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The growth of the
wind industry is

duly supported by
development of new
technologies that
enable it fo harness
more energy with high
efficiency. Incidentally,
the industry is also
facing a compelling
issue in end-of-life
management of
decommissioned rotor
blades. (Courtesy:
Shutterstock)

A wind turbine rotor blade
made from a recyclable
epoxy resin system and the
recyclable epoxy adhesive
system can be fully recycled
by a low-energy solvolysis
process.

By AMIT DIXIT

n 2023, the wind-energy sector celebrated the landmark

figure of 1 TW of global installed capacity. This mile-

stone was a testimony to the fundamental role played by
wind energy in decarbonizing the global power system
and helping the world reach its climate and energy goals.

It took 40 years to reach the 1 TW milestone; however,
according to estimates from Global Wind Energy Council
(GWEC), the next terawatt installation is projected to take
less than seven years on account of high growth forecast for
the wind industry amidst the target net zero emissions by
2050. While the electricity generation from wind is increas-
ing year after year, significant capacity addition, with a 17
percent average annual generation growth rate, is required
to realize approximately 7,400 TW/h of wind electricity gen-
eration by 2030 (IEA).

The growth of the wind industry is duly supported by
development of new technologies that enable it to harness
more energy with high efficiency. Incidentally, the industry
is also facing a compelling issue in end-of-life management
of decommissioned rotor blades. It is estimated that 85 per-
cent of the components of a wind turbine can be recycled
and re-used except the rotor blades, due to the non-recycla-
ble thermoset matrix. In the last few years, new technologies
have been developed that enable inherent recyclability in
materials. The Recyclamine® is a disruptive technology plat-
form that enables recyclable epoxy thermosets. Importantly,
the technology is adaptable to existing rotor blade manufac-
turing processes, thus eliminating the need for design or
operational changes to implement.

The wind industry has been instrumental in leading and
taking a leap forward towards addressing the sustainability
concern with successful implementation of Recyclamine®
technology and development of world’s first recyclable rotor
blade. The latest development of Recyclable epoxy adhesive
system complements 100% recycling of rotor blade driving
circularity.

EVOLUTION OF ADHESIVE TECHNOLOGIES

FOR ROTOR BLADES

A wind turbine rotor blade generally consists of two shells
bonded together with a structural adhesive, also called a
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Figure 1:The evolution of adhesive technologies.
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nents that were thixotropic and me-
chanically reinforced. These adhesives
provided optimum performance prop-
erties; however, the processability by
atwo-component dispensing machine
caused increased wear on the parts and
drives. This concern was addressed by
the development of instant thixotrop-
ic adhesive that are comprised of low
viscosity, flowable resin, and hardener
components, which, on mixing, provid-
ed the same level of thixotropy as con-
ventional adhesive. Increase in blade
lengths resulted in development of
slow reacting-high strength adhesive
that enabled longer open time and low
density adhesive that provided higher
ductility, toughness, and lowered con-
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With the development of the world’s
n=1/b 8.925 first recyclable rotor blade from the in-

fusion system, the industry has taken
a leap forward towards addressing the

100

Fatigue properties of Recyclable Epoxy Adhesive (R=0.1)

sustainability concern; however, since
the majority of the rotor blades are con-
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structed in two shells, it is imperative
the epoxy adhesive is also recyclable.
The recyclable epoxy adhesive sys-
tem leverages from the Recyclamine®
technology that enables debonding of
the two shells under specific condi-
tions facilitating recycling of the rotor
blade. The adhesive aligns with the
industry trend of longer, lighter, and
aerodynamically stable blades. Process
and performance properties of the re-
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Figure 2: Fatigue behavior of recyclable epoxy adhesive system.

bonding paste. The adhesive is load bearing; therefore, high-
er mechanical performance is required and, consequently,
epoxy adhesive systems are used. Further, the profile of rotor
blade and the application process necessitate the adhesive
to be slump resistant, exhibiting low curing shrinkage and
higher resilience.

Over the years, adhesive technologies have evolved with
the development of new blade designs and the growth of
the offshore platform (Figure 1). The conventional epoxy
adhesives were designed with resin and hardener compo-
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sive in terms of theological characteris-
tics, working time, static, mechanical,
and adhesion properties. (Table 1).

The fatigue behavior of recycla-
ble low density adhesive system determined by plotting
stress-number of cycles to failure (S-N) curve and slope ex-
ponent (Figure 2) also confirms equivalence to conventional
structural adhesive (Figure 2).

DEBONDING OF ADHESIVE JOINT

FOR RECYCLING & RECOVERY

The proof of concept for the recycling of a wind blade is
demonstrated by preparing an adhesive joint simulating the
joining of the two shells of rotor blade prepared by gluing
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Figure 3: Debonding of adhesive joint and recycling and recovery.
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CONCLUSION

Awind turbine rotor blade made from
a recyclable epoxy resin system and
the recyclable epoxy adhesive system
can be fully recycled by a low-energy
solvolysis process. The recycling leads
to recovery of the epoxy matrix as a
thermoplastic and the reinforcement
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Figure 4: Circularity in wind industry with recyclable epoxy systems.
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Table 1: Comparative properties of non-recyclable and recyclable epoxy adhesive.

two glass reinforced epoxy substrates made from recyclable
epoxy infusion. The joint after immersion in solvolysis solu-
tion at the temperature range of 75-90°C, debonded with the
cleavage of the epoxy adhesive followed by the cleavage of
the epoxy infusion system used as a matrix for substrates.
The recycling process resulted in recovery of the glass
fabric reinforcement and epoxy thermoplastic after the neu-
tralization and coagulation of the solvolysis solution.

such as glass or carbon fabrics in
cleaned form.

The thermoplastic recovered from
the recycling process can be re-used
and re-purposed to manufacture ther-
moplastic objects, whereas the rein-
forcements can be re-used to manu-
facture new composite parts.

The comparative life cycle impact
assessment studies (LCIA) of wind-tur-
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more than 35 percent reduction in the
T global warming potential measured in
154 terms of gm CO2 equivalent, vis-a-vis

:,:, a wind-turbine rotor blade made from
M conventional, non-recyclable epoxy
5 systems.

5327 Further, the 100 percent recycling
L of wind turbine rotor blade enables a

118 closed loop and drives circularity by
transforming from linear economy,
cradle-to-cradle (C2G) to circular econ-
omy cradle-to-cradle (C2C), (Figure
4). Importantly it addresses the wind

industry‘s global concern on end-of-life management of

wind-turbine rotor blades. -
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