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Abstract: Rapid global industrialization has increased the amounts of greenhouse gas emissions
leading to global warming and severe weather conditions. To lower such emissions, several countries
are swiftly seeking sustainable and low-carbon energy alternatives. As a green energy source, wind
power has gained recent popularity due to its low cost and lower carbon footprint; but with a short
blade life span, the industry faces a blade waste issue. Wind turbine blade recyclability is challenging
due to factors such as blade sheer size, material complexity, low economic feasibility, and a lack of
suitable recycling policies; yet, many blades are still being constructed and others are being
decommissioned. This paper aims to discuss different wind turbine blade recyclability routes under the
pavement sector. Wind turbine blades are made of composite materials, and based on literature data, it
was found that recycled fibers can be extracted from the composites using methods such as pyrolysis,
solvolysis, and mechanical processing; of these methods, solvolysis provides cleaner and better fibers.
The recycled fibers, when incorporated in both asphalt and concrete, improved their mechanical
properties; nevertheless, recycling of fibers from carbon fiber-reinforced polymers (CFRPs) was more
economical than glass fiber-reinforced polymers (GFRPs). Waste wind turbine blades can take other
routes, such as processing them into waste wind turbine aggregates, roadside bicycle shades, bridge
girders, and road acoustic barriers.

Keywords: wind turbine blades waste; glass fiber composites; carbon fiber composites; solvolysis;
pyrolysis; asphalt; concrete; pavements
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1. Introduction

Global industrialization is rapidly increasing; according to a study in the United Nations Industrial
Statistics Yearbook 2023, global industrial trends from 2020 to 2023 outpaced previous years, with
more significant increases in sectors such as waste management and water supply, power generation,
and manufacturing [1]. Rapid industrialization, coupled with improper management of industrial waste
and by-products, is one of the leading causes of increased amounts of greenhouse gas emissions [2].
The presence of greenhouse gases in the atmosphere, such as carbon dioxide, methane, nitrous oxide,
and fluorinated gases, can cause a blanketing effect on Earth [3]. For instance, when the sun’s radiation
heats the earth’s surface, trees, plants, and other bodies absorb these thermal radiations; then, during
cooling, they all have to radiate this heat of the earth into outer space. However, the presence of
greenhouse gases in the atmosphere traps these thermal radiations and continuously re-emits them
within the earth’s atmosphere, causing a buildup of heat and increasing overall global temperatures,
resulting in global warming [4]. In recent years, global warming has become a worldwide concern as
the outcomes of this phenomenon are becoming more obvious, with the global energy sector remaining
the lead contributor to greenhouse gases [5].

(a) (b)

Figure 1. (a) An abandoned collapsed wind turbine, (b) End-of-life wind turbine blade
dump fills on the roadside: Reproduced from Ref. [6,7] with permission.

Many large economies around the world are opting for cleaner energy sources such as nuclear,
hydro, solar, and wind power to lower their carbon emissions [8]. As of today, wind power has proven
to be a more sustainable and cheaper alternative compared to other green energy sources, which has
created a high demand for wind turbine installations both on land and offshore [9]. According to the
World Wind Energy Association (WWEA) half-year report of 2023, it was estimated that in the first
half of 2023, there were 38% more wind turbine installations globally in comparison to 2022; with an
annual growth rate of 11.4%, the worldwide total wind energy capacity is projected to exceed 1045 gigawatts
by the end 0f 2023 [10]. On the other hand, the rapid growth rate of wind turbine installation generates
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more blade waste, as there are fewer means of recycling them efficiently. A typical wind turbine blade
has a service life span of approximately 20-25 years, after which they will be decommissioned. Due
to the challenges involved in recycling them, most of these blades will eventually end up in a landfill
or discarded, as shown in Figure 1 [11].

25,00,000

20,00,000

15,00,000

TONNES

10,00,000

5,00,000

2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050

Manufacturing + Service End-of-life

Figure 2. A graphical prediction of wind turbine blade waste from 2017 up to 2050 by Liu
and Barlow [12].

By 2050, annual global blade waste is projected to go up to 2 million metric tons, whereas if no
proper action is taken, the accumulative amount of blade waste will be about 43 million metric tons [12];
this is illustrated in Figure 2. Due to their short lifespan, wind turbines installed during the 20th century
are nearing the end of their service life, which creates a need to devise ways of dealing with such waste.
Currently, many industries are doing their part in reducing the blade waste issue; the pavement industry
is also formulating feasible techniques and ideas [13,14]. Pavement refers to a surface or section of the
road where vehicles pass; these can be divided into two categories, namely asphalt pavements and
concrete pavements, depending on the materials used [15]. A typical asphalt pavement mainly consists
of a mixture of binder and aggregates. Bitumen is commonly used as a binder, which is a byproduct
from the petroleum industry, whereas the aggregates are rocks, e.g., limestone or sandstone. In asphalt
pavements, the binder provides structural bonding with the aggregates, hence allowing flexible
characteristics of the pavement. The type and quality of the binder used greatly define the quality and
applications of the asphalt mixture; hence, modifications made to the binder will directly impact the
overall mix performance [16].

Concrete pavements, on the other hand, are made of a mixture of cement mortar as the binder and
aggregates, which provide the void-filling role as well as additional structural support to the pavement.
Of the two kinds, asphalt pavements are more popular and typically preferred due to their numerous
advantages, including being less expensive in terms of material, construction, and maintenance, being
easy to recycle, creating less noise, and having improved road surface tire traction [17]. On the other
hand, concrete pavements also have their merits; namely, they can easily hold shape under loading,
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hence being able to carry more load, and are also less prone to weather changes [18]. With ongoing
research and advancements in the pavement industry, a variety of new materials are being studied to
improve the performance of asphalt and concrete pavements. Most of these are recycled materials, and
this is usually done to promote sustainability and give a second life to what could be waste from other
industries [19]. For instance, in both research and field practice, asphalt pavements have been key to
utilizing recycled materials. These materials may range from recycled rubber tires, plastic, waste fly
ash, asphalt roof shingles, and reclaimed asphalt [20,21]. Every year, over a million kilometers of road
networks are laid or rehabilitated around the world; it is estimated that by 2050, the length of paved
roads around the globe will have increased by about 14.8—25.3 million km [22]. Therefore, with the
ever-growing road network, it is imperative to utilize more recycled materials to promote sustainability.
As wind turbines ascend toward becoming a global waste problem, this study aims to discuss some of
the methods of recycling and repurposing wind turbine blades in the pavement industry.

2. Wind turbine blades overview and constituents

Wind turbine blades consist of a wide variety of materials ranging from polymer composites,
natural materials, and metallic parts; therefore, a thorough understanding of wind turbine blade
material constituents is required to determine which parts can be recycled in asphalt. Wind turbines
have been used to generate electricity for nearly a century. In 1887, James Blyth, a Glasgow-based
Scottish professor, built the world’s first vertical-axis wind turbine [23]. Since then, this industry has
undergone numerous developments as new materials are discovered. In the early days, wind turbine
blades were made of cloth sails, steel, aluminum, wood, and other materials [24]. The wind turbines
of today are large and tall enough to meet the ever-growing demand for green electricity. These wind
turbines experience far more rigorous conditions; therefore, this has driven the use of advanced
composite materials in blade manufacturing to offer high strength and durability while being light in
weight. Figure 3 illustrates the various components of wind turbines and their possible material
constituents, from which carbon fiber-reinforced polymers (CFRPs) and glass fiber-reinforced
polymers (GFRPs) are some of the most popular [25]. The wind turbine blade manufacturing industry
adopts the use of fiber-reinforced polymers due to their numerous advantages in comparison to other
materials [26].

GFRP and CFRP composites are some of the most commonly used materials in blade production.
These are generally made using woven fiber mats that are placed into blade molds, and a polymer
matrix is added; the polymer matrix serves as the main bond between the two components and provides
the required rigidity of the fiber mat after curing. When well cured, these composites are hard and
flexible to a designed degree and hence can act as critical structural support sections in wind turbine
blades [27]. Composite materials are also well-known for their ability to provide high strength, light
weight, durability, and fire resistance [28,29]. A study by Jensen and Skelton found that a large portion
of wind turbine blades is composed of GFRP, attributed to its lower cost compared to CFRP
composites [30]. Blade material designs vary depending on the application; in some cases, both carbon
fiber and glass fiber composites are used on a single blade. Figure 4 illustrates the complex distribution
of materials in wind turbine blades, with some regions made of carbon fiber composites, glass fiber
composites, gel coats, and balsa wood. Such inconsistency in materials can also create huddles during
blade recycling.
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Blade parts Material Constituents

e Synthetic fibers e.g. glass fiber, carbon fiber,

Fiber reinforcement aramid and vinyl fibers.

e Natural fibers e.g. Basalt fibers, sisal, flax, hemp
and jute.

. e Thermosets e.g. Polyesters, vinyl esters,
Polymer Matrix Polyurethane (PUR).
e Thermoplastics

: Balsa wood
Sandwich core e Foams

Polyethylene terephthalate (PET)

Polyester-based gel coatings
Polyurethane based surface coating (PUR)
Polyethylene (PE)

Protective coatings

Metallic parts o Copper, steel, iron etc.

Figure 3. Various components of a wind turbine blade and their material constituents [30,31].

/Spar cap

Carbon fiber reinforced polymer

Leading edge (il Balsa core
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Trailing eige

Glass fiber reinforced polymer
Adhesive

Figure 4. A cross-section view of a typical wind turbine blade [32].
3. E.O.L. wind turbine blade recyclability challenges
Blade recycling is quite challenging for a wide range of reasons. Their enormous size creates a

logistic issue during both installation and decommissioning. Wind turbine blades can span over 100 feet;
for instance, one of the largest currently installed blades has a diameter of approximately 853 feet,
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installed by Three Gorges Energy [33]. The sheer size makes it hard to transport through densely
populated cities to recycling facilities, leading to traffic and disruption of city activities. This process
will sometimes require rigorous planning to obtain viable routes, hence increasing the cost of the
recycling process [34].

i
o >

(@) (b)

Figure 5. (a) extreme weather at offshore wind farms, (b) Transporting wind turbine blades
through urban areas. Reproduced from Ref. [35,36] with permission.

Offshore-based wind turbine power plants create a hazardous working environment since some
of these regions are usually prone to high waves, fog, and strong winds that could disrupt workers
carrying out the decommissioning process (Figure 5). In such conditions, the size and weight of the
blades require extensive preliminary planning and sophisticated machinery to detach the old blades
and transport them from the site to recycling facilities. In some cases, on-site cutting is done to create
smaller segments that are easier to transport. While this may seem sophisticated in offshore power
plants, it is more feasible for land-based wind power plants. Segmentation is usually done using a
diamond wire saw; precautions need to be taken as the extremely fine dust produced during this process
is also a biohazard if inhaled [37]. Extracting and separating the blade constituents will require a lot
of energy; therefore, recycling processes like mechanical crushing, thermal recycling, and chemical
recycling are usually adopted [38]. Even though some of these recycling methods have proven to be
functional, the end products tend to be of lesser quality yet require a higher cost to produce, rendering
them less economically viable. Therefore, faced with all these difficulties, a cost-saving alternative is
to place them at dump fills.
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4. E.O.L blade recycling techniques
4.1. Wind turbine blade GFRP as asphalt fillers

Fillers are fine-grained mineral particles that are added to asphalt mixtures primarily to fill voids;
these can also help enhance the mechanical properties of asphalt pavement mixes. The commonly used
fillers include limestone dust, cement, fly ash, and hydrated lime, among others. Asphalt mixes
modified with fillers possess outstanding qualities such as better elasticity at high temperatures, hence
becoming less susceptible to rutting failure, and higher resistance to fatigue cracking, which increases
their service life. Factors such as particle physical interactions, adhesion properties, and chemical
properties contribute to the performance modification ability of filler particles [39]. The physical
properties of fillers, such as particle size, particle density, specific surface area, and surface texture,
can determine the overall performance of the asphalt mixture. For instance, a rough surface texture can
help boost the interfacial adhesive forces between the filler and binder, mainly due to the presence of
more contact area for bonding to occur; this enhances the contribution of the filler particles in resisting
stresses applied to the asphalt matrix [40].

E-O-L : ' "
Wind turbine blades Shredded blades Asphalt fillers

Cutting blades Hammer mill

into segments crushing
Shredding using Vibratory sieve
shredding processing through
machine sicve #200 mesh

Figure 6. Mechanical processing of wind turbine blade waste into GFRP filler powder [6,41,42].

Some studies are currently focusing on the possibility of turning E.O.L or scrap wind turbine blades
into high-value filler powders, testing their effects on the performance of asphalt mixtures. For instance,
one study by Lan et al. successfully converted E.O.L wind turbine blades into a fine powder that can be
used as filler using the steps summarized in Figure 6. First, blades are cut into square meter-sized
segments or panels using a diamond wire saw; panels are then passed through a shredder; the shredded
material is then ground to form a powder; and finally, the powder material is passed through vibrating
sieves of #200 mesh to obtain a fine powder of particle size ranging from 5 to 80 pm. The resulting
powder is known as glass fiber-reinforced powder fillers (GFRP fillers) or wind turbine blade-GFRP
fillers (WTB-GFRP fillers) [43]. Table 1 summarizes the effects of adding recycled wind turbine blade
GFRP fillers into asphalt mixtures.
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Table 1. Effects of wind turbine blade GFRP powder fillers on asphalt performance.

Asphalt Observations Explanation Sources
attributes
High and medium  The complex modulus of asphalt WTB-GFRP fillers enhance asphalt [42]
temperature increases in the WTB-GFRP filler elasticity at higher temperatures
performance content, whereas the phase angle is through absorption of free binder,
reduced. hence leading to a stiffer asphalt
mixture.
Fatigue cracking GFRP filler specimens had lesser WTB-GFRP filler mastics possess [42,44]
fatigue values compared to typical better resistance to fatigue cracking
limestone when subjected to similar  failure compared with the commonly
strain levels used limestone fillers.
Rutting resistance  Dynamic stability values from a The addition of WTB-GFRP filler [43]
wheel tracking test increased with can improve the pavement’s rutting
the addition of WTB-GFRP filler failure resistance.
powder to the asphalt mixture.
Low temperature The addition of WTB-GFRP fillers Higher stiffness values depict more [45]
cracking to asphalt increases its stiffness brittle asphalt mastic, which therefore
value and reduces the M-value. carries a greater risk of crack
formation at low temperatures.
Moisture resistance  Boiling water test results showed Presence of WTB-GFRP fillers in [42]
WTB-GFRP filler asphalt asphalt greatly enhances moisture
specimens had lesser shade offs resistance by improving it’s adhesive
compared to limestone. and cohesive capabilities.
Aging resistance Long term aged WTB-GFRP filler WTB-GFRP fillers improve asphalt [42,46]

asphalt mastics had a lower complex
modulus aging index and higher
phase angle aging index.

long-term aging compared to typical
limestone

4.2. Extraction of fibers from E.O.L wind turbine blades

The extremely hard bonds linking fibers with the epoxy matrix make it hard to extract fibers from
wind turbine blade composite waste. Yang et al. [47] outlined some methods that can be used to
separate fibers from wind turbine blade composites. Fibers extracted using mechanical processing are
damaged and possess lower mechanical strength; hence, alternative methods for extracting fibers from
composites can be used, which include pyrolysis and solvolysis, among others. These methods are
preferable in most cases because, when compared with a mechanical extraction of fibers, they produce
cleaner fibers with better mechanical properties.

4.2.1. Pyrolysis

Pyrolysis refers to the high-temperature combustion of material in the absence of oxygen. The

separation can be achieved because of the varying degradation temperatures of the fibers and the
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matrix (polymers or plastics). During pyrolysis, high temperatures will burn the matrix, converting it
into char and leaving behind glass fibers. Studies have been conducted on this issue; for instance,
Xu et al. [48] utilized E.O.L wind turbine blades obtained from a wind farm in Inner Mongolia; their
blade composites consisted of 76.49 wt.% E-glass fibers and 23.51 wt.% epoxy resins. Using a fixed-bed
pyrolysis reactor, the sliced GFRP bars were pyrolyzed at 500 <C in the presence of reactive gases and
managed to yield 78.8% solid products (fibers and char), 14.88% oil, and 6.32% gas. Their study also
stated that further processing of solid products by oxidation produced clean fibers with a substantial
tensile strength of about 822.39 MPa. Akesson et al. [49] explored the option of utilizing microwave
heating to pyrolyze scrap wind turbine blades under a nitrogen atmosphere. Microwaving at low
temperatures around 300 <C had no effect, whereas high temperatures of 600 <T produced lower-quality,
brittle fibers. This process was able to recover fibers of about 70% of the initial WTB-GFRP mass.
Figure 7 clearly outlines some of the steps involved in the pyrolysis extraction of fibers from wind

turbine blade segments.
mmg Pyrolysis oil
_>

Cutting into
segments

Waste wind Pyrolysis

turbine blades Chamber(Pyrolysis (Condenser

Solid residues
(char & fibers)

Clean fibers

_’

Figure 7. Layout for pyrolysis processing of E.O.L wind turbine blades to obtain clean fibers [48].

Muffle furnace

(Oxidation)

4.2.2. Solvolysis

The solvolysis method utilizes the chemical decomposition of the epoxy matrix. This is achieved
using reactive solvents such as nitric acid, ammonia glycol water, or ethanol under favorable critical
temperatures [50]. Protsenko et al. [51] conducted an experimental study to extract fibers from
fiberglass-reinforced polymer composites (FGRP) using solvolysis. In their study, when a 2% catalyst
was used, a fiber content of 6% was obtained; when the catalyst increased to 5%, the reaction time was
reduced to 2 hours and the fiber contents increased five times. Glass fibers obtained from their study
possessed a residual strength of about 98% and were extremely cleaner compared to pyrolysis. Another
study by Mattsson et al. performed several solvolysis reaction tests and found that fibers can be
successfully extracted from their epoxy matrix by following a two-stage process that involves heating
at 270 °C for 16 hours under ethylene glycol, followed by heating at 330 °C in watet/1-propanol/KOH
for 3 hours. Their study resulted in 75% epoxy resin removal from the composites, leaving behind
clean fibers [52]. Solvolysis has proven to be a more sustainable way of breaking down polymer
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composite materials for recycling because it produces higher-quality fibers; on the other hand, the
process is extremely time-consuming and also dependent on the WTB-GFRP material constituents [52,53].

4.3. E.O.L wind turbine blade recycled fibers in asphalt pavements

Fibers recycled from wind turbine blades can be incorporated into asphalt mixes to enhance their
performance. A wide range of studies has been conducted on utilizing glass fibers in asphalt, as
discussed below. Glass fibers are strong materials with tensile strengths of up to 4600 MPa for virgin
specimens. Recycled glass fibers will possess lower strength properties, i.e., after pyrolysis extraction,
tensile strengths were found to drop by nearly 50% [54], whereas fibers obtained using hydrolysis
reactions had their tensile strengths dropped by 35% [55]; strength properties are ideally dependent on
reaction time and temperature. Regardless of slight degradation during these fiber extraction methods,
recovered glass fibers still possess strength properties worthy of their use in asphalt mixes.

Recycled glass fibers obtained from waste GFRP aircraft cabins when added to asphalt can greatly
improve its durability in terms of resistance to aging and moisture damage; furthermore, the presence
of polymer residues on the fiber surface enhances the fiber surface’s binder bonding capabilities,
therefore proving the recycled fibers are a more economical and environmentally friendly alternative
in comparison to new glass fibers [56]. In an experimental study conducted by Khater et al. [57], it
was observed that glass fibers mixed with asphalt can effectively enhance the low-temperature stability
of the mixes by increasing their bending strain. The fiberglass strands form a dense reinforcing network
within the matrix, which effectively disperses stresses as well as limits microcrack propagation due to
thermo-stresses. Rutting refers to longitudinal permanent deformation or consolidation that
accumulates on an asphalt pavement surface during its service life; this is typically shown by the wheel
path being engraved in the road. In a wheel track test conducted by Mahrez and Karim [58], it was
observed that asphalt mixes containing 0.3% fiber content exhibited better resistance to rut formation,
which could primarily be due to the randomly distributed fibers resisting shear deformation within the
matrix. Factors such as the surface texture of the fiber, length of the fiber, or fiber mechanical
properties affect glass fibers’ contribution to the performance enhancement of the asphalt [59].

5. Possible blade recycling techniques in concrete

Figure 8 summarizes the various recycling routes for Waste Wind Turbine Blades (WWTB) in
concrete mixtures, which are further discussed here. Ortega-Lopez et al. conducted experimental tests
incorporating raw crushed wind turbine blades (RCWTB) in concrete. It was found that specimens
under compressive loading were more resistant to transverse elastic deformation and with higher
failure strain; this was mainly attributed to the stitching effect provided by the RCWTB fibers. Under
tensile loading, the tensile strength of specimens remained constant with the addition of 3% RCWTB;
with further addition, a decline was observed. The study further concluded that the utilization of
RCWTB can undoubtedly improve the ductility and load-bearing capacity of concrete per unit strength
and carbon footprint [60].
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Waste Wind Turbine
Blades (WWTB)

Mechanical Thermal and Chemical
Processing Processing
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Aggregates Powders

Raw materials in concrete

Figure 8. Concrete raw materials from wind turbine blade waste.

Scarp wind turbine blades can also be cut and processed into needle-like structures, which can
effectively replace standard aggregates. Yazdanbakhsh et al. explored this idea in their study, where
needle-like elements were added to concrete at 5% and 10% replacement of aggregates by volume.
Overall, the incorporation of these needle-like structures improved the toughness of the concrete while
not affecting the stability and workability of the final mix [61]. Baturkin et al. conducted an
experimental investigation in which fibers and powder were successfully obtained from recycled wind
turbine blades. Findings such as reduction of both compressive and flexural strength of concrete were
observed with the addition of powders, whereas the addition of recycled fibers increased the concrete
flexural strength by 15% [62]. By utilizing mechanical processing, Fu et al. obtained macro fibers from
fiber reinforced polymer (FRP) wastes; in their experimental investigation, concrete with 1.5% macro
fibers content attained a slump value of over 80 mm without superplasticizers, whereas the
compressive strength increased by 4.4% at the same fiber content. It was concluded that macro fibers
significantly boosted the concrete peak strength, residual strength, and toughness compared to the
control group [63].

Fully replacing standard aggregates with waste wind turbine blade GFRP aggregates in concrete
will consequently lower its mechanical strength; nevertheless, the overall mixture performance is
suitable for applications such as lightweight concrete since it offers a compressive strength of
about 17 MPa and density of 1820 kg/m?. Otherwise, the low mechanical performance could be
attributed to the fact that Waste Wind Turbine Blade-GFRP (WWTB-GFRP) aggregates possess low
adhesive properties; other issues such as debonding due to concrete shrinkages are also prominent [64].
Akbar et al. found that fibers recycled from CFRPs can enhance the elastic modulus and splitting
tensile strength of cement mortar at an optimum content of 1%. This was due to the rough surface of
recycled carbon fibers that improve the interlocking capabilities within the cement matrix. They further
concluded that utilizing recycled carbon fiber contents at 1% reduces global CO2 emissions by 13.69%
in comparison with plain cement paste, while remaining cost-effective [65].
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6. Other applications of wind turbine blade waste and repurposing alternatives

Besides the rigorous processing methods of turning wind turbine blades into powder fillers, fibers,
and other high-value materials, old wind turbines can alternatively be repurposed in various key
structures for instance, Ruane et al. outlined the possibility of utilizing E.O.L wind turbine blades as
bridge girders for a 5 m long and 3 m wide pedestrian bridge. Their study conducted an experimental
bending test from which it was concluded that after a life span of 27 years, the blade was able to
withstand a bending force of about 70 KN without failure, which was sufficient for the strength
requirements of pedestrian bridge girders [66]. In a cost analysis conducted by Ruane et al. [67],
repurposing wind turbines as blade bridges was confirmed to be more economical compared with those
using conventional concrete or steel. Broniewicz et al. [68] discussed utilizing wind turbine blades as
highway-side noise barriers. The idea involved the use of panels cut from various sections of the E.O.L
wind turbine blade. Through finite element analysis (FEA), it was found that panels could withstand
forces exerted by traffic wind pressure with very minimal deflections that met the EN 1794-2: 2003
specifications, hence making them a viable alternative. Roadside curb stones are usually made of
concrete, which can also be an alternative means of recycling wind turbine blades in this concrete
product; in fact, several studies have discussed blade recycling ideas in concrete [69]. Wind turbine
blades, even after their service life, still possess remarkable structural properties that can be viable for
a wide range of structures. The sheer size of these blades makes them viable in other alternative
recycling methods, as discussed by Andréet al. and Martini et al. [70,71] for example using them as shelter
roofings [72], children’s playground structures [73], bicycle shades and bus stop seats [74] and many more.

7. Cost-effectiveness aspects in blade recycling and reuse

Balancing the economic aspects of recycling is key for any recycling initiative to qualify as viable.
Certain aspects, such as the market value of final materials, the cost of technologies used, landfilling
taxes, wind turbine dismantling expenses, transportation, and labor costs, are highly fluctuating, which
creates a large error estimate in recycling costs[75]. CFRPs have a higher market value compared to
GFRPs; thus, methods such as pyrolysis and solvolysis could be used to efficiently extract clean
recycled carbon fibers that are more economical compared to using virgin fibers, whereas GFRPs could
be recycled in the cement manufacturing process or through other means, such as mechanical
processing [76]. Wind turbine blade recycling costs can be significantly reduced. According to a
discussion by Cooperman et al., blade transportation costs could be effectively reduced by shredding
wind turbine blades into sections of about 1-3 cm or cutting them into large segments. That work also
stated that the E.O.L costs for wind turbines could range from 19 to 39 USD per KW while accounting
for costs such as teardown, transportation fees, size reduction, and tip fees [77]. Hasheminezhad et al.
discussed an estimate of some costs involved in blade recycling, namely the need for large wind turbine
blades to be cut to a reduced size to ease transportation. Viable cutting methods include water jets and
saw machine cutting, and these services have an approximate daily fee of $2200; transportation of 14
tons of segmented blade waste could cost about $660 [78]. Cost-effectiveness can be a major drawback
while dealing with recyclables, though key aspects and policies can be implemented to boost this
process. These may involve early-design stage planning for the decommissioning of wind turbines,
development of on-site preprocessing facilities, increasing accessibility to blade recycling
technologies, tracing material constituents, and establishing material passports [79].
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8. Conclusions

Wind turbine blade waste is increasing, exceeding what can be recycled, while more blades are
still being installed globally. Landfilling, which is one of the common destinations for most
decommissioned blades, has proven to be unreliable as its costs keep fluctuating over time, hence
creating a need for recycling routes for old blades. In the current study, methods for recycling waste
wind turbine blades in the pavement industrial sector are discussed and summarized herein:

(1) Wind turbine blade waste can be processed and recycled into asphalt pavement mixtures as
filler powders. These powders play a key role in improving the mixture’s mechanical properties; for
instance, the addition of fillers can help boost the mixture’s elasticity at high temperatures, therefore
making pavements more resistant to damage. Filler particles can improve other properties of asphalt
pavements, such as the fatigue life of asphalt pavements, rutting resistance, aging, and moisture susceptibility.

(2) Processing methods such as pyrolysis, solvolysis, and mechanical processing can be used to
extract fibers from blade composite waste. Adding these fibers to concrete or asphalt pavement can
boost their mechanical properties. For instance, fibers help improve flexural behavior in concrete,
whereas they regulate cracking failure in asphalt.

(3) Wind turbine blades can be converted into crushed aggregates or cut into needle-like elements
that can be added to concrete as a partial aggregate replacement. This helps boost the load-bearing
capacity and ductility of concrete. Using these aggregates reduces the weight of concrete, hence
making it suitable for lightweight structural applications.

(4) Wind turbine blades could also be repurposed into structures around roads such as bicycle
shades, pedestrian bridge girders, road acoustic barriers, affordable housing, and playground art. While
these recycling routes exist, there are still challenges, such as cost-effectiveness, to feasibly recycle
wind turbine blades. For instance, the market value of the final product is, in some cases, very low,
and in the case of recycled fibers, they have reduced strength properties compared to new ones.

8.1. Future studies and recommendations

Composite materials used in blade making have limited recycling routes since they are hard to
break down; therefore, it is recommended that industrial manufacturers conduct a feasible recyclability
analysis before implementing composites into wind turbine blades. Filler powders extracted and
processed from wind turbine blades have promising applications in asphalt pavement mixes in
high-temperature regions; regardless, more research and testing are needed using field specimens and
also various ways of boosting mixtures’ low-temperature performance. A comparative cost analysis
study can also be done to compare the cost-effectiveness of various blade recycling routes in the
pavement industry.
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