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Abstract
Wind is a clean, efficient, fastest-growing, renewable energy source, which is extensively 
applied for power generation. The expected design lifetime of a wind turbine lies between 20 
to 25 years and requires decommissioning at its end-of-life (EOL) stage. In recent years, the 
global trend is shifted towards power generation through wind turbines and has globally 
increased the decommissioned wind turbine blades (WTBs). Compared to other components 
of wind turbines, it is not convenient to recycle the carbon/glass fiber-reinforced composite-
based WTBs, due to their complicated nature and inhomogeneity. Additionally, it is extremely 
dangerous to landfill or incinerate WTBs, as these strategies may result in severe health and 
environmental issues. Consequently, recycling of WTBs is a viable pathway for the renewable 
energy sector that ensures the sustainability of wind turbines. To date, only 80% - 85% of the 
wind turbine materials can be recycled but have potential to reach at 100 % through proper 
attention required on recovery of all wind turbine materials and adaptation of circular economy 
(CE) models. The motivation behind this review is to emphasize the importance of sustainable 
options to treat WTB wastes and minimize the utilization of conventional EOL approaches 
such as landfilling and incineration. This review also shed lights on the current research and 
development (R&D) projects, which are related to the adaption of various hybrid recycling 
technologies and CE models. Moreover, this review also highlights current challenges and 
future developments of WTB composites. It is concluded that concerted efforts should be made 
by each of the individuals, such as researchers, policy makers, and legislative and industrialist 
stake holders to improve the viability and effectiveness of the wind energy.

Keywords: Wind turbine blades, recycling, circular economy, composite waste, glass fibers, 
carbon fibers

Highlights
 Conventional end-of-life approaches for wind turbine blades (WTBs) cause severe 

environmental issues. 
 Recycling of WTBs is highly imperative for a clean, green, and sustainable 

environment.
 Circular economy models are needs to be in more practice for zero WTB waste.

Abbreviations
CE Circular economy
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CETEC Circular economy for thermosets epoxy composites
CF Carbon fiber
CFRP Carbon fiber reinforced polymer
EOL End-of-life
EU European union
FRP Fiber-reinforced polymer
GF Glass fiber
GFRP Glass fiber reinforced polymer
IACMI Institute for Advanced Composites Manufacturing Innovation
IGA International energy agency
PLA Poly(lactic acid)
rCF Recycled carbon fiber
R&D Research and development
rCFRP Recycled carbon fiber reinforced polymer
rGF Recycled glass fiber
rGFRP Recycled glass fiber reinforced polymer
rWTB Recycled wind turbine blade
SDGs Sustainable development goals
TRL Technology readiness level
TWh Terawatt hour
VOC Volatile organic compound
WTB Wind turbine blades
ZEBRA Zero wastE Blade ReseArch

1 Introduction
Modern technologies have completely revolutionized the world through the development of 
advanced materials for myriad engineering applications including biomedical, automobile, 
aerospace, and energy storage devices. Overall, these technologies improve the lifestyle of an 
individual [1]. It is worth mentioning that the improvement in lifestyle comes at some cost, 
which is the consumption of vital natural resources [2]. Furthermore, excessive use of non-
biodegradable waste and various petroleum-based products release a significant number of 
toxic gases into the atmosphere [3]. As a result, the world is facing various climate issues, as 
depicted in Figure 1. According to published sources, the global production of plastic waste 
was roughly 348 million tonnes in 2017 and is estimated to increase at a rate of 1.4 billion 
metric tonnes by 2050 [4]–[6]. Most of the plastic waste originates from sources, like plastic 
bags, and hazardous materials from nuclear waste. However, the role of thermoset plastics in 
this plastic waste is inevitable [7]–[9]. The heterogeneous composites contain epoxy 
thermosets and synthetic fibers such as carbon fibers (CF) and glass fibers (GF) are the main 
complex ingredients in the generation of non-biodegradable plastic waste. These composites 
are mainly used in various applications, such as aerospace, automobiles, and wind turbine 
blades (WTB), thanks to their excellent mechanical properties [10]–[12]. 
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Figure 1. Composite materials causing environmental issues and their possible preventions

Wind is a sustainable, endless, efficient, continuous, and clean energy source, which provides 
valuable and sustainable alternatives to the widely-used fossil fuel [13]. However, it is 
necessary to develop a sustainable process for dealing with WTBs at the end of their service 
(20 years - 25 years) that can help to manage the climate crisis [14]. Figure 2 depicts the major 
components of a wind turbine and its end-of-life (EOL) options. Some parts like tower, 
gearbox, foundation, and generator already undergo recycling. However, EOL waste from 
WTBs is a major concern for the clean environment, due to the rapid growth of wind turbines 
in the 21st century [15]. WTBs mainly consist of carbon fiber reinforced polymers 
(CFRPs)/glass fiber reinforced polymers (GFRPs), which offer high strength, high strength-to-
weight ratio, as well as low material and manufacturing cost. Nevertheless, it is challenging to 
recycle WTBs due to thermoset-based various resins and their complex composition [16]–[18].
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Figure 2. Value chain and EOL options for various components for rotor blades of wind power plants 
(Figure drawn with the help of [19])

The heterogeneous nature of WTB materials makes them difficult to recycle and lowers their 
degradability naturally in our environment, thus ending up eventually in landfilling or 
incineration [20]. Both of these conventional techniques have severe environmental and health-
related issues and are largely contributed to the climate change. For instance, incineration is 
generating toxic gases and their inflows into our environment, such as carbon monoxide (CO) 
and carbon dioxide (CO2), and are major sources  for the global warming [21]–[23]. Landfilling 
not only takes up clean and arable lands, as shown in Figure 3, but it also produces 
microplastics, which affect various marine species, cause climate change, and disrupt the food 
chain. It was reported that 2.6−3.6 Gt CO2 equivalent of greenhouse gas emissions will be 
released cumulatively as a result of the offshore wind energy deployment from 2020 to 2040, 
and synthetic fibers (CFs/GFs) are the main contributor to the climate crisis [24]–[27].

Figure 3. Landfilling of WTB at their EOL in Casper, Wyoming (Photo credit: Benjamin 
Rasmussen/Getty Images)
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The current worldwide capacity of wind power generation is estimated at 743 GW to offset 1.1 
billion tons of CO2 emissions [28]. Wind energy through WTBs is considered a green energy 
resource and is the fastest-growing energy sector in the world. It is estimated that electricity 
generation may jump to 30 % in 2050, which is currently only 5 % [29]. Furthermore, the 
international energy agency (IGA) estimated that wind generation would reach 3317 terawatt 
hours (TWhs) or more by 2030. Europe consumes most of the WTBs due to their favorable 
conditions for the generation of wind energy [30]. In Europe, it is expected to increase in the 
wind energy generation in the next decades that will cover 30 % of the demand for European 
Union (EU) by 2030. In 2021, USA has started to remove about 8000 WTBs every year and 
this trend will continue till 2025 [31]. Whereas EU removes nearly 3800 blades every year. 
The mass of the turbine contains 85 % metallic materials excluding the foundation and can be 
easily recycled and the remaining 15 % is of fiber-reinforced polymer (FRP) composite-based 
turbine blades. It is extremely difficult to recycle these blades, which increases composite 
wastes [32]. Additionally, scientists are constantly looking for ways to improve the wind 
energy sectors to meet the various clean goals associated with sustainable wind energy. 
However, extensive wind energy use resulted in the accumulation of a large number of 
decommissioned WTBs, causing major environmental problems, thus, requiring significant 
attention after the EOL stage of WTBs [33]–[35].

1.1 Scope of the current review 
Given the large consumption of wind energy in the future, it can be predicted that significant 
WTB waste and its accumulation will pose threats to both humans and the environment equally 
in the future. From 2033, it is estimated that approximately 200,000 tons of WTB waste will 
need to be disposed per annum. Thus, there is an unprecedented need to minimize the plastic 
waste management issues through various existing recycling techniques and circular economy 
(CE) model and identify the possible sustainable and greener ways to manage the plastic waste 
of WTB. Some other factors exerted pressure on the adaption of recycling and CE models such 
as the EU ban on landfilling from 2025. Most wind turbines are reaching their EOL, and rapid 
growth in the dismantling of aircraft after the pandemic may lead to unsustainable solutions. 
The recycling and CE models have the potential to reduce our carbon footprint, waste 
generation, and dependency on fossil fuels. Herein, we summarize and highlight some of the 
recent state-of-the-art recycling techniques and various research and development (R&D), 
particularly related to WTBs. This review also sheds light on new CE models for the better 
usage of composite wastes, especially related to WTB. Thus, leading to a sustainable and 
cleaner environment for the future.

2 Recycling Technologies
EOL waste management for  composite-based WTBs is a complex engineering problem, which 
must fulfill the four criteria [36]. Figure 4 depicts these criteria which decide the fate of WTBs 
and their components and require different EOL treatments such as recycling, reusing, 
decommissioning, and landfilling. Based on recent EU directives, recycling or reusing WTB 
composite wastes is the best choice to address environmental issues and landfilling must be the 
least preferable choice [37]. Thus, sustainable recycling approaches or alternative WTB 
materials are required to deal with the EOL of wind turbines [38]. In recent years, different 
sustainable recycling techniques have been proposed for composite wastes to recover CFs/GFs 
from FRPs like mechanical recycling (e.g., crushing, milling, shredding, and grinding), 
chemical recycling (e.g., solvolysis, glycolysis, and hydrolysis), thermal recycling (e.g., 
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thermolysis, pyrolysis, and fluidized bed process), and hybrid recycling techniques like 
microwave-assisted chemical recycling [39].

Figure 4. Various environmental, technical, legislative, and economical aspects deciding the fate of 
various parts of WTB after reaching at their EOL stage. (Figure modified from [37])

Recycling is not only valuable for composite waste management but also adds value to the 
circular economy and sustainable technology concepts. The term "recycling" refers to the reuse 
of processed material after some mechanical, thermal, or chemical treatments or combinations 
of any of these treatments. Although reuse of a whole WTB is almost impossible, owing to 
design limitations. But the waste of WTBs can be reused by converting it into small parts or 
by reducing the size [40]–[42]. Table 1 briefly summarizes the recycling techniques, which are 
used to manage the composite waste of WTBs. In mechanical recycling, FRP-based WTBs are 
milled, crushed, or shredded to small fibrous components (fiber-rich) or powdered materials, 
whereas chemical recycling uses strong chemical solutions to transform polymer matrices of 
composite wastes into small molecules for recovering fibers [43]–[45]. In thermal recycling, 
heat is applied to melt specific parts or constituents and then reclaim the various components 
in different forms. As discussed above, recycling of GFs or CFs in their composite materials 
offers several benefits, which are not only limited to their mechanical and physical properties 
but also save the cost of an additional production phase [46]–[49]. At present, around 85% - 
90% proportion of a WTB can be recycled. Numerous  challenges exist in achieving the 100 
% recycling of WTBs due to the difficulty in remelting and remoulding thermoset resins such 
as epoxy [50]–[52].
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Table 1. Recycling techniques applied for decommissioned WTBs

Recycling 
processes Description Benefits Disadvantages Reuse and application

Investment 
needed in 

future
Ref.

Mechanical

In mechanical 
recycling, WTB 
waste is converted 
into dissimilar sizes 
or shapes through 
cutting techniques. 
Then, these 
composites are 
milled, crushed, 
shredded, and 
grinded to form 
smaller pieces. After 
this, it is easier to 
separate short fibers 
from polymer 
resins.

(i) High 
treatment 
capacity
(ii) Both fibers 
and resins can 
be recovered
(iii) Low cost
(iv) Loss of high 
aspect ratio of 
fibers

(i) Degradation 
of mechanical 
characteristics
(ii) Low chances 
for 
remanufacturing 
(iii) Provide 
impure end 
materials

(i) Concrete reinforced 
through shredded glass or 
carbon fibers
(ii) Composite reinforced 
through recycled short 
fibers with different 
lengths  
(iii) Reused to develop 
products for different 
applications like dough 
moulding compound, 
bulk moulding 
compound, 
polypropylene, and nylon 
matrix composites

Low [53]

Chemical

Chemical 
processing involves 
the chemical 
decomposition of 
polymer matrices to 
recover both short 
fibers and other 
degradated 
products. The 
solvolysis and the 
use of subcritical or 
supercritical fluids 
are most applied 
chemical recycling 
methods. However, 
high cost and 
hazardous 
chemicals are the 
potential downside 
of this recycling 
approach.

(i) Complete 
segregation of 
fibers and resins 
from WTB 
composites

(i) Lesser 
tolerance against 
contamination
(ii) Negative 
environmental 
impact upon the 
use of hazardous 
and aggressive 
chemicals
(iii) High cost

(i) Composite reinforced 
through recyclates
(ii) Fuel gas

High [54]

Pyrolysis

In pyrolysis, WTB 
waste is heated at 
between the 
temperature range 
450oC - 1000oC 
based on the 
composition of 
waste materials. The 
polymer resins are 
converted into vapor 
or gas and the 
remaining fibers 
remain unaffected 

(i) Inexpensive 
and 
straightforward 
process 
(ii) Can recover 
chemical 
feedback from 
the resin
(iii) Ability to 
recover both 
material and 
energy 
simultaneously

(i) Highly 
sensitive to 
process 
parameters

(i) Pyrolytic oil or gas
(ii) Organic liquid fuel
(iii) Composite 
reinforced through 
recovered short fibers  

Low-
medium [55]
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and are finally 
retrieved.

(iv) Chemical 
solvent is not 
required

Oxidation 
in fluidized 
bed

In the fluidized bed 
technique, WTB 
composite wastes 
are cured in the 
presence of an 
oxygen-rich 
environment and hot 
air of temperature 
(450oC - 550oC) to 
segregate polymer 
resin from the 
fibers. As a result, 
polymer matrices 
undergo 
combustion, thus, 
separating fibers.

(i) Quick 
heating due to 
the presence of 
bed
(ii) Good quality 
of recovered 
fibers 
(iii) Low 
economic 
viability 

(i) Low 
mechanical 
properties of the 
recovered fibers
(ii) Short fibers
(iii) Low 
efficiency 

(i) High-modulus 
composites
(ii) Electromagnetic 
shielded materials
(iii) Bulk moulding 
compound 

Medium [56]

2.1 Mechanical recycling
Mechanical recycling of WTB composite waste is a straightforward, solvent-free, and mature 
technology and is most extensively applied for the commercial recovery of glass or carbon 
fibers [57]. In this technology, FRPs undergo shredding, crushing, milling, or grinding, and the 
resulting materials may appear in the form of fibrous products and powdered fillers. The major 
steps in mechanical recycling are milling, washing, and pelletizing. Large-scale composites 
like large WTBs require pre-cutting before crushing [58]–[60]. Mechanical recycling for wind 
turbines involves crushing or shredding of WTBs to acquire small fragments and then, ground 
them to fine materials. Fibrous materials and fine powders (resin-rich) are separated through 
mechanical sieving. This technique is cost-effective, uses the least amount of energy among all 
the recycling techniques, and effectively reduces environmental risk caused by WTB-based 
wastes [61]. Mechanically shredded WTB composites contain a mixture of long fibers 
impregnated with resins, individual fibers, and clusters of materials. Thus, shredding is the 
most important aspect of the recycling of composites. Such a recycling approach cannot be 
used to obtain continuous and long fibers [62]. Additionally, this process considerably reduces 
the intrinsic mechanical properties of the recovered fibers. To overcome the issue, recycled 
fibers are used in combination with virgin fibers in the secondary as well as high-end 
applications. For instance, in the construction sector, asphalt and cement can be reinforced by 
using a combination of recovered materials and new resins [63].
Another suitable way for WTB waste is to reuse them for lower structural applications. WTBs 
would generate approximately 200,000 tons of composite waste between 2024 and 2034 [64]. 
Thus, it is feasible to use WTB waste as a powder through mechanical processing for improving 
the moisture and aging resistance of asphalt mastic. Reusing of WTBs after some treatment 
makes them an ideal candidate for many structural applications such as bridges and fillers for 
other applications, as depicted in Figure 5 and Figure 6. This ultimately adds to the momentum 
from sustainable environmental perspectives [65]–[67]. Researchers at Michigan State 
University have developed composites from WTB waste that can be recycled into unique 
things, sweet treats such as gummy bears, as presented in Figure 6(b).



9

(a1) (a2) (a3) (a4)

(b1) (b2) (b3) (b4)

(c1)

(c3)

(c2)

(c4)

Figure 5. Recycling strategies for WTBs, (a1) Recycling of WTB for getting rGFRP composites, (a2) 
EOL of WTB, (a3) Mechanical recycling of GFRPs, (a4) Recycled composites after hot pressing 
(adapted with permission from [68], copyright, 2018 Elsevier Ltd.); (b1) Elium spar cap component, 
(b2) Strips of spar cap component, (b3) Standard mesh screen (foil pan), (b4) Recycled tensile 
specimens (adapted with permission from [69], copyright, 2018 Elsevier Ltd.); (c) Material processing 
of WTB wastes; (c1-c2) WTB, (c3) Cutting of WTB, (c4) Fiber extraction (adapted with permission 
from [70], copyright, 2021 Elsevier B.V.).
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(a)

(b)

(c1) (c2)

(d1)
(d2) (d3)

Figure 6. Reusing techniques for WTBs, (a) A prototypical skateboard manufactured part by 
thermoforming of Elium/glass (adapted with permission from [69], copyright, 2018 Elsevier Ltd.); 
(b) Gummy bears produced from recycled WTB material (Picture credit John Dorgan, Ph.D., 
Michigan State University [71]); (c1)  Preliminary render of blade bridge design showing Nordex N29 
blade sections as primary load bearing  members, (c2) Render of blade bridge at Roxborough, 
Midleton, Cork (Image Courtesy: Asha E. McDonald & Alexander D. Poff, Georgia Tech [72]); (d1- 
d3) Recycling and reusing of Akelite wind blade to develop new wind turbine blade (adapted from 
[73], under creative commons attribution 3.0 license). 

2.2 Thermal recycling
Thermal recycling techniques being efficient are extensively used for separating carbon or 
glass fibers by incinerating epoxy resins, and recyclates are reused in secondary composite 
products. Due to heating in thermal recycling, composite wastes are decomposed into various 
solid and gas products [74]. These techniques allow rapid and continuous waste throughput 
while remaining tolerant of contaminated waste streams. Thermal recycling consumes more 
energy than mechanical recycling but lesser than chemical recycling [75]. This recycling 
approach is more suitable for CFs than GFs, thanks to the high-temperature resistance of CFs. 
Thermal treatments on GFs result in a significant loss of fiber strength (50% - 90%), which 
limits the use of these fibers in high-strength components. Recycled fibers demonstrate 
optimum environmental performance and a significant drawback is the high-temperature 
decomposition of epoxy that produces toxic substances in the atmosphere [76]. Thermal 
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recycling technology is further classified into pyrolysis, fluidized bed recycling,  and 
microwave pyrolysis [77].
Pyrolysis is a promising recycling technology that is used to reclaim fibers from EOL WTBs 
by decomposing resins into small organic molecules under an inert gas heat (nitrogen). This 
process is usually performed between 300oC and 500oC [78]. Additionally, some specific 
catalysts can help in lowering the processing temperature. Heating rate, reaction temperature, 
and pyrolysis duration are critical parameters for reclaiming GFs as well as for decomposing 
polymer resins [79]. Post-oxidation is required to obtain clean fibers from the solid products 
containing residual char layers. These recovered fibers are used to produce short FRP 
composites with properties comparable with virgin FRPs. Pyrolytic oil or gas produced from 
WTB materials can be used as fuels, which makes this process highly sustainable [80]. The 
load transfer capability of FRP composites relies on interfacial shear strength and intrinsic 
mechanical properties of the reinforcing fibers. Both factors contribute to the final 
characteristics of the recyclates [81]–[83]. Recently, Rahimizadeh et al. [84] employed both 
mechanical and pyrolysis recycling processes to reclaim GFs from WTB scrap. 
The fluidized bed recycling method employs a rapid stream of hot air gas in a fluidized bed 
reactor to disintegrate the WTB composite wastes through a high-temperature airflow. The 
operating temperature of this recycling approach lies between 450oC - 550oC. This process is 
highly suitable for recovering good quality recyclates (GFs/CFs) from EOL WTB composite 
wastes. Overall, the strength of fibers is low compared to virgin fibers and shows only 60% - 
70% strength of recovered GFs/CFs. These recyclates can be reused to develop composite for 
high-end applications [85].

2.3 Chemical recycling
Chemical recycling technology is the most advanced and efficient recycling method for 
processing of FRP waste, yet it is not commonly implemented on an industrial scale because it 
requires a considerable amount of energy in comparison to other recycling processes [86]. It 
involves the chemical decomposition or modification of the WTB composite matrix in useful 
chemical solvents at low-medium temperature (< 350oC) to reclaim both degradation products 
and fibers, which could be applied for other high-end applications [87]. Chemical solvents such 
as tetralin, nitric acid, subcritical/supercritical fluids, and subcritical/supercritical water are 
used to decompose resin matrix. Supercritical fluids, which are typically applied in chemical 
recycling must possess strong solvent properties. Furthermore, these fluids should increase 
mass transfer rate with low viscosity and high diffusion constant under specific conditions 
(above critical point) [88].
Initially, this technique is considered suitable for recovering fibrous reinforcements. However, 
recent studies have indicated that low molecular weight oligomers could be recovered by 
chemically decomposing thermoset resins under mild conditions [89]. In comparison to other 
recycling technologies, this approach is considered best for fiber recovery, even though it is 
technically difficult and costly to apply this recycling technique to composite wastes. In a 
recent study, an Akelite WTB was recycled by immersion in acetone at room temperature for 
24 hours. The purpose of chemical recycling was to recover both fiber and thermoplastic resin. 
Plies were separated through a gentle pull through hand and later left to dry at room 
temperature. The recovered resin was poured into rotavapor equipment at 50°C for the 
separation of dissolved polymer and solvent for their reuse [73]. Recovered fibers and resins 
were reused to develop new WTB, as presented in Figure 6(d).
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To date, various chemical recycling processes have been applied for the recycling of WTBs, 
but only short, random, and fluffy fibers are reclaimed even with the most advanced process 
[90]. Chemical recycling may destroy size, surface, and braided order of fibers. Thus, recycled 
fibers are mainly suited for secondary applications. Chemical recycling is classified into low 
temperature solvolysis and sub-supercritical solvolysis [91]. Various supercritical fluids such 
as water and alcohol are often employed in chemical recycling and use substances above their 
critical temperature and pressure. Such supercritical fluids are commonly characterized by their 
diffusivity and by high solubility, resulting in the decomposition of composite wastes. This 
recycling approach is not yet commercialized. More efforts are required for commercializing 
this technology for WTB waste. Furthermore, it is necessary to use expensive and strong 
solutions in solvolysis and glycolysis, due to the heterogeneous nature of WTBs [92].  

2.4 Hybrid recycling
Hybrid recycling techniques such as the combination of thermal, mechanical, and chemical 
recycling are highly efficient strategies to recover fibers, which possess mechanical properties 
comparable to virgin fibers [93]. Likewise, the microwave is considered highly effective for 
volumetric heating. Microwave irradiation helps to improve performance by reducing reaction 
time. In recent times, microwave-assisted synthesis has gained significant attention in the 
recycling of composite wastes [94]. A plethora of studies has shown that microwave irradiation 
accelerated the chemical rates compared to traditional heat sources. Some authors used a 
microwave-assisted chemical recycling approach to reclaim GFs/CFs from composite wastes 
[95]. Microwave-assisted pyrolysis, a particular type of pyrolytic method, decomposes the 
resin matrix of WTB composite wastes through microwave radiation. In this mini-equipment, 
WTB composites internally absorb microwave energy, which increases the decomposition rate, 
and reduces processing time. It is a clean, efficient, and environmentally benign technique, 
which could permit the efficient recovery of glass or carbon fibers [96]. For instance, Jiang et 
al. [97] recycled CFRP composites at 500oC for 30 minutes with a nitrogen flow of 0.70 
m3/min. The recycled carbon fibers (rCFs) obtained by using microwave-assisted pyrolysis 
exhibited a clean fiber surface with mechanical properties comparable with virgin CFs.
Table 2 summarizes some of the work on the recycling and recovery of CFs and GFs from 
WTBs, as well as contains different adopted recycling procedures and mechanical properties 
of recycled fibers.

https://www.sciencedirect.com/topics/engineering/supercritical
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Table 2. Literature works on reclaiming or reusing of CFs and GFs from WTB using different recycling routes along with their mechanical properties and key 
findings 

Recycler(s) Year Fibers Description about recycling process Mechanical properties of recycled 
fibers / composites Key findings Ref.

Rani et al. 2022 GFs

The microwave assisted chemical 
recycling was performed using solvent 
ratio (oxidizing agent/acid:30/70, 
50/50) along with microwave 
exposure of 180s.

A maximum tensile strength of 3025 
MPa and tensile modulus of 77.86 GPa 
were reported for rGFs.

The microwave-assisted chemical 
recycling technique was a feasible 
EOL approach to recycle the WTB 
waste (GFRP composite). 

[98]

Ma et al. 2021 CFs
The closed-loop (chemical) recycling 
was performed for resin and CFs from 
CFRPs. 

A maximum tensile strength of 330 MPa 
and tensile modulus of 34 GPa were 
reported for rCFs.

The high efficiency closed-loop 
recycling provides high-
performance composites. 

[99]

Smolen et al. 2022 CFs
The recovery of CFs from WTB 
through pyrolysis technique at 500–
600 ◦C in a non-oxidizing atmosphere.

Composite panels with the pyrolytic CFs 
demonstrated higher flexural of 274 
MPa which was 35% higher than 
original CFs (203 MPa). 

rCF-based composites panels gave 
potential to be used in the 
production of elements for 
pipelines footbridges, or structural 
elements of buildings and roofing. 

[100]

Rahimizadeh 
et al. 2020 GFs

Mechanical recycling was performed 
through grinding integrated with a 
double sieving mechanism.

A Young’s modulus of 3.35 GPa was 
noted during tensile testing. 

The results showed 16 % and 10 % 
improvement in the elastic 
modulus and ultimate strength of 
the reinforced composite filament, 
respectively, compared to the 
commercially available pure PLA 
filament. 

[101]

Haider et al. 2021 GFs
Mechanical recycling was done, and 
the laminates milled into shreds in a 
hammer mill with a 12.7 mm screen 

A maximum flexural toughness of 1.12 J 
and residual strength of 4.8MPa were 
reported for recycled GFRP.

Results showed that recycled 
GFRPs were promising materials 
and used as a partial replacement of 
sand in mortar. 

[102]

Pender and 
Yang 2020 GFs Thermal recycling was performed 

through fluidized bed process
A maximum 15 MPa interfacial shear 
strength was reported.  

NaOH treatment on rGFs 
significantly improved tensile 
properties. 

[77]

Moslehi et 
al. 2021 GFs Mechanical recycling was utilized for 

shredding of turbine blades

A maximum stiffness of 4.7 GPa and 
strength of 75 MPa were found during 
tensile testing of rGF/PLA composites. 

Chemical treatments significantly 
improved mechanical properties. [75]
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Joustra et al. 2021 GFs
Segmentation approach was employed 
on blade model for reusing in 
structural applications

Maximum flexural modulus and strength 
were found in the range of 52.2 – 99 GPa 
and 8.1-13.3 MPa, respectively for spar 
cap beams component of WTB.

Reusing technique was 
successfully employed in the 
fabrication of picnic table.

[103]

Tahir et al. 2021 GFs

Mechanical recycling was performed 
through grinding for converting GF of 
WTB materials into reduced-size 
fibers or resin powder.

Maximum tensile strength of 1132.2 
MPa and modulus of 81.2 GPa were 
reported during tensile testing. 

Recycled fibers drastically 
improved the specific modulus of 
the 3D-printed samples reinforced 
with rGFs components.

[104]

Mattsson et 
al. 2020 GFs

Chemical recycling through solvolysis 
process was employed using 
sub/supercritical water at 250-370 °C 
at100-170 bar with catalyst (acid and 
base) and additives (alcohols and 
glycols).

-
rGFs from real WTB and a 
hydrocarbon fraction can be 
employed as a refinery feedstock

[87]

Baturkin et 
al. 2021 GFs Thermal recycling through pyrolysis 

was used at 600oC. 

Maximum compressive strength of ~29 
MPa and flexural strength of ~ 6.5 MPa 
were reported. 

rGFs from WTBs have the 
potential to be used for valorization 
in concrete construction to allow 
the transition to carbon neutrality in 
the cement and concrete sector.  

[70]

Mamanpush 
et al. 2018 GFs

Mechanical recycling was done with 
hammer mill by using different screen 
sizes. rGFs were obtained which later 
compressed to a final thickness.

A maximum 5254 MPa modulus of 
elasticity was found during flexural 
testing

Mechanical recycling is a feasible 
approach to recycle WTBs for 
producing high-performance 
composite.

[68]

Cousins et 
al. 2019 GFs

Mechanical recycling was performed 
through grinding and thermal 
recycling was performed using 
pyrolysis technique. 

A maximum stiffness of 12 GPa and 
strength of 150 MPa were found during 
tensile testing for injection molded 
regrind material. 

Results showed that 50% of the 
rGFs   and 90% of recovered resin 
can be sold at a price of $0.28/kg 
and $2.50/kg, respectively. 

[69]
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3 Circular economy model for wind turbine blades
A global economic model which strives to decouple economic growth from the consumption 
of finite resources is considered a circular economy (CE) model [105]–[107]. This model 
further overcomes the disadvantages associated with linear economic models such as “take, 
make, and dispose of” [108]–[110]. The different sustainable development goals (SDGs) can 
be achieved through the CE model without affecting the performance of materials, products, 
or designs. Thus, these models reduce carbon footprints, maintain an overall sustainable 
environment, as well as provide satisfactory products [111]–[113]. The idea of CE has been 
considered to recover valuable CFs/GFs from EOL turbine blades. Furthermore, these fibers 
are allowed to reenter the cycle by retaining the highest possible quality [114]–[116]. The 
implementation of the CE model for WTBs helps to replace the EOL idea with restoration, as 
well as eliminate toxic chemicals and composite wastes [117]. Figure 7 depicts the CE model, 
which has gained attention in the renewable energy sector. The wind energy sector can take 
considerable advantages by adapting various CE models for the efficient reusing of WTB waste 
in other high-end applications. 

Figure 7. General Circular Economy (CE) model adapted for the better handling of wind turbine 
waste

Jensen and Skelton [31] highlighted the importance of implementing the CE model on WTBs 
and considered this approach an effective way to reclaim fibers. A recent study also showed 
that chemical recycling has the potential to recycle CFs, hybrid laminates, or GFs of WTBs 
with no compromise on their quality [118]. Nowadays, companies have invested billions of 
dollars to recycle and implement CE models to reduce environmental impact. For instance, the 
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main aim of GENVIND project (Danish innovation consortium) is to reuse wind turbine waste 
besides producing energy [119]. Table 3 incorporates current R&D projects on recycling and 
CE models for WTB adopted by various companies.
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Table 2. Different R&D Projects and companies working on the recycling of WTB composite wastes 

Company/ 
project

Recycling 
Technology Country Highlights Illustration of product (s), facility/ technology or CE models Ref.

The ZEBRA 
project

Chemical 
and 
mechanical 
recycling

France

Thermoplastic Elium® resin is 
used.

Potential to reach at 100% 
recycling rate due to thermoplastic 
resin.

Arkema’s Elium® thermoplastic 
resin-based 6 2 meter blade, which 
is completely recyclable having 
high performance GF from Owens 
Corning (as presented in next 
column) (adapted with 
permission)

[120]

AIMPLAS 
and EROS 
group

Mechanical, 
pyrolysis 
and 
solvolysis

Spain

 Evaluate existing methods to 
determine which method results 
in the purest fiber (free from 
VOC).

 Recycle both WTBs and 
aerospace manufacturing scrap, 
AIMPLAS and EROS project 
partners aim to optimize 
mechanical and chemical 
recycling operations with the 
goal of reuse for specific end 
markets. CE model is presented 
in next column (Photo Credit: 
AIMPLAS)

[121]–
[123]
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CETEC group Solvolysis Denmark

The CETEC project is working 
toward solvolysis reclamation of 
epoxy resins from WTB.

The goal is to not only reclaim the 
material for reuse but to add it 
back into the wind industry and 
the manufacture of new wind 
blades.

 As of spring 2022, the CETEC 
partners had developed a proof of 
concept ready to be 
commercialized.

 When fully developed, the 
solution may also have an impact 
on other industries that rely on 
thermoset composite in 
production, such as automotive 
and aviation. (Figures presented in 
next column Source: 
Vestas/CETEC)

SUSWIND/ 
National 
Composite 
Center Project

- UK

The ultimate goal is to design 
WTB for recyclability or 
circularity. Developing models to 
assess the cradle-to-grave impacts 
of alternative materials and 
manufacture, as well as novel 
circular design methods.

A winding path to circularity. 
There are many ideas for the best 
way to repurpose, reuse and/or 
recycle WTB and their materials, 
for new industry applications or 
even toward the production of 
new WTB in a circular economy 
solution. (Photo Credit: National 
Composites Centre)

[124]–
[126]

https://d2n4wb9orp1vta.cloudfront.net/cms/brand/CW/2022-CW/0622-cw-feature-recycling-NCC-4.jpg
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Siemens 
Gamesa

Chemical 
recycling Germany

 Allows full reclaim of the blade’s 
components at the end of the 
product’s lifespan.

 Separating the resin, GFs, and 
wood, among others, is achieved 
through using a mild acid solution.

 Drop-in replacement resins like 
Elium and Recyclamine show 
promise as first solutions 
(Siemens Gamesa’s Recyclable 
Blade shown here). (Photos 
Credit: Siemens Gamesa)

CATACK-H 
group

Chemical 
recycling

South 
Korea

 Chemical solvents used for 
breaking epoxy-based resins in 
CFRP parts to recover fibers to 
reuse as a chopped or milled fiber 
product presented in next column 
(Photos Credit: CATACK-H).

 The company plans to quickly 
scale this up to 1,000 tons per year 
with the installation of a second, 
700 tons/year line for batch 
treatment of “harder” materials 
like cured prepregs and EOL 
CFRP parts, expected to go online 
in January.

Carbon Rivers Pyrolysis USA

 Recycling capacity of 50,000 
metric tons annually.

 Carbon Rivers has achieved 
99.9% recycled GFs purity from 
different EOL waste streams like 
WTBs presented in next column 
(Photo from Carbon Rivers).

 The high purity also opens the 
potential for remelting-allowing 
recycled GFs to be incorporated 

[127]–
[130]
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into virgin GFs thereby closing 
the material loop and creating a 
CE

IACMI group Chemical 
recycling USA

 Used recyclamine is a 
thermoplastic epoxy - a thermoset 
resin that, unlike a traditional 
thermoset, dissolves with heat and 
a mild acid solution such as acetic 
acid.

[131]
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4 Summary, current challenges and future outlook
CFs from FRP composites are used in WTBs, due to the high energy generation capability, and 
strong and hard nature of CFs.  These include excellent mechanical properties especially in 
terms of fatigue cycles to failure of CFs [132]–[134]. However, the incorporation of CFs in 
WTB caused major concerns about sustainability since CFs are hard to recycle. It is worth 
mentioning that the EOL of CFs-based WTB through landfilling and incineration has serious 
environmental issues. More importantly, these conventional techniques are not suitable from a 
CE perspective even in the long run [135]–[137]. 

Apart from various sources about the current trend and future prediction of WTB waste, there 
is still uncertainty in accurately predicting the future of WTB waste and the best solution to 
tackle it. Currently, the recycling of WTB is one of the highest priorities around the globe 
[138]–[140]. Many environmental issues can be resolved through policy interventions like 
allocating funding to WTB manufacturing and disposal projects, providing incentives to 
recycling companies, and issuing policy directives to the renewable energy sector [141]–[143]. 
Modern recycling technologies have been found as viable and sustainable options for the 
effective utilization of EOL composite wastes. However, significant efforts are required to 
address some existing challenges.

According to existing literature, mechanical, chemical, and thermal recycling technologies 
show drawbacks like surface defects, fiber length, equipment costs, and process suitability 
according to the composition of WTB composites. To overcome these limitations, the focus of 
researchers is diverted towards hybrid recycling technologies [144]–[146]. Currently, the 
research is going on microwave-assisted chemical hybrid recycling, which is a highly efficient 
technique to recover high-quality fibers. However, more focused research is required to make 
it an industrial scale recycling process. The design, composition, testing, and maintenance of 
WTBs is an important active research arena and scientists must provide accurate designs so 
that these materials after recycling retain straight and long fibers and maintain high-
performance potentials.

Evidences suggest that CE-based various models do not always provide optimum solutions 
from economic, social, and environmental perspectives. CE models mainly focus on the usage 
of waste materials repeatedly, thus targeting only decarbonization in our eco-system [147]–
[149]. However, it is envisaged that some parameters must be considered in designing a better 
and may be more appropriate CE model, such as toxicity, acidification, biodiversity loss, and 
eutrophication [150]–[152]. Not limited to this, there are still a lot of questions that come to 
mind about perfect CE models, which are presented in Figure 8. Thus, taking into account all 
of these considerations while designing, a CE model will provide a complete framework for 
researchers, industrialists, legislative, and policymakers [153]–[155].
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Figure 8. Future areas and research questions must be addressed for improving the overall recycling 
rate of WTBs. (Information in figure is collected from  [38], [56], [142], [156] )

The current major constituents of WTBs are thermoset composites, which create challenges in 
manufacturing, disposal, and recycling treatments. The road to zero WTB waste can be possible 
by replacing synthetic materials with natural resources [157]. Recently, some attempts were 
made to evaluate the suitability of WTB applications at the laboratory level by using 
environmentally benign natural fiber-reinforced composites. Spruce bamboo, jute, birch, sisal, 
and Douglas fir are appropriate green fibers for developing WTBs [158]–[160]. However, the 
mechanical properties of bio-based green composites are lower compared to synthetic FRP 
composites. These mechanical properties can be enhanced by developing hybrid composites 
[161]. Thus, these green composites have got an enormous scope in the renewable energy 
sector. Figure 8 also depicts the potential areas or questions which must be explored by the 
futurist recyclers. 

The technology readiness level (TRL) feature can be used in the recycling of WTBs for 
evaluating and estimating the maturity of these technologies with values ranging from 1 to 9 
[118]. Figure 9 presents TRLs of different recycling technologies based on established 
knowledge about the application of each recycling technology, their recent advancements, and 
real-world applications. This figure also shows that the TRL of microwave pyrolysis-based 
hybrid technology is low with a high waste management score. Considering the high waste 
management score and low TRL, a significant amount of research funding will be required  for 
further developments of hybrid recycling techniques.
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Figure 9. TRL and waste management scores of different recycling technologies used to manage 
WTB waste

There is a significant upsurge being developed in various sustainable technologies due to the 
high consumption of carbon-based fossil fuels. Wind energy is considered one of the most 
efficient forms of renewable energy, but there is a significant threat associated with the form 
of WTB waste. Since wind energy is an integral part of the total renewable energy landscape, 
much efforts are required to reduce the threat associated with it. It is challenging but not 
impossible to achieve zero waste of WTBs. Conceptual reuse of WTBs (Figure 10) would 
decrease the composite waste. Finally, it is concluded that various CE models, which are 
adapted for the efficient usage of waste materials, can subsequently reduce the WTB waste. It 
would be better for the world if “trash should be treated as a treasure” to make this planet clean.
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(c1) (c2)

(a) (b)

Figure 10. Conceptual reusing of WTB after EOL stage, (a) Public seating, (b) Playgrounds (adapted 
from [118], under creative commons attribution-non-commercial 4.0 license), (c1-c2) WTB are used 
to bike shed at the Port of Aalborg in Denmark (Photo Credit: Siemens Gamesa)

Conflict of interest statement
The authors declare no conflict of interest.

Funding
This work was not supported by any funding.

References
[1] V. Akbari, M. Naghashzadegan, R. Kouhikamali, F. Afsharpanah, and W. Yaïci, “Multi-

Objective Optimization and Optimal Airfoil Blade Selection for a Small Horizontal-Axis Wind 
Turbine (HAWT) for Application in Regions with Various Wind Potential,” Machines, vol. 10, 
no. 8. 2022. doi: 10.3390/machines10080687.

[2] B. P. Song et al., “Recycling experimental investigation on end of life photovoltaic panels by 
application of high voltage fragmentation,” Waste Manag., vol. 101, pp. 180–187, Jan. 2020, 
doi: 10.1016/J.WASMAN.2019.10.015.

[3] Z. U. Arif, M. Y. Khalid, M. F. Sheikh, A. Zolfagharian, and M. Bodaghi, “Biopolymeric 
sustainable materials and their emerging applications,” J. Environ. Chem. Eng., vol. 10, no. 4, 
p. 108159, 2022, doi: https://doi.org/10.1016/j.jece.2022.108159.

[4] P. Liu and C. Y. Barlow, “Wind turbine blade waste in 2050,” Waste Manag., vol. 62, pp. 229–
240, 2017, doi: https://doi.org/10.1016/j.wasman.2017.02.007.

[5] H. Heng, F. Meng, and J. McKechnie, “Wind turbine blade wastes and the environmental 
impacts in Canada,” Waste Manag., vol. 133, pp. 59–70, Sep. 2021, doi: 
10.1016/J.WASMAN.2021.07.032.

[6] A. Cooperman, A. Eberle, and E. Lantz, “Wind turbine blade material in the United States: 
Quantities, costs, and end-of-life options,” Resour. Conserv. Recycl., vol. 168, p. 105439, 2021, 
doi: https://doi.org/10.1016/j.resconrec.2021.105439.

[7] C. O. Umerah, D. Kodali, S. Head, S. Jeelani, and V. K. Rangari, “Synthesis of carbon from 
waste coconutshell and their application as filler in bioplast polymer filaments for 3D printing,” 



25

Compos. Part B Eng., vol. 202, Dec. 2020, doi: 10.1016/J.COMPOSITESB.2020.108428.
[8] F. Berger, F. Gauvin, and H. J. H. Brouwers, “The recycling potential of wood waste into wood-

wool/cement composite,” Constr. Build. Mater., vol. 260, p. 119786, Nov. 2020, doi: 
10.1016/J.CONBUILDMAT.2020.119786.

[9] M. Rani, P. Choudhary, V. Krishnan, and S. Zafar, “A review on recycling and reuse methods 
for carbon fiber/glass fiber composites waste from wind turbine blades,” Compos. Part B Eng., 
vol. 215, p. 108768, Jun. 2021, doi: 10.1016/J.COMPOSITESB.2021.108768.

[10] Z. U. Arif, M. Y. Khalid, W. Ahmed, H. Arshad, and S. Ullah, “Recycling of the glass/carbon 
fibre reinforced polymer composites: A step towards the circular economy,” Polym. Technol. 
Mater., pp. 1–28, Jan. 2022, doi: 10.1080/25740881.2021.2015781.

[11] E. B. Paulsen and P. Enevoldsen, “A Multidisciplinary Review of Recycling Methods for End-
of-Life Wind Turbine Blades,” Energies , vol. 14, no. 14. 2021. doi: 10.3390/en14144247.

[12] S. Pimenta and S. T. Pinho, “Recycling carbon fibre reinforced polymers for structural 
applications: Technology review and market outlook,” Waste Manag., vol. 31, no. 2, pp. 378–
392, Feb. 2011, doi: 10.1016/J.WASMAN.2010.09.019.

[13] A. J. Nagle, G. Mullally, P. G. Leahy, and N. P. Dunphy, “Life cycle assessment of the use of 
decommissioned wind blades in second life applications,” J. Environ. Manage., vol. 302, p. 
113994, Jan. 2022, doi: 10.1016/J.JENVMAN.2021.113994.

[14] M. J. Leon, “Recycling of wind turbine blades: Recent developments,” Curr. Opin. Green 
Sustain. Chem., vol. 39, p. 100746, 2023, doi: https://doi.org/10.1016/j.cogsc.2022.100746.

[15] A. Dorigato, “Recycling of thermosetting composites for wind blade application,” Adv. Ind. Eng. 
Polym. Res., vol. 4, no. 2, pp. 116–132, 2021, doi: https://doi.org/10.1016/j.aiepr.2021.02.002.

[16] K. Boopathi, L. Mishnaevsky Jr, B. Sumantraa, S. A. Premkumar, K. Thamodharan, and K. 
Balaraman, “Failure mechanisms of wind turbine blades in India: Climatic, regional, and 
seasonal variability,” Wind Energy, vol. 25, no. 5, pp. 968–979, May 2022, doi: 
https://doi.org/10.1002/we.2706.

[17] F. Petrakli et al., “End-of-Life Recycling Options of (Nano)Enhanced CFRP Composite 
Prototypes Waste—A Life Cycle Perspective,” Polymers , vol. 12, no. 9. 2020. doi: 
10.3390/polym12092129.

[18] E. L. Delaney et al., “An integrated geospatial approach for repurposing wind turbine blades,” 
Resour. Conserv. Recycl., vol. 170, p. 105601, 2021, doi: 
https://doi.org/10.1016/j.resconrec.2021.105601.

[19] V. Sommer and G. Walther, “Recycling and recovery infrastructures for glass and carbon fiber 
reinforced plastic waste from wind energy industry: A European case study,” Waste Manag., 
vol. 121, pp. 265–275, Feb. 2021, doi: 10.1016/J.WASMAN.2020.12.021.

[20] M. Y. Khalid, Z. U. Arif, W. Ahmed, and H. Arshad, “Recent trends in recycling and reusing 
techniques of different plastic polymers and their composite materials,” Sustain. Mater. 
Technol., vol. 31, p. e00382, Apr. 2022, doi: 10.1016/J.SUSMAT.2021.E00382.

[21] R. Fonte and G. Xydis, “Wind turbine blade recycling: An evaluation of the European market 
potential for recycled composite materials,” J. Environ. Manage., vol. 287, p. 112269, Jun. 2021, 
doi: 10.1016/J.JENVMAN.2021.112269.

[22] A. Závodská, L. Benešová, B. Smyth, and A. J. Morrissey, “A comparison of biodegradable 
municipal waste (BMW) management strategies in Ireland and the Czech Republic and the 
lessons learned,” Resour. Conserv. Recycl., vol. 92, pp. 136–144, Nov. 2014, doi: 
10.1016/J.RESCONREC.2014.09.007.

[23] F. Meng, J. McKechnie, T. A. Turner, and S. J. Pickering, “Energy and environmental 
assessment and reuse of fluidised bed recycled carbon fibres,” Compos. Part A Appl. Sci. Manuf., 
vol. 100, pp. 206–214, Sep. 2017, doi: 10.1016/J.COMPOSITESA.2017.05.008.

[24] C. Li, J. M. Mogollón, A. Tukker, and B. Steubing, “Environmental Impacts of Global Offshore 
Wind Energy Development until 2040,” Environ. Sci. Technol., vol. 56, no. 16, pp. 11567–
11577, Aug. 2022, doi: 10.1021/acs.est.2c02183.

[25] D. Li, S.-C. M. Ho, G. Song, L. Ren, and H. Li, “A review of damage detection methods for 
wind turbine blades,” Smart Mater. Struct., vol. 24, no. 3, p. 33001, 2015, doi: 10.1088/0964-
1726/24/3/033001.

[26] L. Mishnaevsky, “Root Causes and Mechanisms of Failure of Wind Turbine Blades: Overview,” 
Materials, vol. 15, no. 9. 2022. doi: 10.3390/ma15092959.



26

[27] R. Volk, C. Stallkamp, M. Herbst, and F. Schultmann, “Regional rotor blade waste 
quantification in Germany until 2040,” Resour. Conserv. Recycl., vol. 172, p. 105667, Sep. 
2021, doi: 10.1016/J.RESCONREC.2021.105667.

[28] P. Murdy, S. Hughes, and D. Barnes, “Characterization and repair of core gap manufacturing 
defects for wind turbine blades,” J. Sandw. Struct. Mater., vol. 24, no. 7, pp. 2083–2100, Aug. 
2022, doi: 10.1177/10996362221122046.

[29] A. Amantayeva, E. Shehab, A. Meiirbekov, A. Suleimen, S. Tokbolat, and S. Sarfraz, 
“Challenges and Opportunities of Implementing Industry 4.0 in Recycling Carbon Fiber 
Reinforced Composites,” Adv. Sci. Technol., vol. 116, pp. 67–73, 2022, doi: 10.4028/p-3zmq61.

[30] L. Gausas et al., “Catalytic Hydrogenation of Polyurethanes to Base Chemicals: From Model 
Systems to Commercial and End-of-Life Polyurethane Materials,” JACS Au, vol. 1, no. 4, pp. 
517–524, Apr. 2021, doi: 10.1021/jacsau.1c00050.

[31] J. P. Jensen and K. Skelton, “Wind turbine blade recycling: Experiences, challenges and 
possibilities in a circular economy,” Renew. Sustain. Energy Rev., vol. 97, pp. 165–176, 2018, 
doi: https://doi.org/10.1016/j.rser.2018.08.041.

[32] K. Larsen, “Recycling wind turbine blades,” Renew. Energy Focus, vol. 9, no. 7, pp. 70–73, Jan. 
2009, doi: 10.1016/S1755-0084(09)70045-6.

[33] L. Mishnaevsky, K. Branner, H. N. Petersen, J. Beauson, M. McGugan, and B. F. Sørensen, 
“Materials for Wind Turbine Blades: An Overview,” Materials, vol. 10, no. 11. 2017. doi: 
10.3390/ma10111285.

[34] W. Wang, Y. Xue, C. He, and Y. Zhao, “Review of the Typical Damage and Damage-Detection 
Methods of Large Wind Turbine Blades,” Energies, vol. 15, no. 15. 2022. doi: 
10.3390/en15155672.

[35] L. Mishnaevsky Jr. and K. Thomsen, “Costs of repair of wind turbine blades: Influence of 
technology aspects,” Wind Energy, vol. 23, no. 12, pp. 2247–2255, Dec. 2020, doi: 
https://doi.org/10.1002/we.2552.

[36] I. Julian et al., “Advances in the circularity of end-of-life fibre-reinforced polymers by 
microwave intensification,” Chem. Eng. Process. - Process Intensif., vol. 178, p. 109015, 2022, 
doi: https://doi.org/10.1016/j.cep.2022.109015.

[37] J. Beauson, A. Laurent, D. P. Rudolph, and J. Pagh Jensen, “The complex end-of-life of wind 
turbine blades: A review of the European context,” Renew. Sustain. Energy Rev., vol. 155, p. 
111847, Mar. 2022, doi: 10.1016/J.RSER.2021.111847.

[38] D. Martinez-Marquez, N. Florin, W. Hall, P. Majewski, H. Wang, and R. A. Stewart, “State-of-
the-art review of product stewardship strategies for large composite wind turbine blades,” 
Resour. Conserv. Recycl. Adv., vol. 15, p. 200109, 2022, doi: 
https://doi.org/10.1016/j.rcradv.2022.200109.

[39] Y. Wang, A. Li, S. Zhang, B. Guo, and D. Niu, “A review on new methods of recycling waste 
carbon fiber and its application in construction and industry,” Constr. Build. Mater., vol. 367, p. 
130301, 2023, doi: https://doi.org/10.1016/j.conbuildmat.2023.130301.

[40] M. R. Havstad, “Chapter 5 - Biodegradable plastics,” T. M. B. T.-P. W. and R. Letcher, Ed. 
Academic Press, 2020, pp. 97–129. doi: https://doi.org/10.1016/B978-0-12-817880-5.00005-0.

[41] O. Zabihi, M. Ahmadi, C. Liu, R. Mahmoodi, Q. Li, and M. Naebe, “Development of a low cost 
and green microwave assisted approach towards the circular carbon fibre composites,” Compos. 
Part B Eng., vol. 184, p. 107750, 2020, doi: https://doi.org/10.1016/j.compositesb.2020.107750.

[42] H. Sezgin, M. Kucukali-Ozturk, O. B. Berkalp, and I. Yalcin-Enis, “Design of composite 
insulation panels containing 100% recycled cotton fibers and polyethylene/polypropylene 
packaging wastes,” J. Clean. Prod., vol. 304, Jul. 2021, doi: 10.1016/J.JCLEPRO.2021.127132.

[43] A. Yazdanbakhsh and L. C. Bank, “A Critical Review of Research on Reuse of Mechanically 
Recycled FRP Production and End-of-Life Waste for Construction,” Polymers , vol. 6, no. 6. 
2014. doi: 10.3390/polym6061810.

[44] T. Leißner, D. Hamann, L. Wuschke, H.-G. Jäckel, and U. A. Peuker, “High voltage 
fragmentation of composites from secondary raw materials – Potential and limitations,” Waste 
Manag., vol. 74, pp. 123–134, 2018, doi: https://doi.org/10.1016/j.wasman.2017.12.031.

[45] R. M. Grigorescu et al., “Development of thermoplastic composites based on recycled 
polypropylene and waste printed circuit boards,” Waste Manag., vol. 118, pp. 391–401, Dec. 
2020, doi: 10.1016/J.WASMAN.2020.08.050.



27

[46] N. Ata-Ali, V. Penadés-Plà, D. Martínez-Muñoz, and V. Yepes, “Recycled versus non-recycled 
insulation alternatives: LCA analysis for different climatic conditions in Spain,” Resour. 
Conserv. Recycl., vol. 175, p. 105838, Dec. 2021, doi: 10.1016/J.RESCONREC.2021.105838.

[47] W. Guo, S. Bai, and Y. Ye, “A new strategy of reusing abandoned carbon fiber reinforced 
plastic: Microstructures and properties  of C/C composites based on recycled carbon fiber,” J. 
Reinf. Plast. Compos., vol. 40, no. 7–8, pp. 294–306, Sep. 2020, doi: 
10.1177/0731684420959443.

[48] X. Xue, S.-Y. Liu, Z.-Y. Zhang, Q.-Z. Wang, and C.-Z. Xiao, “A technology review of recycling 
methods for fiber-reinforced thermosets,” J. Reinf. Plast. Compos., p. 07316844211055208, 
Nov. 2021, doi: 10.1177/07316844211055208.

[49] M. C. Biswas, S. Jeelani, and V. Rangari, “Influence of biobased silica/carbon hybrid 
nanoparticles on thermal and mechanical properties of biodegradable polymer films,” Compos. 
Commun., vol. 4, pp. 43–53, Jun. 2017, doi: 10.1016/J.COCO.2017.04.005.

[50] L. Wang, X. Liu, and A. Kolios, “State of the art in the aeroelasticity of wind turbine blades: 
Aeroelastic modelling,” Renew. Sustain. Energy Rev., vol. 64, pp. 195–210, 2016, doi: 
https://doi.org/10.1016/j.rser.2016.06.007.

[51] L. Mishnaevsky, N. Frost-Jensen Johansen, A. Fraisse, S. Fæster, T. Jensen, and B. Bendixen, 
“Technologies of Wind Turbine Blade Repair: Practical Comparison,” Energies, vol. 15, no. 5. 
2022. doi: 10.3390/en15051767.

[52] Y. Du, S. Zhou, X. Jing, Y. Peng, H. Wu, and N. Kwok, “Damage detection techniques for wind 
turbine blades: A review,” Mech. Syst. Signal Process., vol. 141, p. 106445, 2020, doi: 
https://doi.org/10.1016/j.ymssp.2019.106445.

[53] J. Chen, J. Wang, and A. Ni, “Recycling and reuse of composite materials for wind turbine 
blades: An overview,” J. Reinf. Plast. Compos., vol. 38, no. 12, pp. 567–577, Mar. 2019, doi: 
10.1177/0731684419833470.

[54] A. Farina and A. Anctil, “Material consumption and environmental impact of wind turbines in 
the USA and globally,” Resour. Conserv. Recycl., vol. 176, p. 105938, Jan. 2022, doi: 
10.1016/J.RESCONREC.2021.105938.

[55] V. K. K. Upadhyayula et al., “Wind Turbine Blades Using Recycled Carbon Fibers: An 
Environmental Assessment,” Environ. Sci. Technol., Jan. 2022, doi: 10.1021/acs.est.1c05462.

[56] W. Yang, K.-H. Kim, and J. Lee, “Upcycling of decommissioned wind turbine blades through 
pyrolysis,” J. Clean. Prod., vol. 376, p. 134292, 2022, doi: 
https://doi.org/10.1016/j.jclepro.2022.134292.

[57] I. Vollmer et al., “Beyond Mechanical Recycling: Giving New Life to Plastic Waste,” Angew. 
Chemie Int. Ed., vol. 59, no. 36, pp. 15402–15423, Sep. 2020, doi: 
https://doi.org/10.1002/anie.201915651.

[58] A. Feil and T. Pretz, “Chapter 11 - Mechanical recycling of packaging waste,” T. M. B. T.-P. 
W. and R. Letcher, Ed. Academic Press, 2020, pp. 283–319. doi: https://doi.org/10.1016/B978-
0-12-817880-5.00011-6.

[59] A. Bashirgonbadi, I. Saputra Lase, L. Delva, K. M. Van Geem, S. De Meester, and K. Ragaert, 
“Quality evaluation and economic assessment of an improved mechanical recycling process for 
post-consumer flexible plastics,” Waste Manag., vol. 153, pp. 41–51, 2022, doi: 
https://doi.org/10.1016/j.wasman.2022.08.018.

[60] G. Suzuki et al., “Mechanical recycling of plastic waste as a point source of microplastic 
pollution,” Environ. Pollut., vol. 303, p. 119114, 2022, doi: 
https://doi.org/10.1016/j.envpol.2022.119114.

[61] H. Jeswani et al., “Life cycle environmental impacts of chemical recycling via pyrolysis of 
mixed plastic waste in comparison with mechanical recycling and energy recovery,” Sci. Total 
Environ., vol. 769, p. 144483, 2021, doi: https://doi.org/10.1016/j.scitotenv.2020.144483.

[62] Z. O. G. Schyns and M. P. Shaver, “Mechanical Recycling of Packaging Plastics: A Review,” 
Macromol. Rapid Commun., vol. 42, no. 3, p. 2000415, Feb. 2021, doi: 
https://doi.org/10.1002/marc.202000415.

[63] M. Pietroluongo, E. Padovano, A. Frache, and C. Badini, “Mechanical recycling of an end-of-
life automotive composite component,” Sustain. Mater. Technol., vol. 23, p. e00143, Apr. 2020, 
doi: 10.1016/J.SUSMAT.2019.E00143.

[64] J. Joustra, B. Flipsen, and R. Balkenende, “Structural reuse of high end composite products: A 



28

design case study on wind turbine blades,” Resour. Conserv. Recycl., vol. 167, p. 105393, Apr. 
2021, doi: 10.1016/J.RESCONREC.2020.105393.

[65] C. Wang and Y. Gu, “Research on infrared nondestructive detection of small wind turbine 
blades,” Results Eng., vol. 15, p. 100570, 2022, doi: 
https://doi.org/10.1016/j.rineng.2022.100570.

[66] D. Jubinville, E. Esmizadeh, S. Saikrishnan, C. Tzoganakis, and T. Mekonnen, “A 
comprehensive review of global production and recycling methods of polyolefin (PO) based 
products and their post-recycling applications,” Sustain. Mater. Technol., vol. 25, p. e00188, 
Sep. 2020, doi: 10.1016/J.SUSMAT.2020.E00188.

[67] A. E. Krauklis, C. W. Karl, A. I. Gagani, and J. K. Jørgensen, “Composite Material Recycling 
Technology—State-of-the-Art and Sustainable Development for the 2020s,” Journal of 
Composites Science , vol. 5, no. 1. 2021. doi: 10.3390/jcs5010028.

[68] S. H. Mamanpush, H. Li, K. Englund, and A. T. Tabatabaei, “Recycled wind turbine blades as 
a feedstock for second generation composites,” Waste Manag., vol. 76, pp. 708–714, Jun. 2018, 
doi: 10.1016/J.WASMAN.2018.02.050.

[69] D. S. Cousins, Y. Suzuki, R. E. Murray, J. R. Samaniuk, and A. P. Stebner, “Recycling glass 
fiber thermoplastic composites from wind turbine blades,” J. Clean. Prod., vol. 209, pp. 1252–
1263, Feb. 2019, doi: 10.1016/J.JCLEPRO.2018.10.286.

[70] D. Baturkin, O. A. Hisseine, R. Masmoudi, A. Tagnit-Hamou, and L. Massicotte, “Valorization 
of recycled FRP materials from wind turbine blades in concrete,” Resour. Conserv. Recycl., vol. 
174, p. 105807, Nov. 2021, doi: 10.1016/J.RESCONREC.2021.105807.

[71] “First Fully Recyclable Wind Turbine Blade Rolls Out | Offshore Wind.” 
https://www.offshorewind.biz/2022/03/17/first-fully-recyclable-wind-turbine-blade-rolls-out/ 
(accessed Oct. 01, 2022).

[72] P. G. Leahy et al., “Greenway pedestrian and cycle bridges from repurposed wind turbine 
blades,” in Proceedings of ITRN 2021, University of Limerick, 26-27 August, 2021, pp. 1–8.

[73] R. Carnicero, L. Cano, M. A. Lopez-Manchado, and R. Verdejo, “Manufacturing, Testing and 
Recycling of a small recyclable wind turbine blade,” J. Phys. Conf. Ser., vol. 2265, no. 3, p. 
32013, 2022, doi: 10.1088/1742-6596/2265/3/032013.

[74] S. Hao et al., “A circular economy approach to green energy: Wind turbine, waste, and material 
recovery,” Sci. Total Environ., vol. 702, p. 135054, Feb. 2020, doi: 
10.1016/J.SCITOTENV.2019.135054.

[75] A. Moslehi, A. Ajji, M.-C. Heuzey, A. Rahimizadeh, and L. Lessard, “Polylactic acid/recycled 
wind turbine glass fiber composites with enhanced mechanical properties and toughness,” J. 
Appl. Polym. Sci., vol. n/a, no. n/a, p. 51934, Nov. 2021, doi: https://doi.org/10.1002/app.51934.

[76] V. Sommer, T. Becker, and G. Walther, “Steering Sustainable End-of-Life Treatment of Glass 
and Carbon Fiber Reinforced Plastics Waste from Rotor Blades of Wind Power Plants,” Resour. 
Conserv. Recycl., vol. 181, p. 106077, 2022, doi: 
https://doi.org/10.1016/j.resconrec.2021.106077.

[77] K. Pender and L. Yang, “Regenerating performance of glass fibre recycled from wind turbine 
blade,” Compos. Part B Eng., vol. 198, p. 108230, Oct. 2020, doi: 
10.1016/J.COMPOSITESB.2020.108230.

[78] S. R. Naqvi, H. M. Prabhakara, E. A. Bramer, W. Dierkes, R. Akkerman, and G. Brem, “A 
critical review on recycling of end-of-life carbon fibre/glass fibre reinforced composites waste 
using pyrolysis towards a circular economy,” Resour. Conserv. Recycl., vol. 136, pp. 118–129, 
Sep. 2018, doi: 10.1016/J.RESCONREC.2018.04.013.

[79] M. Xu et al., “The pyrolysis of end-of-life wind turbine blades under different atmospheres and 
their effects on the recovered glass fibers,” Compos. Part B Eng., vol. 251, p. 110493, 2023, doi: 
https://doi.org/10.1016/j.compositesb.2022.110493.

[80] M. B. A. Bashir, “Principle Parameters and Environmental Impacts that Affect the Performance 
of Wind Turbine: An Overview,” Arab. J. Sci. Eng., vol. 47, no. 7, pp. 7891–7909, 2022, doi: 
10.1007/s13369-021-06357-1.

[81] Y. Ming, Y. Duan, S. Zhang, Y. Zhu, and B. Wang, “Self-heating 3D printed continuous carbon 
fiber/epoxy mesh and its application in wind turbine deicing,” Polym. Test., vol. 82, p. 106309, 
2020, doi: https://doi.org/10.1016/j.polymertesting.2019.106309.

[82] P. Zhu, X. Feng, Z. Liu, M. Huang, H. Xie, and M. A. Soto, “Reliable packaging of optical fiber 



29

Bragg grating sensors for carbon fiber composite wind turbine blades,” Compos. Sci. Technol., 
vol. 213, p. 108933, 2021, doi: https://doi.org/10.1016/j.compscitech.2021.108933.

[83] B. Wang et al., “Fabrication of continuous carbon fiber mesh for lightning protection of large-
scale wind-turbine blade by electron beam cured printing,” Addit. Manuf., vol. 31, p. 100967, 
2020, doi: https://doi.org/10.1016/j.addma.2019.100967.

[84] A. Rahimizadeh, M. Tahir, K. Fayazbakhsh, and L. Lessard, “Tensile properties and interfacial 
shear strength of recycled fibers from wind turbine waste,” Compos. Part A Appl. Sci. Manuf., 
vol. 131, p. 105786, Apr. 2020, doi: 10.1016/J.COMPOSITESA.2020.105786.

[85] D. Åkesson, Z. Foltynowicz, J. Christeen, and M. Skrifvars, “Microwave pyrolysis as a method 
of recycling glass fibre from used blades of wind turbines,” J. Reinf. Plast. Compos., vol. 31, 
no. 17, pp. 1136–1142, 2012.

[86] E. Karatairi and R. Bischler, “Gone with the wind: The life and death of a wind turbine rotor 
blade,” MRS Bull., vol. 45, no. 3, pp. 178–179, 2020, doi: 10.1557/mrs.2020.71.

[87] C. Mattsson, A. André, M. Juntikka, T. Tränkle, and R. Sott, “Chemical recycling of End-of-
Life wind turbine blades by solvolysis/HTL,” IOP Conf. Ser. Mater. Sci. Eng., vol. 942, p. 
12013, 2020, doi: 10.1088/1757-899x/942/1/012013.

[88] A. Rahimi and J. M. García, “Chemical recycling of waste plastics for new materials 
production,” Nat. Rev. Chem., vol. 1, no. 6, p. 46, 2017, doi: 10.1038/s41570-017-0046.

[89] A. Norgren, A. Carpenter, and G. Heath, “Design for Recycling Principles Applicable to 
Selected Clean Energy Technologies: Crystalline-Silicon Photovoltaic Modules, Electric 
Vehicle Batteries, and Wind Turbine Blades,” J. Sustain. Metall., vol. 6, no. 4, pp. 761–774, 
2020, doi: 10.1007/s40831-020-00313-3.

[90] K. Ragaert, L. Delva, and K. Van Geem, “Mechanical and chemical recycling of solid plastic 
waste,” Waste Manag., vol. 69, pp. 24–58, 2017, doi: 
https://doi.org/10.1016/j.wasman.2017.07.044.

[91] S. Gharde and B. Kandasubramanian, “Mechanothermal and chemical recycling methodologies 
for the Fibre Reinforced Plastic (FRP),” Environ. Technol. Innov., vol. 14, p. 100311, May 2019, 
doi: 10.1016/J.ETI.2019.01.005.

[92] L. Anderson, E. W. Sanders, and M. G. Unthank, “Recyclable thermosets based on modified 
epoxy-amine network polymers,” Mater. Horizons, 2023, doi: 10.1039/D2MH01211A.

[93] T. Thiounn and R. C. Smith, “Advances and approaches for chemical recycling of plastic waste,” 
J. Polym. Sci., vol. 58, no. 10, pp. 1347–1364, May 2020, doi: 
https://doi.org/10.1002/pol.20190261.

[94] L. Thomas and M. Ramachandra, “Advanced materials for wind turbine blade- A Review,” 
Mater. Today Proc., vol. 5, no. 1, Part 3, pp. 2635–2640, 2018, doi: 
https://doi.org/10.1016/j.matpr.2018.01.043.

[95] O. Zabihi, M. Ahmadi, C. Liu, R. Mahmoodi, and Q. Li, “A Sustainable Approach to the Low-
Cost Recycling of Waste Glass Fibres Composites towards Circular Economy,” 2020.

[96] S. Karuppannan Gopalraj and T. Kärki, “A review on the recycling of waste carbon fibre/glass 
fibre-reinforced composites: fibre recovery, properties and life-cycle analysis,” SN Appl. Sci., 
vol. 2, no. 3, p. 433, 2020, doi: 10.1007/s42452-020-2195-4.

[97] L. Jiang et al., “Recycling carbon fiber composites using microwave irradiation: Reinforcement 
study of the recycled fiber in new composites,” J. Appl. Polym. Sci., vol. 132, no. 41, Nov. 2015, 
doi: https://doi.org/10.1002/app.42658.

[98] M. Rani, P. Choudhary, V. Krishnan, and S. Zafar, “Development of sustainable microwave-
based approach to recover glass fibers for wind turbine blades composite waste,” Resour. 
Conserv. Recycl., vol. 179, p. 106107, Apr. 2022, doi: 10.1016/J.RESCONREC.2021.106107.

[99] X. Ma et al., “Closed-Loop Recycling of Both Resin and Fiber from High-Performance 
Thermoset Epoxy/Carbon Fiber Composites,” ACS Macro Lett., vol. 10, no. 9, pp. 1113–1118, 
Sep. 2021, doi: 10.1021/acsmacrolett.1c00437.

[100] J. Smoleń et al., “The Use of Carbon Fibers Recovered by Pyrolysis from End-of-Life Wind 
Turbine Blades in Epoxy-Based Composite Panels,” Polymers, vol. 14, no. 14. 2022. doi: 
10.3390/polym14142925.

[101] A. Rahimizadeh, J. Kalman, K. Fayazbakhsh, and L. Lessard, “Recycling of fiberglass wind 
turbine blades into reinforced filaments for use in Additive Manufacturing,” Compos. Part B 
Eng., vol. 175, p. 107101, Oct. 2019, doi: 10.1016/J.COMPOSITESB.2019.107101.



30

[102] M. M. Haider, S. Nassiri, K. Englund, H. Li, and Z. Chen, “Exploratory Study of Flexural 
Performance of Mechanically Recycled Glass Fiber Reinforced Polymer Shreds as 
Reinforcement in Cement Mortar,” Transp. Res. Rec., vol. 2675, no. 10, pp. 1254–1267, Jun. 
2021, doi: 10.1177/03611981211015246.

[103] J. Joustra, B. Flipsen, and R. Balkenende, “Structural reuse of wind turbine blades through 
segmentation,” Compos. Part C Open Access, vol. 5, p. 100137, Jul. 2021, doi: 
10.1016/J.JCOMC.2021.100137.

[104] M. Tahir, A. Rahimizadeh, J. Kalman, K. Fayazbakhsh, and L. Lessard, “Experimental and 
analytical investigation of 3D printed specimens reinforced by different forms of recyclates from 
wind turbine waste,” Polym. Compos., vol. 42, no. 9, pp. 4533–4548, Sep. 2021, doi: 
https://doi.org/10.1002/pc.26166.

[105] A. D. La Rosa, S. Greco, C. Tosto, and G. Cicala, “LCA and LCC of a chemical recycling 
process of waste CF-thermoset composites for the production of novel CF-thermoplastic 
composites. Open loop and closed loop scenarios,” J. Clean. Prod., vol. 304, p. 127158, Jul. 
2021, doi: 10.1016/J.JCLEPRO.2021.127158.

[106] C. S. Psomopoulos, K. Kalkanis, S. Kaminaris, G. C. Ioannidis, and P. Pachos, “A Review of 
the Potential for the Recovery of Wind Turbine Blade Waste Materials,” Recycling , vol. 4, no. 
1. 2019. doi: 10.3390/recycling4010007.

[107] M. Larrain et al., “Techno-economic assessment of mechanical recycling of challenging post-
consumer plastic packaging waste,” Resour. Conserv. Recycl., vol. 170, p. 105607, Jul. 2021, 
doi: 10.1016/J.RESCONREC.2021.105607.

[108] V. Shanmugam et al., “Circular economy in biocomposite development: State-of-the-art, 
challenges and emerging trends,” Compos. Part C Open Access, vol. 5, p. 100138, 2021, doi: 
https://doi.org/10.1016/j.jcomc.2021.100138.

[109] T.-L. Chen, H. Kim, S.-Y. Pan, P.-C. Tseng, Y.-P. Lin, and P.-C. Chiang, “Implementation of 
green chemistry principles in circular economy system towards sustainable development goals: 
Challenges and perspectives,” Sci. Total Environ., vol. 716, p. 136998, 2020, doi: 
https://doi.org/10.1016/j.scitotenv.2020.136998.

[110] I. Jahan, G. Zhang, M. Bhuiyan, and S. Navaratnam, “Circular Economy of Construction and 
Demolition Wood Waste&mdash;A Theoretical Framework Approach,” Sustainability, vol. 14, 
no. 17. 2022. doi: 10.3390/su141710478.

[111] M. Azimian, M. Karbasian, and K. Atashgar, “Developing a novel mathematical approach 
toward minimizing sustainable circular economy costs of one-shot systems,” Prod. Eng., vol. 
16, no. 5, pp. 627–634, 2022, doi: 10.1007/s11740-022-01122-1.

[112] I. Bianchi et al., “Life cycle impact assessment of safety shoes toe caps realized with reclaimed 
composite materials,” J. Clean. Prod., vol. 347, p. 131321, 2022, doi: 
https://doi.org/10.1016/j.jclepro.2022.131321.

[113] A. Rentizelas, N. Trivyza, S. Oswald, and S. Siegl, “Reverse supply network design for circular 
economy pathways of wind turbine blades in Europe,” Int. J. Prod. Res., vol. 60, no. 6, pp. 1795–
1814, Mar. 2022, doi: 10.1080/00207543.2020.1870016.

[114] J. van Oorschot, B. Sprecher, B. Roelofs, J. van der Horst, and E. van der Voet, “Towards a low-
carbon and circular economy: Scenarios for metal stocks and flows in the Dutch electricity 
system,” Resour. Conserv. Recycl., vol. 178, p. 106105, 2022, doi: 
https://doi.org/10.1016/j.resconrec.2021.106105.

[115] P. S. Stelzer et al., “Experimental feasibility and environmental impacts of compression molded 
discontinuous carbon fiber composites with opportunities for circular economy,” Compos. Part 
B Eng., vol. 234, p. 109638, 2022, doi: https://doi.org/10.1016/j.compositesb.2022.109638.

[116] V. S. Prabhu and K. Mukhopadhyay, “ASSESSMENT OF WIND ENERGY IN INDIA AT THE 
NATIONAL AND SUB- NATIONAL LEVEL: ATTRIBUTIONAL LCA EXERCISE,” Int. J. 
Green Energy, vol. 19, no. 9, pp. 1023–1048, Jul. 2022, doi: 10.1080/15435075.2021.1978447.

[117] X.-C. Wang, A. Foley, Y. Van Fan, S. Nižetić, and J. J. Klemeš, “Integration and optimisation 
for sustainable industrial processing within the circular economy,” Renew. Sustain. Energy Rev., 
vol. 158, p. 112105, 2022, doi: https://doi.org/10.1016/j.rser.2022.112105.

[118] N. Rathore and N. L. Panwar, “Environmental impact and waste recycling technologies for 
modern wind turbines: An overview,” Waste Manag. Res., p. 0734242X221135527, Nov. 2022, 
doi: 10.1177/0734242X221135527.



31

[119] İ. M. Eligüzel and E. Özceylan, “A bibliometric, social network and clustering analysis for a 
comprehensive review on end-of-life wind turbines,” J. Clean. Prod., vol. 380, p. 135004, 2022, 
doi: https://doi.org/10.1016/j.jclepro.2022.135004.

[120] “ZEBRA project achieves key milestone with production of the first prototype of its recyclable 
wind turbine blade - JEC Group,” https://www.jeccomposites.com/, Accessed: Oct. 01, 2022. 
[Online]. Available: https://www.jeccomposites.com/news/zebra-project-achieves-key-
milestone-with-production-of-the-first-prototype-of-its-recyclable-wind-turbine-blade/

[121] “AIMPLAS - Technological Institute of Plastics.” https://www.aimplas.net/ (accessed Oct. 11, 
2022).

[122] “CETEC initiative established to commercialize technology for full composite wind turbine 
blade recyclability | CompositesWorld.” https://www.compositesworld.com/news/cetec-
initiative-established-to-commercialize-technology-for-full-composite-wind-turbine-blade-
recyclability (accessed Oct. 11, 2022).

[123] “New project to enable full recyclability of wind turbine blades - Epoxy Europe.” https://epoxy-
europe.eu/spotlight/new-project-to-enable-full-recyclability-of-wind-turbine-blades/ (accessed 
Oct. 11, 2022).

[124] “SusWIND partners and supporters | National Composites Centre.” 
https://www.nccuk.com/what-we-do/sustainability/suswind/partners/ (accessed Oct. 12, 2022).

[125] “Siemens Gamesa Producing First Recyclable Blades for Offshore Deployment | Offshore 
Wind.” https://www.offshorewind.biz/2022/05/27/siemens-gamesa-producing-first-recyclable-
blades-for-offshore-deployment/ (accessed Oct. 01, 2022).

[126] “Revolutionary RecyclableBlades: Siemens Gamesa technology goes full-circle at RWE’s 
Kaskasi offshore wind power project.” https://www.siemensgamesa.com/en-
int/newsroom/2022/07/080122-siemens-gamesa-press-release-recycle-wind-blade-offshore-
kaskasi-germany (accessed Oct. 12, 2022).

[127] “catackh – 주식회사 카텍에이치.” http://catack-h.com/?lang=en (accessed Oct. 12, 2022).
[128] “CATACK-H Showroom | CompositesWorld.” 

https://www.compositesworld.com/suppliers/catack-h (accessed Oct. 12, 2022).
[129] “Carbon Rivers Makes Wind Turbine Blade Recycling and Upcycling a Reality With Support 

from DOE | Department of Energy.” https://www.energy.gov/eere/wind/articles/carbon-rivers-
makes-wind-turbine-blade-recycling-and-upcycling-reality-support (accessed Oct. 01, 2022).

[130] “Renewable Recycling and Composite Manufacturing | Carbon Rivers | Knoxville.” 
https://www.carbonrivers.com/ (accessed Oct. 12, 2022).

[131] “IACMI - The Composites Institute.” https://iacmi.org/ (accessed Oct. 12, 2022).
[132] A. Algolfat, W. Wang, and A. Albarbar, “Study of Centrifugal Stiffening on the Free Vibrations 

and Dynamic Response of Offshore Wind Turbine Blades,” Energies, vol. 15, no. 17. 2022. doi: 
10.3390/en15176120.

[133] A. R. Chambers, J. S. Earl, C. A. Squires, and M. A. Suhot, “The effect of voids on the flexural 
fatigue performance of unidirectional carbon fibre composites developed for wind turbine 
applications,” Int. J. Fatigue, vol. 28, no. 10, pp. 1389–1398, 2006, doi: 
https://doi.org/10.1016/j.ijfatigue.2006.02.033.

[134] A. Murdani, S. Hadi, and U. S. Amrullah, “Flexural Properties and Vibration Behavior of 
Jute/Glass/Carbon Fiber Reinforced Unsaturated Polyester Hybrid Composites for Wind 
Turbine Blade,” Key Eng. Mater., vol. 748, pp. 62–68, 2017, doi: 
10.4028/www.scientific.net/KEM.748.62.

[135] U. Nag, S. K. Sharma, and S. S. Padhi, “Evaluating value requirement for Industrial Product-
Service System in circular economy for wind power-based renewable energy firms,” J. Clean. 
Prod., vol. 340, p. 130689, 2022, doi: https://doi.org/10.1016/j.jclepro.2022.130689.

[136] G. Wan, Q. Dong, T. Li, X. Sun, and Y. Jia, “Simulated Analysis of Lightning-induced 
Mechanical Damages in Fiber Reinforced Composites Based on a Pyrolysis-affected Damage 
Constitutive Model,” Appl. Compos. Mater., 2022, doi: 10.1007/s10443-022-10054-z.

[137] P. Liu, F. Meng, and C. Y. Barlow, “Wind turbine blade end-of-life options: An eco-audit 
comparison,” J. Clean. Prod., vol. 212, pp. 1268–1281, 2019, doi: 
https://doi.org/10.1016/j.jclepro.2018.12.043.

[138] T. Calzolari, A. Genovese, and A. Brint, “Circular Economy indicators for supply chains: A 



32

systematic literature review,” Environ. Sustain. Indic., vol. 13, p. 100160, 2022, doi: 
https://doi.org/10.1016/j.indic.2021.100160.

[139] P. Paunović and A. Grozdanov, “Circular Economy Applied to Metallurgical Waste: Use of 
Slags and Fly Ash from the Ferronickel Industry in the Production of Eco-Friendly Composites,” 
J. Sustain. Metall., vol. 8, no. 2, pp. 815–824, 2022, doi: 10.1007/s40831-022-00534-8.

[140] E. Abbate, M. Mirpourian, C. Brondi, A. Ballarino, and G. Copani, “Environmental and 
Economic Assessment of Repairable Carbon-Fiber-Reinforced Polymers in Circular Economy 
Perspective,” Materials, vol. 15, no. 9. 2022. doi: 10.3390/ma15092986.

[141] Y. Ma, C. Chen, T. Fan, H. Lu, and J. Fang, “An innovative aerodynamic design methodology 
of wind turbine blade models for wind tunnel real-time hybrid tests based on genetic algorithm,” 
Ocean Eng., vol. 257, p. 111724, 2022, doi: https://doi.org/10.1016/j.oceaneng.2022.111724.

[142] P. Majewski, N. Florin, J. Jit, and R. A. Stewart, “End-of-life policy considerations for wind 
turbine blades,” Renew. Sustain. Energy Rev., vol. 164, p. 112538, 2022, doi: 
https://doi.org/10.1016/j.rser.2022.112538.

[143] A. Al Noman, Z. Tasneem, M. F. Sahed, S. M. Muyeen, S. K. Das, and F. Alam, “Towards next 
generation Savonius wind turbine: Artificial intelligence in blade design trends and framework,” 
Renew. Sustain. Energy Rev., vol. 168, p. 112531, 2022, doi: 
https://doi.org/10.1016/j.rser.2022.112531.

[144] S. Ozturk and F. Karipoglu, “Investigation of the best possible methods for wind turbine blade 
waste management by using GIS and FAHP: Turkey case,” Environ. Sci. Pollut. Res., 2022, doi: 
10.1007/s11356-022-23256-6.

[145] H. K. Jani, S. Singh Kachhwaha, G. Nagababu, and A. Das, “A brief review on recycling and 
reuse of wind turbine blade materials,” Mater. Today Proc., vol. 62, pp. 7124–7130, 2022, doi: 
https://doi.org/10.1016/j.matpr.2022.02.049.

[146] X. Li, Z. Yang, and X. Chen, “Quantitative Damage Detection and Sparse Sensor Array 
Optimization of Carbon Fiber Reinforced Resin Composite Laminates for Wind Turbine Blade 
Structural Health Monitoring,” Sensors, vol. 14, no. 4. pp. 7312–7331, 2014. doi: 
10.3390/s140407312.

[147] S. N. Kumar, R. Jain, K. Anand, and H. Ajay Kumar, “Utilization of Agro Waste for the 
Fabrication of Bio Composites and Bio plastics—Towards a Sustainable Green Circular 
Economy BT  - Sustainability for 3D Printing,” K. Sandhu, S. Singh, C. Prakash, K. Subburaj, 
and S. Ramakrishna, Eds. Cham: Springer International Publishing, 2022, pp. 131–147. doi: 
10.1007/978-3-030-75235-4_7.

[148] S. N. Taqui, U. T. Syed, R. T. Syed, M. S. Alqahtani, M. Abbas, and A. A. Syed, 
“Bioremediation of Textile Industrial Effluents Using Nutraceutical Industrial Spent: 
Laboratory-Scale Demonstration of Circular Economy,” Nanomaterials, vol. 12, no. 10. 2022. 
doi: 10.3390/nano12101684.

[149] M. Kostic et al., “Extending waste paper, cellulose and filler use beyond recycling by entering 
the circular economy creating cellulose-CaCO3 composites reconstituted from ionic liquid,” 
Cellulose, vol. 29, no. 9, pp. 5037–5059, 2022, doi: 10.1007/s10570-022-04575-w.

[150] B. A. Schichtel, E. D. Stevenson, G. Braun, S. L. Shaw, B. Tarroja, and C. C. Chao, “Circular 
economy for lithium-ion batteries and photovoltaic modules—status, challenges, and 
opportunities,” J. Air Waste Manage. Assoc., vol. 72, no. 10, pp. 1053–1062, Oct. 2022, doi: 
10.1080/10962247.2022.2118473.

[151] R. Martini and G. Xydis, “Repurposing and recycling wind turbine blades in the United States,” 
Environ. Prog. Sustain. Energy, vol. 42, no. 1, p. e13932, Jan. 2023, doi: 
https://doi.org/10.1002/ep.13932.

[152] Y. Huang, M. Shafiee, F. Charnley, and A. Encinas-Oropesa, “Designing a Framework for 
Materials Flow by Integrating Circular Economy Principles with End-of-Life Management 
Strategies,” Sustainability, vol. 14, no. 7. 2022. doi: 10.3390/su14074244.

[153] G. Mello, M. Ferreira Dias, and M. Robaina, “Evaluation of the environmental impacts related 
to the wind farms end-of-life,” Energy Reports, vol. 8, pp. 35–40, 2022, doi: 
https://doi.org/10.1016/j.egyr.2022.01.024.

[154] A. F. Olivera, E. Chica, and H. A. Colorado, “Evaluation of Recyclable Thermoplastics for the 
Manufacturing of Wind Turbines Blades H-Darrieus BT  - Characterization of Minerals, Metals, 
and Materials 2022,” 2022, pp. 341–348.



33

[155] A. Visco et al., “Agri-Food Wastes for Bioplastics: European Prospective on Possible 
Applications in Their Second Life for a Circular Economy,” Polymers, vol. 14, no. 13. 2022. 
doi: 10.3390/polym14132752.

[156] Z. Chen, A. Yildizbasi, and J. Sarkis, “How safe is the circular economy?,” Resour. Conserv. 
Recycl., vol. 188, p. 106649, 2023, doi: https://doi.org/10.1016/j.resconrec.2022.106649.

[157] M. Y. Khalid, A. Al Rashid, Z. U. Arif, W. Ahmed, H. Arshad, and A. A. Zaidi, “Natural fiber 
reinforced composites: Sustainable materials for emerging applications,” Results Eng., vol. 11, 
p. 100263, Sep. 2021, doi: 10.1016/J.RINENG.2021.100263.

[158] T. A. Miliket, M. B. Ageze, M. T. Tigabu, and M. A. Zeleke, “Experimental characterizations 
of hybrid natural fiber-reinforced composite for wind turbine blades,” Heliyon, vol. 8, no. 3, p. 
e09092, 2022, doi: https://doi.org/10.1016/j.heliyon.2022.e09092.

[159] M. Abdur Rahman, S. Haque, M. M. Athikesavan, and M. B. Kamaludeen, “A review of 
environmental friendly green composites: production methods, current progresses, and 
challenges,” Environ. Sci. Pollut. Res., 2023, doi: 10.1007/s11356-022-24879-5.

[160] M. Y. Khalid, Z. U. Arif, and A. Al Rashid, “Investigation of Tensile and Flexural Behavior of 
Green Composites along with their Impact Response at Different Energies,” Int. J. Precis. Eng. 
Manuf. Technol., 2021, doi: 10.1007/s40684-021-00385-w.

[161] M. Y. Khalid, Z. U. Arif, M. F. Sheikh, and M. A. Nasir, “Mechanical characterization of glass 
and jute fiber-based hybrid composites fabricated through compression molding technique,” Int. 
J. Mater. Form., 2021, doi: 10.1007/s12289-021-01624-w.



34

Graphical Abstract



35

Highlights

 Conventional end-of-life approaches for wind turbine blades (WTBs) cause severe environmental issues. 
 Recycling of WTBs is highly imperative for a clean, green, and sustainable environment.
 Circular economy models are needs to be in more practice for zero WTB waste.
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