA6 Prepreg 5.66e3 5.02e6

CFSMC Vinyl
Ester

2.42e3 4.77e6

els have the same process flow, differences between them are
due to the heavier weight of the CFSMC Vinyl Ester panel.
Forth most efficient variant is CFPA6 prepreg. The CFPA6
injection moulding panel shows the second highest CO2eq
emission after aluminium due to its heaviest weight com-
pared to other composite panel variants.

Break-even plots for kg CO2eq emissions over the flight
distance are shown in Fig. 5. The break-even points are
determined based on the total CO2eq emissions that occur
throughout the entire life cycle of the parts. Figure 5a shows
the kgCO2eq emissions for the entire life cycle,while Fig. 5b
shows the red squared region to identify break-even points of
the variants. The plain black line is the reference aluminium
panel with 95% recycling. The aluminium panel becomes
more harmful to the environment than composite panel vari-
ants after 300,000 km of flight distance.With the assumption
of a daily operational distance of 14,000 km, the break-even
distance is achieved after 21 days of operation. The CFPA6
infection moulding panel becomes the second worst vari-
ant after covering a flight distance of 700,000 km, which is
achieved after 50 days of operation. On the other hand, NCF
CF Epoxy panel option becomes the best choice after a flight
distance of 100,000 km has been covered, which is achieved
in 7 days of operation.

These results show that the impacts of the use phase dom-
inate the total impact of entire life cycle. The environmental
impacts of the panel variants vary in proportion to the weight
of the structure. In addition, composite structures with dif-
ferent material combinations and manufacturing processes
show significantly different environmental impacts on man-
ufacturing and disposal stages.
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Fig. 5 Break-even scenarios for
CO2eq emissions of six wing
skin panel variants a for the
entire life cycle with a 30-year
life time, b the red squared
region to identify break-even
points of the variants

5 Conclusion

The aviation industry has been actively addressing environ-
mental concerns by implementing strategies to reduce its
carbon footprint. This includes improving fuel efficiency,
exploring alternative fuels, and adopting lighter materials,
such as carbon fibre composites, in aircraft construction. The
incorporation of carbon fibre composites has proven effec-
tive in significantly reducing fuel consumption during the
operational phase. However, it is crucial to acknowledge that
the production process of these materials is energy-intensive,
leading to increased environmental impact during the manu-
facturing phase. To achieve a genuinely sustainable solution
for the aviation industry, it becomes imperative to consider
the entire life cycle of these materials, encompassing differ-
ences in production and disposal processes.

The objective of this study was to assess the environmen-
tal impacts of composite materials produced with various
constituents and manufacturing processes and compare them
with the commonly used aluminium alloy. The focus was on
conducting a comprehensive LCA for an aircraft wing skin
panel manufactured with six different material options, aim-
ing to estimate the environmental impact of these material
variants throughout the component’s life.

Consistent with earlier studies, despite the increased
energy intensity in manufacturing and the disposal chal-
lenges, composite structures contribute significantly to the
overall reduction of environmental impact due to their
lightweight nature.A comparative analysis among composite
structures highlighted that alterations in fibre production pro-
cesses, composite manufacturing techniques, and disposal
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methods can substantially influence the structure’s overall
environmental footprint.

The study highlighted that the use of prepreg is the most
energy-intensive method in composite production. However,
by selecting an appropriate recycling method with a high
recycling rate, prepreg can emerge as amore environmentally
friendly material. The choice of fibre also significantly influ-
ences the overall environmental impact. NCF CF, identified
for its high Young’s Modulus, emerges as the most promis-
ing selection. This particular fibre requires less material to
attain equivalent mechanical properties, resulting in a lighter
structure, reduced fuel consumption during the operational
phase, and comparatively less environmental impact.

Break-even analysis further supported thesefindings, indi-
cating that the NCF CF Epoxy composite becomes the most
environmentally friendly option after 7 days of operation,
covering a flight distance of 100,000 km. The break-even
point, where all composite options exhibit a net reduction in
environmental damage compared to aluminium, is achieved
after 21 days of operation, covering a flight distance of
300,000 km.

Although this study focuses on wing skin panels as
a case study, the insights gained regarding material and
method selections are transferable to other applications.
While the numerical results may vary due to the nature of
LCA analysis, the fundamental principles highlighted here
offer valuable guidance in making environmentally con-
scious choices across diverse fields.

The research undertaken in the present work provides
critical insights into the effects of different material types,
manufacturing operations, and disposal scenarios. Further
research is necessary to include the details of the manu-
facturing processes, such as automatic fabric lay-up and
matrix application. With this objective, the next scope of
research should involve adding detailed primary data on
material extraction and manufacturing processes to the LCA
model. Such a comprehensive study will empower manufac-
turers with insights to improve their environmental profile.
Additionally, the environmental effects of different disposal
scenarios for composites should be further investigated, and
the quality of recycled carbon fibres should be evaluated to
discuss their reusability in aerospace structures.
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