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Abstract: Composite materials constitute an appealing choice in many industrial sectors, due to
their unique composition and characteristics, such as low maintenance requirements, light weight,
corrosion resistance, and durability. However, the sustainable management of end-of-life composite
materials remains a challenge. Recovery strategies, design aspects, and their interconnection are
currently largely unexplored, while technologies involved in the circular economy (reuse, reduce,
recycle, refurbish, etc.) could be improved. The current paper provides an overview of the existing
methods of composite material waste management, while presenting new circular economy prospects
for end-of-life strategies and providing a brief roadmap towards circularity for industries. Finally,
existing circular economy practices in regard to composites are presented in different European
countries to present the applicability of composite material end-of-life waste management.
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1. Introduction

Composite materials have been in the foreground of sustainability, supporting the
efficient use of energy and materials through their specific chemical and mechanical char-
acteristics. Their principle characteristic is the combination of two or more materials
(reinforcing phase and matrix phase) with significantly different physical or chemical
properties that do not interact with one another, but rather work together to give unique
properties to the materials [1,2]. On a macroscopic scale, the phases are combined and
indistinguishable from one another, while microscopically, the phases are separated and
each phase exerts the properties of its original pure material [3]. Figure 1 illustrates some
of the most commonly used materials in composite matrices and reinforcement [1,4]. Due
to their high corrosion resistance, as well as high stiffness and light weight, composite
materials have a long lifespan with low maintenance, while their unique structure allows
composite materials to be used in automotive and aerospace infrastructures, as well in
renewable energy, as they are commonly used in wind turbines and photovoltaic (P/V)
panels [5].

Common materials used in the reinforced phase are glass, polymers, metals, ceramics,
and graphite, with the most widely used being E-glass, which provides easy compatibility
with matrix polymers and is low cost. For the matrix, common materials include metals,
ceramic, and glass, while the most commonly used are polymers. The polymers used are
divided into three different categories according to their physical properties: elastomers,
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thermosets, and thermoplastics. Thermosets and thermoplastics are the most commonly
used polymers in the manufacturing of composite materials. The low viscosity and molecu-
lar weight of thermosets make them useful in low-cost processes, while when heated or
activated by UV light, microwaves, or electron beams, thermoset resins undergo chemical
reactions forming cross-linked polymers with a high molecular weight. On the other hand,
thermoplastics are linear polymers with a high pre-existing molecular weight and are fully
formed before the creation of a composite matrix. Contrary to thermosets, when heated
(above their glass transition temperature), thermoplastics soften and exhibit low viscosity,
with easy flow to cover the composite. They require much higher temperatures and pres-
sure than thermosets to adequately melt and consolidate on the composite material, but at
the same time, thermoplastics are much easier to recycle and reprocess [4]. According to
Statista, concerning the market value of thermoplastic composites worldwide from 2019
to 2024 [6], thermoplastic composite materials are expected to have a total market of USD
36 billion by 2024 due to their applications in aerospace defense, consumer goods, and
electronics, as well as transportation. Similarly, carbon-fiber-reinforced thermoplastics
used in the automotive and aerospace sectors due to their light weight and strong impact
strength will have a market value of USD 7.76 billion by 2025 [7].
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Figure 1. Some of the main components used for the production of composite materials in both the
matrix and reinforcement phases.

The reinforced material is bound by a matrix enhancing the distribution of load
across the composite. Their properties allow composite materials to be tailored to fit the
loading requirements of structures in industrial architectural applications as well as in
transportation and infrastructure, thus replacing traditional engineering technologies such
as concrete. They can be tailored to twist when loaded in plain view and extend when
bended. Many natural materials are classified as composites without requiring human
intervention, such as wood (cellulose fibers and lignin matrix), bone, (hydroxyapatite
and protein matrix), and even exoskeletons of insects (layers of fibrous chitin and protein
matrix) [4].

Such usage has projected the value of composites in the market as, by 2026, the
worldwide use of advance composite materials is expected to project to USD 59.6 and USD
144.5 billion by 2028 [8,9]. According to Statista [10], structure (USD 492 million), thermal
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protection (USD 382 million), and solar array panels (USD 328 million) are estimated to be
among the highest valued composites. Furthermore, composite use in the space market is
expected to grow in size from USD 846 million in 2020 to USD 2.9 billion by 2031 [10].

In order to benefit fully from the circularity potential of composites, attention must
be given to their full life cycle. The most popular disposal method for composites is still
landfilling. This represents a significant loss of high value materials terminating the op-
portunities to gain more value through circular thinking (i.e., recycle, reuse, reduce, etc.).
This problem is particularly with thermoset structures used commonly in wind turbine
blades. Composite manufacturers are increasingly adopting a sustainable development
profile as the composite industry has seen the necessity for an increase in material efficiency
due to the natural scarcity of natural resources. These efforts include extending the life of
machinery, components, and spare parts, as well as constantly searching for new product
innovations to replace previous products that consume larger quantities of raw materials.
The main point of long-term material efficiency being adopted and sustained is to demon-
strate that there is also a consumer benefit. The composite industry is committed to develop
solutions that improve people’s well-being while reducing the socio-environmental impact
of composite products. This requires an approach from the cradle to the grave. There will
always be a consumer demand for value-added products, with fewer negative effects on
the environment. The composite sector is an active industry that secures a bright future
for manufacturing and jobs. The size of the global composite market was USD 90 billion
in 2019 and is expected to rise with a growth rate of 7.6%, reaching USD 160 billion by
2027 [11].

Nowadays, composite materials are increasingly replacing classic materials in a wide
variety of fields, from household items to components for spacecraft or nuclear power
plants. Sustainability is becoming an increasingly exciting argument in the materials selec-
tion process. Fiber-reinforced composites are strong, lightweight, and durable materials
that are increasingly being adopted in transportation, construction, renewable energy, and
many other markets. Sustainability in their use phase is often a key factor for the selection
of composite materials over traditional materials. Composite constructions offer long
service times combined with low maintenance requirements, and lightweight composites
result in lower energy consumption throughout the life of a product [12].

Current methods of disposing composite materials involve mostly landfilling, cement
clinker co-processing, recycling by matrix degradation (i.e., use of microorganisms, elec-
trolytes, solvents), matrix decomposition by the fluidized air-bed method, high-voltage
fragmentation, microwaves, and mechanical recycling [13,14]. As it is known, landfilling,
especially of composite materials, represents a high loss of high-value materials and energy
input for their production, as well as loss of opportunities for reusing composites in other
investments. Therefore, there is a need for innovation regarding composite end-of-life
disposal methods in order to integrate the materials into a circular economy mindset and
increase value chain approaches by companies for high-quality recycled materials. At the
same time, since the disposal of composite materials seems to be much more difficult than
conventional materials, the replacement of some of them in their respective application and
the search for alternative materials for lightweight products needs to be continued.

To date, there is limited legislation governing the treatment of composite waste or
blade waste both nationally and at EU level. In general, authorities have different regulatory
instruments to motivate the practice of recycling. These include landfill bans, increased
taxes, legally binding targets, and requirements for Extended Producer Responsibility (EPR).
This would probably be more efficient in developing a European blade waste recycling
market. There would also be an agreement with other sectors of composite recycling.
However, there is a clear impetus toward more circularity in general in the EU as shown by
the new EU Circular Economy Action Plan (CEAP) (2020) [15]. The «European Strategy for
Plastics in a Circular Economy» (2018) emphasizes that the low reuse and recycling rates of
plastics at the end of their life cycle is a key challenge that must be addressed. The strategy
also emphasizes that the private sector along with national and regional authorities, cities,
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and citizens will need to act to fulfill this vision. To date, it has not focused on composite
waste. According to the European classification of waste [16] and WindEurope [17], the
most common category of composite blade waste is plastic waste from constructions and
demolitions with code 17 02 03. National authorities need to make certain that the correct
and sustainable code is applied to blade waste. It is of utmost importance to ensure the
methodical and efficient separate collection and sorting of composites and to assist in the
identification of appropriately approved waste treatment options from separate collection
and sorting.

The Sustainable Development Goals (SDGs) [18] launched by the United Nations (UN),
especially goal number 12, deals with responsible consumption and production. In the
long term, such an initiative could contribute to a more circular economy. Kirchheee et al.
(2017) [19] defined CE as an economic system that replaces the concept of end of life by the
reduction, alternative reuse, recycling, and recovery of materials in production, distribution,
and consumption processes.

The current paper focuses on end-of-life composite materials from the aviation in-
dustry, solar panels, wind turbines, as well as challenges and opportunities regarding the
circular economy of these materials after their use.

2. Methodology

The PRISMA statement of preferred reporting items for systematic reviews and meta-
analysis was used for the identification of the 70 records (www.prisma-statement) (accessed
on 25 April 2022) [20]. Inclusion and exclusion criteria were used to target the investigation
and relation of composite materials and circular economy in regard to end-of-life disposal.
Specifically, the inclusion and exclusion criteria are presented in Table 1.

Table 1. Inclusion and exclusion criteria for PRISMA statement.

Inclusion Criteria Exclusion Criteria

Year of publication (2017–present) Non-English papers
Reports and data (2010–present) Insufficient data

Published in English Irrelevant data
Including keywords Duplicated records

Furthermore, primary data were collected through Statista and other reliable statistical
sources and evaluated through specific criteria, such as accuracy and year of publication.
The main database used was SCOPUS, while the keywords chosen were “Composite mate-
rials” AND “Circular Economy”, “Composites” AND/OR “end-of-life”, “Aviation waste”
AND/OR “composites” AND “Circular Economy”, “Solar Panels” OR “Photovoltaic” AND
“Circular Economy”, and “Wind turbines” AND “Circular Economy”.

At the same time, the methodology used for the recruitment of articles, reports, and
records is illustrated in Figure 2. Using the PRISMA statement, the authors started off
with the identification of 546 records using the keywords provided above. Through the
exclusion and inclusion criteria, the number of records dropped to 166. Then, the authors
manually excluded or included the records by first analyzing the abstract of the record and
then the full article for eligibility. Through the process, 70 records were used in the study,
which included 48 articles and 22 reports (official webpages, official reports).

www.prisma-statement
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3. Results and Discussion
3.1. Solar Panel Composite Waste

In recent years, any government that acknowledges the need for a transition towards
a greener society, aversion from fossil fuels, and natural resource use, place renewable
energy source installations as very high priority. EU strategies, such as the European Green
Deal (EGD), encourage this transition, setting clear goals for clean energy production and
decarbonization of energy systems until 2050 as the energy sector accounts for more than
75% of greenhouse emissions (GHGs) in the world. The goal of the EGD is the decrease
in GHGs at least by 50% by 2030 compared to 1990 and to reach carbon neutrality by
2050 [18,21,22]. At the same time, the United Nations’ (UN’s) Sustainable Development
Goals (SDGs) and specifically SDG 7 for affordable and clean energy support such logic,
aiming to stabilize energy security and the transition towards renewable energy. Additional
economic incentives are rapidly aligning towards green energy production encouraging
customers and governments to install solar panels, wind turbines, etc. Even so, in an indus-
try where circularity solutions remain an issue concerning composite materials integrated,
for instance, in P/V panels, the large volume of waste after the end of life of the panels
results in severe disposal issues [23,24].

Assuming the average lifespan of P/V panels is around 25 years, the accelerated
growth of renewable energy use will also translate to accelerated end-of-life disposal
issues of solar panels and extend to composite materials. Hitherto, solar panels have
been simply manufactured, commercialized, used, and discarded in landfills [25]. In 2018,
the installation of P/V represented about 2% of the world’s electricity output [25], while
according to Statista [26], the projection of P/V panel waste accumulation worldwide
is estimated to reach 1.7 million metric tons by 2030 and 60 million tons by 2050. Solar
panels vary in composition according to the manufacturer; however, they usual constitute
of silicon solar cells; glass sheets; polymers, such as poly-methylmethacrylate (PMMA)
also known as plexiglass; as well as metal frames. Such diversity in their composition
complicates their disposal and implementation of circularity.
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The most common methods of end-of-waste handling of P/V panels include recycling
and reuse. the Recycling of P/V occurs mostly through physical separation or mechanical
crushing, and less through thermal treatment. The recycled material can then be reused
as filling in building constructions. More challenging recycling methods are chemical and
thermal treatments [27]. Due to the variability of the solar panels, they are commonly
selected according to a specific solar panel due to the difficulty of standardization. Most of
the time, valuable rare elements are recovered, while the rest of the materials are incinerated.
At the same time, implications through thermal treatment arise concerning the excursion of
hazardous by-product emissions. Therefore, the incineration of composite materials is not
commonly used [3,27].

Furthermore, the most desired waste-management practice is reusing solar panels
in a form of solar cell recovery, therefore diminishing composite waste too. Even though
desirable, this method has severe limitations, including the localization of the solar panel.
Currently, in order to avoid the full disposal of the solar panel, the replacement of compo-
nents to extend the life cycle is implemented [3].

Lastly, landfilling is still the less desirable option, but even more so for solar panel
disposal as the energy loss and leaching toxicity issues of composites in landfills deem
the method not only undesirable in terms of waste management, but also dangerous for
human health and the environment [3]. There is a significant need for the circularity
of solar panels with regard to innovations in reuse and recycle technologies for their
incorporation in industrial practices. The composition of current P/V panel designs does
not allow for advances in safe and sustainable disposal practices, and therefore provides
low-value recycling results and landfilling. This does not only translate to environmental
implications, but also Franco and Groesser (2021) [25] mentioned the loss of profitability in
the industry resulting from non-adequate recycling processes. The low volumes of recycled
composites as well as the high collection and transportation costs decrease the incentives
of manufacturers to search and innovate in this regard.

3.2. Aviation Composite Waste

End-of-life aviation composite waste and aircraft structures create issues to be ad-
dressed. According to the International Air Transport Association (IATA) [28], until 2030,
there will be a further retirement of approximately 11 thousand aircrafts. Since the COVID-
19 pandemic limited air travel for three years, inevitably there will be an acceleration of
this retirement, placing even more pressure on the end-of-life disposal of composites [2].
The use of carbon fiber composites in aircrafts and the aerospace industry is significantly
high. In 2020, the revenue for the use of advanced space composites was around USD 846
million worldwide, while it is expected to rise to USD 2.9 billion by 2031 [10]. Taking as an
example the Airbus line of aircrafts, according to the type of aircraft, the use of composite
materials fluctuates approximately from 5–55% of the manufacturing materials used, for
Airbus A350 composites constitute 53% in the outer flaps, nose, wing ribs, bulkhead, floor
beams, and other significant parts [2].

The lifespan of a commercial aircraft is heavily decided upon economic and safety
factors, and therefore it is influenced by maintenance and repair protocols. It also re-
quires constant upgrades for compliance with the general health and innovation of the
industry, as well as new safety regulations. General composite waste from the aviation
industry is categorized into manufacturing waste and end-of-life waste. The main ‘ingredi-
ents’ in composite manufacturing are carbon-fiber-reinforced polymers (CFRP) and epoxy
resins [14]. CFPRs constitute an ideal material for aerospace engineering applications due
to their lightweight characteristics and weight-saving outcomes and temperature-change
durability [29].

Even so, the waste disposal of them remains a difficult area of focus. For instance, a
Boeing 787 aircraft contains around 18 tons of carbon fibers in its structure and 470 aircrafts
are operating right now. When their life span ends, this means that approximately 8.4 ktons
of carbon fibers could be recovered from around 13 ktons of composite waste [14]. Disposal
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issues arise in this regard as, for instance, the CFPR combination with hexavalent chromium
primers does not allow for the recycling of these parts. Disposal in landfills is considered
harmful as they are classified as hazardous waste. Classified as such, waste is able to
affect human health and the environment (i.e., soil, air, and water). Therefore, carbon fiber
composites coated with chromium primers may affect the quality of the environment by
the leaching of toxic chromium into the soil. At the same time, the presence of epoxy and
phenolic cross-linked molecule structures produces significant challenges for conventional
disposal and recycling technologies [4,14]. The reason for this is that polymer matrices are
usually thermoset materials and therefore cannot be remolded due to their cross-linked
structures, compared to thermoplastic and elastomeric matrices. Furthermore, due to the
different reactivities between compounds contained in composites, it is very difficult to
handle and treat them in the same conditions. At the same time, the conventional recycling
of such composites creates waste-management concerns due to liquified waste, such as
acids, bases, surfactants, and solid waste [30].

3.3. Wind-Park Waste

Since the early 2000s, the wind-energy sector is one of the most important consumers
of composite materials and one of the fastest growing sources of electricity generation in
the world [31]. The total wind-power capacity installed at the end of 2016 was 153.7 GW,
which was enough to cover 10.4% of the EU’s total electricity consumption in a normal
wind year [32]. Up until 2018, the total number of wind turbines installed in the EU was
about 77,000, assuming a mean wind turbine power of 2 MW [33], with a combined power
of 153.7 GW, and a project lifetime of 20 years. The EU’s binding target by 2030 is to
increase the share of renewable energy sources to 27% and to reduce GHGs by 80–95% by
2050 [32]. In addition, the EU has also set ambitious goals for renewable energies, with 32%
of renewables energies consumed in 2030 [34], emphasizing the important role of wind
energy in the future energy mix.

Liu and Barlow (2017) [35] predicted that, currently, the EU has to process more
than 50 ktons of end-of-life wind turbine blades. However, a growing amount of wind
turbines will be decommissioned considering that the standard lifetime of a wind tur-
bine is 20–25 years and there are increasing repowering opportunities, i.e., replacing old
components/models with newer and more efficient components/models [36].

Recent publications show several concepts, mainly, in one-off applications: hous-
ing [37], bridges [32], and power-transmission line poles [38]. Such studies demonstrate the
feasibility of reuse but identify that the actual larger scale realization needs to be studied
further in terms of logistics and costs, reprocessing technology, traceability of specifica-
tions’ material quality, and social acceptance concerning the intended reuse application, as
mentioned by Joustra et al. (2021) [39].

3.4. Circular Economy and Composite Materials

In order to integrate the use of composite materials more firmly into a CE mindset
(other than reuse and recycle), all lifecycle perspectives of the materials must be investigated.
Such an approach will have to demand changes throughout the life cycle of the materials,
from product design to end of life, while a large portion of stakeholders (i.e., policy makers,
government, customers, and academia) will have to be involved. Underlying principles,
such as extended produced responsibility (EPR), along with similar policies, standards,
and certifications will aid in shaping circularity in this regard [27].

In order to approach a circular thinking regarding the difficult end-of-life opportu-
nities of composite materials, many R-strategies of circularity (i.e., reuse, reduce, recycle,
refurbish, remanufacture, etc.) should be taken into account (Figure 3), namely [3,40–44],
(i) reuse to extended the lifetime of composites to avoid disposal implications; (ii) repair,
maintain, and upgrade products to ensure efficiency and usability; (iii) recover products
and increase the number of their cycles; (iv) remanufacture the structural elements while
preserving material composition; (v) refurbish materials in another context of life construc-
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tion; (vi) replace composites with other lightweight materials (i.e., integrate biocomposites)
for easier waste management; and (vii) recycle materials to close the loop (i.e., recycled
carbon fibers).
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Nonetheless, recycling and recovery are of the highest priority concerning compos-
ite materials. Their high rank in the hierarchy comes also from the Waste Framework
Directive, explaining that the most effective way of managing waste is the prevention of
waste creation in the first place [45,46]. Recycling and recovery are the areas for which
the most important technologies are developed. The motivation of industries to recycle
multi-material composite waste arises from the cost of clean material production and envi-
ronmental problems. The zero-waste production philosophy cannot only rely on recycling
but should also entail reuse, remanufacturing and refurbishment as they are usually more
profitable for the environment.

In order to enhance the development of innovation regarding the recycling of com-
posites and to overcome the challenges, the development of new technologies and the
optimization of existing ones should be a key area of focus along with proper law regula-
tions and quality protocols for the end of life for such materials. For the smooth monitoring
and reporting of any action implemented regarding the enhancement of CE concerning
composites, quantifiable reports and data have to be obtained in order to inspect the en-
vironmental, social, and economic issues regarding circularity, but also to monitor the
development of a new mindset [3]. These data can only be present by the use of Key
Performance Indicators (KPIs), end-of-waste criteria (EWC) for the composite material
according to their composition, material flow analysis (MFA) from design to manufacturing
and disposal, and other common scientific tools (Figure 4) [21,40,47–50].
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Figure 4. Steps towards the circular economy in regard to composite materials.

In this framework, biocomposites have gained increasing traction as environmentally
friendly alternatives to synthetic composites. According to Statista [51], biocomposite
production in the EU in 2020 was around 480 thousand metric tons, while by 2028 it is
forecasted to reach 590 thousand metric tons. Unlike the non-degradable nature of conven-
tional composite materials, biocomposites are bio-based polymers and fillers extracted from
renewable natural sources (i.e., wood, palm-leaf sheath, apple pomace, bacterial cellulose,
eggshells, shellfish shells, etc.). They are less environmentally harmful as they are recy-
clable and reusable [52–55]. At the same time, the most commonly used biopolymers in the
development of biocomposites include (poly)lactic acid (PLA), (poly)hydroxyalkanoates
(PHAs), cellulose esters, and starch-based plastics [56].

Hence, the development of biocomposites should be integrated within a CE model
to ensure a sustainable production that is simultaneously innocuous towards the environ-
ment [57]. Most plastics are created from synthetic organic solids containing petrochemicals
acquired from fossil-based fuel. According to Shanmugam et al. (2021) [58], the most impor-
tant benefit from the use of biocomposites is the easier management of end-of-life products.
At the same time, biocomposites can be used as fillers in plastic composites, therefore
increasing their biodegradability, while simultaneously increasing the durability of the
entire composite system. The use of biocomposites as bio-fillers with conventional plastic
composites does not have a negative effect on the desirable characteristics of the overall
material; instead, they provide increased tensile strength. Biocomposites as fillers can be
used in domestic environments for the production of many different structures, such as
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fences, windows, and door frames, while, at the same time, some biocomposite materials
can reduce domestic waste. For instance, the use of powder from walnut shells can be used
as a biocomposite filler to decrease wood shortages in walnut-rich countries and lower the
cost of biocomposite production. Similarly, chicken eggshells are considered an extensive
environmental issue in egg-production industries, as eggshells have no added economic
value to them and are therefore discarded in landfills. Nevertheless, they are considered an
excellent potential calcium source and can be used for the production of polypropylene
composites along with commercial talc and calcium carbonate [59].

The commercialization and more in-depth investigation of the further application
of biocomposites will allow for the manufacturing, usage, and disposal of composite
materials to increase their contribution to the circular economy. The CE’s main goal is to
maintain sustainability by reducing waste and preserving resources at their maximum
value. Although the concept of CE is concerned with reducing the carbon footprint at every
stage of a product’s life cycle, one way to incorporate the concept is to use waste for the
development of composites, which will help mitigate the take–make–use–dispose mentality
that is so prevalent in today’s society. Adapting the CE for biocomposites improves their
recyclability and reusability, as well as their ability to convert biocomposite waste into
useful products, energy, or secondary materials, potentially reducing biocomposite waste
landfilling [58].

3.5. Countries Handling Composite Materials

At the national level, four countries make a clear and comprehensive reference to com-
posite waste in their waste legislation. The countries are Germany, Austria, the Netherlands,
and Finland, banning the landfilling or incineration of composite materials. In addition,
various countries have implemented good practices that are described below.

3.5.1. Germany

A ban on directly landfilling waste with a total organic content higher than 5% came
into force in 2009. Considering blades that contain an organic part, they therefore cannot
be landfilled. In response to this regulatory constraint, a technical solution was developed
for handling larger amounts of glass-fiber-reinforced polymer waste in northern Germany,
which uses around 15 ktons of composite waste annually, 10 ktons of which comes from
wind turbine blades. The plant has a total current capacity of 30 ktons per year. The cost
is around EUR 150 per ton (gate fee). Recycling large amounts of glass-fiber-reinforced
polymers has been challenging due to its thermosetting matrix. According to Gonçalves
et al. (2022) [60], glass fibers can be extracted and repurposed for wind turbines, avoiding
waste and landfilling. At the same time, mechanical recycling shows promising results
and a lower energy demand. Reinforced fibers are recycled into fine powder or short
fibers and used as fillers in new molding compound processes for the production of new
composites [61]. Furthermore, a German company (Neocomp) found a way to recycle
glass-reinforced fibers into additives for cement production by mixing them with paper-
production residue, resulting in total recycling [62].

This presumes to potentially include specific elements of product responsibility for
Original Equipment Manufacturers (OEMs), including (a) information and labeling obliga-
tions regarding the material composition of the rotor blades; (b) separate processing with
the aim of quality assurance of recycled and substitute fuels; (c) obligation for high-quality
recycling or guarantee of disposal safety; (d) inclusion of the manufacture’s knowledge and
processing technologies adapted to product-related technological change; and (e) cause-
related allocation of disposal costs and organizational obligations during disposal [17].

3.5.2. The Netherlands

Under the third edition of the National Waste Management Plan, the landfilling of
composite waste is banned «in principle». However, wind-farm operators can benefit from
an exemption if the cost of alternative treatment is higher than EUR 200 per ton. According
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to a survey conducted by WindEuope, the cost of mechanically recycling wind turbine
blades in the Netherlands ranges between EUR 150–300 per ton. This means landfilling is
still practiced [17].

A popular example of repurposing composites at a large scale is the Wikado (Figure 5)
playground in Rotterdam. The blades are considered safe to use in an alternative application.
Wikado speaks for sustainable, circular solutions in terms of the reuse of materials and
components. As Medici et al. (2020) [63] reported, the content of the CE is crucial to
reconsider strategies regarding the reuse of resources and materials.
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Figure 5. The Wikado playground. “Reproduced with permission from Guzzo D.; https://
denisguzzo.com/projects/superuse/dortyart/, 2014” (accessed on 1 May 2022) [64].

3.5.3. France

France sets specific recycling rates for end-of-life wind turbines in a decree published
on 22 June 2020, without detailing the responsible party. From 1 July 2022, a minimum of
35% of the rotor mass should be reused or recycled. For permits accepted after 1 January
2023, the recycling rate increases to 45% of the rotor mass. These requirements are further
increased for permits accepted after 1 January 2025, where 55% should be reusable or
recyclable [65].

3.5.4. Denmark

The re-wind research project looks into alternatives to unsustainable wind turbine
disposal methods, while also exploring the potential to reuse blades in engineering and
architecture aspects. The idea has already been implemented in the port of Aalborg in
Denmark [66].

In a design case study by Joustra et al. (2021) [39], panels of a wind turbine were
reused for a table (Figure 6), which served to explore barriers and opportunities for seg-
mented reuse. The picnic table was created from construction elements cut from a wind
turbine blade.

https://denisguzzo.com/projects/superuse/dortyart/
https://denisguzzo.com/projects/superuse/dortyart/
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tion & Recycling, published by Elsevier, 2021” [39].

Pyrolysis, solvolysis, and incineration with energy recovery (fuel, electricity, and heat)
and waste by-products from blade waste all fall under the category of recovery. These waste-
treatment technologies can also be referred to as tertiary recycling. A practical example is
the production of insulating wood mats made from blade fibers via pyrolysis [67].

4. Conclusions

Even if composite materials offer great engineering opportunities, their integration
in the circular economy remains challenging. This is due to their specific characteristics
and properties of composites, as well as the limited availability of sustainable end-of-life
waste-management technologies. There are several limitations when choosing to handle
composite materials in a circular manner, concerning the limited known applications and
lack of innovation. The key controversial areas for the usage and disposal of composite
materials concern two of the main areas investigated: wind turbine blades and solar
panels, which constitute methods of renewable energy production. Due to the increasing
attraction towards clean and affordable energy, it is expected that these energy production
technologies will increase their share in the energy mix in the subsequent years. The use
of renewable energy will be raised in any case as the continuous use of fossil fuels is
limited, no matter what materials are used for the construction of solar panels and wind
turbines. If the use of composite materials continues in the present manner, until 2030,
human beings will have a considerable problem concerning their disposal. Alterations
from the ‘business-as-usual’ mindset by adopting the circular economy base pillars (reuse,
recycle, recover, refurbish, remanufacture, replace, etc.) as well as the use of alternative
materials (i.e., biocomposites) to replace or minimize the use of them in all areas is of the
outmost importance and valuable for the diversion of waste from landfills. Regarding the
composites, the development of a general circular business model is necessary, but also
quality protocols concerning end-of-waste criteria of each individual mix of materials are
needed. We consider the field of the reuse of composite components or, in the best case,
of the whole composite material as very important as a basis for the production of novel
materials using biotechnological methods in combination with surface activation methods,
such as high-power ultrasounds, UV, and atmospheric plasma [68–70]. Furthermore,
socioeconomic pressure for the development of sustainable composite recycling solutions
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will accelerate the replacement and/or alter the waste-management handling of these
materials by banning landfilling options to reduce environmental impacts in the framework
of the circular economy.
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