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Rynek elektrowni wiatrowych jest jednym z najszybciej 

Jednak rozwój rynku turbin wiatrowych i budowa nowych farm 

The wind turbine (WT) market is one of the fastest 
growing in the renewable energy sector. The European 
countries generate more than 70% of the world’s energy 
from wind. However, the growing wind turbine market 
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nych z eksploatacji turbin wiatrowych1)

-
-

-

-

potwierdzone4)

z panelami fotowoltaicznymi na dole i dwoma poziomami 
turbin wiatrowych5)

-

and the constructing new wind farms results in production 
of more waste from end-of-life WT1). It was estimated that 
c.a. 20,000 blades will be out of service in the near future 
only in Spain2). Moreover, the companies are developing 
more advanced wind turbines with higher blade dia-
meters and energy output to meet the market require-
ments. MingYang Group (Guangdong, China), in coop-
eration with Hengshen Co. Ltd. (Zhenjiang, China), man-
ufactured new off-shore wind turbine blades MySE292 
with an impeller diameter of 292 m. The company claims 
this product has the largest impeller diameter that rolled 
off production worldwide. This project has already sur-
passed the size of wind turbine model announced by 
MingYang Group at the beginning of last year3).

Siemens Gamesa (Hamburg, Germany) also devel-
ops high-performance wind turbines. The funds for the 
research are provided by the European Union. According 
to some reports, the company is setting offshore wind 
turbines with the highest known output of 21 MW and 
a rotor diameter of 276 m on a test field on the Danish 
coast. Currently, this information is not officially con-
firmed4).

An even more interesting construction project occurs 
in the German municipality of Shipkau, where the world’s 
largest wind turbines are built. The central part of the 
rotor (hub) will be 300 m high (more than 2 times more 
than the average WT). Collected data showed that at 
a height of 300 m, the wind blows more evenly, which 
results in doubling the energy yield produced by tradi-
tional WT with the same rotor diameter. Another advan-
tage of this project is that the enormous WTs do not 
need additional space and can be built between existing 
WTs because the rotors will not overlap. The operating 
company Gicon (Dresden, Germany) plans to build 1,000 
WTs by 2030, focusing on Bavaria state. Moreover, in the 
future, the company plans to build a 3-level renewable 
energy farm with photovoltaic panels at the bottom and 
2 levels of WTs5). 

In recent years, many research projects and indus-
trial consortiums focusing on the design, construction 
and recycling of WT blades have been started and were 
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rów
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nim roku wiele nowych projektów badawczych i konsorcjów 

-
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described in the authors’ previous work6). However, the 
recycling methods currently available on the market are 
insufficient to cope with the amount of generated WT 
waste without landfilling or incineration. In the last year, 
many new research projects and industrial consortiums 
have started focusing on developing fully recyclable WT, 
as well as new and efficient recycling methods or ways 
to repurpose end-of-life WT.

Driven by rising energy prices and the need for energy 
security, many countries are investing heavily in wind 
power. Although wind energy technology is considered 
mature, there is still significant potential for improve-
ment. In particular, reducing the price of wind energy is 
essential for its further expansion (Table 1).

A major focus is on the upscaling of wind turbines, 
increasing their size and power output. This includes 
advances in rotor blade aerodynamics and the imple-
mentation of active control systems and aerodynamic 
brakes to improve efficiency and power output (Figure).

Improved maintenance practices and early diagno-
sis of potential faults are also crucial. The advances 
will reduce downtime and increase the reliability and 

-

-

-

-
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ment for lightweight structures.
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Figure. Trends in wind turbine sizes and power outputs over the years7)
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availability of wind turbines. In addition, the transpor-
tation and assembly challenges associated with larger 
turbines are being addressed by manufacturing blades 
in segments. For off-shore wind farms, there is a trend 
towards larger turbines located further from shore and 
in deep water. This shift requires new floating foundation 
technologies and optimized construction techniques for 
off-shore substructures. In addition, the use of 66 kV 
cables will replace the current 33 kV cables for power 
transmission, further increasing efficiency7).

In addition, repowering of wind turbines is necessary 
to increase energy production. This involves replacing 
ageing wind turbines with newer, more efficient models. 
With many on-shore wind farms in Europe approach-
ing the end of their 25-year lifespan, repowering offers 
a significant opportunity to double capacity and triple 
power output. This is particularly effective as old tur-
bines are often located in areas with optimal wind condi-
tions. Notable projects such as Windplan Groen in the 
Netherlands illustrate this trend. However, less than 10% 
of decommissioned turbines are currently repowered due 
to complex regulations and lengthy permitting processes. 
Simplifying these procedures is necessary to facilitate 
greater repowering efforts7).

With the increasing use of recyclable materials such as 
recyclamine® and thermoplastics in wind turbine blades, 
effective repair methods are also essential to extend their 
life. Repairs to wind turbine blades typically fall into 2 
categories: post-manufacturing, which ensures quality 
prior to installation, and in-field repairs, which address 
damage during operation. Common problems include 
blade erosion, delamination and structural failure. The 
repair process includes damage identification, removal of 
affected areas, patch preparation, adhesive application 
and curing. Emerging repair technologies focus on ther-
moplastic and dynamic covalent bond based composites, 
enabling fusion welding and solvent-assisted methods. 
These innovations improve the quality and speed of 
repairs and promise better performance than traditional 
adhesive methods. However, Mishnaevsky8) emphasized 
the need for specialized training and equipment to imple-
ment these new technologies effectively. Overall, the 
integration of advanced materials and innovative repair 
techniques is critical to the sustainability and efficiency 
of future wind turbine operations8).

One of the very promising new materials has been 
developed by researchers at the US Department of 
Energy’s National Renewable Energy Laboratory9). They 
have developed a novel biomass-derived resin called 
PECAN (polyester covalently adaptable network) for 
wind blades that offers significant sustainability and 
recycling benefits. PECAN performs comparably to 
conventional thermoset resins and outperforms certain 
thermoplastics in terms of recyclability. A 9-m proto-
type blade has been successfully manufactured using 

-

-

-
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-

-

polyester covalently adaptable network
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this material, demonstrating its manufacturability and 
use in large-scale applications. The resin can be chemi-
cally recycled, allowing components to be recovered and 
reused indefinitely. The chemical degradation process 
can completely decompose the prototype blade within 
6 h, demonstrating the potential for future recycling of 
wind turbine blades9). An overview of new materials for 
wind turbine blades is presented in Table 2.

The recycling methods mentioned are based on 
the common classification of recycling methods10–15)

(Table 3).
Among the techniques, Pender et al.14) highlighted 

mechanical recycling as the most effective short-term 

-

-

Table 2. Summary of materials, brands, repair technologies and recycling methods of wind turbine blades8)

8)

Material type/ Brand name/company/ Description Recycling methods Repair methods
naprawy

Thermoset  
composites/

termoutwardzalne

various

traditional blades made from 
epoxy or polyester with glass/

-

-
chanical recycling, solvolysis/ adhesive bonding, plug/

patch/scarf repair
naprawa zatyczek/opaski

Recyclamine® com-
posites especially 
Briozen/Aditya Birla 
Group/ Recyclamine®

epoxy-based composites that 
can be converted back to a ther-
moplastic state/kompozyty na 

z powrotem w stan termoplas-
tyczny

temperatures and pH/nisko-

Briozen recyclable 
adhesive system; similar 
to conventional repair 
methods/system klejów 

konwencjonalnych metod 
naprawy

recyclable thermosetting epoxy 
with CleaVER technology for 
easy recycling

-

immersion in CleaVER solution 
followed by heating/zanurze- information not available/

dynamic epoxy systems with re-
versible bonds for reprocessing/
dynamiczne systemy epoksydo-

dissolution using thiols; two-
step mechanical recycling/

mechaniczny

adhesive bonding and wel-
ding/klejenie i spawanie

Thermoplastic-
composites/

termoplastyczne

®

liquid thermoplastic resin for 
recyclable blades -

mechanical and chemical recy-
cling (crushing, heating)/recy-

fusion welding, adhesive 
joining/

healable prepreg composite 
material no information available/brak local heating/lokalne pod-

Vitrimers/ 

reversible crosslinked networks 
allowing reprocessing and 
self-healing/odwracalne sieci 

-
-

dissolution in solvents like 
diethylenetriamine (DETA)/
rozpuszczanie w rozpuszczalni-

-

hot pressing for delami-
nation repair/prasowanie 

Polyurethane 
composites/

poliuretanowe

polyurethane infu-
sionresin/Covestro/

developed for quick manufac-
turing; not primarily recyclable/

-

chemical recycling, glycolysis, 
and biological degradation/ adhesive bonding/klejenie

Wood-based  
composites/

drewnopochodne

bamboo-based com-
posites/kompozyty na wood; focus on sustainability/

-

reuse in new products or energy 
recovery/ponowne wykorzysta-
nie w nowych produktach lub 

adhesive bonding with var- 
ious adhesives/klejenie 
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14)

-

14)

-
-

-

solution due to its low energy requirements and minimal 
greenhouse gas emissions. This technique is sufficient to 
minimize the global warming potential due to the limited 
presence of carbon fibers in currently recycled wind 
turbine blades14). Unfortunately, in addition to landfill, 
this technique also results in the degradation of wind 
turbine blades into microplastics, which pose a signifi-
cant risk to wildlife and ecosystems. The microplastics 
can absorb harmful chemicals and heavy metals, leading 
to bioaccumulation in the food chain. Their presence in 
the environment can disrupt marine and terrestrial life 
and potentially affect human health through consumption 
of contaminated food and water. Other methods should 
therefore be preferred for future recycling strategies15). 
Co-processing, particularly in cement kilns, is also re-
cognized for its dual benefit of material recovery and 
energy efficiency. In contrast, thermal processes such 

Recycling metod/ Description
Current technology readiness 

level - References

Mechanical  
recycling/ 

mechaniczny

utilizes shredders to reduce composite material into smaller 

production/wykorzystuje rozdrabniacze do rozdrabniania 

-
przetwarzania w produkcji cementu

Co-processing/
involves using wind turbine blade material in cement pro-
duction, providing energy and material recovery/obejmuje 

-

Pyrolysis/

breaks down organic materials in an oxygen-free environ-
ment, producing gases and oils, while preserving inorganic 
materials

Microwave pyrolysis/ 

similar to pyrolysis but uses microwave energy for more 
uniform heating, which reduces thermal degradation/

- 4

Solvolysis/

uses solvents to depolymerize thermoset polymers, allowing 
/wykorzystuje roz-

puszczalniki w celu depolimeryzacji polimerów termo-
-

High-voltage pulse 
fragmentation 
(HVPF)/ -
cja impulsowa pod 

involves applying high-voltage pulses to composite mate-
rials, which causes fragmentation and separation of the 
components without the need for conventional mechanical 
processes

stosowania konwencjonalnych procesów mechanicznych

5

Plasma technology/
-

wa

mechanically shredded turbine blades are transformed into 

treatment of the material at high temperatures (around 
-

ture without releasing hazardous gases/mechanicznie roz-
- 4
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-
15)

-

14)

-

na warunki atmosferyczne i atak chemiczny

-

-

ryzyko poprzez zahamowanie reakcji

-

-

-

as pyrolysis and solvolysis face challenges with high 
energy consumption and greenhouse gas emissions from 
combustion by-products, but will become more important 
for carbon fiber recovery14).

Today, most recycled wind turbine blade waste is 
used in cement production. This process has several 
benefits. Adding recycled glass to cement can improve 
the mechanical properties of concrete, such as compres-
sive strength and durability. Glass fibers can improve 
flexural strength, reducing the need for additional steel 
reinforcement, thereby reducing energy consumption in 
the construction sector. In addition, the incorporation 
of recycled glass can reduce the extraction of natural 
resources such as sand and gravel, and glass is inher-
ently resistant to chemical corrosion, improving the 
durability of structures against atmospheric conditions 
and chemical attack16). The overall benefit is a reduction 
in carbon footprint, as the use of recycled materials in 
cement production can significantly reduce the green-
house gas emissions associated with traditional cement 
production, contributing to climate neutrality goals by 
2050. However, current research has yet to address one of 
the main concerns with the use of glass. It is the potential 
for alkali-silica reaction, which can lead to cracking 
in concrete. However, research suggests that proper 
grinding of glass can mitigate this risk by inhibiting the 
reaction16).

Mechanically recycled wind turbine blades can also 
be reused in toe caps for the footwear industry. In the 
method described by Caramelo et al.17), mechanical 
machining waste particles are added to an epoxy matrix 
to improve the mechanical properties of composites. The 
addition of 1% by mass of these particles resulted in 
improvements in tensile strength (5.5%) and stiffness 
(8%). Further testing showed that laminates made with 
the additives had an 18.6% increase in tensile strength 
and a 7.5% increase in stiffness compared to control 
samples. The toe caps produced from this process met 
European safety standards, demonstrating protection 
against low-velocity impact and compression17).

In addition, Derkowski et al.18) studied the potential of 
integrating polymer chips derived from shredded wind 
turbine blades into particleboard production by com-
bining 40% polymer chips with 60% pine wood chips. 
Two types of resin were used in the production process: 
phenol-formaldehyde (PF) and melamine-urea-formal-
dehyde (MUF) ones. The boards produced exhibited 
impressive mechanical properties, with flexural strengths 
in excess of 20 N/mm² and elastic moduli approaching 
4000 N/mm², benefiting particularly from the MUF resin. 
The uniformity and dimensional characteristics of the 
polymer chips were critical, as more uniformly sized 
chips gave better results in terms of board integrity and 
strength. The research showed that the introduction of 
polymer chips also reduced thickness swelling and water 
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-

z konwencjonalnymi panelami drewnopochodnymi
-

-

-

-

absorption, with values ranging from 22% to 26% for 
swelling, indicating improved moisture resistance com-
pared to conventional wood-based panels18).

Another potential use for shredded wind turbine 
blades is being explored by the University of Maine. 
The recycled wind turbine blades are being used as 
feedstock for 3D printing. The project, led by the 
Advanced Structures and Composites Center, aims to 
develop a sustainable approach to using shredded blade 
material as a cost-effective reinforcement and filler in 
large-scale additive manufacturing. By replacing short 
carbon fibers with shredded wind blade material, 100% 
mechanical recycling of the composite material will be 
achieved19).

Despite the currently existing technologies for today’s 
relatively small quantities of recycled waste different 
standards for recycling and reuse of wind turbine blade 
waste are missing as described by Delaney et al.20)

(Table 4).
Currently, another challenge is that wind turbines in 

Europe are usually dismantled before the end of their 
life due to high regulations, repair costs and safety 
reasons. Therefore, to avoid the waste of wind turbine 
blades, there are existing approaches for second-hand 
markets, driven by increasing environmental awareness 
and the need for sustainable waste management21). As 
thousands of wind turbines reach the end of their opera-
tional life, particularly in countries such as Sweden, as 
reported by Andersen et al.21), the challenge of dispos-
ing of or recycling turbine blades becomes critical, as 
shown. The market is gaining traction as various stake-
holders explore options for the reuse and refurbishment 
of decommissioned turbine blades. This includes selling 
them for secondary uses such as construction mater-
ials, art installations or even recreational uses such 
as skate parks. The cost-effectiveness of used blades 
compared to new ones makes this market attractive, 

Table 4. Standards that need to be established for end-of-life management of wind turbine blades20)

20)

Standard area Proposed standards

okresu eksploatacji

Data collection
standardized data gathering on decommissioned blades, including quantities and fates/

Recycling protocols /wy-

Material passports
development of material passports to document the composition of blades for recycling/

-

Regulatory framework /polityki znie-

Life cycle assessment standards for assessing the environmental impact of EOL options -

Market incentives
economic incentives for recycling and reusing materials from decommissioned blades/

wycofywanych z eksploatacji
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especially for smaller projects or companies looking 
to minimize costs. Andersen et al.21) describe 3 primary 
scenarios (domestic reuse, international sales, mixed 
applications) that illustrate potential avenues for the 
secondhand market.

In the first scenario (domestic reuse), a significant per-
centage of retired blades are sold for local use, extend-
ing their life by several years. This approach not only 
delays the generation of waste, but also creates local 
jobs in refurbishment and resale. In the second scenario 
(international sales), the retired blades are exported to 
countries with less stringent regulations on the use of 
turbines. This could significantly reduce the perceived 
waste in the exporting country, although it may raise 
ethical concerns about environmental standards in the 
importing country. In the third scenario (mixed applica-
tions), a combination of domestic and international sales 
takes place, where certain sizes or types of blades are 
reused or refurbished for different markets, can also be 
effective. This flexibility allows for greater reach and 
utilization of available materials.
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