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Abstract: Climate change and global warming pose great sustainability challenges to the aviation
industry. Alternatives to petroleum-based fuels (hydrogen, natural gas, etc.) have emerged as promis-
ing aviation fuels for future aircraft. The present study aimed to contribute to the understanding of
the impact of material selection on aviation sustainability, accounting for the type of fuel implemented
and circular economy aspects. In this context, a decision support tool was introduced to aid decision-
makers and relevant stakeholders to identify and select the best-performing materials that meet their
defined needs and preferences, expressed through a finite set of conflicting criteria associated with
ecological, economic, and circularity aspects. The proposed tool integrates life-cycle-based metrics
extending to both ecological and economical dimensions and a proposed circular economy indicator
(CEI) focused on the material/component level and linked to its quality characteristics, which also
accounts for the quality degradation of materials which have undergone one or more recycling loops.
The tool is coupled with a multi-criteria decision analysis (MCDA) methodology in order to reduce
subjectivity when determining the importance of each of the considered criteria.

Keywords: circular economy; CEI; holistic tool; decision-making tool; aviation sustainability;
material selection

1. Introduction

Emissions from the aviation industry are of increasing concern to governments, poli-
cymakers, and the flying public as environmental issues such as climate change and global
warming pose great sustainability challenges to the aviation industry [1,2]. It is estimated
that 920 million tons of CO2 were emitted due to global aviation operations for both pas-
senger and cargo carriage in 2019 alone [3]. In contrast to road transportation, the long
lifetime of aircraft (20–30 years) implies a doubling or tripling of aviation-induced CO2
emissions until 2050 unless radical changes are made [4]. Therefore, it is crucial to consider
sustainable approaches and solutions when it comes to future aircraft.

To this end, weight reduction through the implementation of low-density polymer
composites to replace heavier materials is a major aim of the aviation sector [5]. Carbon-
fiber-reinforced polymers (CFRP) are widely utilized in aviation applications for weight
reduction to meet fuel efficiency objectives and, consequently, to decrease the environmental
burden of the aviation industry. However, issues such as the great environmental and
financial burden associated with the production of virgin carbon fibers, as well as difficulties
associated with their recycling, continue to pose great challenges [5,6]. It is worth noting
that nearly 98% of end-of-life CFRP components/parts and manufacturing composite CFRP
waste end up in landfills [7].

The principal approach to mitigate the consequences of aviation on climate change
focuses on the use of alternative aircraft fuels. Currently, the aviation industry uses
fuels derived from fossil-based carbon sources which are mostly specialized forms of
petroleum-based fuels and are primarily kerosene-based [8]. Of the alternative fuels under
investigation, hydrogen appears to be a very promising fuel for sustainable transportation
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due to its ability to provide clean, reliable, safe, and affordable energy [9,10]. Nevertheless,
despite the promise of hydrogen-fueled aircraft, further research is needed to realize their
commercial potential in the aviation sector [8].

To meet the goals of sustainable development, the implementation of circular economy
(CE) principles is increasingly in demand, while new tools are required in order to assist
decision-makers, practitioners, and policymakers in achieving CE objectives [11]. As was
highlighted in [12], the current LCA approaches cannot adequately assess the circularity of
a system as they consider the linear economy a point of reference. On the other hand, the
circularity indicators and metrics which have been developed over recent years in order
to measure the circularity of a product or system present inconsistencies regarding their
scope, aims, and applications, rendering their implementation and interpretation a complex
task; moreover, they can only provide a partial view of a system’s performance. Several
examples at the material/component level have shown that the most circular option is not
necessarily the environmentally preferable one, which can lead to contradicting results and
conclusions when applying either LCA or CE principles [12,13]. To address this, attempts
have been made to integrate LCA and circularity indicators; however, such undertakings
are currently in the early conceptualization stage and are not yet related to the aviation
sector [12,14]. Moreover, they do not extend the life cycle perspective into other dimensions,
such as the economic one [15]. To the best of the authors’ knowledge, there exists a lack of
tools in the aviation industry capable of assessing the performance of a new material by
considering both sustainability and circularity metrics and aspects.

In the above context, when considering material selection from a wide range of
potential options—especially in aviation—it is important to include a technical or quality
feature in the evaluation phase, as the considered components present a design envelope
with mechanical performance limits and specific manufacturing requirements [16]. The aim
of the present study was to provide a decision support tool that can eventually assist
decision-makers and relevant stakeholders to identify and select the best-performing
materials that meet their defined needs and preferences, expressed through a finite set of
conflicting criteria associated with technical, ecological, economic, and circularity aspects.
The proposed tool accounts for the dependency of the impact of the material selection on
the sustainability and circularity of an aircraft component or subsystem due to the type of
fuel required. This is achieved through the integration of life-cycle-based metrics extending
to both ecological and economical dimensions associated with the material and type of
fuel used, as well as a suitable circular economy indicator (CEI) related to quality and
focused on the material/component level. The aforementioned CEI has the advantage of
considering the quality degradation of the materials after one or multiple recycling loops,
addressing the notion that circularity cannot be adequately defined and assessed if it does
not consider the degradation of materials over repeated recycling loops. Furthermore, the
indicator is coupled with a multi-criteria decision analysis (MCDA) methodology in order
to reduce subjectivity when determining the significance (i.e., weight) of the considered
criteria in order to reach a decision. The novelty of the current tool lies in its ability to
aggregate several metrics associated with sustainability and circularity aspects into a single
index, and consequently simplify and rationalize the material selection process.

The present paper is structured as follows: initially, the basic considerations of the
study are defined. Next, the studied system and the methodology followed are described
and the developed decision-making tool is presented in detail. Subsequently, the different
materials considered are assessed in terms of their environmental and economic impact
over their total life cycle by exploiting LCA and LCC data from the literature. Finally, a
holistic assessment of the investigated materials is carried out through implementation of
the tool, incorporating environmental, economic, and circularity considerations.
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2. Materials and Methods
2.1. Basic Considerations

The proposed methodology is applicable to any component of an aircraft. In the
present study, the decisive parameters considered were the material type, the manufactur-
ing process involved in producing the component, the recycling process, and the weight of
the component. Furthermore, it was assumed that the geometrical features of the compo-
nent, except for thickness, do not depend on the choice of the material. To carry out the
study, a hypothetical panel component of 1000 kg was assumed as the reference unit to
which all comparisons were made. The candidate materials selected for the considered
component were a high-performance woven CFRP with 50 wt% fiber content, whose prop-
erties were taken from [17], and an advanced aircraft Al–Li alloy, i.e., aluminum 2198 [18].
In addition, recycled components from CFRP and aluminum were considered and are
described in a subsequent section of this manuscript. To comply with design requirements,
the mechanical performance of the components in terms of strength and stiffness needed to
be identical. To compensate for material property variations between components made of
different materials, thickness was treated as a variable which must be adjusted in order
to achieve the same mechanical properties for all components, i.e., equal stiffness. Equal
stiffness was considered to be a suitable criterion for the comparison of different mate-
rials [19], and an approximate formula [20–23] for the calculation of the expected mass
ratio (Rm), based on the relative thickness (Rt) and density of the alternative materials,
was implemented:

Rt =
tCFRP

tAl
= (

EAl
ECFRP

)

1
λ

(1)

Rm =
mCFRP

mAl
=

PCFRP

PAl
(

EAl
ECFRP

)

1
λ

(2)

where t is the material thickness, m is the material mass, p is the material density, E is the
material modulus, and λ is a parameter that depends on the design purpose and may vary
between 1 and 3: λ = 1 is appropriate for components under tension loading and is selected
as the relevant case here, λ = 2 is for columns and beams under bending and compression
conditions in one plane, and λ = 3 is suitable for plates and flat panels when loaded under
bending and buckling conditions in two planes. However, it should be noted that actual
component designs require a finite element analysis to identify the material design index
that would ensure design constraints are met.

2.2. Studied System and Methodological Framework

To comply with the goals and objectives of a circular economy, the ecological and
economic impact of the investigated materials were assessed by extending the study scope
from cradle to cradle; i.e., the end-of-life of the product involves a recycling process for ma-
terial recovery and further remanufacturing of high-quality recycled materials. To evaluate
the environmental and economic impact associated with the materials used in order to pro-
duce aircraft components, an LCA and LCC data-driven analysis was conducted. Data were
collected from the best and most recent scientific literature as well as from relevant technical
datasheets, and the present analysis was developed as a spreadsheet model. In this context,
environmental impact was assessed through the calculation of GHG emissions associated
with the production, manufacturing, and recycling phases of the considered components
(expressed as kgCO2eq per component mass) or the component weight-dependent GHG
emissions associated with the type of fuel used (expressed as kgCO2eq per component
mass-km). The associated GHG emissions were considered in the present study as they are
the most widely reported environmental impact metric across industry and academia [16].
The economic impact of the investigated components was also assessed, where costs refer
to either the process-related energy costs associated with the production, manufacturing,
and recycling phases (expressed per component mass) or the cost of fuel (based on fuel
consumption and expressed per component mass-km) when assessing the impact of the
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use phase for the considered components. The non-household price of kWh in Germany
was considered [24] for calculation of the process-related energy costs.

The life cycle assessment starts with the primary material production, i.e., aluminum
ingot [18], carbon fibers (PAN-based), and epoxy resin [16,25–27]. For the manufacturing
process of aluminum components, roll forming was considered to be a material-efficient
and, therefore, a leaner process for aluminum parts and assemblies [18,28]. For the CFRP
component, resin transfer molding (RTM) was chosen as one of the main composite man-
ufacturing processes used in aeronautics [29,30]. A buy-to-fly ratio (weight of the raw
material purchased compared with the weight of the final part) of 1:1 was assumed in
assessment of the impact of the manufacturing processes due to a lack of relevant data.
Regarding the manufacturing of recycled components, the environmental and economic
impact of the upgrade technologies for fibers (e.g., alignment, sizing) was similarly not
taken into consideration due to a lack of relevant data in the literature.

For any given aircraft component, the use phase dominates its overall environmental
impact [16]. In this phase, said impact is directly linked to the weight of the component [16].
To assess the impact of mass reduction on the emissions and costs associated with the use
phase, a quantitative description of the mass-induced fuel consumption during vehicle use
is required [31]. In the present study, fuel consumption was assumed to be proportional
to the component mass [19,32]. Hence, both CFRP and aluminum components were
considered as loads that must be carried by the aircraft during each flight. In this context,
the results presented here are given in a service function unit, i.e., per component mass-km,
which represents a wider approach for all aircraft classes and types regardless of the split
between passengers and cargo payloads onboard [10]. To assess the impact of material
selection on the use phase of the considered components and accounting for the type of
fuel used, GHG emissions and costs associated with the type of fuel implemented were
adapted from [10], where a complete life cycle analysis of an aircraft running on different
fuels was conducted including the production phase of the required aviation fuel. To
assess the use phase impact of the components, the average lifetime distance of an Airbus
A320 was calculated based on the number of flying hours for which it was designed,
i.e., 60,000 flying hours over a 25-year lifespan, and its average economical cruising speed,
i.e., 840 km/h [33,34]. The environmental and financial impact of two different fuels were
investigated in the present study; namely, kerosene and liquid hydrogen.

Recycling of aluminum alloys involves remelting and subsequently, casting into
ingots [18]. Although the properties of the recycled and remelted alloys usually resemble
those of the initial materials, they are specifically exploited for manufacturing non-critical
components as the performance requirements and composition of alloys are different
nowadays compared with those of older planes [35,36]. Regarding the recycling of CFRPs,
the fluidized bed process (FBP) was considered in this study as being a promising recycling
technique for CFRPs that can recover carbon fibers with mechanical properties comparable
to those of virgin ones [23]. FBP is currently in the pilot phase and at technological readiness
level 6; in contrast, other recycling methods which seem quite promising, such as solvolysis,
are still in the laboratory stage [37].

It is evident that future research efforts should concentrate on recycling technologies
that can reclaim high-quality constituents and remanufacture them into materials with
high performance, ideally with the goal of achieving performance equivalent to virgin
CF [38]. To assess and compare the environmental and financial impact of the end-of-life
process under the prism of closed-loop (or to be more accurate, semi-closed-loop) recycling
of the materials investigated, realistic recycling pathways must be considered. Semi-closed-
loop refers to cases where the recycled material is used in aviation applications, although
with a different material quality when compared with the initial material. In the present
study, potential recycling pathways were identified and life cycle emissions and costs were
calculated and compared for the investigated CFRP and aluminum components against
the background of the above approach; i.e., the recycled materials are intended for use
in secondary aviation applications. Degradation of the fibers after a second recycling
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loop was also accounted for when assessing the impact of recycled CFRP components.
The properties of the components containing recycled carbon fibers after the first recycling
loop were taken from [17], while the data associated with mechanical property degradation
of recycled CF parts after a second recycling loop were taken from [39]. Equation (2) was
implemented for the calculation of the mass of the recycled components and compensates
for variations in material properties due to degradation of the recyclates.

2.3. Definition of the Decision-Making Holistic Tool

The tool implemented in the current study to assess the performance of the inves-
tigated components is an adaptation of a holistic approach initially introduced in [40].
The proposed model has been successfully implemented as a decision-making tool to
aid stakeholders in selecting appropriate manufacturing methods [40] and recycling pro-
cesses [6] while accounting for the technical, ecological, and economic features of the
materials and/or processes applied. A quantitative index was derived as an output of the
approach introduced in [40]:

P = KQ·Q − KC·C − KE·E (3)

where P is the holistic index, Q is the selected technical/quality feature of the investigated
material, C refers to the cost of the material/process, and E is the environmental footprint
of each material/process. KQ, KC, and KE are dimensionless weight factors which reflect
the importance of each term to the overall value of the index.

To aid in material selection for aviation applications toward the goal of sustainability
and compliance with the principles and objectives of CE, the modified formula presented
herein integrates the ecological and economic metrics associated with the investigated
material and a CEI which can be evaluated at the material/component/subsystem level.
However, appropriate metrics need to be defined for each level as the specific stiffness
considered in the present study represents an example of oversimplification. Terms E and
C of the adapted index refer to the environmental and economic impact of the compo-
nent/material, respectively, accounting for the life cycle phases as described in Section 2.2.
The corresponding life cycle metrics for E and C are calculated on a normalized basis
(relative to the material demonstrating the larger ecological or economic impact):

E =
Em

Eref
(4)

C =
Cm

Cref
(5)

where Em is the environmental impact of the investigated material/component, Eref is
the environmental impact of the reference material/component (the one with highest
environmental emissions among the candidate materials/components considered), Cm
is the economic impact of the investigated material/component, and Cref is the eco-
nomic impact of the reference material/component (the one with greatest cost among
the candidate materials/components considered). The normalized term values range
between 0 and 1, with 0 indicating a fictitious component with zero environmental impact
and cost, while 1 corresponds to a component with the same environmental impact and
cost as the reference component.

To define a suitable circular economy indicator, the principal postulate made states
that the most circular solution is the one demonstrating the highest quality, considering that
low-quality recyclates have a direct and significant negative impact on the environment
and costs [6,16]. Thus, the quality term Q from Equation (2) must be expressed through
a circular economy technical/quality aspect. In this frame, Q is expressed through a
material’s specific properties. More specifically, it is expressed as the ratio of the specific
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stiffness of the reference material to the corresponding specific stiffness of the recycled one,
either after the first or a subsequent recycling loop:

Q = CEIQ =
SPrec

SPref
(6)

where CEIQ is the quality-based CEI, SPrec is the specific stiffness (tensile modulus divided
by density) of the recycled material, and SPref is the specific stiffness of the reference
material. CEIQ values range between 0 and 1, where 1 corresponds to a component made of
virgin material or to a recycled component which presents the same mechanical properties
as the virgin one for the same weight (i.e., no degradation occurs after recycling). A value
of 0 corresponds to a fictitious material with zero stiffness; in the case of CFRP, this could
be associated with a recycled material that occurs after a grinding procedure.

To aid stakeholders in identifying the best-performing materials, the proposed model is
coupled with a multi-criteria decision analysis (MCDA) tool. Based on the above definitions,
the modified formula takes the form:

P = KCEI·CEIQ − KC·C − KE·E (7)

Definition of the weight factors (KCEI, KC, and KE) is subjective and reflects the
priority criteria of the stakeholders and the specific application. To reduce subjectivity in
the definition of weight factors, the analytic hierarchy process (AHP), a widely used and
well-established MCDA methodology, was implemented [41–43]. Briefly, AHP is based on
the principle of paired comparisons. Paired comparisons are used to compare alternatives
with respect to the defined criteria and estimate the weights of the criteria on a scale of
1 to 9. One (1) means that the considered criteria are equally important, i.e., they contribute
equally to the objective. Nine (9) indicates that the selected criterion is extremely more
important compared with another criterion. The weight factors were determined using the
‘SuperDecisions’ software [44]. For a detailed description of the MCDA methodology, the
reader may refer to [40]. The output of the proposed tool, i.e., the P index, represents a trade-
off between possible contradicting aspects associated with circularity, the environment, and
costs, while also accounting for the type of fuel implemented. This trade-off is visualized
through the obtained rankings of the investigated materials/components (both virgin
and recycled).

3. Results and Discussion
3.1. Environmental and Economic Impact Comparison

The environmental and economic impact of the investigated components were calcu-
lated while accounting for two different types of fuel, i.e., kerosene and liquid hydrogen.
Both virgin and recycled components were considered (Table 1). For the component made
of recycled aluminum, stiffness was assumed to be the same as the virgin aluminum al-
loy [36,45]. Regarding the CFRP components, different recycling routes were taken into
account, i.e., CFRP with randomly oriented recycled fibers, CFRP with aligned recycled
fibers, and CFRP with aligned recycled fibers which have undergone a second recycling
loop. As was mentioned in Section 2.1, to compensate for variations in material proper-
ties due to the different recycling routes of CFRP, thickness (and by extension mass) was
adjusted and calculated from Equation (2) in order for the components to present equal
stiffness. Hence, the results (Figures 1–3) are presented per specific component mass.

Figure 1 compares the GHG emissions and costs for virgin and recycled CFRP and
aluminum components associated with the raw material production, manufacturing of
the component, and reclamation (recovery) of the material through the selected recycling
process. The component made of virgin CFRP demonstrated the greatest GHG emissions
and the highest costs. That is mainly due to the environmental and economic impact of the
production of the raw materials, especially the PAN fibers. The component made of virgin
aluminum also demonstrated considerable environmental and economic impact, although
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reduced by approximately 20% compared with the virgin CFRP component. Recycled
components demonstrated a considerable decrease in these values due to the fact that they
do not require new raw materials, whose production is very intensive in terms of GHG
emissions, energy, and associated costs. The most beneficial scenario concerns the CFRP
component made of recycled aligned fibers, followed by the component made of aligned
fibers which have undergone a second recycling loop.

Table 1. Investigated components for comparison.

Investigated Components

Virgin Components Recycled Components

Aluminum CFRP Aluminum CFRP
(random fibers)

CFRP
(aligned fibers)

CFRP
(aligned fibers, 2nd loop)

Component weight (kg) 1000 650 1000 1030 700 910
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In Figures 2 and 3, the use phases of CFRP and aluminum components (both virgin
and recycled) are compared in terms of GHG emissions and costs, accounting for the two
different fuels considered, i.e., kerosene and liquid hydrogen. To calculate the demon-
strated values, a lifetime average distance of 50.4 million km was considered based on
the Airbus A320 aircraft. The results are directly related to the weight of the considered
components. As expected, in aircraft applications, the use phase dominates the life cycle
impact of components in terms of their environmental emissions and costs (representing
approximately 99% of the total emissions and costs of the life cycle). The use phase also
remains dominant when using liquid hydrogen as a fuel, despite the fact that GHG emis-
sions when using liquid hydrogen are almost 90% lower than when using kerosene. It
should be noted that the above does not apply to less energy intensive transport sectors.
For example, in the automotive sector, where a vehicle lifetime distance of approximately
200,000 km would be considered realistic, the environmental impact associated with virgin
CFRP production nearly offsets the corresponding impact associated with the use phase.
Therefore, utilization of a recycled CFRP component would clearly demonstrate benefit in
this sector.

On the other hand, the use phase costs associated with the utilization of hydrogen
are almost double compared with those associated with kerosene due to the currently
significant cost of hydrogen fuel. Comparison between the different components considered
here indicates that the virgin CFRP component presents the lower GHG emissions and cost
by far, owing to its lower weight compared with the alternative components. The CFRP
components composed of recycled aligned fibers (after both the first and second recycling
loop) seem superior to the aluminum components. Moreover, the recycled CFRP component
composed of aligned fibers seemed to compete well with the virgin CFRP component
in terms of emissions and costs. Finally, it is noteworthy that even the recycled CFRP
component composed of randomly aligned fibers demonstrated GHG emissions and costs
comparable to the aluminum components, highlighting the benefits of using lightweight
materials such as CFRPs.

It is worth noting that other environmental impacts—such as non-GHG pollutants and
resource depletion derived from either the production of CFRP or aluminum alloys or from
the use of kerosene or hydrogen fuels—are appreciable and cannot be neglected [10,40].
For instance, bauxite was very recently included in the European Commission’s critical
raw materials list [46]. Furthermore, environmental emissions were found to be affected
by the flight altitude; e.g., in [47]. In this direction, reliable models to assess the overall
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impact on the climate, under a comprehensive life cycle study, are required; however, such
investigations lie outside the scope of the present work.

3.2. Implementation of the Holistic Tool

To identify the best-performing materials while accounting for the type of fuel used, the
holistic tool/index introduced in Section 2.3 was implemented for the assessment and rank-
ing of the different components considered. To demonstrate the feasibility of the tool, eight
different combinations of components and fuel types were selected, as shown in Figure 4.
To calculate the P index of Equation (7), the quality-based CEI term of Equation (6) was
derived using mechanical properties taken from the literature, as described in Section 2.2.
Moreover, data associated with the environmental impact and cost were used as inputs for
calculation of the Environmental and Cost Terms (Equations (4) and (5)).
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3.2.1. Weight Factors Definition

To calculate the P index and compare the different components, dimensionless weight
factors were calculated using the AHP method. The AHP matrix is shown in Figure 4. To
derive the weight factors of Equation (7) through the AHP process described in Section 2.3,
the importance intensities for the paired criteria comparisons were defined and the resulting
weight factors were calculated. The results are sensitive to the importance definition in
deriving the weigh factors; therefore, three different analyses were conducted by varying
the criteria weights of Circularity, Environmental Impact, and Costs (Tables 2–4). In the
first comparison analysis (Table 2), Circularity, Environmental Impact, and Costs were
assumed to be of equal importance. The second comparison analysis (Table 3) assumed
that Circularity is of equal importance to Environmental Impact, while both are ‘equally to
moderately’ more important than Costs. Finally, the third comparison analysis (Table 4)
assumed that Environmental Impact is of equal importance to Costs while Circularity is
‘equally to moderately’ more important than Environmental Impact and Costs.

Table 2. Pairwise comparison matrix: comparison analysis number 1.

Circularity Environmental Impact Costs Weight Factor/Priority

Circularity 1 1 1 ≈33%
Environmental Impact 1 1 1 ≈33%

Costs 1 1 1 ≈33%

Table 3. Pairwise comparison matrix: comparison analysis number 2.

Circularity Environmental Impact Costs Weight Factor/Priority

Circularity 1 1 2 ≈40%
Environmental Impact 1 1 2 ≈40%

Costs 0.5 0.5 1 ≈20%
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Table 4. Pairwise comparison matrix: comparison analysis number 3.

Circularity Environmental Impact Costs Weight Factor/Priority

Circularity 1 2 2 ≈50%
Environmental Impact 0.5 1 1 ≈25%

Costs 0.5 1 1 ≈25%

3.2.2. Index Calculation

The calculated index values for the three different comparison analyses described
above and the ranking among the considered components are shown in Figures 5–7, repre-
senting the trade-off between circularity, environmental impact, and costs. The contribution
of each of the three terms to the final P index value is also shown in each figure. Based on
Equation (7), the CEI term was considered as a ‘bonus’, while the Environmental and Cost
Terms were considered to be ‘penalties’ and therefore were subtracted from the Circularity
Term. Hence, the higher the final value of the P index, the higher the overall performance of
the component considered. In Figure 5, where the three criteria (circularity, environmental
performance, and costs) were considered to be of equal importance, the best overall score
belongs to the virgin CFRP component when hydrogen fuel was implemented. This is
owing to its high quality, as well as to its low environmental impact during the flight
phase due to its low weight compared with the alternative components. The recycled
component composed of recycled CFRP aligned fibers follows in short distance, owing to
its close-to-virgin quality allowing for potential reuse in high-performance applications.
The virgin aluminum component, when kerosene fuel was considered, demonstrated the
worst score by far—as was expected—due to its lower mechanical properties compared
with composites, as well as the high environmental and economic impact associated with
its use. Finally, the recycled aluminum components (for both kerosene and hydrogen fuel)
presented similar index values to the CFRP component composed of randomly oriented
fibers when hydrogen fuel was used.
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Figure 6. Index term values and final output: comparison analysis number 2.
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As expected, variation of the weight factors (Figures 6 and 7) based on the considera-
tions of Section 3.2.1 (Tables 3 and 4) had a considerable effect on the final index values,
as well as on the difference gaps between the investigated components. Nevertheless, the
ranking of the considered components was not significantly affected, except for some slight
ranking order exchanges between components for which different fuels were considered.

4. Conclusions

The implementation of circular economy principles is being advocated with increasing
frequency as a way of achieving the goals of sustainable development. In this context, new
tools are required to support decision-makers in introducing practices which promote cir-
cular economies. Circular economy indicators (CEIs) alone are not able to assess the overall
performance of circular strategies at different levels. Hence, they need to be complemented
by LCA data to verify both the sustainability and circularity of the investigated system, as
well as decrease the probability of mistakes in the interpretation of the results.
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The present work aimed to contribute to the assessment of the impact of material selec-
tion on aviation sustainability from a circular economy perspective in a concise and holistic
manner. To this end, a comprehensive decision support tool was introduced which inte-
grates LCA data and metrics and a suitable quality-based CEI at the material/component
level. By integrating circularity indicators and LCA metrics into the proposed tool, trade-
offs between sustainability aspects and circularity can be addressed. The proposed tool
was developed to support stakeholders in identifying and selecting the best-performing
materials that meet their defined needs and preferences, expressed through a finite set
of conflicting criteria and accounting for technical, environmental, and economic aspects.
The tool is capable of accounting for the type of fuel implemented, as well as the quality
degradation of the materials which have undergone one or more recycling loops. To reduce
subjectivity when determining the importance of each of the considered criteria, the tool
was coupled with a multi-criteria decision analysis (MCDA) methodology.

To demonstrate the feasibility of the tool, two primary aviation materials were consid-
ered, i.e., aluminum and CFRP. To identify the best-performing material while accounting
for the type of fuel used, the holistic tool/index introduced in the present study was im-
plemented for the assessment and ranking of the different components considered. To
compensate for variations in the material properties between the investigated components,
thickness was adjusted to achieve the same mechanical properties. The final ranking of the
considered components highlights the clear advantage of virgin CFRP under the scope of
hydrogen fuel propulsion, followed by the CFRP component composed of recycled aligned
fibers. The tool was found to be sensitive to variations in the weight factor with regards to
the final output values and the difference gaps among the investigated components. Clearly,
the accuracy of the output values is influenced by methodological choices, assumptions,
and data reliability; therefore, the output of the tool is only as accurate and reliable as the
input data are. Therefore, standardized procedures should be defined to ensure the validity
and transparency of such assessments, which will be investigated by the authors in future
studies. Another consideration for future studies regards upgrading the current tool to
extend its application from the component to the aircraft subsystem level (e.g., the entire
wing or fuselage, etc.).

In the aviation sector, the use phase dominates the total life cycle impact; therefore,
the environmental impact and costs are driven by component weight. As a consequence,
the impact due to material production and component manufacturing has a small relative
contribution to the total life cycle impact of a material/component: This fact acts as a barrier
to the exploitation of recycled components for closed-loop aviation applications, especially
for high-performance ones. In this context, recycled materials from the aeronautics industry
seem to be much more suitable for use in sectors with less energy-intensive lifespans, such
as the automotive sector.
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