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Abstract: Fiber reinforced polymers play a crucial role as enablers of lightweight and high perform-
ing structures to increase efficiency in aviation. However, the ever-increasing awareness for the
environmental impacts has led to a growing interest in bio-based and recycled ‘eco-composites’ as
substitutes for the conventional synthetic constituents. Recently, the international collaboration of
Chinese and European partners in the ECO-COMPASS project provided an assessment of different
eco-materials and technologies for their potential application in aircraft interior and secondary com-
posite structures. This project summary reports the main findings of the ECO-COMPASS project and
gives an outlook to the next steps necessary for introducing eco-composites as an alternative solution
to fulfill the CLEAN SKY target.

Keywords: aviation; interior; secondary structure; eco-composite; bio-composite; natural fiber;
bio-based; life cycle assessment; ECO-COMPASS; Europe; China; international collaboration

1. Introduction

This position paper was initiated as a result of the ECO-COMPASS EU/China col-
laboration project. The consortium was comprised of European and Chinese members of
research centers, academia and aerospace industry, who cooperate in the development,
characterization and modelling of eco-composites for the application in secondary struc-
tures and interior of civil airplanes.

The purpose of this project report is to provide an overview of the advantages and
challenges of utilizing the so-called eco-composites made of bio-based and/or recycled
constituents with the aim of substituting synthetic state-of-the-art materials used in aviation
nowadays [1]. Additionally, multifunctional composites, typically electrically conductive
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carbon fiber reinforced composites are developed for function-integrated applications,
in order to improve lightning strike protection of aviation structures. This shows that
classic bio-based materials can be considered as “eco-composite”, but this term may also
be used for conventional materials, as long as their multifunctional performance during
the use-phase is improved.

Note: As an emerging material, eco-composites mentioned in this project refers specif-
ically to bio-based materials, recycled materials, and electrically conductive composites. It
is certainly not a precise scientific definition and a standardization is necessary in order to
ensure a common understanding.

This paper’s objective is to inform and encourage decision makers within government
and the aerospace industry to invest in the development and further assessment of eco-
composites for their best use in civil aerospace engineering. This is particularly as they
can play a key role in the complex challenge to reduce the environmental impacts and
non-renewable resource consumption of aviation and other transport sectors.

2. Motivation

Civil aviation is a success story, enabling safe, reliable and fast mobility in order to
connecting people all over the world. As a consequence, considerable further growth of
the civil aviation sector is predicted. Worldwide, an average annual increase of 3.7% of
air traffic is forecasted for the next two decades, with Asia already on the pole position of
flight numbers and by far the strongest growth expectations.

Note: How the COVID-19 pandemic impacts the forecasts cannot be foreseen in the
current situation.

In contrast the aviation industry has to adapt further to the global need to decrease
environmental impacts in a radical way. In 2016, the Paris Agreement was an important step
showing the goodwill of the nations all over the world to combat climate change. However,
few concrete actions have taken place so far. Global warming is the most prominent topic
nowadays and aviation is the source of around 2% of world’s greenhouse gas (GHG)
emissions. In fact, aviation’s GHG have a two or three times stronger effect when they are
emitted at flight level compared to ground level, and takes much longer to be dispersed.
Through the trend of decarbonization in other sectors, aviation is at risk of becoming
a major source of GHG by 2050. A substantial rise is also forecasted for other aviation
emissions such as NOx, particulate matter, SO2 and water vapor. Delaying further action
reduces any room for maneuver as the choices we make today will determine aviation
in 2050.

The Advisory Council for Aviation Research and Innovation in Europe (ACARE) goals
of Flightpath 2050 aim for a 75% reduction in CO2 emissions per passenger kilometer
and 90% reduction in NOx emissions relative to a typical aircraft build in the year 2000.
Additionally, we live on a planet with limited resources, and hence, another important
ACARE goal is a recyclable aircraft to reduce and finally avoid the consumption of non-
renewable materials. Recently, driven by the European Green Deal, the EU aims to be
completely climate neutral by 2050. It will be a powerful action, especially if it can be
extended into a coordinated international undertaking. Transportation is one key sector
facing a complex transition in improving our environmental footprint. In particular, in
aviation, many meaningful solutions have to be developed and combined in an intelligent
way to achieve these ambitious goals that cannot be fulfilled with a simple, single solution.
In recent decades, a strong cooperation of EU aerospace manufacturing sector and R&D
has already made considerable progress in the fuel efficiency of aircrafts. However, the
increase in air traffic is more than compensates the positive effects. Further improvements
are under development in all areas of aviation technology and EU projects like CleanSky2,
SESAR and generally the Horizon 2020 framework are excellent examples for the positive
effects of collaboration with the common goal to improve aviation efficiency.
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Disruptive measures, such as new aircraft configuration, alternative fuels, opera-
tional aspects, including the modernization and the improvement air traffic management
technologies, flight procedures and systems are all parts of the puzzle. Not to forget
materials and lightweight design to reduce the airplane weight, which is another crucial
and much more fundamental factor in reducing energy consumption during the prolonged
use-phase of airplanes. Already, composites made of carbon fibers and polymeric matrix
systems play an important role as structural materials. Composites have many advantages
when compared to metallic materials, such as superior specific mechanical properties,
non-corrosiveness and improved fatigue performance. A further important advantage of
composites is their ability to be tailored for different design requirements and integration
of functions, enabling the manufacturing of more efficient aerodynamical configurations
and built-in sensing for an early damage diagnosis.

Composites used nowadays in aviation are mainly made from non-renewable, fully
synthetic constituents such as Polyacrylonitrile-based Carbon Fibers (CF). The energy
intensive production process makes CF expensive, hindering a broader utilization in other
industries, such as automotive and rail. Nevertheless, an annual growth of approximately
10% for the application of CFRP is forecasted in the next years. This leads to an ever-
increasing amount of production scrap and end-of-life waste. Due to their heterogenic
structure and widespread use of crosslinked thermoset resin systems, the waste treatment
of composite parts is very challenging. Today’s state of the art allows only limited recycling,
or better say downcycling, of CFRP parts. A real closed-loop recycling, i.e., one-to-one re-
placement of new materials with similar functionality, CF and other composite constituents
is currently not economically feasible.

Generally, composites made from synthetic materials play a key role as enablers of
lighter and more efficient structures in the civil aviation today and in the future. Consider-
ing the environmental challenge and related public concerns, the current considerations
are changing, increasingly focusing on renewable and recycled materials. Historically, it
might not be surprising, if one understands that the earliest aircraft structures were made
from natural materials, such as wood. Today, almost entirely non-renewable materials with
high energy consumption that are required for their production are used. However, not
all structures in aviation demand the highest possible mechanical properties. Secondary
structures and interior structures are candidates for the substitution of bio-based and
recycled materials in order to reduce the consumption of non-renewables. Nevertheless,
these “sustainable” materials still need to fulfil very demanding safety and performance
requirements. In aviation, in particular, lightweight characteristic is one of the most crucial
factors for any material to be considered a worthy candidate, as the use-phase has by far the
highest influence on most environmental impact categories. To reduce the environmental
impact of lightweight materials production, while still providing the necessary perfor-
mance during use-phase, bio-based, recycled and multifunctional composites provide an
ecological and economic solution [2–4].

3. The ECO-COMPASS EU-China Project

Starting in 2016, European and Chinese scientists and engineers were working in
association in the ECO-COMPASS project to develop aeronautical composites with reduced
environmental impact. The overall objective of the project was to provide a preliminary
assessment on different types of eco-materials, including bio-based, recycled and mul-
tifunctional composites and their usability in aviation environment. This project report
aims of providing a short summary of the main findings obtained in the ECO-COMPASS
project, and in the following chapter, to provide further recommendations for upcoming
research projects on how to improve the properties of eco-composites for application in
aviation. The composites under investigation in ECO-COMPASS are made from natu-
rally renewable resources, like plants and recycled carbon fibers with added functionality,
where acoustic, vibration and electrical behavior can be tuned according to design needs
(Figure 1). It was the objective of the joint effort to trial-manufacture secondary and interior
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structures for aircraft by using these newly developed material systems. The threshold
for the introduction of new materials in aviation is comparatively high because of the
challenging safety requirements, such as fire performance criteria for materials used in the
cabin environment [3,4].

Figure 1. Examples of the materials and technologies developed during the ECO-COMPASS
EU/China project.

Natural fibers, when used as reinforcing component of composites, are inexpensive,
lightweight, and biodegradable and present unique mechanical, acoustic, and damping
properties owing to their complex chemical and structural characteristics. However, the
poor interfacial property between the hydrophilic plant fibers and the hydrophobic poly-
meric matrices results obviously in low mechanical properties. This becomes one of the
major obstacles for their structural application, if the partial replacement of traditional
glass fibers area used as reinforcement. A multi-scale shear lag model was proposed in
the ECO-COMPASS project to take the full advantages of the hierarchical structure of the
plant fiber reinforced composites. It is demonstrated that not only the fracture toughness,
interfacial shear strength, tensile strength and modulus are improved by the component hy-
bridization, nanoparticle grafting and nano-modification, but also the fire retardation and
the anti-microbial performances. Moreover, the unique hollow structure of the plant fibers
can provide additional benefit in structural damping, noise reduction and heat isolation
compared to traditional glass or carbon fiber counterparts, behavior that is exactly desired
for an aircraft interior structure [5–8]. Additionally, in the improvement of pure natural
fiber reinforced polymer properties, the utilization of valuable recycled carbon fibers (rCF)
as alternatives to enhancing the properties of eco-composites has been considered. The
down-cycled rCF usually retain most of their excellent mechanical properties, but are
discontinuous and cannot simply replace long virgin carbon fibers. Therefore, wet-laid and
carded hybrid nonwoven of flax and rCF were produced on a small laboratory scale. The
positive effects on the flexural properties can be observed by adding even small amounts
of rCF [9,10].

Natural fibers are used as one of the reinforcing materials in a composite, but can also
be applied in their manufacturing process. For example, the conventional breather used in
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the vacuum forming process of composites is exclusively made of synthetic fibers. ECO-
COMPASS project took the lead in developing the so-called green breather made partially of
jute fibers. After testing by both Chinese and European partners, the green breather shows
preliminarily a comparable, and even better process performance if compared with the
synthetic fiber breathers. Moreover, a breather is a process consumable, which turns into
industrial waste after one use. A green breather can be reused several times, and afterwards
it can be used as filler material for composites. Finally, it can be thermally recycled while
the synthetic fiber breather does not. Therefore, a green breather can obviously provide an
alternative and a new possibility for upgrading the traditional breathers [11].

The utilization of natural fibers is generally very demanding regarding the fulfilment
of fire regulations for interior structures in aviation. A combination of natural fibers and
partly bio-based epoxy was the combination tested in ECO-COMPASS. As a result of the
work carried out in the project, the addition of flame retardants on fiber and matrix level
show very positive effects on flammability. However, heat release and smoke density
requirements could not be fulfilled so far. In terms of flame retardancy, it is noteworthy that
epoxy is apparently not as good as that of phenolic resin, and natural fiber is inherently
flammable. To produce fire-retardant composites of flammable natural fiber and epoxy
matrix in one step is obviously a very challenging task. One can either use a flame
retardant to treat plant fibers, then impregnate it with phenolic resin, or the treat the
bio-based resin flame retardant, and then impregnate carbon or glass fiber. Both steps
should logically reduce the difficulty to produce fire retardant composites, which would
meet the aeronautical requirements. ECO-COMPASS project has taken the first step in this
direction [3,12,13].

Besides fibers, bio-based polymers derived from natural resources are attracting
attention for replacing traditional petrol-based plastics as a matrix in designing eco-friendly
commodity bio-composites [14]. An overview of possible renewable resources based in a
literature review is shown in Figure 2. For aviation, developing bio-based high-performance
resins is a priority in substituting the traditional epoxies for use in structural applications.
Rosin acid and itaconic acid have, thus, been synthesized, and formulated partly bio-based
epoxy resins have been subsequently manufactured to produce eco-composites through
genetic engineering technology. The bio-based content of the rosin acid and itaconic acid
based curing agents under assessment in the ECO-COMPASS project was approximately
30–40%. Both resin systems are still under development and an increased bio-based content
of about 50% for the full resin systems are estimated to be achievable without compromise
in resin performance. These matrix systems have resulted in equivalent, and in some cases,
improved performance. Furthermore, intrinsically flame-retardant polymer matrix resins
from renewable bio-resources are currently under development [15–17].

Further activities related to the bio-based resins have focused on the introduction of
nanofillers into the epoxy matrix and the preparation of specimens for mechanical and fire
retardant testing. Silicon carbide nanoparticles, carbon nanotubes and nano-clays have
been selected as nanofillers to improve thermal, mechanical and conductive performance
of the cured thermosets. Functionalized nanofillers have been dispersed in the epoxy
matrix with an optimized method and result from tension and compression tests with neat
resin and nano-modified samples show that the neat resins possess values comparable
to the currently used epoxies in this field. Moreover, the addition of nanofillers leads to
a significant increase in the electrical and mechanical properties of the neat resin. In any
case, this promising technology needs to be further optimized and critically assessed for
minimal ecological impact.

In addition to the reinforcing fibers and resin matrix, there is a third important
component in the composite family, namely sandwich cores, such as honeycomb structures.
The honeycombs used in the aviation industry are largely made of Nomex papers made of
aramid fibers. ECO-COMPASS project has developed a so-called green honeycomb made
partly of natural fibers and classic aramid fibers in a hybrid paper. After flame retardant
treatment, the properties of the green honeycomb show comparable flammability behavior
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as that of traditional Nomex honeycombs. The process conditions for manufacturing
are also very similar to that of the traditional one, but the raw material cost is slightly
lower. This green honeycomb may become a new choice for future aviation sandwich
composites [3].

Figure 2. A selection of renewable resources for resin systems. Reprinted from ref. [14].

One viable strategy for enhancing the innovation level of eco-composites while ad-
dressing mass and volume constraints for the composite aircraft is the notion of material
multifunctionality. Typically, the electrical conductivity of structural composites, in order
to detect cracking, shield the electromagnetic interference and protect from a lightning
strike. Accordingly, a Functionalized Interlayer Technology (FIT) was proposed that can
simultaneously increase the electrical conductivity and the interlaminar fracture tough-
ness. A coupled electrical-thermal-pyrolytic model was constructed and it shows that the
lightning strike damage is strongly governed by the anisotropic electrical properties of
the carbon fiber composite. A lightning damage criterion was proposed to evaluate the
in-plane damage by temperature-dependent model and to estimate the in-depth damage
by pyrolysis dependent model. Further investigations quantitatively elucidate the mecha-
nism of the lightning strike on the composite laminates, supported by the experimental
lightning strike test and propose solutions for increasing electrical conductivity of such
material systems. The effort on Life Cycle Assessment of the multifunctional composites,
in order to prove the ecological improvements compared to the standard CFRP, will be
continued [18–27].

In order to facilitate the use of eco-composite materials in aeronautical structures, it
is necessary to use numerical tools capable of accurately reproducing the performance of
these materials, as in Figure 3. When these tools are applied to predict the mechanical
response of the structure, they provide the displacements and reactions in the structure,
as well as the strains and stresses in the different materials. All these results are used to
evaluate the functionality and the integrity of the structure, in order to meet the required
quality and safety standards. Also, based on the structure performance, the designer



Aerospace 2021, 8, 131 7 of 15

can define modification in its configuration in order to obtain an improved design. A
first analysis of a generic hat-rack interior element made from eco-composites has been
carried out in the ECO-COMPASS project. It has been demonstrated that the maximum
deformations and the failure stress threshold are not exceeded, under service and ultimate
loads respectively. The results obtained from the different simulations included proof that
the software and numerical procedures developed in the framework of the ECO-COMPASS
project are reliable tools for the optimal design of eco-composite aircraft structures. They
are expected to facilitate, and encourage, the use of these new materials, in order to reduce
the environmental footprint of civil aviation.
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zation when it is subjected to tensile loading.

Several interior and secondary structure demonstrators, such as an elevator panel
and interior side-panel, show the potential of many eco-materials to be processed in a
similar way compared to state-of-the-art composite materials. A preliminary Life Cycle
Assessment carried out by the partners from China and Europe provides a first overview
on environmental impacts of the ramie natural fiber and bio-based epoxy curing agent
and compared to generic datasets of glass fibers respectively epoxy resin. A potential
improvement in ecological impacts for bio-based materials is visible for impact categories
such as global warming potential, mainly due to lower energy consumption. Furthermore,
categories like Fossil Depletion Potential, Photochemical Oxidant Formation and Terrestrial
Acidification show potential improvements. On the other hand, the cultivation of bio-
based materials can lead to higher emissions to water in the LCIA categories Freshwater
Ecotoxicity and Eutrophication, a higher Ozone Depletion Potential and Human Toxicity.
However, the results, so far, are based on many assumptions and simplifications by using
laboratory data and generic data from commercial databases as substitutes for primary
data on industrial level. [2,28].

In conclusion, the ECO-COMPASS project was a promising starting point to combine
research activities on eco-composites in China and Europe. A broad range of different
materials, technologies have been characterized, further developed and assessed. Now it is
time to further reinforce the international collaboration to negate some challenges identified
by the partners. Suggestions and recommendations are presented in the following section.

4. Recommendations for the Successful Application of Eco-Composites in Aviation

As described above, the eco-materials considered in the ECO-COMPASS project have
a different maturity level for application in the demanding aviation environment. While
materials, such as partly bio-based epoxy and hybrid honeycomb core already show
very good performance, there are still many challenges to overcome for the successful
introduction of eco-composites in meaningful amounts in the aviation sector. Therefore,
our consortium from Europe and Chinese partners gives recommendations based on the
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findings from the ECO-COMPASS project, in order to further advance the properties and
suitability of eco-composites for civil aviation applications.

So far, this work has focused on the substitution of state-of-the-art materials used in a
similar conventional design as it is used nowadays in civil aviation. The next step must
be to take into account more efficient designs for the future of aviation, like new aircraft
configurations for hybrid or fully electric propulsion. The so-called disruptive designs and
technologies will have different needs and requirements for materials than today’s proven
solutions. Generally, an assessment is recommended looking at the optimal distribution
of high-performance materials and bio-based materials in less structurally demanding
application areas, based on Life Cycle Engineering approach.

As mentioned in the preceding chapters, the so-called eco-composites in this position
paper cover a wide range of different materials and technologies for their improvements.
Included are also the classic synthetic high-performance composites, such as CFRP, which
already have many advantageous characteristics compared to competing engineering
materials. However, there is still a high potential for improving their usefulness by in-
cluding functions while retaining their high structure efficiency. This may finally lead to
a new lightweight strategy for airplane, namely “one material for multiple application”.
For example, by replacing a part of metallic conductors with high-conductivity modified
composites for electrical structural network (ESN) to further reduce the overall material
weight. The final choice of material should be based on a comprehensive assessment of
competing materials with the aim of the lowest possible environmental impact over the
whole life cycle.

4.1. Life Cycle Assessment and Circular Economy

For all material development on the background of reduction of environmental im-
pacts, a holistic approach is needed, combining an optimal choice of materials, manu-
facturing and end-of-life treatment for any target application. The development should
be accompanied from the earliest stage by a Life Cycle Assessment (LCA). Furthermore,
Circular Economy principles should be followed in the choice of materials to identify
optimal solutions to re-use or recycle any material at the end of life of an aviation structure.
Of course, CE starts with the avoidance of materials as foremost aim. Extending a products
life-time by damage detection and simple repairability is another important aspect of
sustainability. Unavoidable EoL parts should be treated by a reasonable downcycling chain,
in case that the products cannot be repaired or directly re-used for the same purpose. The
conceptual ”downcycling chain” (cascade) is standing for an LCA supported succession of
suitable EoL treatments with as low as possible downgrading of the valuable material after
each step. Generally, the recycled materials must have a lower environmental footprint
compared to new materials they may substitute in a different application, otherwise the
recycling makes no sense from ecological standpoint. Therefore, it is necessary not to only
take into account a closed-loop recycling, but also an open-loop recycling in which the
recycled materials are utilized in different applications.

As an example, today the pyrolysis route is the most matured method for the recycling
of carbon fibers from CFRP waste. However, as the preceding step of size reduction to a
length of usually much less than 100 mm, the recycled carbon fibers (rCF) are in fact down-
cycled to a product with lower value compared to virgin carbon fibers (vCF). A possible
step to improve the value of such a material is to convert them into continuous forms of
reinforcements, so that their good mechanical properties can be optimally exploited despite
a limited fiber length. Delightfully after the conclusion of ECO-COMPASS, a follow-up
research work on improved recovering of carbon fiber is in progress under more mild
conditions in the GRACE project (Global Recycling And re-manufacturing of Composites
for a circular Economy (GRACE). Bilateral Collaboration Project co-funded by National
Natural Science Foundation of China (NSFC) and UKRI-EPSRC of United Kingdom, under
Grand No. 5181101686, 2018).
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The suitability for successive recycling steps and their potential damage of the recycled
material need to be characterized with the aim of finding the optimal recycling process
parameters. A hybridization of natural fibers with rCF can be a way to find a suitable
application for further downcycled materials, while improving the properties of natural
fiber reinforced composites. Hybrid composites made of natural fibers and rCF have
already been designed, manufactured and tested and preliminarily positive results have
been obtained. Furthermore, more transparency is needed for the collection, disassembly
and recycling chain, in order to identify the composite constituents, sort and streamline
different waste streams for adapted recycling processes.

In order to improve the reliability and significance of the LCA results, we recommend
investing more effort on primary data collection for different locations of raw material
production, for example the natural fiber cultivation in Europe and China. This will support
the improvement and optimization of fiber cultivation and extraction processes with the
aim of reducing energy, water, land-use, fertilizer and pesticide consumption. For all
LCA scenarios, the production mix of electricity is crucial for the energy intense processes.
Hence, it is important to include realistic future scenarios for the mix of renewable and
fossil energy in the different regions under consideration.

An interesting story about Circular Economy and sustainable development is the
green breather developed in ECO-COMPASS. Green breather is partially made of jute fiber,
and jute planting is just beneficial for improving soil quality and soil fertility. Therefore, the
green breather project combines the agricultural production and improvement in natural
fibers as a new type of industrial reinforcing material. This is exactly the social meaning of
research and development of eco-composites, as it can integrate the entire ecological chain
and the entire value chain.

For bio-composites, a special attention should be given to the LCA-based evaluation
of potential protection technologies for bio-based composite materials that are developed
to fulfill the challenging requirements of aviation. The environmental impacts of fiber
modification technologies to improve mechanical properties of composites, like nano-
cellulose grafting, plasma treatments and classic chemical treatments assessed in the
ECO-COMPASS project must be carefully modelled with realistic data.

Additionally, to the calculation of a state-of-the-art structure and a hypothetical re-
placement by eco-composites, the vision should be directed to the future designs of aviation.
This includes a better utilization of the multifunctional aspects of bio-based materials, such
as acoustic damping of natural fibers and the consequences on the weight reduction not
just in the part using eco-composites itself but also in neighboring systems. Improved
production methods with higher efficiency, local electricity mix for the production and
transport distances between the manufacturing locations must be considered. Attention
should be given furthermore for harmonization between software tools and methods, for
example by adapting principles of the Product Environmental Footprint (PEF) introduced
by the European Commission. Finally, the data transparency initiative for LCA improves
the acquisition of reliable data, and as a result, the comparability of technologies with
regard to our common sustainability objectives. It is also proposed to establish a public
LCA database of ecologically improved aviation materials by joint efforts of Chinese and
European partners.

4.2. Eco-Materials

Eco-composite materials, studied so far within ECO-COMPASS, include basically two
components, namely bio-based epoxy resins, and natural fibers for reinforcing polymer
matrix composites, and for hybrid papers for honeycomb, respectively. By taking the
existing aeronautical composites as a benchmark, it is obvious that there is still a gap
between the eco-composite and the state-of-the-art one. Therefore, all basic eco-composite
components should be further improved in properties to achieve better performance
and to fulfil the state-of-the-art requirements. Additionally, the relationship between
composition-property-process condition of the new composites is obviously not well-
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understood yet. The multi-scale and multi-level structure of the hierarchical composite
system should be further studied and used for performance improvements. There were
many attempts performed in ECO-COMPASS, such as chemical modification, including
nano-modification. However, an effective and affordable way could be simply found
in the hybridization of the eco-compositions with conventional material compositions,
in order to match their potential. In ECO-COMPASS project, such investigations were
performed and the results show, on average, improvements in the flame retardant, damping
or conductivity properties. Consequently, the study should be continued.

On the other hand, only few research activities have tackled the fatigue and ageing
behavior of eco-composites, especially the challenges for composites containing natural
fibers. Safety is of utmost importance when introducing new materials into aviation.
Therefore, more effort needs to be invested in the field of ageing resistance, with a fo-
cus on characterization, understanding and innovative improvements of eco-composites
behavior during the use-phase of many years under severe conditions. Examples are
moisture uptake of natural fibers, temperature differences and ultraviolet radiation. A
possible influence of bio-based specific challenges needs to clarified regarding the update
of certification procedures.

The combination of natural fibers and epoxy resin is very demanding regarding
the fulfilment of fire regulations for interior structures in aviation. For the combination
of natural fibers and epoxy resin, an improvement in heat release is needed without
sacrificing smoke density and toxicity. Further tests are proposed in order to increase
the understanding of the positive and negative effects of flame retardants. Generally, the
combination of natural fibers with less fire sensitive resin systems, like furfuryl alcohol-
based variants, made to a high percentage from renewable resources like sugarcane bagasse,
is recommended. Similarly, the combination of E or S glass fibers with bio-based resin
systems can be another way to a first introduction of partially bio-based eco-composites
in aviation. In short, a complex composite system can be broken down into individual
material components, which can be then tackled one by one in a possibly simple and
affordable approach.

Looking at the thermoset systems as matrix for composites, some promising alterna-
tives within different groups of bio-based epoxy systems are of interest within the research.
Such thermoset systems are explored with the primary aim of obtaining renewable al-
ternatives to petroleum based polymeric materials. Nevertheless, often it is not possible
to establish a direct connection between the material science and chemistry research to
specific engineering field of applications, including the aeronautic sector. Within the
ECO-COMPASS project, a literature review of bio-based thermoset resin systems as com-
posite matrix was carried out, highlighting some potentialities for interiors and secondary
structures of airplanes. The main mechanical properties, such as tensile, flexural, impact
resistance of the bio-based resin systems compare favorably with those of currently used
petroleum-based counterparts, but further analysis is required. Systems belonging to
isosorbide-, furan- and rosin-based systems, and in a minor measure, to natural-oil-based
systems, showed feasible characteristics in application as matrix for secondary and interior
structure composite.

It is proposed that within each class of resin systems, a holistic approach to the
investigation is adopted. This would start with a new chemical formulation and the scaling-
up of the new resin systems and continues with the assessment of key properties related
to the compatibility with matrix fibers and the validation of the physical properties of the
final fiber composites as whole. The processability protocols from laboratory environment
to the industrial production level constitute the concluding stage. Further functionalization
of bio-based matrix systems by nano-filler inclusion needs to be investigated with the aim
of improving fire resistance, electrical and ageing properties. This highlights that, despite
advances in the use of bio-based epoxy systems and multi-functional nanocomposites, there
is still a need to further optimize their performances to make them feasible for industrial
production and competitive for applications in the aviation sector. Generally, alongside
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with the engineering research in new formulations of multifunctional eco-composites,
research has to be carried out with the aim of building nano-functionalized materials safer
by design. An assessment of best practices in nano-safety must be addressed during the
scale-up from the laboratory to industrial level. Further studies must be conducted in
the multi-functionalization steps of new resin systems before meeting the commercial
production level, in order to guarantee the sustainability of the proposed new materials
and related manufacturing processes and applications.

LCA studies are necessary to assess and improve the entire lifespan of new eco-
composite products during the different life-stages.

4.3. Modelling and Simulation

Modelling and understanding the specific material behavior should be done from a
Life Cycle Engineering (LCE) approach, taking into account environmental, economic and
technical aspects. Adapting design principles is recommended in order to take advantage
of the specific properties of eco-materials, such as material damping and acoustic behavior
coming from the intrinsic characteristics of natural fibers.

It should be emphasized that the structural modelling carried out by ECO-COMPASS
was mainly aimed at the coupon level. In fact, the scope of composite modelling is more
ambitious, such as multi-composition, multi-scale and multi-level structural design and
modelling, designing multifunctionality into micro- and meso-composite structures, and
modelling and simulation of the performance of eco-composite structures at engineering
scale under airplane service condition. Therefore, extensive and in-depth research in this
direction is needed in the future.

Modelling and simulation can lead to a significant reduction in the development time
and cost of bio-composites. Simulation-aided design and optimization of bio-composites
may benefit from existing models that have been developed for classical CFRPs. Me-
chanical, thermal and electrical properties of bio-composites can be predicted using both
analytical and numerical models. In ECO-COMPASS, FE-based multi-scale models have
been developed to predict the electrical and thermal properties of two bio-composites,
namely a carbon fiber/rosin and a carbon fiber-flax/epoxy and a nanofilled bio-resin
(MWCNT/epoxy). The numerical predictions correlate very well with corresponding
experimental measurements. Using the models, the effects of geometrical and material-
related parameters on the thermal and electrical conductivities have been studied. From the
parametric study, rough guidelines for the production process have been developed. The
overall performance of the models confirms that they can be used in future investigations
aimed at designing, implementing and validating bio-composites in aircraft interior and
secondary structural parts.

The mechanical behavior of bio-composites has been studied at a specimen level
using numerical homogenization techniques, such as multi-scale analysis, which made the
modelling of complex microstructures possible. The results have shown good agreement
with the experimental work performed in the consortium. These techniques have been then
used in the numerical study of a hat-rack. An optimization analysis has been conducted
to determine the fiber orientation best suited to obtain optimal structural behavior. This
shows the potential of this type of analysis to aid in the design practice and further the
introduction of bio-composites in the aeronautical field. However, its applicability should
be further investigated on other types of components to demonstrate its reliability.

One of the main challenges is to accurately characterize the mechanical behavior
of natural fiber composites, which might be the case for other types of composites, but
these material systems show a bigger scatter. It is harder to control and avoid imperfec-
tions and defects. Therefore, the models developed for their structural analysis need to
account for this variability in material properties. To address this problem, it is neces-
sary to develop formulations that couple the material model with stochastic (statistical)
procedures, based on multilevel Monte Carlo formulations. This poses new constrains in
the material model, as it has to provide a good material characterization, and must also
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have a reduced computational cost. With these requirements, the serial-parallel mixing
theory is the perfect candidate. This theory obtains, by means of compatibility equations,
the composite performance from the response of its constituent materials. The stochastic
material models developed will be used to conduct a robust optimization of bio-composite
laminate structures. This sort of optimization procedures perform a stochastic analysis of
each design and the function to be minimized is the mean value of the structural response,
as well as its variance. Using this approach, it is possible to obtain an optimal solution
for the structure accounting for the uncertainties that might be over it. Furthermore, it
is well-known that long term effects, such as fatigue loads have an important role in the
material mechanical failure and further research should be conducted in this direction to
establish the behavior of bio-composites under cyclic loading.

4.4. International Collaboration

In order to fulfil the goals of a meaningful lowered environmental impact of aviation,
the benefits of international collaborations should be further followed to gather force
for a more effective development and application of eco-composites as one part of the
solution. Such an alignment of research activities has a high potential to increase the
speed of invention and to bring synergies to the surface. For example, there are different
types of natural fibers available in every region of our world. Some, like flax and ramie,
have promising properties and can be utilized as “local” materials for composites. On the
other hand, the cultivation of some plants, such as jute can improve the soil so that both
agricultural progress and the supply of industrial raw materials can be taken into account.
Such a win-win example of combining industry and agriculture can be implemented in
different regions of the world by international cooperation.

5. Conclusions

Composites made of carbon fibers and petrol-based matrix systems play a crucial
role as enablers of lightweight and high performing structures to increase the efficiency
of aviation. However, the ever-increasing awareness for the environmental impacts leads
to a growing interest in bio-based and recycled ‘eco-composites’ as substitutes for the
conventional synthetic composite constituents. Recently, the international collaboration of
Chinese and European partners in the ECO-COMPASS project provided an assessment of
different eco-materials and technologies for their potential application in aircraft interior
and secondary composite structures. Although preliminary, the present research has
highlighted materials-enabled potential, and an alternative part of the solution to the
CLEAN SKY target. Obviously, the work needs to be continued, in order to optimize
the properties of these material systems and understand the fundamental issues that
affect their performance. A case study from the ECO-COMPASS project has demonstrated
the successful combination of partly bio-based epoxy resin combined with conventional
carbon fibers for the manufacturing of an empennage side panel, including lightning strike
protection, as in Figure 4. Another example is the green honeycomb-based sandwich
side panel for airplane interior. Further details on technical aspects, discussed in this
White Paper, can be found in journal articles published by the consortium during this
international collaboration [2–27] and public deliverables on the project website.

It will be decisive for the successful implementation of bio-based and recycled mate-
rials in the aviation composite structures, in order to fully understand and exploit their
potential and use them in an optimal way. The technical improvements should be sup-
ported by a holistic Life Cycle Assessment (LCA) to identify challenges in the form of
environmental impacts compared with conventional materials. A careful examination of
the different environmental impacts has to be carried out in order to avoid any shift of
burden from global warming potential towards other impact categories, e.g., the eutrophica-
tion potential. The LCA should accompany the material and technology development from
the earliest stage for a Life Cycle Engineering (LCE) approach towards a Circular Economy.
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Based on many assumptions and simplifications, the LCA results from the ECO-
COMPASS project show a major impact of the use-phase for all environmental impact
categories, resulting from the kerosene consumption for usually more than 25 years of
aircraft usage. In comparison to the use-phase, materials, production, assembly and end-
of-life treatments have a less impact. Nevertheless, it should be the aim of the aviation
industry to fulfill the ambitious targets to be climate neutral by 2050 in conjunction with
a Circular Economy that leads to a sustainable utilization of materials with a minimized
environmental effect. Bio-based and recycled materials are important factors with a great
potential to be a part of the puzzle.

Figure 4. Demonstrator trailing edge panel of a horizontal tail, an example for the combination of
conventional materials like carbon fibers with partly bio-based epoxy resin developed during the
ECO-COMPASS project.

On the technical side, one needs to further work in concert on the improvement of
challenging aspects of such materials, which are for examples moisture ingress, fire ignition
and propagation, creep and ageing properties, by the help of innovative technologies
suitable for different types of natural fibers and resin systems. On the other hand, the
positive aspects of bio-based materials, for example low density, noise reduction and
vibration damping of natural fibers, need to be fully exploited for the best performance of
eco-composites. An international collaboration project reviewing the development of eco-
composites for civil aviation is an effective way in improving bio-based materials available
all over the world. Additionally, it should be emphasized that affordability is another key
factor in aerospace and other industries, and thus, additional effort is devoted to low cost
and more effective manufacturing methods, in addition to analysis and computational
simulation of the manufacturing and assembly process.

So far, mainly conventional state-of-the-art structures have been considered to study
the implementation of eco-materials. To take the next step, we recommend working closely
together with designers of future aircraft with the aim of finding the optimal combination
of conventional, bio-based and recycled materials. Hybrid solutions, such as a mixture
of natural fibers with new or recycled carbon fibers, could be one viable way forward.
Generally, the emergence of bio-based, recycled and multifunctional eco-composites offer
a unique opportunity for materials and aircrafts that can provide an alternative way for
aeronautical structures, and expand state-of-the-art technologies.
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