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The 3R (reuse, recycling, and recovery) waste management of wind turbine blades (WTBs) is becoming a

popular subject, since it has a great practical significance in the disposal of the large numbers of upcoming

end-of-life WTBs. Repurposing or reuse is a priority option, but the disposal of end-of-life WTBs on a large

scale is a great challenge. Recycling or recovery is considered a priority for effectively dealing with end-of-life

WTBs. This review focuses on the progress and challenges in the recycling and recovery of end-of-life WTBs,

which are mainly composed of fiber-reinforced polymer composites. Among the commonly-used recycling

methods, one advantage of thermal recycling processes is their tolerance of contaminated material. Thermal

recycling processes can also effectively treat various polymer composites on a large scale. In particular, pyrol-

ysis and cement kiln co-processing currently show the highest potential in treating end-of-life WTBs in com-

mercial applications. In addition, chemical recycling processes such as solvolysis are promising methods that

can achieve the closed-loop recovery of monomers and high-quality fibers, if green and recyclable solvents as

well as mild reaction processes can be developed. Importantly, the life cycle management (LCM) of WTBs

ending with solvolysis recycling is identified as the most circular and low-carbon solution. The recycling and

recovery of end-of-life WTBs have been developed at an initial stage. Although a number of commercial appli-
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1. Introduction
1.1. End-of-life WTB production

Wind energy is an important renewable and clean energy for
reducing greenhouse gas emissions, which are mostly caused
by the consumption of fossil fuels." However, large amounts of
waste will be produced during the manufacture and utilization
of wind power equipment.” China has become the world’s
largest wind power market. In 2021, China installed 30.7 GW
of new onshore wind capacity and 16.8 GW of offshore wind
capacity, accounting for around 67% and 80% of global new
installations, respectively.® Since they are limited by the
20-year design life of wind turbines,”® the earliest batch of
wind turbines installed in China will soon be retired. It is esti-
mated that around 85000 tons of end-of-life wind turbine
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cations have been achieved, most of these projects are built on extensive methods, focusing on mechanical
recycling and cement kiln co-processing. This review will guide researchers to make more effort in the re-
cycling of end-of-life WTBs, covering the reuse of gas and oil products as fuels for sustaining thermal pro-
cesses and the development of green closed-loop recycling processes.

blades (WTBs) will be produced in China by 2050.° How to
dispose of discarded blades on a large scale has become a sig-
nificant problem restricting the sustainable development of
the wind power industry in China and all over the world.”

1.2. WTB components

The structure and main components of commonly-used WTBs
are displayed in Fig. 1. The WTBs are composed of three parts
from the root to the tip, which are the inner, middle and
outer.’ The root of the fan blade is a cylinder structure, which
is pressed by glass-fiber-reinforced resin, and the midspan and
tip of the blade are stacked in a “sandwich” structure. The
main beam of the fan blade is made of a composite material
with high strength, and the front and back edges and web
plates are made of a sandwich material with a “sandwich”
structure. The sandwich structure usually consists of two thin
plates holding a lightweight core material, which is bonded
together by an adhesive (Fig. 1a). The panels are usually made
of composite materials, and the core is usually made of light-
weight materials, such as balsa wood and polyvinyl chloride.®
WTBs are mainly composed of a polymer (e.g., epoxy or poly-
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Fig. 1 Schematic diagrams of (a) the structure and (b) the main components of commonly-used WTBs.

ester resin) composite reinforced with glass fiber (GF), carbon
fiber (CF), and their combinations, which are lightweight with
a cross-linked matrix material structure resulting in high
fatigue resistance and mechanical strength (Fig. 1b).® Usually,
WTBs made of composite materials include 60-70 wt% rein-
forcing fibers and 30-40 wt% polymer matrix. Additionally,
there is approximately 9 wt% foam core and adhesive, and
5 wt% metals.” In addition to the composites being virtually
impossible to separate for recycling due to the cross-linking
that occurs between the resin and fiber during curing, the GF
is considered a low value material, thus making the incentives
for recycling even less attractive.'®

1.3. End-of-life WTB management

The flow of end-of-life WTBs tracks the initial sequence of
installation, with early growth in the EU followed by the
United States, China, and other regions."* So far, end-of-life
WTBs have been disposed of mainly in landfill sites or incin-

This journal is © The Royal Society of Chemistry 2023

erators,” involving a significant loss of resources and causing
environmental impacts. Alternative end-of-life management
solutions for WTBs have been widely explored,'? from repur-
posing solutions (reusing a product or its parts for appli-
cations other than the original'®) to recycling (by mechanical,
thermal, and chemical methods)'* or recovery (by cement
kiln), by incorporating circular economy criteria'>'®
ing (using fewer resources), slowing (using resources for a
longer time) and closing (recovering resources) resource
loops.'” End-of-life WTB management was first proposed in
the EU."®'® The EU has strictly prohibited the disposal of end-
of-life WTBs by land-filling. A hierarchical order of waste man-
agement (i.e., prevention, reduction, refurbishment, repurpos-
ing, recycling, recovery, and disposal) is suitable for the end-
of-life management of WTBs (as illustrated in Fig. 2).>° A
variety of potential technological solutions have been identi-
fied to drive the wind energy industry towards more sustain-
able practices, which could come from aspects of engineering,

of narrow-
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Fig. 2 Integrated multilevel product stewardship framework for WTBs including circular economy, cleaner production/eco-design, industry 4.0,
and the 5R waste management hierarchy. Reproduced from ref. 20 with permission from Elsevier, copyright [2022].

the development of emerging materials, and the implemen-
tation of recycling technologies. The waste management hier-
archy shows high potential for sustainable development and
resource efficiency using a top-down strategy. The main goal of
the waste hierarchy is to facilitate the selection of options to
deliver the optimal overall environmental benefits.'®
Therefore, the 5R waste hierarchy can serve as a template to
provide different potential opportunities to overcome the
potential environmental crisis that results from the disposal of
end-of-life WTBs.>"

Designing out waste and keeping products and materials in
use at the highest possible value are the core principles of a
circular economy, which aims to preserve resource functional-
ity and value by recovering products and materials.>” In the
waste management hierarchy, the 3R (reuse, recycling, and
recovery) management of end-of-life WTBs is becoming a
popular subject, since the disposal of the large amounts of
upcoming end-of-life WIBs has great practical significance.
Most value is preserved when the product or material remains
close to its original state.>> Owing to good techno-economic
feasibility, repurposing solutions through reusing the waste

9646 | Green Chem., 2023, 25, 9644-9658

composite material to make a new product are a promising
way to achieve the cascade utilization of end-of-life WTBs.>*>’
However, the solid structural characteristics limit their repur-
pose or reuse. For example, taking advantage of the long
length, WTBs can be lined up with overlapping tips and used
as property walls, parts of a wall or cattle fence, land bridges
over highways for wildlife, sound walls, pedestrian and bike
ways, urban furniture, or parking lot shade shelters.”®
Therefore, repurposing is a priority for consideration, but
there are big challenges in the disposal of end-of-life WIBs on
a large scale. Recycling or recovery is considered an important
way in which end-of-life WTBs can be effectively dealt with.
The following sections summarize the current progress and
future challenges in the recycling and recovery of end-of-life
WTBs composed of fiber-reinforced polymer composites.

2. Recycling

The commonly-used methods for recycling fiber-reinforced
polymer composites mainly include mechanical recycling,

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Commonly-used
polymer composites.

recycling methods for fiber-reinforced

thermal recycling and chemical recycling as illustrated in
Fig. 3. Mechanical recycling is a mature technology that has
been widely used for the recovery of raw materials from
polymer composites. Mechanical processes such as shredding,
crushing, and milling are used to reduce the size of large com-
ponents and parts to produce a fibrous or powder product for
reuse.”® Thermal recycling processes (e.g., pyrolysis) are used
for treating fiber-reinforced polymer composites to produce
fuels and fibers.>® Compared with mechanical and chemical
recycling processes, one advantage of thermal recycling pro-
cesses is their tolerance of contaminated material.*° Moreover,
thermal recycling processes can effectively deal with various
polymer composites on a large scale. Chemical recycling
involves the depolymerization of polymers using chemical dis-
solution reagents. The outputs of chemical recycling processes
of polymer composites are fibers (CF or GF) and the depoly-
merized matrix in the form of monomers or petrochemical
feedstock.”® Recent developments in the recycling of polymer
composites of end-of-life WTBs are summarized below.

2.1. Mechanical recycling

End-of-life WIBs often need to be pretreated by mechanical
processes such as shredding, crushing, and milling before re-
cycling and recovery because of their heavy weight, large
volume, and high strength. They can be mechanically treated
to produce small pieces, particles or powders with different
sizes, which are determined by the further applications.

Dismantle
—

End-of-life WTBs

Fig. 4 Mechanical recycling processes of end-of-life WTBs.
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Mechanical recycling processes are simple and mature techno-
logies that will not change the chemical properties of end-of-
life WTBs for direct reuse (as illustrated in Fig. 4). In general,
WTBs are made of fiber-reinforced polymer composites, which
have high strength and good mechanical performances, even
at end-of-life. Therefore, decommissioned WTBs can be cut
directly by the method of line sawing or circular sawing. Line
sawing cuts the WTBs by enwinding a diamond-coated steel
wire onto the blade, which can be used for cutting WTBs of all
sizes. This process generates less dust, the incision is smooth,
and the outline is clear. Diamond circular saws have a wide
range of sizes, from hand-held to hydraulic drive controlled to
2 m in diameter. Suitable circular saws can be selected accord-
ing to the blade sizes. Circular saws can independently cut in
various parts of the WTBs, but the blades need to be cut mul-
tiple times to get the ideal shape, thus generating a lot of dust
in different sections.*!

WTBs can be cut into smaller composite materials with
different shapes for various applications depending on the
different parts. Superuse Studios has spearheaded several pro-
jects to repurpose WTBs into urban furniture, using them to
design playgrounds, bus shelters, public seating and signposts
for recycling centers.®” The widespread application of the
structural properties of the blades shows that they can be
reused while also replacing the materials originally used to
build these structures. The City Furniture in Aalborg,
Denmark, also uses a similar blade component as a bicycle-
shed material.>® These projects have specific use requirements,
and the consumption of blades is small, so it is still difficult to
recycle end-of-life WIBs on a large scale. When the blades are
cut, the generated scraps and particles can be further crushed
and recycled for building materials according to their
sizes.>*> Table 1 shows the mechanical recycling processes of
end-of-life WTBs for various applications according to
different parts and different sizes. When the composite
material is crushed to 10 mm-50 pm using a high-speed mill,
air, gravity or vibration can be used for the separation of the
resin and fiber.*®” The fiber can be reused, but the surface of
the crushed fiber is attached to the unseparated resin, leading
to a significant degradation of the mechanical properties.*®
Therefore, much effort has been made to reuse the polymer
composites (e.g., glass fiber-reinforced polymer composite) in

New composite products

Composite powder Composite board
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Table 1 Mechanical recycling processes of end-of-life WTBs for various applications according to different parts and different sizes

Blade part Cutting method Product shape Component applications

Root Circular saw Column Sewer pipe embedded fittings, mechanized shaftmouth platform, etc.
Central Line saw Plane Skateboarding, park bench, landscape railing, etc.

Front Circular saw Entire Landscape-sculpture design, sign plates, etc.

Scraps Crushing Particles Filler, building material, light cement floor, etc.

Particle size Potential applications

Cover material and acoustic insulating material, e.g., roofing asphalt and reinforcing agent for paving material

composite scraps according to the requirements of thermal re-

>25 mm Filler for agricultural floor, light cement board, etc.
3-9 mm

10 mm-50 pm Separation of resin and fiber (fiber reuse)
concrete,®>® ™! since this is a way to recycle WIBs on a large

scale.

In general, mechanical processing is appropriate for the re-
cycling of composite materials in end-of-life WTBs. However,
other components, such as PVC, balsa wood, and poly-
urethane, cannot be treated effectively. Additionally, the struc-
tural characteristics of glass fiber-reinforced composites result
in a poor cutting process, high energy consumption, and the
production of a lot of dust and noise in the cutting process,
which has a significant impact on the environment and the
health of the workers. Additionally, WIBs have a concave struc-
ture and different thicknesses, so it is hard to cut them into
more uniform parts. In mechanical processing, there are also
widespread problems such as dust and noise emissions being
not up to standard, illegal emissions by enterprises, and low
economic benefits, which result in low recognition of the
mechanical recycling of end-oflife WTBs by the public.
Therefore, it is necessary to develop intelligent cutting and
crushing equipment and scraps to building materials techno-
logy with the aim of maximizing the daily processing capacity
and reducing the dust emissions.

2.2. Thermal recycling

Thermal processes such as pyrolysis and combustion are
mature technologies for the large-scale recycling of end-of-life
WTBs. Through the pyrolysis process, polymer composites and
other organic components can be efficiently converted into
valuable fuels, chemicals and fibers (e.g., GF, CF).*> Through
the combustion process, polymer composites can be converted
into a large amount of heat (released from the combustion of
the polymer) and fiber (e.g., GF).

Pyrolysis has attracted much attention as a sustainable
waste upcycling process.*® In our previous work, we found that
pyrolysis has a high potential for the recycling of various types
of waste, even including polymer composites for recovering
fuels and materials.**™*” Pyrolysis has recently been considered
as a promising option for recycling end-of-life WTBs.
Pyrolysis has been proven to be more successful at recovering
WTBs with a high yield of GF*® while requiring less energy to
degrade the polymer matrix in composites than other tech-
niques.®® Additionally, pyrolysis does not need complex pre-
treatments, such as shredding and disassembly operations.*’
In general, end-of-life WTBs are first dismantled and cut into

9648 | Green Chem., 2023, 25, 9644-9658

cycling. The pyrolysis process in an oxygen-free or anoxic
environment can decompose the polymer matrix into pyrolysis
gas composed of alkanes, olefins and syngas, and residual
fibers, metals, coke and other solid products, each of which
can be further reused after separation.’® The pyrolysis process
is normally performed in different types of reactors such as
fixed-bed reactors, screw reactors, rotary kilns, and fluidized-
bed reactors.*? As illustrated in Fig. 5, fixed- and fluidized-bed
reactors have been widely developed for the pyrolysis recycling
of WTBs. Compared with fixed-bed pyrolysis, fluidized-bed
pyrolysis shows a lower technological readiness level (TRL) and
a higher operation cost. Furthermore, fluidized-bed pyrolysis
has a higher requirement of the composite (e.g., small particle
size).'®

In addition to the reactor type, the characteristics, kinetics
and product distributions of end-of-life WTB pyrolysis have
been investigated mostly on the lab scale.”' >

The pyrolysis temperature, as the most important para-
meter, is 450-700 °C for end-of-life WTBs, depending on the
resin type. In particular, polyester resins decompose at
400-450 °C, while epoxy resins decompose at 500-550 °C.>¢

A higher pyrolysis temperature can destroy the fiber,
making it difficult to replace the original fiber material.
Generally, the pyrolysis temperature of WIBs is controlled at
500-550 °C. Although the properties of the residual GF are
reduced by more than 50% compared with the original fiber,
the pyrolysis process is still the best method to completely
retain the tensile strength of the GF. Since the matrix material
is pyrolyzed into a variety of simple chemical compounds, the
composites can be treated with different matrix materials, con-
taining paint, adhesives or hybrid fibers. Torres et al.>” studied
the effect of temperature on the composite pyrolysis. When the
pyrolysis temperature was above 400 °C, the products were not
obviously affected, and the liquid products were mainly C5-
C20 aromatic compounds. Yun®® and Giorgini®® et al. studied
the pyrolysis characteristics of fiber-reinforced resins at
600-1000 °C. It was found that the main components of the
gas products included H,, CH,, CO and CO,, while the main
components of the liquid products included benzene, toluene
and ethylbenzene. Chen et al®' recently investigated the
characteristics, kinetics and product distribution of the pyrol-
ysis of end-of-life WTBs. It was also found that the pyrolysis

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Thermal recycling processes of end-of-life WTBs.

process of WIBs can occur with less energy consumption. The
carbon chain distribution of the pyrolysis products was mostly
C9-C16 compounds (48.97-72.73%), including phenolic com-
pounds, alcohols, ketones and carboxylic acids. As illustrated
in Fig. 6, high-temperature pyrolysis can promote the reactions
of decarboxylation and cyclization. Furthermore, a high temp-
erature and long residence time can enhance the production
of aromatics and furans. Low-temperature pyrolysis can con-
tribute to the selective recovery of phenols (e.g., bisphenol A).
To date, the pyrolysis mechanisms of the composites in end-
of-life WIBs have been widely studied on a small scale or
using pure composite materials. Owing to the complex com-
ponents of end-of-life WTBs, more research should be carried
out on a large scale.

The mechanical properties of GF can be significantly
reduced after pyrolysis, but its thermal conductivity is compar-
able to commercial thermal insulation materials.**> Moreover,
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the GF recovered from the pyrolysis of end-of-life WTBs is suit-
able for heat insulation and sound insulation materials.
Therefore, the pyrolysis process can completely dispose of end-
of-life WTBs, and has the advantages of capacity reduction and
resource recovery. However, the economic benefit of the pyrol-
ysis process of WTBs is low due to the high treatment cost
(e.g., high energy consumption) and the complex pyrolysis pro-
ducts, which make the development of pyrolysis recycling of
WTBs a big challenge. To reduce the energy consumption of
the pyrolysis process, some emerging heating methods such as
microwave-assisted pyrolysis,® photothermal pyrolysis,®* and
liquefaction®*®* have been developed for recycling end-of-life
WTBs. In particular, microwave-assisted pyrolysis reactors use
high-frequency microwaves for heating owing to the advan-
tages of rapid and uniform heating of the feedstock and facile
control of the pyrolysis temperature.®®> For example, the
energy demands of the conventional and microwave-assisted
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Fig. 6 Pyrolysis conversion pathway of resin binder and its change with temperature and residence time. Reproduced from ref. 51 with permission

from Elsevier, copyright [2023].
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Fig. 7 Integrated pyrolysis and combustion process for the energy self-sustaining recycling of end-of-life WTBs.

pyrolysis of fiber-reinforced polymer composites have been
reported to be approximately 21.2 MJ kg™" (ref. 9) and 10 M]
kg™',°® respectively. However, microwave heating requires
external resources for electricity and mass flow control due to
the rapid reaction rate.®” These emerging pyrolysis processes
show good performances in the recycling of end-of-life WBs,
but they have lower TRL and higher apparatus cost, limiting
their large-scale applications.

Pollutant emission is another problem for the thermal pro-
cessing of end-of-life WTBs. Additionally, other fuels (e.g,
coal) can be used directly or indirectly to improve the thermal
recycling efficiency of WTBs.®*®° Cheng et al.®® proved that the
resin matrix of WTBs could be carbonized and then oxidized
by heating with flue gas. The GF was finally recycled. When
WTBs were pyrolyzed at 420-450 °C for 5-6 h, the purity of the
GF was >99% and its tensile strength decreased <10% com-
pared with the original fiber. With the increase of the pyrolysis
temperature, the purity of the GF increased while its tensile
strength decreased. In coal-fired power plants, the flue gas
after dust removal was sent to a furnace for the pyrolysis of
WTBs. The tail gas could be transported to the boiler furnace
for complete combustion and then purified by the existing pol-
lutant purification system. The proposed thermal co-proces-
sing of WIBs and coal is a current alternative method for reco-
vering the energy and fiber material (e.g., GF), because existing
coal-fired plants equipped with a pollutant purification system
can be adopted. In addition, organic components (e.g., resin)
in WTBs can be converted into gas, oil and fiber (e.g., GF) pro-
ducts via pyrolysis. Moreover, the gas and oil products can be
recycled and upgraded into fuels to self-sustain the pyrolysis
process (as illustrated in Fig. 7), thus greatly reducing the cost
of the pyrolysis recycling process.

2.3. Chemical recycling

Chemical recycling, also known as solvolysis, is considered a
promising WTB-recycling method, which can degrade and dis-
solve the resin in composites into monomers, oligomers, or
other substances by using solvents with or without catalyst,
finally producing useful chemicals and recovering clean fibers.
Chemical recycling is normally carried out in super- and sub-

9650 | Green Chem.,, 2023, 25, 9644-9658

critical fluids under mild conditions. Under super- and subcri-
tical conditions, the recycling process has a high energy con-
sumption, only carbon fibers are recovered, and the degra-
dation products of the resin are complex.”””> Recently, Tian
et al.”? summarized the chemical recycling methods (e.g., oxi-
dation, solvolysis, and alcoholysis) for carbon fiber reinforced
composites (CFRCs). Chemical recycling can selectively depoly-
merize specific resin bonds to achieve controllable degra-
dation. Epoxy resin matrix is degraded into monomers or oli-
gomers, and the carbon fibers can be recycled. Zhao et al.”*
summarized the recovery of epoxy thermosets and their com-
posites. It was highlighted that application-oriented chemical
recycling should be developed based on selective degradation
and effective reconstruction.

In general, the solvolysis recycling process involves the
depolymerization of the thermosets in the composites of end-
of-life WTBs.”® Then, each component in the composites can
be easily separated, recycled and reused. The solvent is nor-
mally water, glycol, or ketone.”® After mechanical processing,
the pretreated blade is dissolved by adding chemical reagents,
and the GF can be recovered after the depolymerization of the
resin. Under the effects of temperature and pressure, the
solvent diffuses into the composites, breaking specific bonds
in the resin, thus eliminating the cross-binding between the
resin and the fiber. The chemical dissolution process can
recover the fiber and the monomer from the resin.'>”” Pifiero-
Hernanz et al.”®’” pointed out that the dissolution reaction of
the resin is an unstable process. The chemical reagent first
diffuses and then reacts on the fiber surface. The small mole-
cule products after bond breaking are dissolved in the solvent.
During the depolymerization process, the thickness of the
resin layer decreases continuously until it is completely separ-
ated from the fiber, so that the fiber that is insoluble in the
solvent can be recovered. The recovered fibers retain 85-99%
of the strength of the original fibers. The solvolysis process
can avoid the complete destruction of the fibers in the compo-
sites, and the strength retention rate of the recovered fibers is
related to the mild conditions. The recovery rate of GF can
reach 90%. Because the chemicals used in the solvolysis pro-
cesses may pollute the environment, there are greater environ-
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mental risks than for mechanical and thermal recycling pro-
cesses. The solvolysis process is usually carried out under high
temperature and pressure conditions, resulting in the con-
struction of industrial chemical waste recycling sites and dem-
onstration projects are very difficult. In addition, the solvolysis
recycling process is relatively complex and expensive, limiting
its application on a large-scale. Therefore, much attention has
been paid to the development of efficient, green and closed-
loop solvolysis processes for the recycling of the composites in
end-of-life WTBs,”®® mostly focusing on the use of green or
recyclable solvents, efficient and low-cost catalysts, and mild
reaction conditions. Recently, the journal Nature reported a

a Deconstruction of commercial epoxy composites

6 wt% triphos-Ru-TMM

[e¥eYoXe Yo Yo¥o!!

eTTeTeToteters

Epoxy composites
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metal-catalyzed protocol for recovering the polymer building
block bisphenol A and intact fibers from epoxy resin compo-
sites.*> A ruthenium (Ru)-catalyzed, dehydrogenation/bond
cleavage/reduction cascade disconnects the C(alkyl)-O bonds
of the most common linkages of the polymer. It was found
that this methodology could be applied to relevant unmodified
amine-cured epoxy resins as well as commercial composites
such as end-of-life WTBs (Fig. 8). The results demonstrated
that chemical recycling processes for thermoset epoxy resins
and composites are achievable in a short time under mild con-
ditions (e.g., relatively low reaction temperature and pressure).
However, this innovative technology cannot be immediately

i "o o
=7 - +  Fomsiing
i g
aca

Fibres BPA

After catalysis Recovered materials

(1) Landfilled
material (187 mg)

Carbon fibre  BPA Remainder
(57 wt%) (13 wt%) (26 wt%)

(2) Laminate
sample (390 mg)

Glass fibre BPA  Remainder
(53 wt%) (15wt%) (13 wt%)

(3) Wind turbine
blade (216 mg)

Wind turbine blade (5.13 g)

After catalysis (6 d)

Glass fiore BPA Remainder Metal
(50 wt%) (19 wt%) (23 wt%) (5 wt%)

BPA Remainder‘ Glass fibre Metal

(18 Wt%) (27 wt%) (47 wt%) (5 Wt%)

Recovered materials

Fig. 8 Recovery of BPA and fibers from commercial epoxy composites using Ru catalysis. (a) Scope of the composite samples subjected to catalysis
(both length and width of composite pieces 1, 2 and 3: 1.0-1.5 cm) and (b) upscaling of deconstruction conditions for end-of-life WTBs.
Reproduced from ref. 83 with permission from Springer Nature, copyright [2023].
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extended because the catalytic system is not efficient enough
for industrial implementation, and Ru is a rare and expensive
metal, leading to high-cost recycling. Therefore, improving the
efficiency of the catalytic system and developing efficient and
economical catalysts are future directions to realize the indus-
trialization of this technology.

The implementation of chemical recycling with convention-
al heating approaches is not feasible for the recycling of GFRP
composites as the cost of GF is less than that of CF. Usually,
the overall cost of the recycling process should be less than the
original product value. To recycle GFRP composites, an energy-
efficient and low-cost recycling method is required. Compared
with conventional heating, microwave heating can avoid the
non-uniform degradation reaction from the outside to the
inside along with heat conduction.?*"®” The principle of micro-
wave heating is that under the action of an external electro-
magnetic field, the polar molecules in the substance move vio-
lently to generate heat. Microwave heating enables heating of
both the inside and outside of the thermosets in the degra-
dation process and improves the reaction efficiency. Zabihi
et al.®® used microwave heating to degrade CF and GF
reinforced polymers in tartaric acid and H,O, solvents. Due to
the introduction of microwaves, the epoxy resin composite was
degraded completely within 1-3 min to obtain fibers. Rani
et al.¥” later developed a sustainable microwave-assisted chemical
recycling process to recycle GFRP composites, which was applied
to end-of-life WIBs, which could be depolymerized using hydro-
gen peroxide and acetic acid with microwave irradiation (Fig. 9).
Under the optimal conditions, the chemical solvent ratio (hydro-
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+ >
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gen peroxide/acid: 30/70, 50/50) with microwave heating (700 W,
180 s) could achieve complete degradation of the epoxy resin. In
addition, the recovered GF showed 99.8% ultimate tensile
strength, 93.3% Young’s modulus, and 95.7% strain-to-failure
compared to the virgin GF.

3. Recovery

In general, the recovery processes of end-of-life WIBs include
two pathways. First, thermal energy is recovered through incin-
eration to supply heat or heat water to produce steam for
power generation; second, WTBs are co-fired in a cement kiln,
where the combustible component in the WTBs is burnt to
provide heat, and GF is recovered as a raw material for produ-
cing cement clinker.*® It has also been reported that two recov-
ery processes with a high TRL have been commercialized in
the disposal of end-of-life WTBs.®®

3.1. Incineration and co-incineration

Incineration involves burning the composite with air to recover
energy.® For the incineration of WTBs, they must first be dis-
mantled, crushed, and transported; then the composites are
burnt to produce ash (about 50% of the composite).’® In the
case of CF composites, incineration needs proper measures to
avoid the release of residual fibers into the environment.’®
Despite the wide use of incineration to dispose of the compo-
site, it is not a completely environmentally friendly process.
The incineration of waste produces CO,.°* The incineration of

Partial swelling of
samples

* *
*

-/t

_>
Immersing Microwave heating
in solution
IR pyrometer

for 30 min at
room
temperature

Microwave
applicator

Cooling at
room
temperature

Decomposed epoxy matrix and
recovered fibers

Fig. 9 Schematic diagram of the microwave-assisted chemical recycling process of GFRP composites to recover GF. Reproduced from ref. 87 with

permission from Elsevier, copyright [2022].
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composite materials is not always possible due to it being cost
prohibitive and the GF residue causing process stoppages.”?
Co-incineration is a better alternative than incineration. This
process counteracts some of the disadvantages of the incinera-
tion allowing the recovery of energy and material.>* Co-incin-
eration recovers the ash (accounting for 30-35 wt% (ref. 95)) to
be used as a filler for the preparation of cement
composites.”®®” In co-incineration, the energy recovered by the
combustion of waste composites can also reduce the amount
of coal used in the combustion furnace. This approach can aid
the reduction of CO, emissions and the minimization of the
consumption of natural materials.’>°® In addition, the recov-
ered ash rich in GF and alkaline oxides can be used in flue gas
desulfurization (FGD).*®

3.2. Cement kiln co-processing

Cement kiln co-processing is a promising method for treating
crushed WTBs. The end-of-life WTBs are cut into smaller
pieces (1.5 cm®) on site, and transported to the receiving
cement plant. Then, the small pieces are crushed into particles
of less than 40 mm?®. After the metal components are removed,
the particles are mixed with cement raw materials in a certain
proportion, and fed into the kiln for burning. The combustion
of the combustible component in WTBs releases heat which
can be used for sintered cement, and the solid residues (e.g.,
GF) can be used as cement clinker raw materials.*> It has been
reported that each ton of blade waste can replace 600 kg of
coal fuel, equivalent to 4.16 GJ of energy.>®> Moreover, in-
organic materials such as GF can be reused as cement raw
materials, which removes 127 kg of CO, emissions.** However,
due to the presence of boron in some composite materials, the
cement curing time may be increased if the mixing ratio is
greater than 10%, so the mixing ratio of waste blades should
be strictly controlled.>*° If the waste blades stay in the high
temperature area (normally 800-1500 °C) of the kiln for a long
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time, the combustible components can be completely burned
and utilized, basically without the release of dioxins in the flue
gas. Cement kiln co-processing shows high potential to be
used for the disposal of end-of-life WTBs on a large scale, if
the energy consumption and pollutant gas emission can be
reduced. At present, some cement-related enterprises have
begun to invest in the cement kiln co-processing of end-of-life
WTBs. For example, Holcim has invested in a cement plant in
Germany for the recycling of WIBs. The cement plant of a
waste recycling management company (Geocycle) uses colla-
borative disposal technology to recycle WIBs and partially
replace fossil fuels and other raw materials in cement
production.®

4. Comparison of recycling and
recovery methods
4.1. Advantages and disadvantages

The recycling and recovery methods for end-of-life WIBs are
compared in Table 2. At present, mechanical processes and
thermal processes (e.g., pyrolysis, kiln cement co-processing)
have the advantages of high TRL and easy control, thus contri-
buting to their commercial applications. In particular, the
mechanical recycling process is a simple and mature techno-
logy that will not change the chemical properties of end-of-life
WTBs for direct reuse, since WIBs made of fiber-reinforced
polymer composites have high strength and good mechanical
performances even at end-of-life. Due to high TRL and high
efficiency, thermal recycling processes are promising alterna-
tives for the management of end-of-life WIBs on a large scale
if the energy consumption and pollutant emission can be
reduced. Cement kiln co-processing can recover heat energy
and GF for cement composite production, thus achieving the
full utilization of the composite materials. For the future, the

Table 2 Comparison of recycling and recovery methods for end-of-life WTBs

Method Advantages Disadvantages Products Project case Ref.
Mechanical High TRL (9), lower Small scale treatment, dust pollution Low-quality (1) ERCOM (Germany) and 31
process cost composite Phoenix (Canada) companies and
materials project (year 1990); (2) GENVIND 100
(Denmark) project (year
2012-2016)
Solvolysis Efficient recovery of Low TRL (4-5), difficult to control the GF, CF, Research stage 73
GF and CF, less reaction conditions, secondary chemicals
damage of GF pollution of chemical solvents, (monomer)
relatively high cost, small scale
treatment
Pyrolysis Less damage of GF, Relatively high energy consumption, GF, CF, fuel oil  Milled Carbon Company 42
high TRL (9), large- complex oil and gas products and gas (England) project (year 2003) and
scale treatment products 101
Incineration High TRL (9), facile Low combustion efficiency due to high  Heat energy Research stage 8 and
operation content of GF, large amounts of ash 102
production, toxic gas emission
Cement kiln Full utilization of end-  High requirement of the blade size, Heat energy, Holcim (Germany) and Geocycle 10
co-processing  of-life WIBs, high hard to control the ratio of the blade concrete (Canada) company projects (year  and

TRL (9), lower and cement

operation cost
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pyrolysis and solvolysis recycling processes are the most prom-
ising methods, since they can retain fibers (especially CF) with
properties close to those of the virgin fibers. Meanwhile, the
resins can be converted into high-value fuels and monomers
through upcycling. In particular, the pyrolysis recycling
process needs to be widely developed since it has a high TRL
for the large-scale upcycling of end-of-life WTBs.

4.2. Techno-economic and environmental-impact assessment

Techno-economic and environmental-impact assessment is
very important to select suitable technology for end-of-life
WTBs management. So far, there has been a lack of a reason-
able evaluation due to limited research data and industrial
cases. The EU’s recycling of WTBs is at an early stage. The
above technologies to recycle GF and CF from end-of-life WTBs
are yet to be widely available at the industrial scale and to be
cost-competitive. In many cases, the recycled material cannot
compete with the price of virgin materials. The price of virgin
GF does not make the recovery of fibers as a standalone
product economically competitive. The relative costs and
values of resin composite recycling technologies have been
evaluated." As shown in Fig. 10, mechanical grinding and
cement kiln co-processing have relatively low process costs
along with high TRL, which contribute to their existing appli-
cations on industrial scales. Solvolysis and pyrolysis show a
high potential in the recovery of GF and CF, which are also the
main products, especially CF, with relatively high values.'®®
Furthermore, it is envisaged that this will be an important
route for the directional recovery of chemical building blocks
from the entirety of composite materials through cost-effective,
efficient and sustainable solvolysis. An economic analysis indi-
cated that the recovery of constituent materials from the resin
composite can be economically feasible when they can dis-
place virgin materials in the supply chain. This feasibility is
contingent on reducing labor costs, obtaining a minimal
knockdown on the polymer, and maximizing the GF resale.
The economic feasibility of this process will increase by 3-6
times for CF composites.*’

View Article Online
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As for the environmental impact, mechanical treatment
such as cutting and grinding can produce a large amount of
dust and noise, which has a great impact on the environment
and the health of workers. Also, there are widespread problems
such as substandard dust and noise emissions and illegal
emissions by enterprises. Thermal treatment can produce
large amounts of toxic gases and CO, (greenhouse gas), so
downstream gas purification systems are normally required. In
particular, the recovery of energy widely through incineration
processes can be efficient treatment of end-of-life WTBs, but it
is not a completely environmentally friendly process. The
incineration of waste releases CO,, which contributes to
climate change, including toxic emissions that represent
hazards to human health and the environment.”* Among
these technologies, chemical treatment, especially for solvoly-
sis, would have a high benefit for environmental impact if
green solvents were developed. In the future, much effort
should be given to techno-economic combined with environ-
mental-impact assessment of WTB recycling technologies
based on the entire pre- and post-treatment systems and the
industrial application cases.

5. Life cycle management (LCM) of
WTBs

Various methods with different advantages and disadvantages
have been developed for the recycling and recovery of end-of-
life WTBs. The selection of an appropriate recycling process
should be carried out based on the principle of a circular
economy. Furthermore, integrated processes will be con-
sidered to achieve a closed-loop, efficient and cost-effective re-
cycling process. Therefore, an integrated analysis of the corre-
lation between circularity performance and potential carbon
footprint of the life cycle of WIBs is necessary, mainly consid-
ering different waste management alternatives to propose
research innovations and recommendations for the design and
sustainable management of these products.'® Recently, Diez-
Canamero et al.'® evaluated the correlation between the circu-

Technological Readiness Levels (TRL) B Process cost
= B Carbon fiber value
= Glass fiber value
&,
Q
=]
S
©
c
m©
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o
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Fluidized-bed  Solvolysis High voltage pulse Pyrolysis = Mechanical Cement kiln
fragmentation grinding co-processing

Fig. 10 Relative costs and values of resin composite recycling technologies (the sizes of the bars are indicative and vary among EU recyclers using
the same process due to varying process parameters such as throughput rates/capacity, temperature/pressure and retention time in the reactor).**
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Fig. 11 Main stages of the life cycle of WTBs including end-of-life management alternatives. Reproduced from ref. 105 with permission from

Elsevier, copyright [2023].

lar economy performance and the carbon footprint of end-of-
life WTB management solutions including repurposing, grind-
ing, solvolysis, pyrolysis, cement kiln co-processing, incinera-
tion and landfilling. The circular economy performance was
analyzed by the calculation of the product circularity indicator,
while the carbon footprint was determined by the life cycle
assessment (LCA) using the global warming indicator and con-
sidering the management of three WIBs from cradle-to-gate as
a functional unit (Fig. 11). The LCM of WTBs ending with sol-
volysis recycling was identified as the most circular and low-
carbon solution. Though increasing material quality is key to
achieving carbon savings, it should be increased by 50% in the
cases of solvolysis and pyrolysis recycling to generate signifi-
cant savings. To improve the circularity performance, inno-
vations must be made in terms of reducing waste generation,
prolonging the service life of WIBs and using the recovered
materials through closed-loop systems to avoid downcycling
processes, which lead to the reduction of environmental
credits."*®

6. Conclusions and perspectives

Alternative management solutions for end-of-life WTBs have
been widely explored, from repurposing to recycling (by
mechanical, thermal, and chemical methods) or recovery (by
co-incineration or cement kiln co-processing), by incorporating

This journal is © The Royal Society of Chemistry 2023

circular economy criteria for narrowing, slowing and closing
resource loops. The 3R (reuse, recycling, and recovery) manage-
ment of end-of-life WIBs has become a popular subject, since
it has great practical significance in the disposal of the large
amounts of upcoming end-of-life WTBs. Repurposing (reuse)
is a priority option, but it is a big challenge to dispose of end-
of-life WIBs on a large scale. Recycling or recovery is con-
sidered an important way in which end-of-life WTBs can be
effectively dealt with. This review summarized the current pro-
gress in the recycling and recovery of end-of-life WIBs com-
posed of fiber-reinforced polymer composites. Among the re-
cycling methods, one advantage of thermal recycling processes
is tolerance to contaminated material. Thermal recycling pro-
cesses can also be used to effectively treat various polymer
composites on a large scale. In particular, currently, the pyrol-
ysis and cement kiln co-processing methods show the highest
potential in efficiently dealing with end-of-life WTBs towards
large-scale commercial applications. In addition, chemical re-
cycling processes such as solvolysis are considered promising
methods that can achieve the closed-loop recovery of chemical
monomers and high-quality fibers, if green and recyclable sol-
vents as well as mild reaction processes can be developed.
Importantly, the LCM of WTBs ending with solvolysis recycling
is identified as the most circular and low-carbon solution.

The recycling and recovery of fiber reinforced polymer com-
posites in end-of-life WIBs have been researched and devel-
oped at an initial stage. Although a number of commercial

Green Chem., 2023, 25, 9644-9658 | 9655


https://doi.org/10.1039/d3gc03479h

Published on 07 November 2023. Downloaded on 6/23/2026 1:30:29 AM.

Critical Review

applications have been achieved, most of these projects are
built on extensive methods, focusing on mechanical recycling
and cement kiln co-processing. In the future, much effort
should be directed based on research recommendations. (i)
Mechanical processing is an initial step prior to recycling and
recovery processes due to the huge volume, specific structure,
and high strength of end-of-life WTBs. Therefore, it is necess-
ary to develop intelligent cutting and crushing equipment and
scraps to building materials technology with the aim of maxi-
mizing the daily processing capacity and reducing the dust
emissions.

(if) The solvolysis process can achieve the closed-loop recov-
ery of monomers and high-quality fibers from the polymer
composites in end-of-life WTBs. It is necessary to develop
green and recyclable solvents as well as mild reaction pro-
cesses with the aim of reducing the secondary pollution and
the operation cost.

(iif) Thermal recycling processes such as pyrolysis and co-
incineration show a high potential for the recovery of energy
and materials from end-of-life WIBs on a large scale. More
research work should be carried out on the use of gas and oil
products as fuels for self-sustaining the thermal processes
with the aim of reducing the cost of the whole recycling
process and further achieving on-site recycling.

(iv) The selection of an appropriate recycling process
should be carried out based on the circular economy. A closed-
loop, efficient and cost-effective recycling process can be
achieved by rationally designing processes such as mechanical
recycling integrated with thermal or chemical recycling.
Therefore, an integrated analysis of the correlation between
the circularity performance and carbon footprint of the life
cycle of WTBs is necessary. Furthermore, on-site wind energy
can be integrated to reduce the energy consumption of the re-
cycling process.

(v) The recovered fibers (e.g., GF, CF) are normally of lower
quality than the original fibers. It is necessary to urgently
develop more utilization scenarios for the recovered degraded
fibers. For example, recovered GF shows a decrease in mechan-
ical performance, but has good heat conductivity and sound
absorption capacity compared with commercial materials, and
is suitable to be used as a heat and sound insulation material.
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