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Abstract: The article reviews the literature on the potential utilization of decommissioned 

wind turbine blade waste (WTBW) in construction materials, including geopolymers, 

which are rarely discussed. The review indicates that only the mechanical processing of 

WTBW creates prerequisites for its possible use as fillers in construction materials; how-

ever, adjustments to the composition of binding materials are necessary. Wind turbine 

blades (WTBs) are usually made from strong and durable composite materials, thus pos-

ing serious recycling and environmental challenges. Thermal process methods are prom-

ising approaches for recovering glass fibers from thermosets of WTBW through pyrolysis 

or converting WTBW into fibers via plasma processing. Preliminary durability studies of 

such recovered and recycled glass fibers have demonstrated their potential application in 

geopolymers or cement-based materials. Implementing these technologies would expand 

the waste management system, completing recycling and reuse solutions. To successfully 

adopt more environmentally friendly solutions, further development of geopolymer pro-

duction processes and sustainable fiber recovery is recommended. 

Keywords: waste turbine blades; pyrolysis; plasma; recycling; recovering; fiber;  

geopolymer; cement 

 

1. Introduction 

Wind energy is one of the cleanest and most sustainable methods of generating elec-

tricity. It helps reduce greenhouse gas emissions and decreases our reliance on fossil fuels. 

However, despite these advantages, environmental challenges are associated with the 

waste management of wind turbine components, particularly the blades. 

The growing accumulation of waste from WTBs has become a significant concern in 

recent years. It is predicted that by 2050, the world will generate approximately 43 million 

tons of this waste unless more efficient recycling solutions are implemented [1]. Several 

countries in the European Union, including Germany, the Netherlands, Austria, and Fin-

land, are already banning the landfilling of wind turbine blades and encouraging the de-

velopment of alternative solutions. 

Numerous excellent reviews have been published in scientific journals dealing with 

challenges associated with wind turbine (WT) waste management [1–3], recycling, and 

upcycling [2–6]. According to the hierarchy proposed by D. Jasinska and M. Dutkiewicz 

[5], waste management starts with reuse, followed by recycling and recovery, and finishes 

with disposal, where the last one should be the least expected procedure. However, the 
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construction of wind turbines limits the complete recycling or reuse of all their compo-

nents. The review by S. T. Tayebi et al. [7] presents a detailed description of the main 

construction elements of WT and their functions (Figure 1). Materials, such as steel, cop-

per, cast iron, and aluminum, are used in the production of towers, rotors, gearboxes, 

generators, nacelle, and foundations, whereas glass- or carbon fiber-reinforced polymers, 

foam, and wood are used for wind turbine blade (WTB) production [7]. 

 

Figure 1. Standard figure of upwind three-bladed WT. Reprinted from Ref. [7], 2024, MDPI. 

The repurposing and reuse of WTBs is the target of most studies discussed in numer-

ous reviews [3–6,8]. Repurposing involves redesigning WTBs by incorporating their ele-

ments in new structures [6]; however, difficulty in establishing the materials’ properties 

limits their wider adaptation. The main components of WTBs include balsa wood, polyu-

rethane, and a thermoset polymeric matrix composite. This composite typically contains 

over 50 wt% of fibers and is known as carbon fiber-reinforced polymer (CFRP) or glass 

fiber-reinforced polymer (GFRP). These materials are generally the target for recycling or 

recovery (Figure 2). 

The literature widely discusses the application of various methods for GFRP recy-

cling [7]. Recycling usually defines the conversion of waste into a new product that can be 

used as a standard for other applications [7]. The most common recycling methods for 

GFRP utilization are chemical, thermal, and mechanical recycling [3–6]. A detailed over-

view of each technique, along with its strengths and limitations, can be found in the re-

view by J. Quereshi [6]. 

 

Figure 2. Main components of a typical WTB. Reprinted from Ref. [7], 2024, MDPI. 
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Mechanical recycling is a cost-efficient and straightforward process; however, it 

demonstrates a low fiber recovery, leading to the generation of up to 40% waste material 

[3,6]. Chemical recycling methods, such as high- and low-temperature solvolysis, are ap-

plied for clean, mainly carbon fiber recovery. However, solvolysis is costly and consumes 

aggressive chemical reagents that may negatively impact the environment [3,6]. Along-

side mechanical recycling, thermal recycling has become a commercially successful tech-

nique as it generally provides higher recycling and fiber recovery rates, even though it 

may generate harmful gases and slag [2]. As with the solvolysis method, clean fibers with-

out char deposits are recovered by fluidized bed combustion of GFRP, which is one of the 

thermal recycling methods [3,6]. Since the strength of thermally recycled fibers is reduced 

by up to 25%, the hot alkali treatment was proposed recently by K. Pender and L. Yang 

[9]. A microwave-based thermal recycling method [10–12] preserves carbon fibers from 

degradation, particularly when performed in an argon atmosphere. In contrast, treatment 

in an oxygen atmosphere results in defects on the fiber surface [13]. The conventional py-

rolysis method minimizes carbon fiber degradation [2]. However, the thermal decompo-

sition of epoxy thermosets requires higher temperatures and an oxidizing atmosphere, 

which can negatively affect the strength of the recovered fibers [3,6,13]. 

Pyrolysis, fluidized bed, and microwave methods are commonly recognized as ther-

mal WTBW recycling techniques, whereas plasma technology is less frequently men-

tioned. Additionally, there is a notable lack of literature specifically reviewing the appli-

cation of wind turbine blade waste (WTBW or WTB waste) in geopolymers or the dura-

bility aspects of recovered or recycled glass fibers. This short review addresses the man-

agement and sustainability challenges associated with these issues and the aforemen-

tioned aspects of recycled glass fiber. 

2. Management Aspects of Wind Turbine Blade Waste (WTBW) 

A wind turbine blade (WTB) is typically made from glass fiber, which primarily con-

tains silicon dioxide (SiO2), calcium oxide (CaO), and aluminum oxide (Al2O3) or carbon 

fiber-reinforced composites bonded with epoxy resin [14]. The epoxy resin contains pri-

mary epoxy rings and hydroxyl functional groups. Additionally, polyester and, less com-

monly, vinyl ester resin are also used. The glass fiber-reinforced composite polymers 

(GFRPs) provide the necessary strength, lightweight characteristics, and resistance to en-

vironmental factors, making the blades exceptionally durable. However, this durability 

poses a significant challenge during the recovery phase, as these materials are difficult to 

recycle due to their unique structure, which traditional recycling methods struggle to ad-

dress [15]. 

There are currently several methods for managing blade waste [3,4,16–18]. One of the 

most common is landfilling; however, this option is increasingly restricted due to stricter 

environmental regulations [19]. Another method is incineration for energy recovery, but 

because of the glass fiber composition, this process is inefficient and can lead to additional 

pollution. A proposed method involves incinerating GFRP for material recovery in the 

wind sector, utilizing the waste material in the cement industry [20]. In this process, the 

non-combustible GFRP can be used as a substitute for limestone fillers and clay in concrete 

[21]. However, this method is generally not favored due to technological and economic 

challenges, as cement kilns are not designed for incinerating waste blade materials. 

One of the most promising, circular, and low-carbon solutions is chemical recycling, 

where resins are broken down into primary raw materials that can be used to manufacture 

new blades [22]. However, this process requires specialized equipment, and concerns 

arise regarding the high solvent content and toxic gas emissions associated with solvolysis 

[23]. Additionally, biodegradable resins are being developed to facilitate the production 

of more easily recyclable composite components [24,25]. 
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Moreover, projects are being developed in some countries to reuse dismantled blades, 

such as in the construction sector, where they can be adapted as structural elements for 

small architecture, bridges, or buildings [6]. 

Currently, no technology is entirely feasible or promising, and a structured market 

for products made from recycled materials has yet to be established. Mechanical recycling 

is the most advanced method, which has attained a Technology Readiness Level (TRL) of 

9 [26]. This method involves crushing blades and using them as filler in construction ma-

terials; however, it is still not widely adopted due to its low economic value, technological 

limitations, and the absence of life cycle assessments (LCAs), which require additional 

data. This review will discuss the application of a mechanical method to wind turbine 

blade waste recycling. 

3. Sustainability Challenges in the Construction Industry 

The cement industry is one of the world’s largest and most polluting industries. Alt-

hough cement plays an essential role in construction, as it is a key raw material used in 

producing concrete, the production process of cement is associated with extremely high 

carbon dioxide (CO₂) emissions, significant energy consumption, and various negative 

environmental impacts. 

Rapid urbanization and infrastructure development continue to drive a high demand 

for cement, which presents serious sustainability challenges. Global cement production 

exceeds 4 billion tons each year, making the industry responsible for 12–15% of the total 

industrial energy consumption [27] and about 7% of the global anthropogenic CO₂ emis-

sions [28], which is equivalent to the emissions produced by the entire transport sector. 

The primary source of these emissions is the clinker production process, where limestone 

is heated to around 1450 °C. This process emits vast amounts of CO₂ from the fossil fuels 

used in combustion and the chemical reactions involved. 

To address these challenges, the Global Cement and Concrete Association (GCCA) 

has set ambitious targets: to reduce the carbon footprint by 40% by 2030 and to achieve 

zero emissions from cement production by 2050 [29]. 

In addition to CO₂ emissions, cement production also causes other environmental 

problems. The process requires many natural resources, in particular limestone, clay, and 

sand, and the extraction of these can lead to the destruction of ecosystems and loss of 

biodiversity. Cement factories also consume large amounts of water, and the dust emitted 

during production and transport can have a negative impact on the health of local com-

munities. 

To address the sustainability challenges of the cement industry, cement producers 

and scientists are looking for different ways to reduce emissions and energy consumption. 

Achieving sustainability in cement production requires fewer virgin materials, more re-

cycled materials, and renewable resources, with an increasing focus on lower carbon foot-

print alternatives. One way to reduce CO₂ emissions is to use clinker substitutes, such as 

bottom ash from municipal solid waste incinerators, fly ash from coal power plants, and 

gypsum from the desulfurization plants used in power plants [30,31], which reduces the 

energy and carbon footprint of cement production. New technologies, including carbon 

capture and sequestration (CCS) and low-carbon cement grades, are being developed, 

which could significantly reduce the industrial impact on the climate. 

The cement industry faces challenges in utilizing alternative raw materials, particu-

larly those derived from other sectors considered by-products or waste [31]. Recently, a 

growing amount of research has focused on solutions for disposing of wind turbine blades 

at the end of their service lives. Some of these studies investigate the potential use of GFRP 

waste from wind turbine blades in concrete production. 
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4. Valorization of Wind Turbine Blade Waste (WTBW) 

Integrating waste from WTBs into concrete production is an innovative approach to 

addressing waste management issues. Researchers and industry professionals are becom-

ing increasingly interested in this technology’s economic and environmental benefits. In-

corporating WTBW into concrete can offer several advantages, including promoting sus-

tainable waste recycling, creating greener and more durable building materials, and re-

ducing landfill loads. One of the primary benefits is that using WTBW significantly lowers 

carbon dioxide emissions by reducing the reliance on cement [32]. Research indicates that 

concrete containing WTBW has a lower global warming potential (GWP) than traditional 

fiber-reinforced concrete [33]. For instance, incorporating 1% WTBW by volume can re-

duce the GWP by 51.48% compared to concrete that utilizes steel fibers. 

A. Tyurkay et al. [3] emphasized that material passports are essential for the sustain-

able use of end-of-life (EoL) WTB materials. However, most manufacturers rarely disclose 

their exact compositions due to the confidentiality that persists in the wind industry. Ad-

ditionally, the composition of WTBs can vary widely among manufacturers, and the lack 

of composition passports makes it challenging to compare results. Even a small quantity 

of additives can significantly impact the properties of cement. Therefore, we have chosen 

to focus this review exclusively on articles concerning the use of WTBW, excluding the 

literature related to other by-products. 

4.1. Thermal Methods for Glass Fiber Recycling and Recovery 

4.1.1. Pyrolysis Process in Fiber Recovery from GFRP 

Pyrolysis is a thermal method in which thermal treatment occurs at a relatively low 

temperature (below 800 °C) in an inert atmosphere. During the process, thermosets de-

compose while solid products remain [3,6,7,34–37]. The output of pyrolysis is fibers and 

fillers together with oil products, such as toluene, benzene, phenol, benzene, and others 

[2,3,36]. The liquid products can be used as an energy resource for the process, while fi-

brous material is contaminated by char. The application of the one-step pyrolysis process 

requires a post-pyrolysis step in an oxidizing atmosphere to remove the residual carbon 

remaining on the fibrous material [38,39]. It consumes additional energy and increases 

operational costs. Therefore, the recovered oil and gas after the pyrolysis of WTBs is re-

turned to the process, thus increasing the operational flexibility [38]. 

The increasing operational temperature negatively affects the properties of the recov-

ered fibers, making them more brittle [13,36,37,40]. The pyrolysis atmosphere (nitrogen or 

air) has little effect on the tensile strength of the recovered fiber until the temperature is 

below 480 °C [37,41] (Table 1). A high pyrolysis temperature (above 500 °C) is required 

for the complete decomposition of epoxy resins; however, it induces the diffusion of sur-

face flow over the glass fiber [23,39]. M. X. Xu et al. [39] investigated the impact of H2O 

and CO2 on the mechanical properties of recovered glass fibers. It was found that H2O 

facilitated the oxidation of char, though it caused the thermal–oxidative diffusion of the 

surface flows, reducing the strength of the recovered fibers up to 6%. The same group of 

researchers [42] proposed the introduction of acetic acid to co-pyrolysis, while L. Li et al. 

[40] used coal-fired glue gas single-step processing to reduce the recovered fibers’ surface 

defects, thus improving tensile strength. 

They studied the impact of CO2 and O2 gases on the degradation mechanism of the 

recovered glass fiber and found that the concentration of gas and the processing stage are 

crucial parameters [40]. Mild oxidation promotes the growth of defects on the surface of 

the fiber, increasing Si dangling bonds or oxygen vacancies [40]. Moreover, during the 

oxidation stage, water generated from oxidation products may diffuse through pitting or 

cracks and react with SiO2, developing a larger amount of Si-OH, and reducing fiber 
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strength. However, the damaging effect of Si-OH may be significantly reduced with the 

incorporation of 15% of CO2 gas volume [40]. 

G. Cheng et al. [41] investigated the pyrolysis process of WTBs in coal-fired flue gas. 

The impact of process parameters, such as temperature and time, on the tensile strength 

of glass fiber was studied. They found that the optimal temperature should be in the 420–

450 °C range to obtain fiber comparable to virgin fiber’s strength. However, the pyrolysis 

duration, even at low (450 °C) temperature, still negatively affects the strength of the fiber 

[41]. On the other hand, R. S. Ginder [34] investigated the impact of two-temperature step 

pyrolysis on the mechanical strength of recovered glass fiber. The process consisted of 30 

and 10 min exposure at 350 °C and 450 °C, respectively. The results revealed that the mul-

tistep process was less damaging than the single higher-temperature pyrolysis, improving 

the fiber’s tensile strength by up to 19%. The authors also concluded that the higher 

strength was likely a result of the reduced growth rate of the pre-existing surface flows in 

the fiber [34]. 

The mechanical properties of a single fiber recovered after thermal and mechanical 

extraction from end-of-life (EoL) scrap turbine blades were analyzed by A. Rahimizadeh 

et al. [43]. The mechanical treatment was simple grinding of the blades, while the thermal 

method consisted of two steps: pyrolysis in a nitrogen atmosphere at 550 °C for 45 min 

with subsequent oxidation in air at 550 °C for 10 min. The remaining epoxy was still visible 

after mechanical grinding, while the surface of the fibers was nearly smooth, with a small 

content of impurities after two-step thermal treatment. It was shown that the pyrolyzed 

fibers possessed higher stiffness than the ground ones. However, their tensile strength 

was lower, possibly caused by the silica network compaction in the fiber, implying the 

damage arising due to the pyrolysis process [43]. A summary of process parameters and 

their impact on fiber properties is provided in Table 1. 

Table 1. Summary of the recovered fibers’ properties. 

Reference Process Details Recovered Fiber Properties Effect on Fiber 

R. S. Ginder et al. 

[34] 

One-step pyrolysis 40 min at 450 C; 
Compared to virgin fiber,  

reduced Young’s modulus 
Fiber without char 

Two-step pyrolysis 30 min at 350 C and 

10 min 450 C 

Compared to virgin fiber,  

improved residual strength 
Fiber without char 

B. Zhang et al. 

[37] 

Pyrolysis in N2  

at 380 and 450 °C for 120 min; 

pyrolysis in air  

at 450, 480, and 550 °C for 120 min 

Compared to the original fiber, 

tensile strength reduced  

by 25% in N2; 

more than 50% in air 

Fiber with char after 

pyrolysis in N2,  

no contamination after 

air pyrolysis 

Y. Zhang et al. 

[38] 

One-step pyrolysis: 10 min at selected 

temperatures (400, 500, 600, and 700 °C) 

with subsequent oxidation for 20 min 

Not indicated 

Clean fiber after longer 

oxidation or tempera-

tures above 500 °C 

S. Yousef et al. 

[36] 

One-step pyrolysis  

at 500, 550, and 600 °C for 45–77 min 
Not indicated Fibers with char 

M. Xu et al. [42]  

WTB impregnation with glacial acetic 

acid before pyrolysis at 300–500 °C 

for 60 min followed by oxidation at 500 

°C for 30 min 

Compared to the original WTB fi-

ber, the tensile strength of acid-

pretreated recovered fiber in-

creased by 28.3% 

Fibers without char 

M. Xu et al. [39] 

Pyrolysis at 500 °C for 60 min:  

a) pure N2, b) 20% of H2O with N2, and c) 

20% of CO2 with N2.  

Pyrolysis without (i) and with post-oxida-

tion at 500 °C for 30 min (ii). 

Post-oxidation reduced tensile 

strength by 5.97% 

Without post-oxidation, 

fibers covered with char 

After post-oxidation, 

clean the white fibers 
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L. Li at al. [40]  

Single pyrolysis with the introduction of  

oxygen-containing exhaust gas; 60 min 

Stepwise pyrolysis—first pyrolysis for 30 

min with subsequent oxidation for 30 

min. Process temperature 550 °C 

No difference in recovered fiber 

strength between processes. 

Reduction in Young’s modulus 

after single-step processing. 

Structural damage on 

the surface of the recov-

ered fiber 

G. Cheng et al. 

[41] 

Pyrolysis at simulated flue gas  

(N2 + O2 + SO2);  

temperature 380–480 °C;  

duration 2–6 h 

Compared with fresh fiber,  

tensile strength decreases up to 

10% when temperatures exceed 

420 °C and reduces 5% when ex-

posure times increase 

Below 420 °C—fiber 

contaminated with 

char; above 420—non-

contaminated fiber 

A. Rahimizadeh 

et al. [43] 

Pyrolysis at 550 °C for 45 min in N2  

followed by an oxidative stage 

at 550 °C for 10 min 

Relative to the ground fibers the 

tensile strength of the pyrolyzed 

fibers was reduced by 50%  

while stiffness was 9 to 17% 

higher. 

Fiber without char 

4.1.2. Plasma Method in WTBW Recycling 

A. Bosmans et al. [44] reviewed the potential and suitability of thermochemical tech-

nologies for the energetic valorization of landfilling wastes. It was pointed out that 

plasma-based systems are relatively new technologies for solid waste treatment by reduc-

ing their volume through melting or immobilization in a vitrified, non-leachable slag [44]. 

However, it is worth mentioning that plasma technologies have long been used for waste 

processing due to their ability to reach extremely high temperatures and efficiently break 

down complex materials [45–47]. These technologies operate by utilizing the plasma state, 

in which gases become ionized and reach temperatures unattainable by conventional 

methods [48], thus enabling the treatment of both organic and inorganic materials. This 

allows for the recycling of various industrial and household wastes, including plastics, 

metals, and other difficult-to-process components. 

Like other thermochemical conversion methods, such as pyrolysis, gasification, and 

combustion, plasma treatment converts waste into high-calorific fuel gases and an inert 

solid slag; however, this occurs at substantially higher temperatures, 1200–2000 °C [44]. 

Due to high heat and reactant transferring rates, high-temperature materials can be melted 

in the plasma process. When exposed to a high-temperature plasma flow, organic polymer 

matrices are decomposed into smaller carbon and hydrogen compounds. This process re-

sults in lower CO₂ emissions than traditional methods such as pyrolysis or incineration. 

Additionally, the process aims to produce methane or syngas from the carbon oxides gen-

erated during plasma treatment through various chemical reactions [44,49,50]. The gener-

ation of valuable products, such as syngas or hydrogen, may compensate for the actual 

costs related to electricity consumption, which is the primary energy source in the plasma 

process [44]. 

Plasma technology also holds significant potential for recycling wind turbine blades. 

Since blades are typically made of composite materials, such as glass or carbon fibers com-

bined with highly resistant polymers, plasma-based methods can effectively break down 

these complex structures and separate valuable components. 

The plasma recycling process produces only the target product without generating 

additional harmful substances or residues, making it environmentally friendly and non-

polluting. As mentioned previously, fibers derived from mechanically grounded WTBs 

contain organic contaminations such as wood, which negatively impacts the final mate-

rial’s properties [51]. Mechanical separation from wood requires additional energy. How-

ever, in a plasma–chemical reactor, wood can act as an energy source during recycling, 

potentially eliminating the need for separation. 
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It is worth mentioning that mechanical processing is necessary to recycle materials 

using plasma. Notably, the cost of shredding raw WTBs is approximately 40% lower than 

the energy cost associated with extracting natural aggregates, highlighting the sustaina-

bility and efficiency of this method [52]. Figure 3 shows the shredded WTB waste, whose 

particles are too big to supply into the reactor. Therefore, the grinding step is needed to 

achieve a uniform particle size of 50–300 µm. This uniformity ensures a consistent bulk 

density of the raw material, which facilitates a steady supply to the plasma–chemical re-

actor via a screw feeder. 

Material recycling, including WTBW, can be performed in specially designed 

plasma–chemical equipment with a flow reactor and a linear DC plasma torch with a 

power capacity of up to 100 kW [53–55], presented in Figure 4. Once the plasma torch is 

activated, the system operates in a steady-state mode. The reactor is designed with multi-

ple sections to enhance the velocity of the jet outflow and thus increase the effectiveness 

of the melting process of WTB waste. When crushed WTBW is introduced into the plasma 

field (2000–3000 °C), the composite materials, such as temperature-resistant thermosets, 

rapidly heat up, melt, and undergo complete decomposition at the molecular level along 

with various chemical and physical transformations resulting in high-purity secondary 

products [53,56]. The inorganic material exiting the reactor is rapidly cooled and solidi-

fied, forming fused slags and/or fibers. 

  

(a) (b) 

Figure 3. Shredded (a) and ground (b) WTBW (data of this study). 

The fiber (Figure 4a) or/and slag, as the resulting material of the plasma process, is 

collected after reaching the optimal process parameters. Therefore, the monitoring of the 

process temperature, the flow rates of air, auxiliary gases, water, and raw materials, as 

well as the operational parameters of the plasma generator, are required [44,50,53,54]. 

  

(a) (b) 
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(c) 

Figure 4. Plasma processing: (a) without material, (b) melted slag, (c) fiber flow (data of this study). 

Kavaliauskas et al. [53] used a thermochemical plasma process [54] to convert WTB 

powdered waste into fibers with a diameter of 40–50 µm (Figure 5). The ground WTBW 

(Figure 5b) has an amorphous non-crystalline phase, as well as the fiber obtained after 

WTBW recycling in the thermal plasma process (Figure 5b). The peak of ground WTBW 

powder is shifted to a lower diffraction angle, indicating the presence of organic com-

pounds. Meanwhile, the peak of the recycled fiber is situated between the 2θ angle of 20–

30° (Figure 5b), characteristic of the crystalline SiO2. The nearly doubled amount of SiO2 

in the resulting fiber measured by X-ray fluorescence (XRF) analysis confirms the glass 

fiber formation [53]. 

 
 

(a) (b) 

Figure 5. Reprinted from the reference [53], 2023, MDPI: (a) iber produced from WTBW; (b) XRD 

patterns of the ground WTBW powder and recycled glass fiber. 

A comparison of Fourier-transform infrared spectroscopy (FTIR) spectra shows that 

virgin WTBW contains many chemical bonds typical of organic compounds [53]. Mean-

while, the carbon content of the resulting fiber after WTBW plasma flow treatment is up 

to seven times lower than that of the raw material [53]. A very high 2300 °C temperature 

of the process resulted in a substantial reduction in the carbon-containing functional peaks 

responsible for the degradation of most organic compounds in GFRP. As a result, the 

peaks associated with epoxy resins such as O-H, C-H, C-O, C=O, and C=C are significantly 

reduced or disappear in the FTIR spectra of fiber [53]. 

If the appropriate plasma-based systems with optimal parameters are selected, 

plasma technology may offer an innovative, sustainable solution for the production of 

recycled glass fibers from GFRP or WTBW, thereby enhancing their recyclability and po-

tential for reuse [44]. 
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4.2. Application of Recovered or Recycled Glass Fiber 

4.2.1. Mechanically Treated Glass Fiber-Reinforced Polymer (GFRP) in Concrete 

One effective way to minimize the environmental impact associated with the use of 

glass fiber-reinforced plastic (GFRP) is through recycling, specifically by creating products 

suitable for civil engineering applications. For instance, waste materials from WTBW can 

be utilized as cement replacements, fine and coarse aggregates, fillers, or reinforcing fiber 

in concrete [8,52,57]. The literature presents a variety of applications for WTBW. Some 

studies have been carried out on raw-crushed WTB, where the material is crushed non-

selectively without separating its constituents. The final product contains fiberglass, com-

posite fibers, polyurethane, and balsa wood particles and was tested for reuse as a raw 

material for concrete [32,58]. 

Some studies have investigated the recycling of GFRP from wind turbine blades and 

its incorporation into concrete as “needles” to enhance the material’s mechanical proper-

ties. All the researchers found that adding GFRP needles can improve concrete’s specific 

properties; however, the effectiveness of this enhancement depends on factors such as the 

quantity, size, and surface texture of the needles. A study by A. Yazdanbakhsh et al. [59] 

found that incorporating 5% and 10 wt% GFRP needles into concrete did not negatively 

affect its stability, workability, or mechanical properties. In fact, 10 wt% needle content 

significantly enhanced the energy absorption capacity of the concrete. However, T. Yu et 

al. [60] indicated that while 40 mm and 60 mm long needles improved the compressive 

strength of concrete by up to 37.1%, the use of 80 mm fibers led to a reduction in compres-

sive strength by 13.98%, suggesting that excessively long fibers can impair concrete per-

formance. In the study by L. Abdo et al. [61], GFRP needles were utilized as a partial sub-

stitute for natural aggregates, making up 2.5% of the total volume. The results indicated 

an increase in the split tensile strength of the concrete, although the compressive strength 

showed a slight decrease. This suggests that using a small amount of GFRP needles can 

enhance tensile properties, but it does not necessarily improve compressive strength. A 

study conducted by A. Yazdanbakhsh et al. [62] found that cutting WTBW GFRP into 

short cylindrical shapes resulted in a more significant reduction in concrete strength than 

using a needle form. This decrease in strength occurred because the rounded sections 

lacked sharp edges, which led to weaker bonding with the cementitious matrix and poorer 

interlocking with coarse aggregates. Additionally, research by D. Baturkin et al. [51] em-

phasized that the surface texture and roughness of GFRP aggregates enhance bonding 

through mechanical interlocking and an increased overall surface area. This improvement 

leads to better adhesion and higher compressive strength than GFR aggregates with 

smooth surfaces. All the studies agree that appropriately selected GFRP needles can en-

hance concrete’s fracture resistance and tensile properties. However, their effect on com-

pressive strength varies depending on factors, such as fiber length, quantity, and surface 

roughness. Longer or smoother needles may negatively impact mechanical performance, 

while optimally sized and textured needles can significantly improve concrete’s structural 

integrity and load-bearing capacity. 

Since GFRP contains durable resins that essentially do not show good compatibility 

with cementitious materials, mainly glass or carbon fibers are used to partially replace 

virgin fibers or filler materials [51]. All the fiber-reinforced thermoset materials, including 

GFRP, can be recycled using mechanical recycling techniques. However, achieving prop-

erties similar to those of recycled fibers (RFs) compared to virgin fibers (VFs) is quite chal-

lenging. Despite this, RFs can be reused, which helps reduce the demand for natural re-

sources, energy consumption, and negative environmental impacts. 

D. Baturkin et al. [51] researched the effects of converting WTB waste glass fiber-

reinforced polymer materials (as a powder, aggregate, or fiber) into concrete. The findings 

demonstrated that the mechanical properties of these materials are comparable to those 
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of conventional concrete. When RFs from WTBW are incorporated into concrete, the flex-

ural capacity increases by up to 15%, with no noticeable reduction in compressive 

strength. However, the use of powder (10–30 wt% replacement for cement) with unre-

moved wood and the use of coarse aggregate (33–100 wt% replacement of limestone) sig-

nificantly reduced the mechanical properties of the concrete due to the presence of organic 

admixtures, and the weak bond between the GFRP aggregate and the cementitious matrix, 

respectively. A summary of the mechanical properties of cementitious composites with 

WTBW incorporation is provided in Table 2. 

Table 2. Summary of the mechanical properties of cementitious composites with WTBW. 

Reference Type WTBW Type 
WTBW  

Content  
Impact on Properties 

    Increase Decrease 

Ortega-López et 

al. [58] 
Additive  Raw-crushed WTB 

1.5%, 3.0%, 4.5%, 

6.0% 

Ductility; 

load-bearing capac-

ity 

 

Revilla-Cuesta et 

al. [63] 
Additive Raw-crushed WTB 1.5% and 6.0%  

Flexural strength; 

compressive strength 
 

Abdo et al. [61] 

Coarse  

aggregate sub-

stitute 

Needle shapes  

60 × 60 × 50 mm 
2.5%  Tensile strength 

Compressive 

strength 

Xu et al. [64] Additive 
Macro fibers of 

lengths < 100 mm 
0.5%, 1.5%, 2.5%  

Flexural strength; 

flexural toughness 

Compressive 

strength 

Baturkin et al. 

[51] 

Coarse  

aggregate or ce-

ment substitute 

Fine powder  

and 20 × 20 mm  

10%, and 20 wt% of 

cement or 50%, 100 

vol% of aggregates 

Compressive 

strength 

 

 

Fu et al. [65] Additive Macro fibers  0.5%, 1.0%, 1.5%  
Flexural strength; 

flexural toughness 
Workability 

Yazdanbakhsh et 

al. [66] 

Coarse  

aggregate sub-

stitute 

Square needles one 

inch thick, 

featuring both plain 

and grooved surfaces 

5% and 10%  
Compressive 

strength 

Workability; 

tensile strength; 

flexural strength 

Yazdanbakhsh et 

al. [59] 

 

Coarse  

aggregate sub-

stitute 

GFRP needles of 

Ø 6 mm and a length 

of 100 mm 

5% and 10%  

Tensile strength; 

energy absorption 

capacity 

Compressive 

strength 

Yazdanbakhsh et 

al. [67] 

Coarse  

aggregate sub-

stitute 

Cylindrical needles 

with an aspect  

ratio of 1 

40% and 100%   

Compressive 

strength; 

tensile strength 

Sorathiya et al. 

[68] 

Coarse  

aggregate sub-

stitute 

Cubes 20–25 mm  
20%, 40%, 60%, 

80%, 100% 

Compressive 

strength 
 

Farinha et al. [69] 
Additive in 

mortar 
Powder Not indicated 

Workability; 

required water; 

flexural strength; 

compressive strength 

Density; 

water absorption; 

porosity 

Oliveira et al. [70] 
Additive in 

mortar 
Powder Not indicated 

Required water; 

voids 

Flexural strength; 

compressive strength 

density 

Rodin et al. [71] 
Additive in 

mortar 
Powder and fiber Not indicated Flexural strength 

Compressive 

strength 
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4.2.2. WTBW in Geopolymers 

The strategy to reduce cement consumption forced researchers to focus on producing 

cement-free materials. One of them is geopolymers, invented by J. Davidovits in early 

1979 [72]. He developed amorphous or semi-crystalline three-dimensional silico-alumi-

nate materials or mineral polymers resulting from geochemistry, thus calling them geo-

polymers [72]. The geopolymer preparation process involves several steps, such as prep-

aration of binder, incorporation of reactive components, and then filler materials and ad-

ditives. In most studies, alkaline-based binders, such as sodium or potassium, rather than 

phosphate-based binders, are used for geopolymer production [73]. The reactive compo-

nents are minerals of the kaolinite group, volcanic tuff, and industrial by-products such 

as blast furnace slag, fly ash, rice husk ash, and others rich in alumina and silica [72–74]. 

Fillers can be either inert or reactive materials, though the latter is more appropriate since 

it may generate a chemical bond with the geopolymer binder itself. 

Geopolymers possess high mechanical strength and resistance to fire, freeze-thaw-

ing, and chemical attack, though they may suffer from brittleness [73,74]. Therefore, their 

reinforcement with fibrous materials may overcome this problem [73,75,76]. 

Waste can be generated i) during the turbine blades production stage and ii) at the 

end of the wind turbine lifecycle. Therefore, waste can be non-contaminated fibrous ma-

terial or a powdered mixture of fibers, epoxy, plastic, or wood [75]. Since WTB waste does 

not contain reactive components, it may serve as reinforcement or filler material in geo-

polymer composites (Table 3). For example, B. Figiela et al. [77] incorporated 25 to 75 wt% 

powdered WTB production GFRP waste as a filler material to produce geopolymer with 

coal gangue waste and sodium-based binder. They found that a high content of aluminum 

oxide, present in both waste materials, results in a porosity increase and, thus, strength 

reduction. They indicated that the higher molarity of the binding solution may result in 

better performance of geopolymers with WTBW powder incorporation. 

K. Plawecka et al. [78] studied the use of waste from different parts of wind turbine 

rotor production as a partial replacement of filler materials in geopolymer. The milled 

waste was oxidized in the furnace at 600 °C for 12 h to reduce the organic matter content. 

After firing, the length of the fiber varied from 0.05 to 1 mm, while the main components 

were aluminum, silicon, and sodium. The authors concluded that the mechanical proper-

ties of modified alkaline-based geopolymers were reduced, and more significantly at the 

highest content of waste filler (30 wt%), although the adsorbability was improved [78]. 

L. Senff et al. [79] investigated the performance of geopolymer foam reinforced with 

pure fibrous material from wind turbine blade production cut into uniform fibers 6 mm 

in length and nearly 18 µm in diameter. The fiber dosage at 1 and 2 wt% was effective 

since the mechanical strength of the foam geopolymer was enhanced, though the impact 

on thermal properties was minor [79]. The same production waste material, cut in fibers 

of 6 and 20 mm in length, was used by R.M. Novais et al. [80] for an alkaline-based geo-

polymer composite. The proportion of added fiber varied from very low (0.1 and 0.2%) to 

medium (1.0, 2.0, and 3.0%). The results revealed that the length of fibers has no impact 

on strength at low fiber dosages, while at higher dosages, the performance of geopolymers 

substantially increases when shorter fibers are used [80]. Shorter fibers (1.45–4.75 mm) 

obtained after the crushing and sieving of decommissioned wind turbine blades were 

used by M. Zhang et al. [81] for foamed sodium-based geopolymer and lightweight geo-

polymer mortar production. Three dosages of fibers (2, 4, and 6%) were investigated to 

determine their impact on workability, density, thermal conductivity, and porosity. Ac-

cording to the results, the best performance of fiber-reinforced geopolymers depends on 

the dual effect of fiber and foaming agents. However, a higher dosage of fiber creates the 

tensile-transfer bridging effect, decreasing the drying shrinkage of porous lightweight ge-

opolymers [81]. 
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D.S. Cousins et al. [82] applied the dissolution technique to recover glass fibers from 

thermoplastic components since the dissolution method is impossible for thermosets. 

They compared the mass-normalized force at the brake and load displacement of the re-

covered and virgin fiber. The results revealed that the tensile strength of the recovered 

fiber was nearly the same as the virgin, while stiffness was reduced by up to 12% thus 

implying that the dissolution method is more advantageous than the pyrolysis one [82]. 

A new approach for recovered fiber application in geopolymers was suggested by 

Yuan et al. [83]. They proposed a new method of reusing end-of-life WTB by converting 

them into binding material. The discarded WTB were calcined at 650 °C for 2 h to obtain 

pure fibers that were milled-up powdered material with a fiber length of less than 100 µm. 

The impact of the particle size of the milled glass fibers on the sodium activator’s param-

eters, such as modulus, sodium content to the binder, and water–binder ratio, was inves-

tigated. They found that the most significant parameter was the activator’s modulus in-

fluencing gel quantity and the structure of reaction products. XRD, FTIR, and SEM-EDS 

analysis confirmed the geopolymerization reaction between ground fiber powder and al-

kali activator. A high Si/Al ratio was assumed to influence the geopolymerization and 

polycondensation processes [83]. Although the microstructure and micromechanical 

properties were considered, the long-term durability of recycled fibers remained undis-

cussed. 

Table 3. Summary of WTBW application in geopolymers. 

Reference Type Activator 
WTBW  

Content  
WTBW Type Findings 

B. Figiela et 

al. [77] 

Light-

weight 

material 

8 M and 10 M  

sodium  

hydroxide  

solution 

25–75 wt% 
Fiber length  

less than 1 mm 

The higher content of WTB the lower 

strength  

and higher porosity 

K. Plawecka 

et al. [78] 
Composite 

8 M and 10 M  

sodium  

hydroxide  

solution 

5; 15; 30 wt% 

Mixture of fibers 

and powder parti-

cles  

(0.05–1 mm)  

after pre-treatment  

at 600 °C for 12 h 

Filler deteriorates 

properties of the 

geopolymer material 

L. Senff et al. 

[79] 

Foam  

material 

10 M sodium  

hydroxide solu-

tion 

1–2 wt% Fiber length 6 mm 

Fibers strengthen the structure of 

foamed material; 

a minor effect on thermal conductivity 

R. M. Novais 

et al. [80] 
Composite 

Sodium silicate  

solution 
0–3 wt% 

Fiber length  

6 and 20 mm  

Higher content of shorter fibers in-

creases the performance of geopoly-

mers  

M. Zhang et 

al. [81] 

Foamed  

lightweight 

material 

Sodium silicate  

solution 
2, 4, 6 wt% 

Fiber length  

1.45–4.75 mm 

6% of fiber increases  

compressive strength,  

reduces drying shrinkage,  

increases thermal conductivity 

4.3. Durability of Recovered or Recycled Glass Fiber 

4.3.1. Durability of Glass Fiber Recovered by Pyrolysis 

The durability of recovered glass fibers within the geopolymer matrix is a critical 

concern, as fiber degradation could undermine the composite’s long-term performance. 

According to previous authors’ study [84], the recovered glass fibers derived from the 

pyrolysis of WTB withstand up to 90 days of soaking in the alkaline solution (pH ~ 14), 

showing no damaging effect on fibers. 



Sustainability 2025, 17, 4202 14 of 24 
 

The literature review revealed a lack of studies on the durability of such recovered 

fibers in geopolymer binder solutions. Therefore, glass fibers obtained after pyrolysis [84] 

were exposed to aggressive alkaline (molar ratio 2.8) and acidic (13 M) solutions at room 

temperature for up to 180 days [85]. The low resistance of glass fiber to alkaline medium 

is known, and therefore, the dissolution of fiber was expected. However, the results reveal 

that the dissolution starts after 7 days, with an increase in rate after 30 days until the com-

plete dissolution after six months of exposure (Figure 6a). Contrary, the diameter of the 

recovered glass fiber remained nearly constant in the acidic medium up to half of the year 

(Figure 6b). The elemental composition of the fiber before and after 120 days of exposure to 

different solutions does not change significantly; however, a slight increase in Na and P con-

tent indicates a possible chemical interaction between the solution and fiber (Table 4). 

  

(a) (b) 

Figure 6. Fiber diameter versus exposure duration in (a) alkaline medium and (b) acidic medium 

(data of this study). 

Table 4. EDS data of fiber before and after exposure in alkaline and acidic medium (data of this 

study). 

Element Recovered Fiber Fiber After 120 Days 

(wt%)  Alkaline Acid 

Si 23.6 25.68 22.56 

Ca 22.89 21.45 20.98 

Al 6.58 7.1 6.75 

Mg 1.51 1.8 1.48 

K 0.59 0.38 0.47 

Ti 0.22 0.4 0.22 

Fe 0.14 0.32 0.28 

Na 0.18 0.28 0.34 

P - - 0.25 

C 4.13 3.83 4.12 

Ca/Si 0.97 0.84 0.93 

Dissolution of the recovered glass fiber created sediments on the surface of the fibers 

or near them in both solutions, although the amount and shape differed greatly (Figure 

7). The coral-like sediments formed after the dissolution of the recovered fiber in the alka-

line solution (Figure 8) are very similar to those obtained during the synthesis of calcium 

silicate hydrates from cetyltrimethylammonium bromide dissolved in 0.01 M Na2SiO3 

with the dissolution of Ca(OH)2 [86]. 
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(a) (b) (c) 

   

Figure 7. Sediments on (near) the fibers after 120 days exposure in (a,b) alkaline medium and (c) 

acidic medium (data of this study). 

The X-ray analysis of the coral-like shape sediments confirmed the formation of cal-

cium silicate hydrates, though a peak of calcium carbonates was also detected (Figure 8). 

  
(a) (b) 

Figure 8. Sediments formed after 180 days in alkaline medium: (a) SEM image; (b) X-ray pattern 

(data of this study). 

The chemical composition of the recovered fiber and sediments is summarized in 

Table 5. The data show that sediments in alkaline solution contain mainly SiO2 and CaO 

oxides, while P2O3, CaO, Al2O3, and SiO2 are present in the sediments exposed to an acidic 

medium. 

Table 5. Chemical composition of recovered glass fiber and sediments found after long-term expo-

sure of fibers in acidic and alkaline solutions (data of this study). 

Oxides (wt%) Raw Fiber [80] Recovered Fiber  Sediments After 180 Days  

   in Alkalis in Acid 

SiO2 51.01 50.49 31.87 41.05 

Al2O3 12.20 12.43 0.70 8.92 

CaO 22.82 32.03 31.93 18.22 

MgO 2.95 2.50 0.30 1.48 

Na2O 0.16 0.24 0.15 0.58 

K2O 0.88 0.71 0.07 0.52 

TiO2 0.32 0.37 0.15 0.30 

Fe2O3 0.32 0.20 0.71 0.24 

P2O5 0.08 - - 13.04 
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Various calcium phosphate compounds can be formed depending on the Ca/P molar 

ratio [87,88]. Since the sediment content in the acidic medium was too low, it was hard to 

identify which compound prevailed. However, as the fiber contains alumina, insoluble 

aluminum orthophosphates were probably formed together with calcium phosphates or 

apatites [87]. Nonetheless, the significant reduction in CaO and Al2O3 with increased P2O3 

confirms the chemical interaction between the fiber and solution. The obtained results in-

fer the feasibility of reusing recovered fiber in geopolymeric compositions, as fiber can be 

involved in polymerization reactions. 

4.3.2. Durability of Recycled Fiber Derived from Plasma Processing 

The slag derived from thermal processes, including plasma, gasification, and incin-

eration, has found its potential utilization in the construction industry [89–92]. However, 

the application of fibrous materials from the plasma process has been studied in a frag-

mented way [53,93,94], and a more profound analysis of fibers from WTBW recycling is 

lacking. 

According to a study [53], the fiber derived from the plasma–chemical reactor is 

mainly an amorphous material containing calcium, aluminum, and silicon oxides (Table 

6). Compared with commercial basalt fiber [95], which is less resistant to alkaline medium 

[95], the recycled WTBW fiber contains more calcium oxide, which suggests the possibility 

of using it in cement-based materials. However, it is worth mentioning that the content of 

SiO2 and CaO is much lower in the fiber recycled by plasma processing than recovered 

from GFRP waste by pyrolysis (Table 5). 

The applicability of fibers depends on their resistance to alkaline medium, which is 

created during cement hydration. Therefore, the fibers obtained after WTBW treatment in 

a plasma–chemical reactor [53] were tested for long-term durability in cement extraction 

[84]. Contrary to the previous study [84], containers filled with water and cement instead 

of cement extraction were used for the fibers’ durability test. This ensured the continuous 

supply of calcium ions to the solution from the cement reaction with water [96]. It is 

known that the chemical composition of fiber, alkali concentration of the medium, soaking 

time, and temperature significantly contribute to the corrosion rate of the fiber [97,98]. 

Therefore, fibers were left in containers for one and a half years. Then, they were taken 

from the solution, washed with distilled water, and analyzed by SEM-EDS. 

Table 6. Chemical composition of fibers obtained after WTBW plasma processing [53] and commer-

cial basalt fiber [95]. 

Oxides (wt%) Basalt Fiber [95] Recycled Fiber [53]  
Aged Fiber After 550 Days 

(Data of This Study) 

   Surface Cross-Section 

SiO2 54.7 36.4 33.24 29.59 

Al2O3 20.9 19.9 28.55 24.90 

CaO 7.0 18.5 19.91 17.88 

MgO 5.1 0.88 1.36 0.78 

Na2O 2.4 0.19 0.01 - 

K2O 1.6 0.13 0.02 - 

TiO2 0.8 0.69 - - 

Fe2O3 7.6 0.47 - - 

P2O5 - 0.38 - - 

It is known that the degradation of fiber in an alkaline medium may arise due to 

alkali ions leaching out from the surface of glass fiber and the breaking of the Si-O-Si 
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structure by hydroxyl ions [96–99]. Chemical reactions and their products cause fibers to 

be brittle. 

Figure 9 shows that the fiber’s outer surface is rough and covered by non-washed 

crystals of various shapes. The cross-section analysis from the outer surface to the center 

of the fiber reveals no sign of cracking or morphological–structural changes after such 

long-term exposure. These data correlate well with Meng Li et al. observations [98], where 

no degradation of fiber was obtained for basalt fiber after immersion in Ca(OH)2 extrac-

tion. On the contrary, C. Scheffler et al. [68] observed the formation of holes (~250 nm in 

diameter) on the surface of different types of fibers after one week of storage in cement 

solution at 40–80 °C. 

The degradation mechanism of basalt fibers in an alkaline medium was studied by 

others [95,96,98]. It was pointed out that the Ca-Si structures formed during exposure to 

calcium hydroxide extraction prevent or delay the degradation of fibers [98]. Meanwhile, 

the KOH or NaOH medium initiates the dissolution of Si-O (-Al-O) bonds, thus boosting 

the leaching of Fe and Mg ions from the fiber and resulting in the lowering of Al and Si 

content in the fiber [96,98]. 

The EDS spectra in Figure 9 show that the elemental composition of the fiber’s cross-

sectional and outer surface is nearly the same. Before exposure, the calculated oxide ratios 

of Al2O3 to SiO2 and SiO2 to CaO were 0.86 and 1.67, respectively; after exposure, these 

values were 0.84 and 1.66, respectively (Table 6). This implies that WTBW recycling by the 

plasma process results in the formation of fibers of dense, impermeable structure pos-

sessing higher resistivity to alkaline Ca(OH)2 medium. 

  

(a) (c) 

  

(b) (d) 

Figure 9. SEM micrograph and EDS spectra of the surface (a,b) and cross-section (c,d) of the fiber 

after 550 days in an alkaline medium (data of this study). 
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Alongside the durability test, the pozzolanic activity of fiberglass was evaluated to 

determine its potential as a supplementary cementitious material [100]. Pozzolanic activ-

ity indicates the waste material’s ability to react with lime or calcium hydroxide at ambi-

ent temperature and form hydration products. 

The pozzolanic test was conducted in several stages following the EN 196-5 standard 

procedure [101]. Ground samples of raw WTB (denoted as raw WTB) and two fibrous 

materials obtained at different plasma operational conditions (denoted as No.1 WTBW 

fiber and No.2 WTBW fiber) were selected for the pozzolanic activity test. First, raw 

WTBW and fibers were ground up to a powdered state similar to the size of Portland 

cement particles. Portland cement was mixed with each ground sample at a ratio of 4:1. 

Each mixture was placed in a flask filled with 100 mL of distilled water, and immediately 

placed in a furnace at 40 °C. Each day, the mixtures were shaken to ensure uniform mix-

ing. After 28 days, samples were removed from the furnace for the titration procedure. 

For the titration procedure, three solutions were used: a 0.1 l/mol hydrochloric acid (HCl) 

solution, a Trilon B (EDTA) solution, and a 10% sodium hydroxide (NaOH) solution. 

The calculated concentrations of calcium and hydroxyl ions in each sample are plot-

ted in Figure 10. The curve in the plot represents the saturation of calcium oxide. The 

points below the saturation curve satisfy the pozzolanic activity (marked by “+” in the 

plot), while points above the curve fail. As expected, the WTB waste is an inert material 

and does not show any pozzolanic activity (point above the curve) (Figure 10). Contrarily, 

both samples with finely ground plasma-recycled glass fiber are characterized as poz-

zolanic materials, implying its possible application in cementitious materials, though 

more detailed studies are needed to draw definitive conclusions. 

 

Figure 10. Diagram for assessing pozzolanicity (data of this study) 

The results show that plasma–chemical treatment technology is an excellent tool for 

recycling wind turbine blade waste and producing a clean by-product, slag or fiberglass, 

which can be used as a pozzolanic additive for concrete production. Nevertheless, further 

research is needed to determine the optimal plasma conditions (temperature, pressure, 

and gas composition) for different WTB material compositions. This will improve the ef-

ficiency and quality of the recycling process. 

5. Concluding Remarks 

The future management of wind turbine blade waste (WTBW) relies significantly on 

advancing new recycling technologies and adopting more sustainable materials. Given 

the stringent environmental regulations and the projected growth of the wind energy 

sector, it is essential to develop innovative and sustainable solutions for the disposal and 
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utilization of wind turbine blades. By integrating economic principles throughout the 

entire life cycle of wind turbines, it will be possible to ensure that this renewable energy source 

remains efficient and ecological. The sustainability of the cement industry remains a critical 

challenge as urbanization and infrastructure development continue, keeping the construction 

sector heavily dependent on cement. Transitioning to low-carbon production technologies 

and implementing circular economic principles are crucial to decreasing the cement industry’s 

environmental impact and supporting global climate change mitigation efforts. 

Wind turbine blade waste (WTBW) presents significant environmental concerns due 

to its non-degradable nature and end-of-life disposal challenges. Thermal recycling 

methods, such as pyrolysis and plasma processing, show the potential for recovering 

fibers from GFRP or converting WTBW into fibrous materials. However, the quality of 

recovered and recycled fibers depends on thermal process parameters, highlighting the 

need to optimize recycling techniques to obtain fibers with the desired properties. A 

literature review suggests that recovered or recycled fibers have potential applications in 

civil engineering as reinforcement or filler materials, while efforts to convert them into 

binding agents also appear promising. Further research is needed to assess the long-term 

performance of cementitious and non-cementitious composites incorporating recovered 

or recycled fibers obtained from GFRP and WTBW, respectively. 

Incorporating WTBW into construction materials provides multiple benefits, 

including sustainable waste management, developing more durable and environmentally 

friendly building materials, and reducing landfill waste. However, further research is 

needed to evaluate its environmental impact quantitatively. Life cycle assessment (LCA) 

and cost–benefit analyses of WTBW utilization in concrete and geopolymer production 

are crucial for advancing its practical implementation in the construction industry. 
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