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ABSTRACT: As wind energy continues to be deployed at a significantly increasing rate, the number of decommissioned wind
turbines is expected to increase accordingly. To improve material efficiency, a large amount of waste requires appropriate
identification and recycling, particularly the composite materials used in wind turbine blades (WTB). This study focuses on two
life cycle stages, manufacturing and the decommissioning stage, which contribute most to the waste generation of WTB. This study
investigates the material efficiency factors in WTB and organises fragmental information in manufacturing waste management,
focusing on the recycling factor and quantifying the recyclability of wind turbine blade material regarding the different recycling
technologies. This study fills the gap in existing research by evaluating recycling methods for specified carbon fibre-reinforced
polymers (CFRPs) and glass fibre-reinforced polymers (GFRPs) using a revised recyclability index. Additionally, innovative
sustainable materials and recent composite recycling studies have also been incorporated into the quantification and evaluation to
update the current progress. The current source of WTB post-production waste, the corresponding disposal method, and
opportunities were also reviewed and identified. The findings quantified recyclability and revealed that the recyclability of WTB
materials varies significantly depending on the specific composite type and the recycling method employed. Furthermore, the
calculated recyclability, combined with other factors such as global warming potential (GWP), cost, and technology readiness level
(TRL), is discussed, along with the potential for improving material efficiency by selecting future material recycling technology
and effective manufacturing waste management.
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1. Introduction

Driven by the EU’s binding target to 2030, the share of the renewable energy sector will increase by 32% by 2050,
achieving carbon neutrality [1]. Wind energy, as a promising source of renewable energy structure, has grown
dramatically over recent years [2]. On the one hand, this growth has resulted in considerable demand for both onshore
and offshore wind sectors, leading to significant increases in wind turbine installations and capacity [3—5]. As Figure 1
shows, from 2013 to 2023, there has been an increasing trend in wind turbines’ cumulative capacity. Besides, the yearly
gross installation of offshore and onshore wind turbines exceeded 120 gigawatts (GW) before 2020 and exceeded 150
GW in 2017 and 2019 [4]. From 2020 to 2023, this number is even higher according to the prediction, exceeding 170
GW and 200 GW in 2023, and the predicted part is marked by a yellow box [4]. On the other hand, the increase in
installed capacity also comes with a new challenge: significant waste flow at the end of the wind turbine lifecycle stage.
By 2050, the wind sector must tackle decommissioning offshore wind capacity of up to 85 GW (cumulatively assuming
a 25-year lifecycle) [6]. The two life cycle stages that contribute most of the blade waste are manufacturing (2nd
contributor) and decommissioning (1st contributor) at the end-of-life of a wind farm [7]. For wind turbine waste
management, a report in 2020 from WindEurope on wind turbine blade (WTB) recycling shows that most components
of wind turbines are technically recyclable, including the foundation, tower, components of the gearbox and generator,
which account for about 85%-90% of the mass of a wind turbine. The remaining 6% comprises polymer composites or
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plastic that is difficult or not feasible to recycle [8—10], which present a significant challenge in realising WTB material
recycling [11,12]. Furthermore, composite material, mainly reinforced with glass fibre(GF) or carbon fibre(CF), is
generally concentrated on the WTB component and accounts for more than 90% of the wind turbine blades’ weight
[4,13]. Among the four life cycle stages, the decommissioning and manufacturing stages represent the first and second
most significant sources of blade waste [7]. Reducing or recycling waste during the full life cycle of WTB indicates
that materials are being utilised more efficiently [14].

According to [15], material efficiency is a set of opportunities that can significantly reduce the global economy’s
total environmental impact, aiming to provide products and services with less material production and processing. This
also aligns with the goals of sustainability and circular economy, one is for creating systems that support long-term
ecological balance, economic resilience, and social well-being, the other is for minimising waste and pollution,
extending the lifespan of products and materials, and regenerating natural systems, while also promoting sustainable
resource use and consumption [16,17]. The improvement of material efficiency in material production and processing
is considered from four key points: energy efficiency, yield improvement, increased recycling rates, and decarbonisation
of the global energy system [15]. So, a high recyclability of WTB could increase material efficiency, as the material’s
capability to be recycled is one of the important factors in material efficiency [14].

To evaluate material efficiency comprehensively, it is essential to consider how each dimension—energy
efficiency, yield improvement, recycling rate, and decarbonisation—can be measured [15]. Among these, material
recyclability plays a critical role in measuring the potential recycling rate of a corresponding product through its lifetime
[18]. Therefore, understanding the recyclability of WTB materials provides an important perspective through which the
material efficiency of the wind energy sector can be assessed and improved.

Besides, material efficiency also includes energy usage, carbon emissions, and yield [15]. There are corresponding
indicators for these factors. For energy efficiency and decarbonisation of the global energy system, the key indicators
required to track or measure are GWP and the embodied energy(EE) of material and energy consumption in
manufacturing, respectively [15,19]. For yield improvement, the indicator used to represent is the “yield loss”, which
is defined as the loss of material between primary material usage and material ends up in a final good [15].

Environmental factors, such as global warming potential (GWP) and energy usage, play a significant role in
evaluating opportunities to increase the recyclability of WTBs. This ensures that solutions to improve recyclability do
not inadvertently increase the overall environmental burden [12,20].
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Figure 1. Gross annual installations and capacity in Europe. Reprinted/adapted with permission from [4]. Copyright 2020,
WindEurope.

Some reviews and studies have summarised the existing solutions and described the current status regarding WTB
recycling and other material efficiency factors, including GWP, energy usage, and losses throughout their lifecycle,
such as the manufacturing stage. The report from WindEurope provides the qualitative process costs and values of fibre
composite material recycled in six processes: fluidised bed, solvolysis, high voltage pulse fragmentation, pyrolysis,
mechanical grinding, and co-processing. Ref. [12] summarised three different recycling technology types, i.e., thermal,
chemical, and mechanical, and listed their tensile strength retention. Ref. [21] study mainly focused on the pyrolysis
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process, summarising the different input materials used in pyrolysis, the yields of various outputs, and the tensile
strength retained under different reaction conditions. Ref. [20] reviewed the chemical recycling technology regarding
anhydride epoxy (EP), amine EP, and unsaturated polyester (UP), summarising the degradation yield and fibre quality
retained for different substrates and reaction conditions. Liu, Sommer, and Wei studied the economic and environmental
impacts of WTB end-of-life options for CFRP and GFRP, but did not specify the specific matrix applied [22—24]. These
studies provide evidence of the positive impact of recycling and suggest the appropriate recycling technology choices
from economic viability and environmental benefit perspectives. However, aside from monetary costs and
environmental impact, research on efficiency aspects, such as the recyclability of WTB composite materials, is still very
limited. Because of the lack of comprehensive assessments of WTB recycling efficiency aspects, this study introduces
the material recyclability approach. The recyclability index calculated is proposed as a quantitative measure that reflects
the effectiveness and feasibility of recycling specific composite materials, considering both the composite’s fibre and
matrix type and the recycling technology applied. This index is intended to reveal how efficiently a wind turbine blade
(WTB) composite material can be recycled at end-of-life. The quantification of the recyclability of WTB will support
the decision-making process to ensure if an end-of-life option for a specific material is sufficiently effective and long-
sourcing [25]. Moreover, clarifying the specific matrix and fibre material used to make the composite for WTB will
help decision-makers identify or design an appropriate end-of-life plan [11]. Therefore, this study will calculate the
recyclability index for the WTB material in different recycling technologies. The innovative material and updated
chemical recycling technology will also be included in the recyclability calculation.

According to [7], waste in the WTB manufacturing stage is the second contributor to waste in the WTB lifecycle.
It accounts for 13%-30% of the total lifecycle WTB waste [26]. However, the research on identifying opportunities for
increasing material efficiency in the manufacturing stage is relatively limited, and the relevant information is
fragmented, as most studies focus on the decommissioning stage [27]. Therefore, the information must be systematically
summarised to comprehensively identify the material waste flow created during the manufacturing stage. Then, the
opportunities to increase the WTB recyclability and material efficiency in the manufacturing stage can be ensured.
Besides, most studies related to WTB manufacturing are based on Vacuum-Assisted Resin Transfer Moulding
(VARTM), which is the most commonly used manufacturing technology currently [11,28,29]. Some other
manufacturing processes have been applied, such as open-mould wet lay-up and filament winding technology, but have
been rarely applied in WTB manufacturing [28,30,31]. Because the open mould wet lay-up has been banned in
composite manufacturing due to environmental issues [31], filament winding technology was explored in the 1970s,
but has rarely been used in large-scale applications [11]. So, the investigation will focus on the VARTM process.

This paper reviews current WTB material, available recycling technologies for decommissioned WTB, and
manufacturing waste recycling processes. It further expands on the recyclability of WTB materials by proposing and
applying a revised recyclability index to quantify the potential of different materials in various recycling technologies.
The calculated recyclability index will show the overall comparative material recyclability and material recyclability
concerning different recycling technologies and the material type, including fibre and matrix types. This study also
identifies the environmental impact of blade material, post-manufacturing waste, and disposal methods to show the
opportunities for increasing material efficiency in manufacturing by summarising the fragmented information as factors
of material efficiency concerns. The structure of this study is as follows: in Section 2, processes for WTB material and
recycling technologies will be presented based on current literature. In Section 3, the current WTB manufacturing
processes and waste management in WTB manufacturing will be expanded and summarised to illustrate the waste flow
and opportunities for reducing manufacturing waste. Section 4 presents suggested calculation methods expanding on
the recyclability calculation approach and presents study findings, including the recyclability of material, and the
difference in material recyclability among different recycling technologies. Section 5 will discuss the results in three
aspects: WTB material selection, WTB manufacturing waste management and the current situation of recycling
technology. Then it will be summarised from a life cycle perspective. Section 6 will conclude all the content.

2. WTB Material, Manufacturing, Recycling Technology
2.1. WTB Material

This part will summarise the WTB material involved in the recyclability evaluation, including the materials used
historically and currently, as well as the potential materials that may be applied in the future to increase sustainability.
The early stage of the WTB material was metal around the 1940s; in the 1970s, composite material replaced metal
[11,32]. The composite material used in the 1970s was generally made of E-glass fibre and UP (GF-UP) [31,32]. In the
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2000s, carbon fibre (CF) was increasingly applied in the WTB [11,28,31-33], and mainly combined with EP (Attaf,
2013), partly replacing GFRP used in the WTB spar cap. After 2013, EP was commonly used in large WTBs rather
than unsaturated polyester made by CF-EP and GF-EP [11,31]. GF and CF are the main materials used for
manufacturing, along with thermoset materials such as EP and UP, which are difficult to recycle at the end of their
lifecycle.

There are also some other bio-based and recyclable thermoplastics materials being researched to align with the
goals of sustainability and circular economy, such as hemp and bamboo fibres, being investigated in around 2010 for
which combined with EP but with very limited use because of mechanical performance and quality insurance issues
[11,32,34]. Besides, the quality characteristics of hemp-EP and bamboo-EP composites are available in the literature,
but the research on recycling hemp-EP and bamboo-EP is very limited [35]. Most studies on natural fibre recycling
involve these two types of natural fibres combined with thermoplastics such as PLA rather than EP [36].

For innovative materials, CF-PECAN (carbon fibre-polyester covalent adaptable network), GF-Elium and GF-
PECAN, because they are relatively new materials, the research on their recyclability is somewhat limited, with only
one record for each material from the literature [37,38]. The design of these sustainable materials considers both the
engineering demands and material quality requirements of wind turbine blade applications and the viability of their end-
of-life recycling technology [38]. The recyclable thermoplastic, Elium, developed by the Institute for Advanced
Composites Manufacturing Innovation (IACMI) Project 4.2, has been tested for its mechanical performance and
feasibility of application in WTB [37]. Compared to the commonly used material, GF-EP, all other quality indicators
are similar except for a lower fatigue strength [29,37]. The chemical recycling process designed for this material can
recycle both Elium(recycled in) and GF from composites with high yield and quality retention [37]. However, this
project did not develop the CF-Elium recycling experiment, and the current cost of manufacturing Elium is still higher
than EP [37].

For bio-based material PECAN, which is a bio-based thermoset, and 45.3—48.8% of the virgin material used to
synthesise the PECAN is biomass material, the fatigue experiments and fatigue information of GF-PECAN and CF-
PECAN are unknown [38], but for the tensile strength, GF-PECAN shows similar performance as GF-EP [38].

The material used in wind turbine blades evolved from metal in the early stages to composite materials, with E-
glass fibre-reinforced UP (GF-UP) becoming common in the first few decades of wind energy development [11]. In the
2000s, CF combined with EP (CF-EP) began replacing GF in spar caps, and epoxy became the dominant matrix material
in large-size WTB manufacturing. In the 2010s, sustainable materials such as hemp and bamboo fibre were explored in
WTB design but were limited due to mechanical performance and recycling difficulties. Recently, sustainable
alternatives such as recyclable thermoplastics, like Elium, and bio-based thermosets, like PECAN, have been developed
to address the challenges of recyclability and environmental impact.

In WTB design, the material quality properties drive the blade shape optimisation, including fatigue, tensile
strength and density, which are three important design factors when considering the materials used in WTB [11,32,39];
also, the market value represents the material cost required to present economic viability [27,30]. These material quality
properties and the cost of the above material are shown in Table 1. This information will be discussed in material
selection in combination with the material recyclability result. A total of 10 materials will be covered in this study, but
accessing information on fatigue for GF-PECAN and CF-PECAN materials is limited. The tensile strength and density
value of the composite will be calculated based on the rules of mixture with a mass fraction of 7:3 (fibre:matrix) after
taking the mean value of the range, as this is the general mass fraction of composite material used in WTB [32]. The
result will be shown in part 4.2.

Table 1. Material quality properties and market value.

Material _ Fatigue (Mpa) at 10° Cycle Density (g/cm?) Market Value/Price Tensile Strength (MPa) Reference
Aluminium 100-219 2.67-2.84 2.21-3.14 GBP/kg 288-571 [11,40]
Steel 256-542 7.61-7.87 16.3-23.9 GBP/kg 515-1300 [11,40]
Glass fibre: 2.55-2.6 Glass fibre: 1.28-2.56 GBP/kg 1900-2050
GF-EP 400 [28,40]
EP: 1.11-1.4 EP:2.32-4.31 GBP/kg 45.0-89.6
Glass fibre: 2.55-2.6 Glass fibre: 1.28-2.56 GBP/kg 19002050
GF-UP 200 [11,28,40]
UP:1.04-14 UP:1.89-1.97 GBP/kg 41.4-89.6
Glass fibre: 2.55-2.6 Glass fibre: 1.28-2.56 GBP/kg 1900-2050
GF-PECAN / [38,40]

PECAN:1.226 PECAN: Unknown 75.6
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Carbon Fibre: 1.8-1.84 Carbon fibre: 19.7-26.4 GBP/kg 44004800
CF-EP 1500 [30,40]
EP: 1.11-14 EP: 2.32-4.31 GBP/kg 45.0-89.6
Carbon Fibre: 1.8-1.84 Carbon fibre: 19.7-26.4 GBP/kg 4400-4800
CF-PECAN / [38,40]
PECAN: 1.226 PECAN: Unknown 66
. Glass fibre: 2.55-2.6 Glass fibre: 1.28-2.56 GBP/kg 1900-2050
GF-Elium 250 . . [37,40]
Elium: 1.03 Elium: 13.64 GBP/kg 66
Bamboo: 0.6-1.1 Bamboo: 1.05-1.58GBP/kg 540-630
Bamboo-EP 175-191 [40,41]
EP: 1.11-14 EP: 1.11-14 41.4-89.6
Hemp: 1.47-1.51 Hemp: 0.52-1.57GBP/kg 550-890
Hemp-EP 170 [40,42]
EP: 1.11-14 EP: 1.11-14 41.4-89.6

2.2. WIB Recycling Technology Overview

Material recyclability depends on the recycling technology applied in the recycling process [25]. The recycling
process is a series of steps that apply recycling technology [43]. Currently, some recycling technologies have been
studied to recover the composite material used in WTB. According to [11,20,44], different recycling technologies
exhibit varying levels of recyclate yield and quality preservation, which are generally used to measure the success of a
recycling process. This effect is also captured by the economic evaluation of [22,24] and the end-of-life scenarios
comparison study by [23]. For example, the polymer matrix is burned to separate the fibres in the fluidised bed recycling
of GF-EP and GF-UP. This process typically operates at temperatures ranging from 400 °C to 650 °C [45]. According
to [20,44,46], under the high-temperature conditions of the recycling process, many studies report a surface degradation
of the glass fibre after recycling, which may damage the mechanical performance of the recovered fibre, while the
surface of CF is almost unaffected. Sections 4.3 and 5 will detail the changes in material recyclability related to the
recycling technology.

Recycling strategies for WTB mainly focus on four routes [4,12]: High voltage fragmentation (HVF), mechanical
recycling (ME), thermal recycling (TR), and solvolysis (SO), as summarised in Figure 2. Mechanical recycling
processes (e.g., shredding, crushing, milling) can efficiently process large volumes of composite materials by converting
them into smaller pieces for various applications [23,24,47]. Thermal recycling includes pyrolysis and fluidised bed
processes, and microwave-assisted pyrolysis(MAP), which uses heat to decompose matrix materials and recover fibres
and may combine with post-processing further to remove residual resin from the fibre surface [12,48]. Chemical
recycling/solvolysis uses solvents under controlled conditions to dissolve matrix materials, recovering both fibre and
matrix recyclates [44]. There are three pathways for chemical recycling: supercritical fluid method, supercritical
hydrolysis and solvent dissolution [12]. HVF disintegrates solid material and separates the matrix and fibres by
repetitive pulse electrical discharges within a dielectric liquid environment, typically water [49].

| Recycling ’
technology

A
[ !

Mechanical ’ Thermal Solvolysis(SO) 1 ‘ High Voltage
recycling(ME) recycling(TR) ¥ fragmentation(HV)
. Supercritical fluid
[ Pyrolysis(PY) ] method(SF) I
Microwave assisstant Supercritical
pyrolysis(MAP) hydrolysis(SH)

o Solvent
Fluidised-bed(FB) dissolution(SD)

Figure 2. Recycling technology.

2.3. Waste in the WTB Manufacturing Process

Effective waste management requires identifying and classifying waste [50]. Before introducing the potential waste
management methods in manufacturing, this part reviews and organises the main waste types in the manufacturing
process. The types of material waste in the manufacturing process are related to the specific type of fibre and resin used
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as the input material [51]. The material recyclability and form of waste will impact waste management during
manufacturing [52]. The types of material waste can generally be classified as loss in resin, loss in dry fibre, and loss
of the cured composite and consumables [26,51,53].

Liu and Barlow’s study estimated the waste from wind turbine blades until 2050, and the model included the
manufacturing process. The four waste sources identified in the literature are dry fibre off-cuts, cured composite oft-
cuts, flow mesh with resin residue and polishing dust [26]. The proportion of each source to total manufacturing waste
is 21%, 27%, 43% and 9%, respectively [26]. Besides, three waste scenarios regarding waste generation volume, low,
central, and high, have been considered in Liu’s study, and different scenarios correspond to the different proportions
of manufacturing waste to total blade waste [26].

Rybicka et al.’s study uses material flow models to track the waste flow of four companies’ composite
manufacturing businesses. There are two of them: using prepreg, then curing in an autoclave, and applying VARTM,
respectively [51]. In the prepreg and autoclave manufacturing process, the waste types are prepreg off-cuts, cured
composite mistakes, and cutting and machining scrap for cured products [51]. The percentage of different waste to total
blade waste is 22.5%, 5%, and 5%, respectively, for a total of 32.5%. Besides, the investigation of their waste
management is also included, and all waste generated by this company is landfilled [51].

Upadhyayula et al. applied Life cycle assessment (LCA) on the GF blade, GF-hybrid blade and recycled CF-hybrid
blade (RCF-hybrid blade), and waste factors are also considered in the LCA model [53]. The types of waste are non-
crimp VCF performed in RCF-hybrid blade and GF woven preform that is uncured dry fibre, the volume of which is
11% of the input material for both [53]. Furthermore, this dry fibre waste is treated as post-industrial recycling (PIR)
scrap and incinerated with energy recovery [53]. Another type of waste is cured composite, which is the material offcuts
in shaping the RCF EP prepregs, the volume of which is also 11% of the input material [53].

3. Material Efficiency Improvement Opportunities in Manufacturing
3.1. WI'B Manufacturing Energy and GWP

The WTB manufacturing energy consumption and GWP, including material-induced and process-induced [47,54].
The material used in WTB manufacturing accounts for most of the energy usage and GWP in WTB’s lifetime [55],
according to the life cycle assessment (LCA) conducted by [29] for an optimised IEA-15MW baseline blades model.
The energy usage-induced GWP is about 4.9% of the total GWP of manufacturing a single WTB blade; the remaining
95.1% is caused by material usage. The material GWP and EE are key factors that impact the overall environmental
impact of WTB. Therefore, material selection will significantly impact the environmental footprint of WTB.

Within the fibres used in WTB manufacturing, CF has the highest environmental impact, with a GWP of 21.83 kg
COs-eq/kg and EE of 350.2 MJ/kg, followed by GF, the GWP and EE of which are 2 kg CO,-eq/kg and 31.15 MJ/kg,
respectively. Natural fibres, including bamboo and hemp, have a GWP of 0.197 kg CO»-eq/kg and 0.869 kg CO»-eq/kg;
EE is 20.25 MJ/kg and 10.8 MJ/kg, respectively, which is much lower than other fibre materials. The GWP and EE of
the material are shown in Table 2.

For matrix materials, EP and UP show relatively high GWP values of 6.19 and 4.54 kg CO;-eq/kg, respectively,
with corresponding EE values of 125.5 MJ/kg and 98.25 MJ/kg. For two new matrix materials, Elium and PECAN,
Elium resin reports a GWP of 7.31 kg CO,-eq/kg, but the EE data are unavailable [56]. The GWP and EE of PECAN
cannot be found to the best of our knowledge.

Table 3 summarises the energy demand of the VARTM manufacturing process. The CO, emissions of the
corresponding energy demand are converted based on the UK Grid Emissions Factors in 2024; the rate is 0.20705 kg
COs.eq per kW [57]. The total energy demand for the VARTM is 32,541 kWh, resulting in 6737 kg CO»-eq emissions.
The most significant contributors were HVAC, thermal post-curing, and resin infusion. These three stages accounted
for most of the process-related energy consumption and environmental impact. Other processes had relatively lower
contributions to energy use and CO, emissions.

Table 2. Material GWP and EE.

Material GWP (kg CO;-eq/kg) EE (MJ/kg) Source
Glass Fibre (GF) 2 31.15 [40]
Epoxy (EP) 6.19 125.5 [40]
Unsaturated Polyester (UP) 4.54 98.25 [40]

Carbon Fibre (CF) 21.83 350.2 [58]
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PECAN — — —
Elium 7.31 — [56]
Bamboo (Pole) 0.197 20.25 [40]
Hemp 0.869 10.8 [40]
Table 3. Manufacturing energy usage and corresponding GWP.
Manufacturing Process and Utility Onsite Energy Usage (kWh) GWP (kg COz-eq)
Root drill 531 110
Root cutting 214 44
Material cutting 839 174
Resin infusion 4924 1020
Flash trimming 94 19
Adhesive 81 17
Warehouse Transportation 36 7
Warehouse lifting 323 67
Blade surface sanding 59 12
Surface coating 69 14
Thermal post-curing 4725 978
HVAC 20,646 4275
Total 32,541 6737

3.2. Manufacturing Process Waste Management

The waste source and volume are summarised according to the review of waste sources in WTB manufacturing.
As shown in Table 4, the four identified waste types for the primary material used are dry fibre off-cuts, cured composite
waste including cured mistakes off-cuts and cured composite trim, reins waste that including cured resin loss, resin
preparation loss, and flow mesh with resin residual, total waste is the proportion of manufacturing waste to the total
waste in product life cycle. The study by [26] on WTB waste provides a relatively clear identification of waste sources
and volumes during manufacturing. The manufacturing stage waste accounts for 13—-30% of the WTB lifecycle waste
[26]. In [53], only dry fibre waste from offcuts in fabric cutting is considered in the VARTM process, so that the total
waste may be underestimated. In [51], the number for VARTM reaches as high as 47%, with resin and cured composite
waste contributing equally to the total manufacturing waste. The high volume may be due to the company being a small
research and development facility, rather than WTB manufacturing the prototype, which may require more material to
satisfy the requirements and may vary from project to project [51]. Furthermore, ref. [51] does not identify the flow
mesh with resin residual; it may be due to the fact that the flow mesh is identified as a consumable, which is not a
primary material used in the product manufacturing. For preperg waste, it is only shown in the preperg & autoclave
process. In [53], because the input material for blade manufacturing is recycled CF in prepreg, the manufacturing
process is assumed as prepreg & autoclave process. Hence, the material waste is mainly the offcuts of preperg and trim
of cured composite product, and the waste volume is significantly lower than VARTM.

Table 4. Manufacturing waste type and its percentage.

Manufacturing Dry Fibre/Prepreg Resin Cured Composite Flow Mesh with Total

Source Technology Waste Waste Waste Resin Residue Waste
[26](Low-waste VARTM 2.52% 1.08% 3.24% 5.16% 13%
scenario)
[26](Central waste VARTM 3.57% 1.53% 4.59% 7.31% 17%
scenario)
26](High wast
[26](High waste VARTM 6.30% 2.70% 8.10% 12.9% 30%
scenario)
[51] Prepreg&Autoclave 22.50% / 5% / 27.50%
[51] VARTM 3% 22% 22% / 47%
[53](GFB scenario) VARTM 7% / / / 7%
[53](GFHB scenario) VARTM 6% / / / 6%
[53](RCFHB scenario) Prepreg&Autoclave 6% / 4% / 10%
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Table 5 summarises the sources of waste generated in WTB manufacturing and the current ways of disposal. Dry
fibre waste is mainly caused by the fabric cutting process, which is required to fit the shape requirements before loading
into the automated tape laying machine. In [51], some companies landfill them, but some regard them as post-
manufacturing scrap and then incinerate them. Study [53] assumes that the waste of dry fibre off-cuts is incinerated.
The related study about recycling dry fibre is limited. Cured composing mainly sourced from mistakes in the curing
process and the off-cuts from trimming after curing. In [26], these wastes are disposed of in landfills. However, ref. [51]
finds that some companies collect and recycle them, but the specific recycling method remains unclear. For resin waste,
it will be mixed with the hardener before injecting it into the fibre. As the company generally prepare excess resin to
avoid the insufficient mix, it may cause a certain level of waste [29]. Besides, the resin residuals left in the mould and
flow mesh also contribute to the volume of waste [26,51]. The resin waste is generally landfilled after collection [26,51].
Another way to manage waste resin is incineration [51,53]. However, some studies have also revealed opportunities to
reduce the impact of other post-production waste types. Study [29] investigated the economic potential of utilising a
sprayable silicone bag, a reusable vacuum bag/mesh flow, for the mesh flow waste in the WTB VARTM process. When
the number of reuses reaches about 30, the reusable will be more cost-effective [29]. Besides, ref. [59] explored the
recycling of GF waste and reinforced it with new thermosetting polymer composites. For WTB post-production resin
waste, the related research is limited.

Table 5. Waste source and waste disposal method.

Material Type Waste Source Disposal Method

Drv Fibre Off-cuts from fabric cutting (VCF preform, woven preform,  Landfill [51]; incinerated [51,53];
Y ATL, VARTM, etc.) recycling [59]

Cured I . . . .

Composite Off-cuts from trimming, machining, or curing mistakes Landfill [26,51]; Recycling [51]

Excess resin from mixing, cured resin left in moulds, resin

Resin . . Landfill [26,51]; Incineration [51,53]
residue in flow mesh

Flow mesh Disposed after resin transfer Landfill [26,51] Reuse [29]

4. Recyclability Study

4.1. Material Recyclability Approach

According to [60], standards such as ISO 22628 and IEC/TR 62635 assess recyclability through mass ratios.
However, recent research has recognised that using product mass as the only factor will not ensure an efficient design
[25,60,61]. They extended it by incorporating additional factors, such as material quality and environmental impact
[60]. Ref. [60] summarises the different types of recyclability calculations, based on the number of approaches applied
and indicators considered in the calculation. Two categories of recyclability calculation methods are the single approach
assessment method and the multi-approach assessment method, which indicate that recyclability is represented by either
a single value or multiple values [60]. The indicators can be classified into three categories: technical, environmental,
and economic [60]. This study applies a single approach assessment method based on technical indicators to evaluate
material recyclability. This approach is chosen for three reasons. First, as [60] suggested, simple and accessible
assessment tools are essential so that designers are not required to be experts in end-of-life (EoL) strategies. Second, a
single reference value facilitates comparison across multiple materials and recycling technologies, as many materials
and recycling technologies are involved; therefore, multiple approaches will significantly increase the complexity and
difficulty in explanation. Third, technical indicators are widely used and accepted, with approximately 76% of
recyclability/recoverability assessments employing the technical indicator approach [60]. In contrast, economic and
environmental are less applied (about 30% and 46%), and already have established methods such as life cycle
assessment (LCA) and cost-benefit analysis, which involve multiple variables, specific databases and software to
evaluate [60,62].

The recyclability calculation equation proposed for this study is based on the Formulas (1)—(4) from literature
[22,45,61,63], the Formulas (1) and (2) used to quantify the technical indicators including yield and tensile strength,
Formulas (3) and (4) are used to combine and derive a new recyclability Equation (6), and Formula (5) records how (6)
is derived from (3) and (4).
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Firstly, two technical indicators that require consideration are mass preservation [25,64,65] and the quality
preservation of each recyclate [25,60]. The mass preservation of material is represented by the yield of recyclates, which
is the mass of a recyclate divided by the mass of input waste into a process, as shown in Formula (1) [63].

Yield; = z Yield,; = 3

ri

my,

(1)

minput

where my, is the mass of “recyclates i” after a certain recycling process, Mipue is the mass of input material. The yield
of material in a specific recycling technology is also used in [23] to evaluate the efficiency of recycling technology.

For the quality preservation of WTB, the selected indicator is the tensile strength preservation of recyclates. The
reason for choosing tensile strength is as follows. Firstly, the tensile strength of recyclates is a commonly tested quality
indicator after recycling [20,44]. Secondly, tensile strength is an important factor in the WTB design [11,29,66]. The
shape optimisation is generally based on the tensile strength of the material in different directions [29,66]. Thirdly,
tensile strength indicators are selected and used in some WTB recycling technologies evaluation research [23,45,47]).
In [22,23], the recycling technology efficiency is represented by quality and yield indicators, and the quality refers to
the remaining tensile strength after the advanced recycling processes. In [45], the quality indicators include tensile
strength, tensile modulus, and fibre length, which are combined by multiplication for simplicity to represent quality
preservation. Although the quality preservation term, which encompasses additional quality indicators, could potentially
enhance the reliability of the recyclability calculation, it relies on an appropriate method for combining these indicators.
Such multiplication may easily lead to a poor result when one of the quality indicators is in a lower value, as it implicitly
assumes that each quality indicator contributes equally. This fails to reflect cases where certain properties, such as UTS,
are more critical than others, like Young’s modulus. Therefore, the quality preservation term is consistent [22]. So, the
tensile strength as a percentage is used as a quality factor to estimate the economic value of recyclates, as shown in
Formula (2).

TS ) TS,,
preservation = TS, 2)

The method for combining the above two indicators to derive recyclability is by multiplication, as noted by [22,61].
According to [22], the estimation of the value/revenue of each recyclate is multiplied by the yield, tensile strength
preservation, and virgin material content of the recyclate. The formula is as follows:

V., = V; X yield,, X TS preservation,, 3)

In this study, the definition of recyclability is consistent with that of [61]. Villalba et al. proposed a recyclability
evaluation based on the material value. Recyclability was defined as the ability of the recycled material to acquire its
original properties, using the market price as an indicator to interpret the value of the material at different stages [25,61]. The
recyclability is the market value of raw material in use divided by the market value of the material after recycling [61].

Equation (4) shows the recyclability calculation based on the material value [61], where R; is the recyclability
value of “material I”, V;, is the “recyclate i” market value after the recycling process, V; is the material market value

of the original material used in a product.

If we move the V; of Formula (3) to left hand side, and combine it with (4), we get the recyclability calculated by
multiplying the yield and tensile strength preservation.

V..
R; = % = yield, x TS preservation,, 6]
L

When involving more recyclates “material 7;”” on a specific recycling technology “recyc j” and “material i’ that is
input in the recycling technology, the formula will be (6). And the general recyclability index of a material is captured
by the average recyclability of this material on different recycling technologies, as shown in (7).

Rmaterialirecycj = 2 yleldmaterialrlrecycj X tensile Strength perservatlOnmaterialrlrecycj (6)
l
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Zj Rmaterialirecycj

(7

RI ial; =
t l;
material; n

According to Equations (1) and (2), the yield and tensile strength preservation are first calculated to acquire the
yield and tensile strength for the literature that does not directly provide yield rate and tensile strength preservation
[36,67—72]. Then Equations (6) and (7) can be used to calculate the recyclability. One assumption behind Equation (7)
is that material recyclability is assumed to be the average of all material recyclability in different recycling technologies.
With this value, the overall effectiveness of the current recycling technology level for a certain type of material or a
category that contains several material types can be assessed. The material recyclability in each recycling process will
first be calculated using Formula (6). For all the calculated values, the average will be taken for each specific material
or category to determine the recyclability of the material type or category using Formula (7). Although the material
recyclability calculation order is from (6) to (7), the average material recyclability result from Formula (7) is introduced
first, as it is more intuitive.

4.2. Material Recyclability Findings

The result of average material recyclability calculated by Formula (7) is shown in Figure 3, which shows the
average recyclability value for each material introduced in the blade material part, and the red dot line is the average
value. For materials with only one record, no error bars are displayed. For those with multiple records, error bars
represent the variability in their recyclability value. For the early stage, commonly used traditional materials are GF-
EP, GF-UP, and CF-EP. Figure 3 Material Recyclability also shows the highest recyclability in early-stage materials,
including steel and Aluminium. However, recyclability is only one dimension of material efficiency. Figure 4
complements this analysis by presenting other key design factors—cost, density, tensile strength, and fatigue, calculated
using the rule of mixtures based on Table 1, and the red dot line is the average value. As shown in Figure 4, the cost,
density, tensile strength, and fatigue are all inferior to those of GF-EP. Only steel’s fatigue strength is higher than that
of GF-UP. To some extent, this explains why GFRP replaced metal in the 1970s, after it could be manufactured on a
large scale, which is similar to the views of [11,32,39,73].

Material recyclability
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Figure 3. Material Recyclability.
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Furthermore, Figure 4 also shows that, except for GF-EP’s market value, which is higher than GF-UP, all other
quality indicators of GF-EP are superior to those of GF-UP. It provides evidence that EP has now replaced UP and is
commonly used in manufacturing large and extra-large wind turbine blades [11,31]. The average recyclability of GF-
EP is also higher than that of GF-UP, with lower variability than GF-EP, as shown in an error bar.

Among the traditional composite materials, CF-EP, GF-EP, and GF-UP, the recyclability of CF-EP is the highest,
with a value greater than 0.6. As shown in Figure 4, the quality indicator is also significantly superior to that of other
traditional and early-stage materials, but its market value is dramatically high, only slightly lower than that of steel.
This result supports the view that although CF-EP has superior mechanical properties, for cost reasons, CF-RP is only
widely used in spar caps, which are a key loading-bearing component of a blade [30,32].

Besides, for innovative materials, GF-Elium, GF-PECAN and CF-PECAN also show a high recyclability among
composite materials, especially GF-Elium, which shows a recyclability of over 0.8. CF-PECAN shows a recyclability
similar to aluminium, which is around 0.76. The recyclability of GF-PECAN is similar to the average recyclability of
CF-EP, which is about 0.61.
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Figure 4. Other quality indicator and material value.

4.3. Material Recyclability Difference among Recycling Technologies

The material recyclability regarding different recycling technologies is calculated by Formula (6). The overall
average of CFRP, GFRP, and all materials is calculated by Formula (7) and shown as blue, green, and red dashed lines
in Figure 5. As shown in Figure 5, the results indicate significant differences between the recyclability of different
recycling technologies for the same material and between different materials for the same recycling technology. It
explains that the error bars in material recyclability represent the significant variation in some materials, such as CF-
EP, as shown in Figure 3. Besides, not all the literature data in the recyclability calculation specified the detailed material
type. For some studies [22,23,74,75], the type of material is not specified; only the fibre type is informed, these materials
are marked as unspecified CFRP and GFRP (usCFRP and usGFRP). This section will interpret the result of material
recyclability in two categories, CFRP and GFRP.
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Figure 5. Average recyclability regarding material and recycling technology.

For the CFRP, the average recyclability is 0.53, and the material being assessed the most is CF-EP. Among the
four categories of recycling technology regarding the CF-EP, chemical recycling shows relatively high recyclability;
all three types are more than 0.6. Particularly for supercritical hydrolysis [23,68], the number is the highest, which is
0.83; the high variability is mainly because the difference in yield recorded in study [23] and [68], one assumed that matrix
is recyclable, the other just characterised the matrix recyclates rather than explain the potential in recycling the matrix.

The other three recycling categories of CF-EP are fluidised bed, pyrolysis, and mechanical recycling. Fluidised-
bed recycling shows higher recyclability, 0.66, than mechanical recycling and pyrolysis, which are 0.45 and 0.26,
respectively. The fluidised bed can recover most of the fibre material from the composite by removing the matrix, while
the recyclates from mechanical recycling and pyrolysis are mainly low-quality small pieces of composite and solid
residue, respectively [23,76,77]. Two technologies were assessed for the unspecified CFRP material: high voltage
fragmentation and microwave-assisted pyrolysis, with relatively low recyclability, which are 0.43 and 0.26, respectively.
Furthermore, for the recyclability value of microwave-assisted pyrolysis of unspecified CFRP, the yield and tensile
strength retention in the original literature were assumed values based on the microwave-assisted pyrolysis study in GFRP
[22]. For the innovative material recently developed, CF-PECAN, a supercritical hydrolysis method has been developed
to recover its fibre material; the recyclability value is 0.76, higher than the average recyclability level of CFRP.

4.3.2. GFRP

The recyclability of material regarding different recycling technologies is significantly different. As shown in
Figure 5, the average recyclability of GFRP is 0.36, which is far smaller than that of CFRP material. The material being
assessed the most is GF-UP. The assessed recycling technology of GF-UP is solvent dissolution(SD), high voltage
fragmentation, pyrolysis, and fluidised bed. The recyclability of these materials is 0.67, 0.49, 0.17, and 0.19,
respectively. The two thermal recycling technologies show a much lower recyclability on this material than that of the
GF recovered from solvent dissolution and high voltage fragmentation. For the new materials, GF-Elium and GF-
PECAN, the recyclability is 0.83 and 0.61, respectively. The solvent dissolvent method developed for GF-Elium not
only recovers GF but also partially recovers the matrix, with less damage to the mechanical properties of GF [37].
However, for GF-PECAN, the recycling method is the same as CF-PECAN, a supercritical hydrolysis method with
high matrix degradation, which also reports a good-quality retention for GF. The assessed recycling technologies for
the unspecified GFRP materials are mechanical recycling, microwave-assisted pyrolysis, pyrolysis, and unspecitfied
solvolysis. Their recyclability is 0.25, 0.26, 0.36, and 0.58, respectively. Like GF-UP, the recyclability of mechanical
recycling and the two thermal recycling methods is much lower than that of solvolysis.



Marine Energy Research 2025, 2, 10014 13 of 22

5. Discussion
5.1. WIB Material Selection

The evolution of material from metal to composite material, and this change to a large extent, is because the design
goal of wind turbine blades is mainly oriented towards increasing the load in their lifecycle with a common 20-year
lifetime [11,32,78]. In line with this design goal, the material selection also focuses on those with superior mechanical
properties, such as high tensile strength, lower density, and high fatigue resistance [11]. Composite materials are more
suitable for large and complex assembly structure components due to their superior properties compared to metals,
lower prices, and mould-forming manufacturing methods. As a result, they are more attractive for blade production.
Within the composite material used, there are also differences. GF fibre is dominant in the blade material used for the
traditional fibre material because of its cost-effective advantage. For CF fibre, despite its superior mechanical
performance compared to GF, the cost of CF is also very high, so it is generally used in the key load-bearing part, the
spar cap [11,29,32]. For the matrix material, the EP gradually replaced UP, as GF-EP brought a significant increase in
fatigue resistance compared to GF-UP, with a slight increase in cost.

Moreover, in terms of the recyclability of traditional materials, the CF-EP is much higher than the GF-EP and GF-
UP, and there are more studies related to CF-EP. The reasons may be the following two aspects. On the one hand, CFRP
shows a high tensile strength retention with various recycling technologies, whereas GFRP shows significant surface
damage and quality reduction for both the thermal recycling method and the chemical recycling method under HTP
conditions. On the other hand, practitioners and researchers also drive the cost factor to achieve a higher recyclability
of CFRP. Because the cost of CF is several times higher than that of other materials, any low-cost source of CF may
have huge potential profits [29].

However, the traditional load-oriented wind turbine blade material selection has limited sustainability
considerations. To some extent, this can be seen in commonly used composite materials such as GF-EP, whose
recyclability is significantly lower than that of metal materials. As the wind turbine blade waste management problem
becomes increasingly critical, sustainability gains more attention [12,26]; innovations are being made in blade materials
to achieve sustainable objectives. There are explorations of the feasibility of using natural fibres as alternatives to
traditional GF materials [41,42,66]. Bamboo fibre and hemp fibre with EP as matrix verified their feasibility for small-
size wind turbine blades due to their low load requirements, but the feasibility is highly limited for larger sizes [32,41,42].
Pender’s study designed a blade using hemp fibre to partially replace GF, with EP as the matrix [66]. Compared to the
baseline GF and CF hybrid blades, this design resulted in a lighter blade with a lower environmental impact. For
recyclability evaluation, possibly due to the limited use of hemp-EP and bamboo-EP in high-performance applications
such as wind turbine blades, the studies on recycling these materials are very limited, making it challenging to quantify
their recyclability. Nevertheless, natural materials such as bamboo and hemp fibre show promising potential for
sustainable blade design. Because natural fibre material has a lower environmental impact and lower cost, with a wide
range of sources, and is a renewable material type [11,32,66], its potential in the wind turbine blade application is still
worth exploring.

In terms of matrix materials, traditional matrix materials such as EP and UP are thermosets [29]. Using thermoset
materials leads to a recycling problem, as the crosslink structure after curing makes it difficult to remove or recover
[32]. Furthermore, the sources of thermoset matrix, like EP and UP, are synthesised, and their virgin materials are
derived from non-renewable sources [32]. In contrast, the current innovative matrix materials, Elium and PECAN, have
improved recyclability and sustainable sourcing [37,38]. Currently, the recyclability of CF-PECAN is higher than that
of traditional CF-EP material. Similarly, GF-PECAN’s recyclability is much higher than that of traditional GF-UP and
GF-EP materials. To some extent, it could be attributed to the supercritical fluid recycling process designed to recover
the fibre and degraded PECAN. For CF, increased tensile strength is observed after recycling [38]. As a new material,
only one recycling technology has been applied so far; there may be further potential for improving its recyclability.
Furthermore, it is worth noting that, according to the formulation provided by [38], approximately 45.3—48.8% of the
virgin material used in PECAN is biomass material, which also demonstrates its potential as a more sustainable
alternative to conventional thermosets. For the cost of PECAN, a simple cost estimation was applied based on the
formula of PECAN and material price shown in Merck KGaA [79], as shown in Table 6. The price is approximately
245£/kg, which is particularly high. Nevertheless, this data is a unit price in a small batch; it has the potential to be
reduced by the economies of scale when trading on a large scale.
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Table 6. Cost of PECAN.

Ingredient Required Amount (g) Price per g (£) Cost (£)
SPGE 174.73 0.316 55.21468
BDGE 287.85 0.328 94.4148

MHHPA 547.42 0.16467 90.143651
2,4-EMI 10.1 0.845 8.5345
Total 1020.1 245.84914

Elium is a recyclable thermoplastic developed for wind turbine blades from the IACMI project [37]. It shows a
similar mechanical performance to the GF-EP material [37]. The recyclability of GF-Elium is the highest among all the
assessed composite materials. This is largely due to the solvent dissolution method developed for the GF-Elium using
chloroform, which can recover both fibre and matrix in polymer form [69]. Besides, solvent dissolution is operated in
LTP conditions, which causes less damage to the GF. Furthermore, according to [37], the techno-economic model
indicates a 5% decrease in blade manufacturing costs compared to the baseline EP blade model, without considering
the economics of scale. Additionally, the calculations on recycling wind blades based on Elium indicate a net economic
benefit to recycling companies [37]. The TRL of Elium is about 6/7, reported by [37], indicating that it is approaching
commercial-scale implementation but still requires further validation.

5.2. WTB Recycling Technology

Various recycling technologies have been applied to GFRP and CFRP to different extents. First, mechanical
recycling has relatively lower recyclability compared to other recycling technologies in CFRP (0.452) and GFRP (0.3),
which is slightly higher than the pyrolysis process. The low recyclability of mechanical recycling is mainly attributed
to the low tensile strength retention in recyclates. Because the original structure of the composite is destroyed, the
shredded composite materials offer limited effectiveness as reinforcements in new polymer composites [80]. The
recyclates are mainly small pieces, particles, and powders, generally applied as fillers in low-performance materials,
such as SMC and DMC [81]. In addition, mechanical recycling is generally a pre-processing step for other high-
performance recycling methods. Chemical and thermal recycling methods are being developed in small-scale laboratory
environments [12]. As a result, large composite components, such as blades, must be crushed or cut into smaller pieces
before recycling [12]. Furthermore, compared to other recycling methods, mechanical recycling is one of the most
mature recycling technologies, with a TRL of 9 [4]. According to [22], among the relatively mature recycling
technologies, including pyrolysis, microwave-assisted pyrolysis, fluidised-bed, and mechanical recycling, mechanical
recycling is the only profitable method for glass fibre material compared to the others.

The recyclability of HVF is moderate in both GFRP and CFRP recycling. However, in GFRP recycling, its
recyclability is significantly higher than that of thermal and mechanical recycling methods, but lower than solvent
dissolution. CFRP recycling is less recyclable than fluidised bed recycling. In both material categories, it is a sub-
optimal choice from the perspective of recyclability. Unless high-voltage fragmentation has potential in terms of reduced
energy consumption or improved economic viability, it may still remain a suboptimal alternative in WTB recycling.

CFRP’s recyclability (0.458) for thermal recycling is significantly higher than that of GFRP material (0.269).
Among all thermal recycling technologies, pyrolysis is the most mature recycling method, with a TRL of 9, but the
product is of low quality, and fibre cannot be recovered from this process. For pyrolysis, about 70% of recyclates are
low-quality solid residuals generally used as filler in other materials such as SMC and DMC, and 30% are gas and oil,
which are reused as fuel in the pyrolysis process [44,82]. The high-quality retention of pyrolysis can be attributed to the
tensile strength retained being calculated based on the application of filler in SMC rather than in solid residual form
[21,22]. For fluidised-bed and microwave-assisted pyrolysis, which is a moderately mature technology, fibre material
can be recovered from composite waste by melting the matrix attached to the fibre’s surface. A significantly higher
recyclability can be seen in a fluidised bed compared to pyrolysis, as it has both high yield and quality retention.
However, the same recyclability value of the microwave-assisted pyrolysis of CF, as reported in the original literature
[22], implies that the yield and quality retention are assumed to be the same as those of pyrolysis. However, in a related
study conducted by [83], the recovery rate of fibre material is about 97% for microwave-assisted pyrolysis, which is
significantly higher than the assumed yield from [22]. Besides, the general mass ratio in composite material in WTB is
around 7:3 [84]. Therefore, the estimated yield is suggested to be 67.9%, and recyclability is expected to increase to
54.2%, which is significantly higher than the 26% recyclability achieved through pyrolysis. For GFRP, the poor
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retention of fibre tensile strength in thermal recycling leads to low recyclability. According to [20], the exact reason for
GF strength loss in high temperatures is currently unknown, but three important factors are sizing damage, surface
degradation, and thermal contraction.

Furthermore, according to [4], the TRL of microwave-assisted pyrolysis is about 4/5, while for fluidised bed recycling,
it is 5/6. Currently, the University of Strathclyde is in the process of establishing the first WTB recycling pilot plant in the
UK based on fluidised bed recycling [85]. Such a project may increase the TRL of fluidised bed recycling.

For chemical recycling, the recyclability of both CFRP and GFRP materials is higher than the average level.
Because most of the reference data used for the recyclability calculation in this study considered the potential of
chemical recycling to recover matrix materials, it indicates an increase in yield while preserving fibre quality, but other
recycling technologies, such as fluidised beds, can only achieve fibre recovery [20,69]. However, among all the
recycling technologies, according to [4,20], chemical recycling is the most immature recycling technology, with only a
TRL of 3/4 in the UK [20]. Besides, LCA reports that the environmental impact and human health of chemical recycling
are higher than those of thermal recycling and mechanical recycling [20]. Current research has improved matrix
recycling and energy usage reduction in chemical recycling, investigating the potential application of recyclates [86].
This approach utilises the solvent dissolution method to recover GFRP material, achieving the reuse of the catalyst and
low energy consumption by operating in a mild environment. Besides, it directly uses the recycled GF with decomposed
matrix to produce new thermoplastic composites, providing a sustainable solution for GF recycling [86].

5.3. WTB Manufacturing

The material used in manufacturing will impact the WTB GWP and energy usage, primarily due to the material’s
EE, and partly due to the matrix type’s effect on energy usage during curing. Moreover, the source of waste type
corresponds to the wind turbine blade material input(e.g., if input is GF-EP, the source of waste is cured GF-EP, dry
GF, and EP material). Hence, the material recyclability characteristics also influence the theoretical recycling rate in
manufacturing.

In large-scale wind turbine blade manufacturing, the material GWP and its contribution to more than 95% of the
total wind turbine blade GWP and energy consumption. For the fibre material, CF GWP and EE are significantly higher
than other materials; their GWP and EE are ten times that of GF, and their usage accounts for more than half of the
GWP of WTB blades. For natural fibre materials such as bamboo fibre and hemp fibre. Their GWP potential and EE
are particularly small. The application of natural fibre in WTB may show potential to reduce the environmental impact
of blades. A recent study [66] provides evidence for this point, showing that replacing part of glass fibre with hemp
fibre in wind turbine blades achieved an 8.9% mass reduction and 13.2% material GWP reduction.

Regarding the traditional matrix material, the GWP of EP is higher than that of UP, so replacing EP with UP may
lead to a higher GWP, even though there is a significant increase in fatigue resistance. For the innovative material, the
LCA regarding the PECAN is limited, and the GWP and EE are unknown. Because about half of the PECAN raw
material is bio-based, the GWP may be lower than that of the traditional material. For Elium, the EE of Elium
manufacturing is unknown, and its GWP is slightly higher than that of EP. Additionally, ref. [37] study shows that
material selection affects in-process energy usage. Specifically, Elium-based blade manufacturing in VARTM exhibits
a shorter curing time compared to EP-based blade manufacturing in VARTM, resulting in lower energy consumption
and higher material efficiency. However, the recyclability of the composite made by Elium is higher than that of the EP
composite, which may offset the environmental impact through the material recovery process; however, this requires
further verification through Life Cycle Assessment (LCA).

For the waste in manufacturing, the total waste that contributes to manufacturing ranges from 13% to 30% of total
blade manufacturing [26]. The current disposal method for post-production materials is landfill or incineration, and
cured composites are partially recycled [26,51]. Recycling may significantly reduce their environmental impact on
waste management of these materials. According to [87], LCA was applied to the post-production waste material of
wind turbine blade manufacturing. It shows that the recycling of post-produced material will reduce the overall
detrimental impact by around 30% throughout the lifecycle of certain types of material. In addition, a more precise
mound can reduce curing mistakes, thereby decreasing waste generated during the trimming process [29,32].

The current disposal method is mainly landfill, which is the least preferred waste management option under the
European Union’s (EU) Waste Framework Directive [29]. Therefore, there is a significant opportunity to collect and
recycle cured composite waste, thereby reducing the overall lifecycle impact of wind turbine blades by selecting input
materials with high recyclability, as several recycling technologies are developed for recycling cured composite waste.
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Furthermore, some studies have also revealed opportunities to reduce the impact of other post-production waste types,
such as mesh flow and dry fabric waste [29,59]. However, further studies are needed for the resin waste to reveal its
potential for sustainable waste management.

5.4. WTB Waste Management in a Life Cycle Perspective

To provide a comprehensive understanding of waste generation and management across the full life cycle of wind
turbine blades (WTBs), the key processes and their inputs/outputs are summarised from a life cycle perspective. As shown
in Figure 6, the process and its output related to waste management are highlighted in green. The installation stage and the
unrecoverable part of the blade are not included in the scope of this study and are marked with a dashed line.

In the design stage, the selection of innovative sustainable materials such as Elium and PECAN, which show high
recyclability, can improve the efficiency of the recycling process, reduce the processing difficulty and retain more
quality. During the manufacturing stage, multiple types of waste are generated—including dry fibre, cured composites,
and resin waste. The flow mesh, a major contributor to manufacturing waste, can be potentially substituted with a
reusable type to reduce post-production waste . The resin can be diverted to incineration and energy recovery rather
than landfilling.. After recollection, the dry fibre could be stitched together to produce recycled glass fibre fabric.The
management of cured composite is the same as that of WTB composite material, from decommissioning to operation
to maintenance. At the operation and decommissioning stage, the disassembled blade will be pre-processed (generally
further downsized by cutting machines) and classified into recyclable and non-recyclable parts [22]. The pre-processed
recyclable part will be sent to the recycling process. As introduced before, there are four different recycling technology
routes for composite recycling. Chemical recycling/Solvolysis retains most of the fibre with high tensile strength
preservation and can potentially recover the resin, but the TRL is relatively lower than other recycling technologies
[20]. Mechanical recycling cannot separate the fibre and resin, but it is a highly mature recycling method and is
considered a cost-effective waste management option currently [22,23]. The outputs of mechanical recycling are powder,
coarse fibre, and fine fibre, according to the grinding level. For thermal recycling, the output generally includes solid
residual and recovered fibre; the resin will be destroyed in this process [20] . Generally, the recycled glass fibre from
thermal recycling shows a low quality preservation, but the recycled carbon fibre from the fluidised bed recycling
process exhibits a high quality preservation and fibre yield [88] . The pyrolysis generally produces a small fraction of
fibre, most of the output is solid residual. However, the TRL is the same as the mechanical recycling, which is nine,
and is regarded as a highly mature recycling technology . High voltage fragmentation can recover most of the fibre for
both CFRP and GFRP, and preserve moderate fibre quality, but the TRL is relatively lower and is not as cost-effective
as mechanical recycling [49].
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6. Conclusions

This research quantified the recyclability of materials based on various studies on composite material recycling,
focusing on the composite materials used in the WTB. The factors influencing material efficiency in the manufacturing
process are discussed, and the implications of material recyclability and recycling technology are explained in context.
A suggestion for further evaluation of recycling technology is that the material type requires a more detailed explanation
when making assumptions about the recycling technology, as different or the same material with different recycling
technologies generally have different recyclability.

For the new materials, natural fibre material can potentially reduce the WTB environmental impact and total mass
of the blade.[66] conducted a feasibility analysis on this point and provided related evidence. However, due to limited
mechanical properties, such as tensile strength, the full replacement of GF is currently unlikely to be realistic unless
natural fibre composites can be explored and developed to meet the load design requirements of large-scale wind
turbines. The recyclable thermoplastics developed by the IACMI project are the most promising material for replacing
EP resin [37]. It shows a reduced manufacturing cost, similar tensile strength, and higher recyclability compared to EP-
based composites. However, the investigation of Elium’s environmental impact is relatively limited. Ref. [56]’s
Research revealed its GWP, which is slightly higher than the GWP of EP from the Granta database. The other impact
categories require a detailed LCA to verify. PECAN is a relatively new material synthesised [38]. There are relatively
few studies related to this material. Some WTB quality indicators, such as fatigue value, are unknown, but their tensile
strength is similar to EP material. The recyclability of both CF-PECAN and GF-PECAN is higher than that of traditional
CFRP and GFRP material used in the WTB. However, the strength of fatigue, an important design factor in WTB,
remains unclear. To further explore its capability in wind turbine blade applications, it is worth applying mechanical
fatigue tests to ensure tensile strength under cyclic loading and compare its performance with that of traditional materials.
Apart from recyclability, another attractive part of PECAN for sustainable-oriented manufacturers is that it contains
about 45.3-48.8% biomass material, which is regarded as a renewable source. The PECAN may have the potential to
reduce the environmental impact of WTB.

For manufacturing waste management, currently, landfill is the primary disposal method for post-production waste
in manufacturing, but there are opportunities to reduce dry fibre, cured composite, and mesh flow waste [29,59]. Ref.
[87] show an opportunity to further reduce about 30% of the overall environmental impact of WTB by appropriately
collecting and recycling WTB post-production waste.

Regarding recycling technology, chemical recycling is the most promising category for recycling composites used
in wind turbine blade recycling, as it has the potential to recover both fibre and matrix. Of the three types of chemical
recycling, solvent dissolution shows high recyclability in both CFRP and GFRP, as it can operate in mild conditions.
The supercritical fluid method and supercritical hydrolysis may damage the GF when recycling, as they require an HTP
condition to reach the supercritical state, but show a high recyclability in CFRP recycling. Currently, the TRL for
chemical recycling is relatively low, at 3/4 in the UK, requiring further pilot-scale facilities to verify the feasibility on
a commercial or industrial scale. High voltage fragmentation is currently a suboptimal solution for GFRP and CFRP
recycling unless it can reduce the cost and energy consumption compared to fluidised bed recycling and solvent
dissolution. Mechanical recycling and pyrolysis are mature recycling technologies with a TRL of 9. Mechanical
recycling is currently a suitable solution for processing large-scale WTB waste, even though the recyclates are of low
quality [22]. Ref. [22] also indicates that mechanical recycling is the most profitable method among the mature recycling
technologies. Fluidised bed recycling is a moderately mature technology with relatively high recyclability in CFRP
recycling. Considering the technology readiness level, fluidised bed recycling is currently a more suitable choice for
CFRP recycling compared to solvent dissolution, as the recyclability of both recycling technologies for CF-EP is very
similar. Furthermore, the first fluidised-bed-based WTB recycling pilot plant at the University of Strathclyde may
further reveal the feasibility of fluidised beds on a large scale [85]. However, in the future, solvent dissolution may
become more favourable due to its potential for resin recovery.

Currently, most material recycling methods are based on experimental environmental conditions; the fibre material
must be cut and crushed into small pieces, and recyclability is estimated based on the short-length discontinuous fibre.
In WTB manufacturing, the fibre usage is generally long continuous fibre material [29]. According to [89], there is a
significant mechanical performance difference between short discontinuous and long continuous fibre. The fatigue level
and material density are excluded from the recyclability estimation due to data availability issues and unclear
relationships between the recyclate value, density, and fatigue level. Therefore, the recyclability estimation could be
more comprehensive by incorporating additional quality factors into the estimation in an appropriate way.
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