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Abstract: Ensuring the sustainability of wind turbine blades will be an important requirement for
new wind turbines to be installed in the coming years and decades. Several new wind turbines
with blades from recyclable materials have already been installed, among which are blades based
on recyclamine® and EzCiclo. The wind turbines of the new generation are subject to extreme
mechanical and physical loading, can be damaged during service time, and will require maintenance
and repair. In this paper, technologies for the repair and recycling of the new generation of materials
for wind turbine blades are reviewed. Repair technologies for thermoplastic blades, recyclamine®-
and vitrimer-based composites, and other new blade composites are discussed.
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1. Introduction

In order to ensure a green transition, a large expansion of wind energy is foreseen
for the coming years and decades. In 2022, wind electricity generation increased by
14% (265 TWh) and reached 2100 TWh. In order to achieve the Net Zero Emissions by
2050 Scenario, 7400 TWh of wind energy should be installed by 2030. This requires an
average annual generation growth rate of 17% [1].

One of the critical requirements for newly installed wind turbines is their sustainability.
While most parts of the wind turbines can be recycled, it is not always the case for the
composite turbine blades [2]. Composite blades, made from strong and durable composites
that are typically made with a thermoset (epoxy or polyester) matrix and glass or carbon
fibers, are designed to sustain extreme mechanical and physical loading over years and are,
therefore, the most difficult to recycle. Generally, about 43 million tons of composite blade
waste will be accumulated worldwide by 2050 [3]. Therefore, the problem of ensuring
the sustainability of wind turbine blades after a decommission is quite urgent for the
development of wind energy. Among several solutions, one can list the refurbishment
of blades, their reuse as structural elements in cities, the development of new recycling
technologies for blades (which is still a challenge) [2], and also the development of new
composite materials, which can be efficiently reworked and recycled. In the framework
of the last option (new recyclable composite materials), a number of solutions have been
proposed over the last number of years. As reviewed in [2,4–6], the new promising
materials include thermoplastics, biocomposites [7] and wood-based composites, vitrimer,
and reworkable thermosets.

Several wind turbines of the new generation, with blades from newly developed
materials, have been manufactured and installed by Siemens Gamesa, MingYang, Gold-
Wind, and Covestro [8–10]. It is expected that increasingly more wind turbines of the new
generation, from sustainable materials, will be installed over the coming years. Several
other promising materials are now in development or under testing and can probably
become new blade materials soon.

When installed, blades from new materials are subject to various mechanical and
environmental loadings, transportation, and service damage, and they require maintenance
and repair. In this paper, the available information on the technologies for the repair of

Energies 2023, 16, 7694. https://doi.org/10.3390/en16237694 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16237694
https://doi.org/10.3390/en16237694
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3193-4212
https://doi.org/10.3390/en16237694
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16237694?type=check_update&version=1


Energies 2023, 16, 7694 2 of 17

newly developed composites with the potential to be used as the new generation of wind
turbine blades is summarized. Both the blade composites already under exploitation and
materials currently under testing with a demonstrated potential for use in wind energy
are reviewed.

2. Repair and Recycling of Wind Turbine Blades: Current Situation
2.1. Repair of Current Wind Turbine: Field Repair and Post-Manufacturing Repair

The commercial wind turbine blades currently in use are mostly made of glass (or,
more seldom, carbon or hybrid) fibers with thermoset polymer matrices, epoxy, or polyester.
The repair procedures are employed typically in two situations: post-manufacturing repair
(removing the defects identified after blade manufacturing and before installation) and field
repair (when damage takes place during the wind turbine work). The post-manufacturing
repair is carried out in the factory and can often ensure better quality, while field repair can
be more challenging.

The commonly observed mechanisms of damage and failure of wind turbine blades in
the field include the following: leading edge erosion, delamination in tapered areas and
plydrops, damage in adhesive joints in spar/cap, trailing and (seldom) leading edge, failure
of root region, and buckling and collapse under bending and torsion [11]. Leading-edge
erosion is the most often observed damage mechanism (it is observed 1–2 times per year
and, sometimes, even shortly after installation [12,13]), and it requires relatively short and
inexpensive repairs (~1400 EUR/repair plus costs of downtime and transportation), while
the structural failure of blades occurs very seldom (once per decade) [12]. Figure 1 shows a
technician on a rope carrying out repairs and a patch curing process in a test lab, with a
handheld ultraviolet device. For further discussion, it is worth noticing that these damage
mechanisms and their frequency and ranking (observed and summarized on the basis
of thousands of blade failure events, collected in databases from around the world over
decades [11,12]) can be different for other composite groups (discussed below).
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Figure 1. Repair of wind turbine blades: (a) Technician on rope. (b) Soft patch being cured by a
hand-held ultraviolet device.

The repair of wind turbine blades generally includes the following steps: identification,
inspection and assessing damage, removal of damaged regions, preparing the patch or other
repairing parts, surface preparation in the patch attachment place, placing the adhesive,
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attaching the repairing parts [14], curing of the adhesive, post-repair inspection [15]. The
repairing part can be a shell or tape (for surface erosion), or a patch/scarf, for deeper
structural damage, including broken fibers. In the case of delamination or debonding, holes
are drilled, and the resin is injected in the holes to fill and seal the crack.

Patches can be cured simultaneously with adhesive (so-called soft path, see Figure 1b),
or pre-manufactured in a mold and bonded (hard patch), or they can include several
pre-cured laminates, which are then cured together (semi-hard patch). The quality of a
hard patch is often better, but it takes more time than the soft patch repair [15].

The curing of the patch and bonding are important processes, which strongly influence
the post-repair quality of wind turbine blades. In [16], various technologies of curing the
patch were investigated, including hand layup lamination, thermal and ultraviolet curing,
and infusion. It was observed that all the curing technologies used for blade repair lead
to some content of voids in the repaired part, which can also influence the post-repair
fatigue lifetime. Ultraviolet curing, with comparable quality, allows a reduction in the
repair costs, simply due to the much shorter repair time. The residual stresses, formed
in the parent composite during the repair, can also reduce the post-repair lifetime [16].
The applicability and advantages of different technologies of curing in blade repair are
discussed in [12,15,16].

The main groups of adhesives used in the composite bonding are urethanes, epoxies,
and methacrylates [15]. The adhesion mechanisms are various and complex, including
mechanical interlocking and covalent and chemical bonds [17] (see schema in Figure 2,
upper right).
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umn shows the microscale mechanism of bonding: Upper right: thermoset bonding (following [17]);
middle right: fusion welding of thermoplastics; low right: network reconfiguration of vitrimers.

2.2. Recycling of Current Wind Turbine

Composites for wind turbine blades were designed and developed to sustain extreme
physical and mechanical loading over decades. That is why it is difficult to separate the
blade composites into reusable elements (for instance, fibers and polymer) after wind
turbine decommission. There exist a number of reuse and recycling technologies for
thermoset composites, which are now being explored or even applied. The technologies
include re-use and refurbishment, mechanical recycling (e.g., shredding), and thermal or
chemical decomposition [2,6]. The crushed composites and restored fibers can be used in
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various secondary applications, e.g., in concrete production, wall paints, panels, etc. The
mechanical recycling products are however inhomogeneous, and restored fibers often have
a lower quality. The output from recycling is often more expensive than new products
(e.g., glass fibers).

A lot of effort is now being directed to ensure the high quality of recyclate and
reduce the costs/energy of recycling. Among the developed techniques, one can list
enhancing the surface properties of recycled fibers by changing thermal regimes, using
lower pyrolysis temperatures for carbon fibers [18], or, inversely, a higher temperature
for thermolysis to prevent the formation of char residue on the recovered fiber [19], or
sizing on recovered fibers [20,21]. In several works, combined or multistep recycling
technologies were suggested, where various physical effects were combined, to ensure
efficient recycling and a clean recyclate without properties loss [6]. The team led by van der
Mijle Meijer at the Dutch research center TNO (Nederlandse Organisatie voor Toegepast
Natuurwetenschappelijk Onderzoek/Dutch Organization for Applied Scientific Research)
suggested a pyrolysis solution, in which fibers are extracted by briefly admitting oxygen in
the oven, after the resin and fibers are separated in pyrolysis without oxygen. This leads to
the burning of the residues of the resin on fibers, thus allowing the process to obtain clear
and usable recycled fibers [22].

Recently, in 2022–2023, the Danish wind turbine manufacturer Vestas announced a
new technology for the recycling of commonly used epoxy/glass composites, as a result
of the Danish CETEC project (circular economy for thermoset epoxy composites), with
Olin and several Danish academic institutions. The technology includes two steps, the
separation of the materials in the blade (using “commoditised chemicals”, not harmful,
and working at ambient temperature and pressure), and converting the epoxy back to
the basic constituents [23]. This project is a follow-up of the Danish project DreamWind
(designing recyclable advanced materials for wind energy), with the same participants, in
which the chemcycling technology is developed to separate epoxy from fiber (using an
acidic solution) and breaking the epoxy down (using additional catalysts). In [24], Jensen
and Skelton noted that “Common to all of the [recycling] processes is lack of a business
case”, due to the high costs of recycling and the lack of a market for the recycled fibers
and polymers.

While a number of solutions seem to be available, many of them are still on a low TRL
(technology readiness levels), or expensive, or not very environmentally friendly. That is
why many groups and companies are working to develop wind blade composites with
inherent recyclability. Below, the main groups of recyclable composites and their repair
technologies are discussed.

3. Thermoplastic-Based Blades

Thermoplastic composites are recyclable by heating and have a shorter manufactur-
ing cycle. These materials have been considered as a promising alternative to thermoset
composites for many years. A number of thermoplastics were investigated with a view
to their potential use for wind turbine blades, including polypropylene and polyethylene
polymers [25], polyether ether ketone (PEEK) [26], anionic polyamide-6 (APA-6) [27,28],
and cyclic butylene terephthalate (CBT) [29]. The challenges of the application of thermo-
plastic composites in wind blades include high-temperature processing, leading to higher
costs, specific drying requirements, weak fiber adhesion and surface-treatment require-
ments, interface properties degradation due to moisture, and the challenges of the control
of resin flow during manufacturing [2].

3.1. Repair Technologies of Thermoplastic Composites

Thanks to the thermoplastic ability to be melted and reformed, thermoplastics com-
posites can be repaired not only by adhesive bonding (like usual thermoset composites),
but also by fusion bonding and thermoforming [30,31]. Adhesive repair techniques are
not directly transferable to thermoplastic composites, due the low surface free energy of
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thermoplastics. Special surface treatment is necessary to ensure the required quality of the
adhesion performance, e.g., abrasive treatment, etching, sand blasting, plasma, etc., [30,31].

Fusion bonding (welding) is carried out by heating two bodies at their interface above
the glass transition or melting temperature, to a viscous state, leading to inter-diffusion
and the mixing of the polymer chains, and cooling for joint consolidation [31]. Figure 2
shows a schema of the defect healing with fusion welding. The local heating for the fusion
bonding is generated, using different mechanisms, e.g., friction, ultrasonic, thermal, or
electromagnetic (relying on heating elements like carbon particles, Joule heating, induced
eddy currents, or hysteresis losses, and, e.g., induction and resistance) [32]. According
to [32], the challenges of composite welding include the limitations of monitoring the
process, the necessity of high pressures, and the low consistency of the results.

Some alternative local heating or softening methods are applied, e.g., lasers or local
dissolution. In the German HyPatchRepair project [33], laser beam welding was applied to
bond a patch to samples of a carbon-fiber-reinforced polyamide 6 (PA6) composite. The
project team applied a control system with a pyrometer to measure the surface temperature,
and also had to overcome the limitations of the laser welding thickness. In [34], a technology
of composite repair by a hand solvent method is presented. In this method, the composite
surface is softened by solvent, the parts are kept together under pressure, the solvent is
evaporated, and the parts are joined. According to [32], the process is slow and the results
are not consistent.

Robles and colleagues [35] noted that while certification bodies have specific knowl-
edge and experience for the maintenance of thermoset composite structures, such knowl-
edge is very limited even for thermoplastic structures and by extension much less available
for other new composites, e.g., vitrimer-based composites.

3.2. Arkema’s Elium-Based Composites

The liquid thermoplastic resin Elium®, developed by the French company Arkema
(Colombes, France), is the most promising thermoplastic contender to replace the current
epoxy composites.

Elium has a relatively low glass transition temperature, shows mechanical properties
close to those of epoxies, and can be used with the same processing equipment. Murray and
colleagues [36] and Cousin et al. [37] tested coupons and vacuum-assisted resin transfer
molding (VARTM) to produce a blade spar cap made with Elium resin. They observed a
fatigue life comparable or longer for thermoplastic composites than for the usual epoxy
composites and with comparable elastic properties. Further, Murray et al. [38] carried out
structural characterization of a 13 m thermoplastic composite blade and observed that the
thermoplastic blade shows higher damping compared to the epoxy blade.

Recycling technology for Elium composites: Both mechanical and chemical recycling
can be used with Elium composites, according to Arkema’s description [39]. The mechanical
recycling includes part crushing and heating, and then panels are formed. The chemical
recycling includes crushing the composite, heating it to 400◦, and transforming the resin
into a gaseous monomer.

The feasibility of recycling glass/Elium composites was investigated by Cousins
and colleagues [40]. A specimen was immersed in chloroform, parts and residues were
removed stepwise, and methanol was applied for precipitation. Recycled fibers were
shown to have mechanical properties equivalent to the virgin materials. Various concen-
trations and various solvents (ethyl acetate, xylene, acetophenone) were investigated by
Tschentscher et al. [41] for the dissolution of Elium/carbon fiber composites. There is also
a possibility to speed up the recycling process by heating, e.g., using microwaves [41].

Reckendorf et al. [42] investigated the recycling of Elium/basalt fiber composites, in-
cluding the ultrasound technique and mechanical stirring. The authors compared chemical
dissolution with acetone, supported by ultrasound and mechanical stirring, and observed
that mechanical stirring allows a better recovery of basalt fibers.
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Haj Frej and colleagues [43] studied the recyclability of a carbon fiber/Elium 188-O
composite by pyrolysis method. A reactor with composite discs was heated for >4 h at
temperatures of 350–450 ◦C. Vapors were condensed, recovered in the liquid receiver flask,
and stabilized using hydroquinone as a polymerization inhibitor.

Repair of Elium composites: As said above, thermoplastic composites can be repaired
using both adhesive joining and fusion welding. Again, Murray and colleagues [44] in-
vestigated the resistance and induction welding as repair technologies of Elium-based
composites and compared it to adhesive joining (with methacrylate-based adhesives, cur-
rently used in wind turbine blades, Acralock SA10-60, Plexus 590, and Plexus 310). They
observed that the fusion-welded thermoplastic composite bonds show higher static and
fatigue lap-shear strengths than the adhesive bonding (at a higher number of fatigue
cycles). The authors recommended resistance welding as the most promising approach
to controlled, low-cost fusion joining [44]. Bhudolia et al. [45,46] studied the ultrasonic
welding characteristics of Elium composites, and observed a 23% higher lap shear strength
as compared with adhesively bonded joints.

Gotel and colleagues [47] carried out static lap shear tests and investigated the pos-
sibilities of the ultrasonic welding of carbon/Elium and carbon/epoxy composites, by
creating a thermoplastic coupling layer (Elium particle/ELP or film/ELF). The feasibility
of welding the epoxy/Elium composites was demonstrated.

3.3. HealTech Prepreg by CompPair Technologies

The Swiss company CompPair Technology (Renens, Switzerland) developed and
manufactured the healable pre-preg HealTech™. The healing technology was developed
based on their work on thermoset/thermoplastic composites, epoxy/polycaprolactone
(PCL) blends, and various reinforcements in epoxy resin (PCL stitches, PCL co-continuous
structures, shape memory wires) [48–51]. The HealTech is cured at 140 ◦C for 3 h, and
then post cured at 180 ◦C for 2 h. The team adapted the HealTech composites for liquid
composites’ molding/LCM processes and manufactured a wind turbine blade section [52].
In the recent CompPair project, a bicycle shoe sole from HealTech with glass fibers was
recycled ply by ply, and at the end re-produced from recycled parts. The recovered fibers
kept 80% of their original strength [53].

Repair: The repair of the HealTech materials is carried out by local heating, with
moderate temperatures (100–150 ◦C). The company promises 1 min to repair, with full
regeneration, improved crack resistance after repair, and 60+ healing cycles. In the investi-
gations of the healing of LCM-produced samples, a 98% restored flexural modulus was
demonstrated [52].

Summarizing this section, one can draw the following conclusions.

• The recycling of thermoplastic composites is not as straightforward as the common pic-
ture suggests, by association with metals remolding (“crushing + heating + reforming”).
There are several studies underway, seeking to ensure efficient recycling, preserving the
value of both polymer and fibers.

• With a view to repair, fusion welding is a promising option for thermoplastic composite
repair. Apparently, it ensures a high performance and quality of joined bodies. The
technology, as applied to thermoplastic wind turbine blades, can build on experiences
and equipment developed for pipe welding, for instance.

• Thermoset/thermoplastic blends are an interesting direction for healable and re-
pairable blade composites. The successful development of healable composites by
CompPair (supposedly based on thermoset/thermoplastic blends) is an example of the
success. Also, thermoset/thermoplastic combinations can be used for welding epoxy
composites [47]. With developing various combinations of thermoplastic/thermoset
structures for composite matrices (like co-continuous materials, layers, stitches, etc.),
various and necessary new properties of composites can be achieved.
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4. Recyclable Thermoset-Based Blades

Recyclable thermosets, with degradable or dynamic covalent bonds, are another
promising direction of development for new recyclable wind turbine blades [54]. These
materials can be recycled by involving various external stimuli, triggering the dynamic
response of these bonds, e.g., chemical solvents or high temperatures.

The recyclable composites have been developed relatively recently, and there was no
real need for repair or maintenance of the wind blades based on recyclable thermosets. Still,
there are investigations on the repairability of new composite samples.

One of the first recyclable epoxy resins for wind turbine blades was developed by
the Chinese company Adesso Materials (Wuxi, China) in 2013. The developers used the
proprietary epoxy curing agent CleavamineVR and Recycloset. Wu and colleagues [55]
characterized and tested composites with CleavamineVR-based recyclable resins and
compared them to benchmark epoxy resin composites. They have shown that the new
recyclable composites have properties comparable to the commercial blade composites.
The CleavamineVR-based composites were then chemically recycled using acid digestion.

Since then, several new solutions have been developed, including recyclamine®-based
epoxy, vitrimers, and EzCiclo. Some of them are discussed below.

The peculiar structure of recyclable thermosets, namely the possibility of bond break-
age, opens additional paths to the repair technology of the composites. The local reconfig-
uration of networks can be triggered by heating, similarly to thermoplastics, but also by
solvents [56]. Shi et al. [56] used ethylene glycol as a solvent to dissolve the epoxy network,
thus enabling the pressure-free surface welding and surface repair. An et al. [57] proposed
to use controlled surface degradation to improve the welding technology of epoxy vitrimer
composites. After carbon-reinforced composites were immersed in ethylene glycol for
5 min, the composites were welded under pressure. The surface-degradation-assisted
welding allowed the authors to achieve a high welding strength at a rather low pressure.

A special group of recyclable elements of composite blades are recyclable adhe-
sives [58]. An overview of the typical mechanisms of wind turbine blade damage and
failure [11,59,60] led to the observations that most blade failure mechanisms are related to
weak interfaces and damageable adhesive joints (spar/shell joints, trailing edge joints,
detachment of coatings, etc.). On the other side, dissolvable or separable adhesives
can allow for the part replacement or partial repair of blades. Thus, the controllable
interfaces/adhesives represent an interesting option for the development of sustainable
blades [60]. In Section 2, the thermoset/thermoplastic adhesives are mentioned, as a way
to carry out fusion welding on epoxy [47]. Below, the recyclamine®-based adhesives are
discussed. An interesting solution is to use vitrimers as adhesives which can lead to self-
healing and reweldable adhesives [58]. The vitrimer adhesives can be welded, and the
process can be accelerated by high temperature and/or catalysts’ loading, thus allowing
for the repair of parts. The reworkable adhesives, with reversible adhesion, open new
perspectives for blade reuse, repair, and recycling.

4.1. Aditya Birla Resin Based on Recyclamine® Technology

The US company Connora Technologies (Hayward, CA, USA) developed the
recyclamine®, amine-based curing agents containing engineered cleavage bonds at cross-
linking sites, which can convert thermoset epoxies into thermoplastic. The cleavage
of the cured cross-links in amino end groups connected by a central group allows the
fiber/polymer separation and reuse of both polymer and fibers.

The advanced materials business of the Indian conglomerate Aditya Birla Group
(Mumbai, India) acquired the recyclamine® technology from Connora Technologies. Aditya
Birla now offers Briozen epoxy resin (epoxy formulated systems based on recyclamine®

technology) and recyclamine® building blocks, with varied properties. The Briozen recy-
clable epoxy system is fully adaptable to the existing blade manufacturing processes.

Siemens Gamesa introduced the first-in-the-world recyclable wind turbine blade in
2020, based on the recyclable epoxy systems for wet lay-up and infusion processes. In
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2022, the German energy company RWE (Essen, Germany) installed the Siemens Gamesa
recyclable blades, in the Kaskasi offshore wind power project near Heligoland island. In
the Sofia Offshore Wind Farm, Dogger Bank, UK, 44 of 100 wind turbines will be equipped
with 108-m-long Siemens Gamesa recyclable blades.

Recycling: The recycling is carried out by low energy solvolysis. Cleavage of the
cured cross-links is triggered by a higher temperature (70–100 ◦C) and specific pH (acidic).
The recycling is carried out by immersing recyclamine® composites in a low-pH solvent
(e.g., 25 vol % acetic acid solution) at a high temperature, for 1–3 h, and then fibers and
resin can be separated [61,62]. This led to the conversion of the resin into thermoplastic
epoxy, similar to stiff polyamide (poly-hydroxyamino ether/PHAE with the glass transition
temperature Tg of 79.5 ◦C) [61]. The fibers are recovered by rinsing in warm water. The
polymer (thermoplastic) can be recovered from acidic solution by a precipitation process
using a basic coagulant such as an aqueous solution of caustic soda.

Repair: Aditya Birla also developed a recyclable repair system (Briozen recyclable
low-density adhesive system), with recyclable bonding paste. This is a two-component
thixotropic structural epoxy adhesive system, which consists of modified epoxy and a
recyclamine®-based amine curing agent. The process and performance properties of these
products are similar to the conventional adhesive repair. Thus, the recyclable blade can be
repaired and bonded in a similar manner as non-recyclable blades.

The adhesive joints prepared with this repair system can be also debonded us-
ing low energy solvolysis. Figure 3 shows the solvolysis and recovered fibers and the
dissolved adhesive.
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4.2. Vitrimax by Mallinda

Epoxy vitrimers, with reversible covalently crosslinked networks, show both a good
mechanical performance similar to thermosets, and contain dynamic covalent bonds, which
allow reprocessability, reprocessing, self-healing, welding, and recycling [63]. While the
properties of thermosets are defined by permanent crosslinks between polymer chains,
vitrimers contain exchangeable bonds that can be rearranged, for instance, by heating or
dissolving. Damage in vitrimer composites can be repaired, also by welding, with the local
reconfiguration of the network [64]. Additionally, exchange reactions on the contact surface
between vitrimer increase the conformity of surfaces and contact between surfaces, thus
enabling the stronger chemical bonding of the surfaces [56,65–67].

The US company Mallinda (Denver, CO, USA) was among the first to commercialize
vitrimers, also for structural applications. Their catalyst-free Vitrimax resin uses exchange-
able imine-linked chemical bonds, and they managed to develop stable imine-linked
networks, which can be produced using commercially available reagents. The resins can
be infused using existing prepregging equipment and are cured immediately after the
infusion. The resin can be reprocessed after curing, and its glass transition temperature
(Tg) can be tuned from room temperature to 200 ◦C [68–71].



Energies 2023, 16, 7694 9 of 17

Vitrimax is available as Vitrimax T100™, a vitrimer matrix for sport applications, with
Tg 100◦, and acceptable mechanical properties, with a pot life of 90 min at 70◦, as well
as Vitrimax T130™ for structural applications, with properties comparable with common
epoxy and a glass transition temperature of 130 ◦C. Both systems are two-part hot melt
ready resins ready for various existing prepregging processes.

Recycling: According to [72], the recycling of Vitrimax composites is carried out as
follows. Composite samples are immersed in neat diethylenetriamine (DETA) (with ethanol
as a co-solvent), and that leads to the full dissolution of the polyimine matrix. The remaining
polymer residues are decanted and rinsed away with ethanol. The dissolution can be also
carried out with simple amines such as n-propyl amine. The recycled matrix, obtained by
combining the recycled solution terephthaldehyde and tris(2-aminoethyl)amine (TREN)
also showed no loss of mechanical performance.

Repair: In [72], Taynton and colleagues studied the properties of malleable polyimine
matrix composites and showed that delamination damage can be repaired through hot
pressing. The delamination between the resin and fibers was repaired by heat pressing,
with a 100% recovery of mechanical performance. Also, a recovery of both the flexural
strength and modulus of the order of 85–107% was achieved.

4.3. Re-Processable, Repairable, and Recyclable (3R) Resin-Based Composites by CIDETEC

In the CIDETEC Research Center in Spain, so-called 3R (re-processable, repairable, and
recyclable) epoxy resins and composites were developed [73,74]. The novel dynamic epoxy
system is based on the reversible exchange of aromatic disulfides. The 3R resins show high
mechanical properties, similar to thermoset epoxy. The materials can also be tailor-made,
with tuned dynamic properties [74]. Polymers with a glass transition temperature Tg in
the range of 83–130 ◦C and an activation energy Ea (99–357 kJ/mol) and topology freezing
temperature Tv (46–156 ◦C) were synthesized [74], by changing the hardener structure
(Ortho or Para), stoichiometry, or catalyst quantity.

In [75], the properties of 3R vitrimer-based carbon composites were compared with
conventional resin (RTM6)-based composites. The conventional resin samples were pro-
duced using resin transfer molding (RTM), while the 3R composites were produced using
hand layup and hot pressing. In the tests, small deviations between the conventional and
3R composites were observed, up to 4% (−3.7% for inter-laminar shear strength/ILSS,
+4.1% maximum load after low velocity impact, −3.7% for maximum load), and a slightly
lower bending stiffness. In [76], a new aeronautical-grade epoxy-based vitrimer (called
AIR-3R) was compared with current aeronautical epoxy. The AIR-3R vitrimers have a low
viscosity and can be processed by infusion and RTM. The AIR-3R-based composites can be
used as aeronautical-grade composites.

Differing from the recyclable resins listed above (and partially below), the 3R resin was
developed not by a commercial company, but by a research center. That is why the behavior
of 3R resins was subject to several rather detailed investigations, which were published
and also showed some weak spots in the new composites. Further, another shortcoming
was reported, namely the susceptibility to creep at service temperature [77], which is a
result of dynamic bonds present in the network [78]. To overcome this problem, Ruiz de
Luzuriaga and colleagues [77] developed an aero-grade epoxy vitrimer with reduced creep,
by introducing some amount (up 30%) of permanent crosslinks, which allows the material
to keep reprocessability.

Recycling: The polymer network in the dynamical epoxy can be fully disrupted by
adding thiol, and the fibers can be extracted undamaged [79]. The resin is not soluble
in usual solvents, like NaOH, acetone, or ethanol, without the addition of the thiol. The
dissolution of the RTM-produced composite in a solution of 2-mercaptoethanol was demon-
strated in [79]. The carbon fibers from the composite were recovered, undamaged. Also,
two-step mechanical recycling, including the grinding of the composite scrap into a fine
powder and the compression molding of the powder, was demonstrated in [79]. A sample
was chopped and ground to a fine powder in a cutting mill, and then the powder was hot-
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pressed at 200 ◦C and 100 bars for 5 min. In this way, the defect-free short-fiber-reinforced
composite sheet was manufactured.

Repair: Again, thanks to the dynamic structures of vitrimers, various repair options
are available for 3D composites. Only a few of them were tested especially for these
composites. In [80], two bonding technologies for 3R composites are described, namely
adhesive bonding and welding.

For adhesive bonding, 3R adhesive films were developed [80]. The adhesive bonding
is carried out as follows. A thin adhesive layer is put on the carrier, and the carrier
impregnated with the adhesive is laid on the primary and secondary release liner. Tests of
bonding for the thermoformed composite elements with 3R adhesive films are foreseen [80].
For the welding, the induction welding technology is also under development now [80].

In [73,75,79,81], the repair of composites with a 3R vitrimer matrix is carried out, by
placing the sample in a hot press, and applying pressure and heating (200 ◦C and 100 bars
for 5 min). A delamination was fully repaired by applying heat and pressure. After heating,
the samples were cooled down, while the pressure was still applied. The ILSS strength of the
samples was reduced by 28% after repair, while the impact strength was reduced by 10%.

4.4. Swancor Recyclable Thermosetting Epoxy “EzCiclo”

Taiwanese company Swancor (Nantou city, Taiwan) developed the EzCiclo epoxy,
which is similar to the general epoxy resin and can be cured with commercial hardener.
The EzCiclo resin does not require any changes in the existing manufacturing process and
has a viscosity development time to 1000 cps of 277 min at 30 ◦C and 176 min at 40 ◦C, and
a pot life of 540 min at 23◦, with a maximum temperature of 109 ◦C. The resin shows the
material’s properties as equivalent to existing epoxy, both pultrusion and infusion resin.

The Chinese company MingYang (Zhongshan, China) Smart Energy developed
75.5-m-long recyclable blades (with epoxy pultrusion plates), with the recyclable ther-
mosetting resin EzCiclo [9].

Recycling: The composite parts of EzCiclo can be recycled and degraded via its
CleaVER technology. The composite samples are immersed in the reactor with CleaVER
liquid, then an agitator are turned on to speed up the reaction, and the samples are heated
up to 130 degrees for ~3 h. After that, the fibers can be separated from the oligomers. Glass
fibers are swelled during the degradation process and can be used after drying. CleaVER
transforms the thermoset back into oligomers and monomers, and these oligomers and
monomers can be transformed into EzCiclo epoxy again. Recycled EzCiclo resin shows
very close properties to the original EzCiclo [82,83]. According to the Swancor report [82],
this recycling technology ensures low costs and is environmentally friendly.

Repair: Due to confidentiality requirements (and apparently due to the relatively
short time after development and installation), no information about the repair options
for EzCiclo blades is available. Probably, the adhesive joining is the most straightforward
technology for these composites.

5. Other Groups: Polyurethane and Wood-Element-Based Blades

Polyurethane-based blades. Polyurethane-based blades are developed not with the
goal to ensure blade recyclability (as differing from thermoplastics, reworkable thermosets,
or wood-based composites), but due to the quicker and shorter manufacturing process and
the higher variability and controllability of polyurethane properties. Still, these composites
are actively being developed and tested for wind turbine blades, are used in Goldwind
wind turbines, and can be counted as part of the “new generation of blades”.

The German polyurethane manufacturer Covestro developed wind blade composites
with a polyurethane infusion resin and glass and carbon fibers. The Chinese wind turbine
manufacturers Goldwind and LZ Blades, and Covestro developed and installed a wind
turbine with a 64 m blade with thermoset polyurethane infusion resin [84,85]. As said,
polyurethanes have the advantage of the easy tailoring of properties, have the potential for
lower costs as compared with epoxy, and potentially better mechanical properties. Also,
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the US company Dow (Midland, MI, USA) and the Turkish DowAksa developed a closed-
injection Pultrusion system for wind blade spar cap manufacturing from polyurethane and
carbon fibers [86]. The composite properties are similar to those of common epoxy and
polyester composites, with superior mechanical properties in the crosswire direction, and
less volatile organic compound emissions, due to the closed process.

Recycling: Recycling technologies of PU composites include hydrolysis, glycolysis,
thermochemical processes, and energy recovery, as well as biological degradation [87,88].
In [89], Covestro reported the chemical recycling of polyurethanes achieved by a separation
of polyether and diisocyanate by a catalyst and the targeted cleavage of bonds. Recently,
a technology for polyurethane recycling was developed, which involves the solvolysis
of PU samples in tert-Amyl alcohol at 225 ◦C with caustic potash additions, leading to
the separation into amine precursors and polyols, which can be used for manufacturing
new polyurethane samples [90,91]. Generally, the recycling of polyurethane composites
represents a challenge, similar to the recycling of current epoxy composites.

Repair: Thermoset polyurethanes are not meltable, and therefore cannot be fusion
welded. The repair of polyurethane parts can be carried out, using the usual adhesive
bonding, with various adhesives, e.g., cyanoacrylate adhesives.

Timber-based composites. The timber-based composites for wind blades include
carved wood, structural composite lumber (e.g., laminated veneer lumber), bamboo, and
natural-fiber-based composites [2]. For instance, the Chinese company Lianyungang
Zhongfu Lianzhong Composites Group Co. (Lianyungang, China) produced a 1.5 MW
bamboo fiber composite wind turbine blade a decade ago. The challenges with timber-
based composites include the high variability of source materials, which makes it difficult
to ensure the repeatable properties of composites.

Recycling: Wood parts can often be reused or separated for re-use in new products,
e.g., into particle wood, chips, or flakes, which can be used in particle board and the panel
board industry or used for combustion for energy production [92]. In [93], the so-called
“cascade” use of wood recycling is described, when recycling through the production of
new materials at several rounds is realized.

Repair: The wood composite repair is carried out using the adhesive bonding method,
while the anisotropic, variable, and heterogeneous structures of wood represent a challenge
for bonding. Various adhesives are used to ensure reliable interface adhesion, including
polyurethanes, isocyanates, and others [94,95]. Generally, the idea of using the wood-based
blades is attractive, but no large wind turbines with wooden or wood-based blades are
available now.

If such blades are installed and given the challenges of reliable bonding and the
relatively high potential of reuse and recycling of wooden parts, it will be probably easier
to replace and recycle wooden blades, rather than to carry out difficult repair procedures.

6. Discussion and Conclusions
� Several new technological solutions, which are prepared now to ensure the recyclabil-

ity and sustainability of wind turbine blades, are based on the development of new
composites. Some new recyclable blades have been already developed, manufactured,
and installed, e.g., recyclable blade by Siemens Gamesa or “Asia’s first recyclable
blade” by MingYang. Several other solutions are in testing or the design stage and will
be used for blade manufacturing soon. Thus, some of these new wind turbines will
very soon experience the first damage events, which should be repaired. In this article,
the available information on the repair technologies of the new generation of wind
turbine blades is summarized. Figure 4 shows a schema of the areas of applicability
and the estimated TRL levels of some of the repair technologies.

� The common feature of thermoplastic and reversible thermosets composites is that
polymers can be dissolved, transformed, or depolymerized by using thermal or chemical
triggers. This opens a path to the new, additional repair technologies, different from the
adhesive joining typically used to repair wind turbine blades now. Among these new
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technologies, one can mention fusion welding, e.g., [96], heating plus pressure, surface
degradation and solvent-assisted welding, and repair with dissolvable adhesives.

� The blade repair technologies can therefore be grouped into adhesive bonding tech-
nologies (with adhesives and equipment, available on the market, or with new ad-
hesives) and new technologies, based on local polymer network reconfiguration
(melting, heat pressing, local controlled surface degradation). Wind turbine mainte-
nance companies have experience and trained technicians mainly for the first group
and can probably relatively easily expand their experience for the new adhesives. The
feasibility of the second group of repair technologies has been proved in many works.
However, the necessary repair equipment is not available on the market yet, for most
technologies (as far as the author knows), and the service companies do not have the
necessary experience now. The fusion welding repair of blades can build upon the
experience and equipment with the fusion welding of thermoplastic pipes, available
on the market. Table 1 shows a short summary of the reviewed repair and recycling
technologies of new blade generation.

� The developing of dissolvable blade materials led to another promising direction for the
sustainable blades, namely the development of strong and dissolvable adhesive joints, as
proposed by Aditya Birla. This solution opens the path to separable and modular blades,
which in turn opens the new perspectives of blade transportation, part replacement
(instead of full blade replacement), and part replacement instead of repair.

� An interesting evolving direction of repair technologies is based on thermoplas-
tic/thermoset combinations (like healable composites from thermoplastic/thermoset
blends, see [48]), or a thermoplastic coupling layer used for the welding of epoxy com-
posites (see [47]). It is also interesting to mention here the work by Palubiski et al. [97],
where the authors suggested the incorporation of vitrimers into the damage-prone re-
gions of composites at the manufacturing stage. Interlaminar failure in the composites
can be then repaired, using heating and vacuum pressure.

� The establishment or re-training of specialized wind turbine maintenance companies
started relatively recently, around two decades ago, later than the commercial man-
ufacturing of wind turbines started. Therefore, the blade maintenance technologies
are less established than the manufacturing technologies, and are still in intensive
development (see, e.g., [12,16]). Newer technologies of thermoset repair and adhesive
joining, e.g., ultraviolet curing with handheld devices, laser-assisted repair, and new
adhesives, are still being introduced into praxis. However, the introduction of new
technologies, like fusion welding and hot pressing, which are very different from the
traditional adhesive bonding, and their application in the field, requires the devel-
opment of corresponding devices, procedures, and training of wind turbine service
companies and wind park owners. Further, another direction of the repair of blades is
the automatic, robotic repair (realized by companies like Clobotics, Aerones, BladeR-
obots, and others). With the introduction of new blade materials and new repair
technologies, the question of the automatization of new repair technologies arises.

Table 1. Short overview of repair and recycling technologies for new generation of blade composites.

Matrix Materials How to Recycle How to Repair

Traditional thermosets Landfilling, incineration, reuse, pyrolysis,
solvolysis [2]

Injection, tape attachment,
plug/patch/scarf repair [15]

Elium, by Arkema, Colombes, France

� Crushing and heating-> panels
� Chemical, chloroform + methanol,

acethopnenone
� Aceton + ultrasound + stirring
� Pyrolysis + hydroquinone

� Adhesive joining wih
merthacrylate adhesives

� Ultrasonic welding
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Table 1. Cont.

Matrix Materials How to Recycle How to Repair

Healtech, by CompPair,
Renens, Switzerland Early tests, not shared yet Local heating 100–150 ◦C

Recyclamin, by Aditya Birla,
Mumbai, India

Low-energy solvolysis. 70–100 ◦C + pH
acidic, e.g., 25 vol % acetic acid solution Own Briozen dissolvable adhesives

Vitrimax, by Mallinda, Denver,
CO, USA

Immersing in neat diethylenetriamine
(DETA) + ethanol. Recycled matrix with
tris(2-aminoethyl)amine (TREN)

Hot pressing (for delamination damage)

3R by Cidetec, Gipuzkoa, Spain

� Dissolution in 2-mercaptoethanol
� 2-step mechanical recycling,

including grinding into fine powder
and compression molding

� Patch attachment and adhesive
bonding with 3R adhesive film

� Hot pressing (200 ◦C + 100 bar)
� Possibly also ultrasonic welding

EzCirclo, by Swancor,
Nantou City, Taiwan

Immersing in CleaVer, + heating
130 ◦C for 3 h No information
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