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Abstract 

This report provides a comprehensive assessment of decommissioned material waste streams from 

the wind energy sector in the EU until 2050, based on total wind installations in the EU until 2023. 

Our research focuses on 15 materials, including structural materials, electronic materials, the 

composite materials present in blades, and materials present in the permanent magnets; and explores 

each of these materials’ recyclability. By developing a robust decommissioning model and analysing 

the material intensities of various wind turbine components, we strive to provide a detailed picture of 

the quantities and types of materials that will be decommissioned in the coming years. The findings 

of this study will enable policymakers, industry stakeholders, and researchers to better anticipate the 

EU's recycling needs and develop effective strategies for managing the growing volume of wind 

energy waste streams. 
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Executive summary  

Policy context 

Wind energy plays a crucial role in achieving the EU's climate targets, enhancing industrial 

competitiveness, and reducing the cost of energy. It is expected to grow even further in the coming 

decades, in the context of the Renewable Energy Directive (RED III; EPC, 2023). 

This report addresses the projected material waste streams from the wind energy sector in the EU 

until 2050, to support and inform the implementation of the Waste Framework Directive and the 

Critical Raw Materials Act. Together, these aim to ensure that the wind energy sector promotes circular 

practices and can rely on resilient value chains for critical raw materials. 

Main findings 

Decommissioning Model On the basis of our analysis, we have developed a robust decommissioning 

model, which estimates the median lifetime of onshore wind energy capacity to be around 32 years, 

and offshore wind energy capacity to be around 37 years. This suggests that decommissioning may 

occur later than the wind turbines’ design lifetime, with significant implications for the prediction of 

decommissioned material streams and the development of end-of-life management strategies. 

Heavy Structural Materials Concrete and steel are expected to be the largest contributors to wind 

energy waste streams, with intensity waste streams anticipated to reach the megatonne scale by 

2050. However, these waste streams would only represent less than 2% of the EU’s overall end-of-

life material streams for concrete and for steel, and they are expected to be readily accommodated 

within existing recycling infrastructure. 

Rare Earth Elements Our analysis highlights the importance of critical raw materials such as rare 

earth elements (REEs) and boron, which are used in the manufacture of permanent magnets in wind 

turbines. Strengthening collection, disassembly, and recycling for REEs will be crucial to reducing 

waste and minimising environmental impacts, and to increasing the availability of secondary REE 

materials to meet the EU's growing demand. 

Blade Materials The recycling of wind turbine blades is a significant challenge due to the complexity 

of the materials used. Our analysis highlights the need for research and development to improve the 

recyclability of existing blades, as well as the design of new blades with recyclability in mind. By 

investing in innovative recycling solutions and designing new blades for recyclability, the wind industry 

can reduce waste and minimize environmental impacts. 
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1 Introduction 

1.1 Context and objectives 

As the world transitions towards a low-carbon economy, wind energy has emerged as one of the 

cheapest renewable resources to replace fossil fuels. In fact, wind power has already surpassed 1 TW 

of global capacity, with the EU holding a substantial share of 220 GW, including 201 GW of onshore 

wind and 19 GW of offshore wind (EC-JRC, 2024). In 2023, this wind capacity contributed 17.5% of 

the EU's electricity generation, making Europe the continent with the highest share of wind electricity. 

However, as wind installation continues to grow globally, it is essential to assess (and eventually 

address) the sustainability of wind energy beyond its operational lifetime.  

This issue is becoming increasingly pressing as the EU's wind energy fleet expands, with the amount 

of decommissioned waste expected to grow substantially. The revised Renewable Energy Directive 

(RED III) raises the binding target for renewable energies to 42.5% by 2030, with a goal of reaching 

45% (EPC, 2023), which should drive continued growth in the European wind industry sector. It is 

therefore essential to consider the opportunities for reducing waste and promoting sustainable 

materials management in this sector.  

The Waste Framework Directive sets a hierarchy for waste management, with prevention as the 

preferred option, followed by reuse and recycling, and recovery and disposal as the least desirable 

outcomes (EPC, 2008). In the context of wind energy, prevention of waste can take the shape of 

designing turbines and components with reduced material usage, designing components with longer 

lifetimes (or easier maintenance) to reduce the need for replacement, or designing turbines for easier 

disassembly at the end of their life. Reuse, on the other hand - which involves the direct use of 

components or materials in their original form without significant processing or transformation - can 

be an option for some wind turbine components, if they are still operational when the wind turbine is 

decommissioned. The third option in the waste hierarchy, recycling, involves the processing of 

materials to extract valuable resources which can then be used to manufacture new products. 

Recycling is a critical pillar when promoting circularity in the wind energy sector, and can be applied 

to many of the materials within the turbines. Finally, energy recovery and disposal are considered 

lower down in the waste management hierarchy, and they are options that should only be considered 

when reuse and recycling are not feasible. Overall, circularity in the wind sector can thus be achieved 

through various strategies, including minimising waste generation during the design phase, reuse of 

decommissioned wind turbine components, or recycling of the materials that compose the turbines. 

To support the development of a circular economy, the EU has established policies and regulations 

that promote the responsible management of raw materials. The 2024 Critical Raw Materials Act 

(CRMA) sets a benchmark for the EU's consumption of critical raw materials by 2030, including a 

target of 25% of Strategic Raw Materials (SRMs) to come from recycled sources (EPC, 2024). 

According to the CRMA, SRMs are materials that are crucial for the development of strategic 

technologies, including wind energy. CRMs on the other hand, are defined as materials that are both 

essential for the development of emerging technologies, such as renewable energy technologies, and 

are subject to supply chain risks. Specifically, the wind energy sector relies on several critical 

materials, including manganese and aluminium, which are classified as CRMs, and copper, which is 

considered a SRM. Additionally, boron and rare earth elements (REEs) play a crucial role in the sector, 

falling under both CRM and SRM categories due to their essentiality for emerging technologies and 

potential supply chain risks (EC-JRC, 2023). 
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This report aims to provide a comprehensive assessment of the decommissioned material waste 

streams from the wind energy sector in the EU until 2050, based on the total wind installations made 

in the EU until 2022. Our research focuses on 15 materials, including structural materials, composite 

materials present in the blades, and REEs present in the permanent magnets; and explores their 

recyclability. By developing a robust decommissioning model and analysing the material intensities 

of various wind turbine components, we strive to provide a detailed picture of the quantities and types 

of materials that will be decommissioned in the coming years. The findings of this study will enable 

policymakers, industry stakeholders and researchers to better anticipate the EU's recycling needs and 

develop effective strategies for managing the growing volume of wind energy waste streams. 

1.2 Methodology 

1.2.1 Material intensity per wind turbine type 

In order to calculate the material waste streams, we need to consider the quantity with which these 

materials are present in the wind turbines, i.e. the material intensity of the various materials. In the 

following section, we develop these material intensities, specifically considering the different wind 

turbine configurations. We note that our analysis is focused on wind turbines and their foundations. 

Table 1. Material intensity estimates for wind turbines, in kg/MW, per wind turbine type. 

 

Source: Mc Govern, 2024. Note: The foundations of the wind turbines are included. 
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Wind turbines can be classified into six sub-technology types, labelled from A to F, which differ in 

terms of generator type and system design (Telsnig, 2020; Carrara, 2025). These sub-technology 

types can be characterised as follows: types A, B, and C employ gearbox systems, with a squirrel cage 

induction generator (SCIG – type A), wound rotor induction generator (WRIG – type B), or doubly-fed 

induction generator (DFIG – type C). Types D-EE and D-PM are direct-drive (DD) turbines, i.e. without 

a gearbox, utilising electrically excited (EE) generators or permanent magnet (PM) generators. Finally, 

types E-PM and F are hybrid drive train systems that integrate both a gearbox and a full power 

converter, together with either a PM generator (type E-PM) or a SCIG (type F). 

Sub-technologies A and B were mostly installed between 1990 and 2007, when the annual capacity 

additions remained below 7 GW. Currently, they only represent 3.5% of the onshore fleet and 1.4% 

of the offshore fleet installed in the EU. We therefore focus the remainder of our analysis on the 

other sub-technology types, from C to F, which are more representative of the current wind turbine 

fleet. 

The material content of these sub-technology types can vary significantly. This is especially the case 

for REEs, where, for example, the amount of neodymium required for each type of wind turbine ranges 

from 12 ± 6 kg/MW for type C to 180 ± 30 kg/MW for type D.PM. Similar variations are also observed 

for other materials, such as aluminium and copper. For other materials, such as concrete, steel or 

nickel, the material intensity is found to be independent of the wind turbine type. 

The overall material intensity table is presented in Table 1; it is based on the work of Carrara et al. 

(Carrara, 2020) and was subsequently updated in 2024 (Mc Govern, 2024). In the following sections, 

we consider the decommissioning waste streams from the heavy structural materials (concrete and 

steel); from the materials supporting the steel in terms of properties and coating (manganese, 

molybdenum, chromium, nickel and zinc); and from the structural and electronic materials (aluminium 

and copper). Furthermore, we also consider the decommissioning material streams coming from the 

permanent magnets (boron, dysprosium, neodymium, praseodymium and terbium) and from the 

blades (glass-carbon composites). 

1.2.2 Decommissioning model 

To predict the decommissioned material streams from wind energy, we need to build a robust model 

of the decommissioning of wind turbines. Our model relies on a comprehensive dataset of European 

wind turbine installations and decommissions, sourced from Wood Mackenzie (Wood Mackenzie, 

2024). This dataset takes into account a total of 50 758 wind farm projects that were installed in 

Europe between 1978 and 2023, including 2 580 projects that were decommissioned by the end of 

2023.  

Figure 1 displays the annual onshore wind capacity additions in Europe from 1978 to 2023 (in blue), 

and the decommissioned capacity curve (in purple). We find that European wind installations remain 

below 1 GW/yr until 1997 and are then followed by a substantial increase, reaching 10 GW/yr by 

2007 and almost 19 GW/yr by 2023 (18.7 GW/yr). 

The decommissioned capacity curve shows the amount of wind capacity that was installed in a given 

year and is decommissioned by our reference year, 2023. Between 1978 and 1990, this 

decommissioned capacity aligns closely with the installed capacity for each year (see inset of Figure 

1), indicating that most of the wind capacity from this period has been decommissioned. From 1990 

onwards, the decommissioned and installed capacity curves diverge, which means that a significant 

portion of the wind capacity installed after 1990 has not yet been decommissioned, and is therefore 

still in use as of 2023. 
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Figure 1. Annual capacity additions of onshore wind between 1978 and 2023 in Europe, and associated 

decommissioned capacity by 2023. 

 

Source: JRC, 2024. 

The data shown in Figure 1 is employed to build a decommission fraction, as described in the work 

from Bech Abrahamsen (2024), where  

𝐷𝑒𝑐𝑜𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑊𝑖𝑛𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑦 𝑎𝑛𝑑 𝑑𝑒𝑐𝑜𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑛𝑒𝑑 𝑏𝑦 2023 [𝐺𝑊]

𝑊𝑖𝑛𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑦 [𝐺𝑊]
 

This calculation yields the decommissioning fraction, in percentage, as a function of the year of 

installation. We then present each of these datapoints as a function of the age of the wind turbine 

operation. The resulting decommission function data points are shown as light blue dots in Figure 2. 

We anticipate that the decommission fraction will exhibit a characteristic shape with three distinct 

phases. Initially, the curve is expected to remain low, as few wind turbines are decommissioned within 

the first 5-10 years of operation. As the turbines age, the decommission fraction should increase, 

indicating that the probability that wind turbines are decommissioned increases as these get older. 

Finally, after a certain number of years, the curve should reach 100% decommissioning, indicating 

that all wind turbines of a given age (e.g., 45 or 50 years) have reached the end of their life. Figure 

2 confirms this expected pattern, with an initial decommission fraction of 0-5% for turbines under 

19 years old, and followed by a significant increase in decommissioning between 20 and 39 years. 

However, our onshore data deviates from this pattern after 40 years, with a notable drop in the 

decommission fraction. We attribute this discrepancy to a mathematical artefact resulting from the 

low rate of wind capacity installations before 1983 (below 5 MW/yr), which can therefore lead to 

errors in the estimation of the decommissioned curve. Furthermore, the reliability of the data from 

the 1980s may be compromised due to incomplete digitisation, underreporting, or loss of records by 

2023, which can also contribute to a sub-100% decommission curve. Our analysis thus suggests that 

the decommission fraction curve follows the expected pattern, with the exception of the 6 data points 

corresponding to wind turbines aged over 40 years in 2023. These exceptions are attributed to an 

artefact, and are excluded from the following fitting procedure. 
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 Figure 2. Decommissioning fraction as a function of wind turbine age and fitted Weibull distribution. 

 

Source: JRC, 2024. 

Following the methodology of Bech Abrahamsen (2024), we fit a Weibull distribution function to the 

decommission fraction curve, as shown in dark blue in Figure 3. The Weibull distribution is a 

commonly used model for describing the failure rates of complex systems (Jardine, 1987; Pascovici, 

2009), and has been applied in various studies to model the decommissioning of wind turbines 

(Zimmermann, 2013; Chen, 2021). Specifically, the fitting procedure yields the scale parameter (λ) 

and the shape parameter (k), where λ gives information about the timing of decommissioning, and k 

is an indication on the speed of the decommissioning slope. Here we find λ = 32.9 ± 0.2 and 

k = 8.9 ± 0.6, where the fit is statistically significant1 (see footnote for technical details on the fit 

quality). Together, the two parameters result in a median lifetime of 31.6 years for European onshore 

wind energy capacity. 

Onshore wind turbines have a design lifetime of 20 years – here, our model thus suggests that the 

design lifetime shouldn’t be used as a proxy for the decommissioning time, and that decommissioning 

might in fact take place later than the design lifetime. Indeed, we find that the median lifetime of 32 

years calculated from our model is higher than in other studies where decommissioning is fixed 

between 20 and 25 years. However, it is consistent with the findings of Bech Abrahamsen (2024), 

who reported a median lifetime of 29 years for onshore wind turbines in Denmark. Our findings, along 

with those of Bech Abrahamsen (2024), thus indicate that the decommissioning process may actually 

occur over a longer timeframe than previously assumed. This has significant implications for the 

prediction of decommissioned material streams, and for the development of end-of-life management 

strategies for wind energy infrastructure. 

 

 

1 The fit is statistically significant, with a mean squared error (MSE) of 0.0024, a root mean squared error 

(RMSE) of 0.0487, and an R-squared value of 0.9772. The F-statistic is 1628.79, and the p-value is 

essentially zero, indicating that the relationships between the variables are unlikely to be due to chance. 
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Building on this onshore decommissioning model, we develop an offshore decommissioning model 

that accounts for both the similarities and differences in design lifetime and decommissioning rates 

between onshore and offshore wind turbines. Specifically, onshore wind turbines have a design 

lifetime of 20 years, while their offshore counterparts have a lifespan of 25 years. We thus adjust 

the onshore Weibull distribution function by setting an offset of 5 years, and fix the scale parameter 

λ to 37.9 years for offshore wind. Furthermore, we assume that the decommissioning of onshore and 

offshore wind will take place with a similar speed. To obtain the same decommissioning speed, we 

calculate the shape parameter (k). We find that k = 10.4, and fix this parameter for offshore wind - 

the impact of this assumption is further evaluated in Box 1. Finally, with λ and k, we can calculate 

the median lifetime of offshore wind energy, and find that it is equal to 36.6 years. The offshore 

distribution function is shown in yellow in Figure 3, where, as expected, the decommission fraction 

curve increases later than its fitted onshore equivalent. 

In summary, our analysis provides a comprehensive understanding of the decommissioning patterns 

of onshore and offshore wind energy capacity. We estimate the median lifetime of onshore wind 

energy capacity to be around 32 years, while offshore wind energy capacity has an estimated median 

lifetime of around 37 years. These results set the basis for the calculation of the total wind capacity 

to be decommissioned in the EU by 2050.  

Figure 3. Decommissioning fraction of onshore wind turbines (fitted according to the fitting procedure) and 

of offshore wind turbines. 

 

Source: JRC, 2024. 

It is worth noting that our analysis focuses on decommissioning, which involves the complete removal 

of wind turbines, and does not account for repowering, a process where older turbines are either 

replaced with new, more efficient turbines at the same location, or partially upgraded by exchanging 

specific components (e.g., keeping the tower and foundations of the wind turbine, but replacing the 

generator and blades with updated versions that improve performance). Due to the limited availability 

of data on repowering activities, we are not able to incorporate this process into our models, and our 

analysis might underestimate some material waste streams occurring during these repowering 

events. As a result, our analysis could provide a conservative estimate of the material streams coming 

from the wind energy sector. 
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Box 1. Offshore model – effect of the assumption on decommissioning speed 

Alternatively, it is also possible to assume a faster decommissioning rate for offshore installations compared 

to onshore installations. Indeed, specialised vessels with heavy lifting characteristics are required for 

decommissioning operations (Topham, 2019). In order to minimise the vessels costs for decommissioning, 

which represent as high as 80% of the total decommissioning expenditure for offshore wind (Judge, 2019), 

it may be advantageous to decommission multiple turbines from a single offshore farm simultaneously. By 

setting a shape parameter (k) of 20.7 for offshore wind (i.e., double of konshore), we test the hypothesis of a 

higher decommissioning speed. As expected, the offshore decommission fraction raises more rapidly, and 

the median lifetime increases to 37.3 years. However, by comparing Figure 4 and Figure 6, we see that the 

differences in the overall decommissioning capacity curves would remain minimal; and that this assumption 

therefore would only have a negligible impact on the overall decommissioned wind capacity. 

Figure 4. Decommissioning fraction of onshore wind turbines and of offshore wind turbines, considering a 

rapid decommissioning process (top); and corresponding decommissioning annual capacity curves for total 

wind installations in the EU between 2005 and 2050 (bottom). 

 

 

Source: JRC, 2024. 
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1.2.3 Existing wind capacity to be decommissioned by 2050 

Building on the decommissioning models and on the categorisation of wind turbines according to their 

specific sub-technology type, we can now construct the various projected decommissioned wind 

capacity curves per wind turbine type, for both onshore and offshore installations. The 

decommissioned capacity curves are based on installations made in the EU until 2023, and are 

calculated until 2050. 

Figure 5 presents the onshore wind installations in the EU between 1990 and 2022, together with 

the estimated decommissioned wind capacity in the EU between 2020 and 2050, for all wind turbine 

types. The probability density function for decommissioning as a function of the time since installation 

of the wind capacity is also shown in the inset of the decommissioning curves.  

We find that the decommissioned onshore wind capacity of type C remains relatively low between 

2000 and 2030, with less than 0.1 GW being decommissioned per year. However, this figure steadily 

increases to reach 1.0 GW/yr by 2030 and 3.0 GW/yr by 2040, peaking at 3.4 GW/yr in 2045 before 

decreasing to 2.9 GW/yr by 2050. In contrast, the decommissioning curve for wind turbines of type 

D.EE follows a similar trend, but with a lower overall intensity, reaching a maximum of 1.6 GW/yr in 

2045 and 1.4 GW/yr in 2050. The decommissioning curve for wind turbines of type E.PM is both lower 

and delayed, with a peak of 0.3 GW/yr reached in 2050. Meanwhile, the decommissioning curve for 

wind turbines of type D.PM remains low between 2020 and 2030, but then steadily increases to reach 

0.6 GW/yr in 2040, continuing to rise to 1 GW/yr in 2045 and reaching 1.2 GW/yr by 2050. Finally, the 

decommissioning curve for wind turbines of type F is similar to that of type D.PM, growing to a 

maximum of 0.4 GW/yr in 2050. 

Figure 6 presents the offshore wind installations in the EU between 1990 and 2022, together with 

the estimated decommissioned wind capacity in the EU between 2020 and 2050, for all wind turbine 

types. Overall, we find that the annual decommissioning capacities of offshore wind have a lower 

rate than their onshore counterparts (due to the lower capacity installations) and, also, that offshore 

decommissioning activities increase later (due to the later offshore wind installations compared to 

onshore installations). Wind turbines of type F show the highest decommissioning activity, with a 

projected rate below 0.1 GW/yr in 2040 and peaking at 0.6 GW/yr in 2050. 

These decommissioning curves are shown in Figure 7, for both onshore decommissioning activities, 

offshore decommissioning activities, and the total of both onshore and offshore decommissioning 

activities. We find that the largest decommissioned capacity is from wind turbines of type C, followed 

by wind turbines of types D.EE and E.PM, and finally by turbines of type F and D.PM. The first wind 

turbines to be decommissioned are also those of type C and D.EE, due to the large onshore 

installations taking place already before 2005, compared to the more recent development of the 

other wind turbine sub-technologies. 

The final step in our methodology involves calculating the total decommissioned material streams by 

multiplying the decommissioned capacity curves for each wind turbine type by their corresponding 

material intensities. The resulting material streams are then aggregated to obtain the total 

decommissioned material stream, providing a comprehensive picture of the materials that will be 

generated from the decommissioning of wind energy infrastructure in the EU. 
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Figure 5. EU onshore wind annual installations from 1990 to 2022 (left) and the corresponding 

decommissioning annual capacity curves from 2000 to 2050 (right), for wind turbines of type C, D.EE, D.PM, 

E.PM and F. 

 

Source: JRC, 2024. 
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Figure 6. EU offshore wind annual installations from 1990 to 2022 (left) and the corresponding 

decommissioning annual capacity curves from 2000 to 2050 (right), for wind turbines of type C, D.PM, E.PM 

and F. 

Source: JRC, 2024. 

In agreement with the recent work from Foster et al. (EC-JRC, 2025), we also find that validating our 

results (e.g. by comparing, for the period between 2000 and 2023, our predicted decommissioned 

capacity against collected data for the same time frame) is particularly challenging, due to the 

absence of such data. Our work thus attempts to provide the best estimation possible for the 

decommissioning of wind energy in the EU, and the corresponding decommissioned material streams. 
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Figure 7. Decommissioning annual capacity curves for onshore wind (top left); offshore wind (top right); and 

total wind installations (bottom) in the EU between 2005 and 2050. 

 

Source: JRC, 2024. 

Finally, we note that the material streams presented in this report are the reflection of the 

decommissioned wind energy capacity that was installed until 2022, i.e. that any further addition in 

wind energy installations in the EU (as is expected from the ambitious REPowerEU targets) will result 

in increased decommissioned wind capacity in the future, and thus larger material waste streams. 

Considering the respective probability functions for decommissioning of onshore and offshore wind, 

and their median lifetimes of 32 years and 37 years, we find that additional wind capacity 

installations from 2023 will start to have an impact for the decommissioned material streams only 

20 to 25 years later, i.e. only in 2043-2048, and that they will have maximal impact in 2045-2050. 

Consequently, installations of wind capacity in the EU after 2023 will only have a negligible 

contribution to the decommissioned material streams before 2040, and will have a larger impact only 

after 2045. 
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2 Heavy structural materials – concrete and steel 

2.1 Role of concrete and steel in wind turbines 

Concrete and steel are the primary structural materials used in wind turbines, playing a crucial role 

in their construction and operation. Concrete forms the foundation and tower base, while steel is used 

in the tower, rotor hubs, and other components. Together, these two materials provide the necessary 

strength and stability to support the turbine's operation, enabling it to withstand various 

environmental conditions and maintain its structural integrity. Due to their abundance and availability, 

as well as the well-diversified supply chains, the CRMA does not recognise concrete and steel as 

critical raw materials (CRM) or strategic raw materials (SRM) (EC-GROW, 2023). 

The steel used in wind turbines comes in various types, each with its own specific applications. The 

foundation of a wind turbine, for example, is primarily made of concrete, but also contains carbon 

steel, High-Strength Low-Alloy (HSLA) steel, and stainless steel. Carbon steel is the dominant type of 

steel used in the foundation, with HSLA steel added for extra strength and durability, and stainless 

steel is used for corrosion-resistant components, such as anchor bolts and reinforcement. The nacelle 

and hub of a wind turbine may use a combination of stainless steel, carbon steel, and alloy steel for 

components such as gears, bearings, and shafts. Wind turbine blades, on the other hand, are typically 

made of fiberglass-reinforced polymer (FRP) with steel reinforcement, such as carbon steel or 

stainless steel, for added strength and stability.  

2.2 Intensity and recyclability of concrete and steel 

Concrete and steel are the dominant materials in wind turbine systems, with a weight intensity of 

400 000 kg/MW for concrete and 110 000 kg/MW for steel, as shown in Table 1 (Mc Govern, 2024). 

The high recyclability of both of these materials is a key factor in the overall recyclability of wind 

turbines, which is estimated to be 85-95% (Vestas, 2024; Siemens Gamesa, 2024; Nordex, 2024).  

Concrete foundations can be reused for new wind turbine installations, the most circular option (Gast, 

2024). Alternatively, they can be demolished and recycled into different forms: recycled concrete 

aggregate (RCA) for use in new concrete or road construction (Cristobal Garcia, 2024) is the most 

widely used recycling approach. However, recycling concrete into cement paste for the production of 

new cement would yield greater environmental benefits (Caro, 2024; Marmier, 2023; Krour, 2022). In 

contrast with reuse and recycling, landfilling is the least sustainable option. The EU estimates that of 

the 450-500 million tonnes of construction and demolition waste (C&DW) produced in Europe each 

year, approximatively one third consists of concrete (CEMBUREAU, 2016). This is equivalent to 150-

165 Mt/yr of concrete waste generated annually in the EU. More recently, Caro et al. reported the 

annual flow of concrete in C&DW in the EU to represent 224 Mt in 2020 (Caro, 2024). 

Steel waste (commonly labelled steel scrap) can be recycled into secondary steel, which reduces the 

demand for primary steel production. The steel used in wind turbine foundations, typically in the form 

of rebars in reinforced concrete, can be easily separated. Additionally, specialised steels used in wind 

turbines can also be recycled. In fact, over 90% of end-of-life stainless steel is currently collected 

and recycled into new products, highlighting the effectiveness of steel recycling practices in the EU 

(EuRIC, 2022). The production of steel scrap in the EU is actually higher than the domestic demand 

for steel scrap: between 2020 and 2023, the EU consumed 75-90 Mt/yr of its own steel scrap, 

imported 4-5.5 Mt/yr, and exported 17.5-19 Mt/yr; which resulted in net exports of 13-15 Mt/yr 

(Eurofer, 2024). There is therefore no steel scrap shortage in the EU. 
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2.3 Decommissioned concrete and steel material streams 

As the largest materials in wind turbine systems, concrete and steel are expected to generate 

significant waste streams. Our analysis shows that the waste streams from these two materials will 

reach the megatonne scale in the EU by 2050, with concrete at 3.5 Mt/yr and steel almost at 1 Mt/yr. 

The decommissioned material streams from concrete and steel are presented in Figure 8. 

Figure 8. Decommissioned concrete and steel material streams in the EU, coming from wind capacity 

installed by 2023. 

 

Source: JRC, 2024. 

The concrete waste stream increases slowly between 2010 and 2020, from 100 t/yr to 17.1 kt/yr, 

followed by a more consistent increase between 2020 and 2030, when it reaches 518.8 kt/yr. A 

significant growth occurs between 2030 and 2045, followed by a slight decrease and a stabilisation 

in 2050 at 3.5 Mt/yr. While this is the largest waste stream for wind turbines, it would still only 

represent a minor contribution (close to 2%) to the overall concrete waste stream currently generated 

in the EU, which is estimated to be between 150-160 Mt/yr and 224 Mt/yr (CEMBUREAU, 2016; Caro, 

2024). 

The steel waste stream exhibits a similar trend, with a slow increase from 2010 to 2020 (from 27 t/yr 

to 4.7 kt/yr), followed by a steady rise in the subsequent decade (reaching 142.7 kt/yr of 

decommissioned steel in 2030). This is followed by a rapid growth phase until 2045, after which the 

steel waste stream stabilises at 958 kt/yr in 2050. Although steel is the second largest waste stream 

generated by decommissioned wind turbines, the predicted decommissioned volume is relatively 

small compared to the current consumption of steel scrap in the EU (between 75 and 90 Mt/yr for 

2020-2023) and also small compared to the level of EU exports during the same period (between 

17.5 and 19 Mt/yr). As a result, the steel waste stream from the wind energy sector will likely be 

readily absorbed by the existing steel scrap ecosystem, either for domestic use or for exports, and is 

not expected to pose a significant challenge to the overall steel recycling practices in the EU.  

In conclusion, the material streams from concrete and steel waste will increase significantly in the 

coming decades, but are expected to remain manageable within the existing recycling infrastructure. 

This is a positive outcome, as it suggests that the EU can continue to support the growth of the wind 

energy sector while minimising its environmental impacts. 
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3 Materials supporting steel properties: alloying elements and 

coating 

3.1 Role of alloying elements and coating in wind turbines 

Alloying elements (AEs) play a crucial role in enhancing the strength, corrosion resistance, and 

durability of steel used in wind turbines. The primary AEs used in wind turbine steel include 

manganese, chromium, molybdenum, and nickel, where each of the AEs serves a specific purpose.  

• Manganese is used to improve the strength, toughness, and weldability of steel, particularly 

in HSLA steels used in wind turbine foundations and towers.  

• Chromium enhances the corrosion resistance and strength of stainless steel used in wind 

turbine components, such as rotor hubs and towers.  

• Molybdenum increases the strength, toughness, and resistance to fatigue and corrosion of 

alloys used in wind turbine components, such as gears, bearings, and fasteners.  

• Nickel is used to improve the corrosion resistance, strength, and durability of steel.  

Additionally, to the AEs, zinc is used as a corrosion protection coating for steel components, and is 

present for example on the surface of the tower or on the foundations of wind turbines. 

From this list of elements, only manganese is classified as a CRM; it is however not considered as an 

SRM, which is a classification reserved for battery-grade manganese. It is interesting to note that 

nickel used for steel production is neither considered a CRM nor a SRM, as these classifications are 

reserved for battery-grade nickel. Chromium, molybdenum and zinc are not listed as CRMs. 

3.2 Intensity and recyclability of alloying elements and coating 

The weight intensity of AEs in wind turbines varies. Zinc has the highest weight intensity, with 

5 450 kg/MW, followed by manganese (800 kg/MW), chromium (460 kg/MW), nickel (430 kg/MW), and 

molybdenum (100 kg/MW, see Table 1).  

While it is theoretically possible to recover some AEs from steel (Peaslee, 2005), the efficiency of 

recovery varies depending on the type of steel and the specific AE. For example, nickel and chromium 

can be recovered from stainless steel to a significant extent (Chen, 2022), although the recovery rate 

is lower for other types of steel. Molybdenum is only partially recoverable, and manganese is 

particularly challenging to recover as it tends to oxidise to MgO, resulting in poor recoverability 

(Reuter, 2019). In practice, the recovery of AEs from steel scrap is thus more complex than the 

recycling of steel itself, and the efficiency of AE recovery can vary significantly. 

In the automobile industry for example, several challenges have been identified, such as the 

contamination by impurities or other elements that can affect the recovery of AEs (Ohno, 2015), and 

the proper sorting and separation of steel scrap by AE content, which is crucial for maximising 

recovery rates. The complexity of products can also affect the recyclability of AEs, as it can lead to a 

reduced collection rate and/or a reduced disassembly rate. Additionally, the recycling of AEs also 

depends on the availability in terms of the specific recycling facilities and infrastructure required, 

which can affect the amount of recycling of AEs locally, and on economic factors such as the 

processing costs and market fluctuations, which may not always make recycling the most 

economically viable option. However, there are also opportunities for improving AE recovery, such as 
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advances in sorting and separation technologies, where new technologies (such as sensor-based 

sorting and advanced magnetic separation) can improve the efficiency and accuracy of steel scrap 

sorting (Gu, 2021). Advances in recycling processes, such as the use of plasma arc furnaces, can also 

improve the recovery of AEs and reduce energy consumption (Changming, 2018). 

Unlike the recovery of AEs, zinc and zinc products can largely be recycled, with a recovery rate of 80% 

of recoverable zinc, and secondary zinc accounting for approximately 30% of the yearly zinc 

consumption in Europe (Cusano, 2017; EEA, 2019). Specifically, the zinc present in the galvanised 

steel sheet can volatilise and be recovered, enabling the effective recycling of both the zinc and the 

steel (Antrekowitsch, 2014). 

Overall, the recycling of zinc in the EU thus takes place with a high efficiency rate, while the recovery 

of AEs from steel scrap is more complex, with efficiency and feasibility varying depending on the 

specific element and recycling process (Reuter, 2019). As the demand for AEs continues to grow, it is 

essential for the EU to develop and implement effective strategies for improving AE recovery and 

recycling, such as investing in R&D, improving infrastructure, and promoting best practices among 

industry stakeholders. 

3.3 Decommissioned waste streams from alloying elements in steel 

(manganese, molybdenum, chromium and nickel) and zinc coating 

The decommissioned waste streams of zinc and AEs are shown in Figure 9 and Figure 10. The 

decommissioned manganese stream increases from 0.2 t/yr to 34 t/yr between 2010 and 2020, to 

1 kt/yr in 2030 and 7 kt/yr in 2050. The chromium waste stream increases from 0.1 t/yr to 20 t/yr 

between 2010 and 2020, to 0.6 kt/yr in 2030 and 4 kt/yr in 2050. Molybdenum shows a similar 

increase in decommissioned waste stream to chromium, but reaches a slightly lower value of 3.7 kt/yr 

in 2050. For nickel, the material waste stream is lower than for the other AEs considered, and evolves 

from 130 t/yr to 871 t/yr between 2030 and 2050 (Figure 9). Due to its higher material intensity, 

zinc has the largest decommissioned waste stream, reaching 7.1 kt/yr in 2030 and 47.5 kt/yr in 2050 

(Figure 10). 

Figure 9. Alloying material streams coming from decommissioned wind capacity installed by 2023; for 

manganese, molybdenum, chromium and nickel. 

 

Source: JRC, 2024. 
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Figure 10. Zinc material stream coming from decommissioned wind capacity installed by 2023. 

 

Source: JRC, 2024. 

To reduce waste, the wind industry should therefore maintain its high recycling rate of zinc, even as 

the waste stream of zinc increases between 2030 and 2050. At the same time, the industry will need 

to invest in new technologies and infrastructure to handle the increasing waste streams of AEs, and 

develop more efficient and effective recycling processes. 
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4 Structural and electronic materials – aluminium and copper 

4.1 Role of aluminium and copper in wind turbines 

Copper and aluminium are both essential materials in the wind turbine system. Copper is present in 

all of the electrical components of the wind turbine system, including the generator and transformer, 

as well as the wiring, cabling, and connections. Aluminium is present both as an intermediate 

structural material, such as in the nacelle casing, and in the electrical components, for example for 

cabling and wiring purposes.  

Compared to copper, aluminium offers several benefits for wind turbine electrical systems, including 

lower costs, a higher strength-to-weight ratio, better corrosion resistance, and versatility in terms of 

shape and size. As a result, aluminium is often the preferred choice for wind turbine electrical systems. 

However, copper remains a crucial material in applications where high conductivity is essential, such 

as generator windings and transformer windings, due to its superior electrical properties. 

Aluminium is classified as a CRM in the CRMA list of 2023, due to its combined economic importance 

and high supply risk. While copper does not meet the CRM thresholds (notably in terms of supply risk, 

as the supply of copper is well diversified), it is still classified as a SRM due to its importance for the 

electrification of strategic technologies in the EU (EC-GROW, 2023). 

4.2 Intensity and recyclability of aluminium and copper 

Aluminium and copper exhibit intermediate weight intensities in wind turbine systems, ranging from 

150 to 1 900 kg/MW for aluminium, and 650 to 6 200 kg/MW for copper (see Table 1). The significant 

variability in these intensities can be attributed to differences in generator type, electrical system 

design, and component selection across the various wind turbine models. For example, direct-drive 

turbines require more copper for their generators and power converters, resulting in higher weight 

intensities. In contrast, geared turbines may use more aluminium in their mechanical components.  

Aluminium and copper are both highly recyclable, which is particularly valuable given their 

classification as CRM (aluminium) and SRM (copper). 

In the EU, aluminium recycling rates are substantial, with close to 70% of the scrap collected and 

recycled, resulting in approximately 3 Mt/yr of recycled aluminium (EuRIC, 2022). This highlights the 

effectiveness of aluminium recycling practices in the EU. Currently, part of this recycled aluminium 

scrap is exported outside the EU. By consuming recycled aluminium scrap domestically, the EU could 

reduce its reliance on primary aluminium imports. Globally, secondary production accounts for twice 

the volume of primary production. 

Copper recycling in the EU is also notable, with more than 60% of scrap collected and recycled, 

amounting to around 1.6 Mt/yr of recycled copper (EuRIC, 2022). The EU's limited natural copper 

deposits will make recycling more and more crucial for meeting domestic demand, to avoid reliance 

on external supply. Currently, the EU remains a net exporter of secondary copper scrap, but the 

situation could change if the demand for copper increases significantly in the EU. 

In summary, the recyclability of aluminium and copper, combined with their significant recycling rates 

in the EU, highlights the potential for closed-loop recycling to minimise waste. However, these 

secondary material streams are only partly consumed in the EU, while the rest is exported. To support 

the independence of the EU in terms of its material sourcing, domestic consumption could be 

strengthened. 
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4.3 Decommissioned aluminium and copper material streams 

The decommissioned waste streams of aluminium and copper show a slow increase between 2010 

and 2020, from less than 1 t/yr to 42 t/yr for aluminium, and from 1 to 131 t/yr for copper (see 

Figure 11). The increase then gains momentum, reaching a stream of 1.4 kt/yr in 2030 for 

decommissioned aluminium and 3.4 kt/yr in 2030 for decommissioned copper. The material streams 

further increase until 2050, when they reach 10.1 kt/yr for decommissioned aluminium and 18.5 kt/yr 

for decommissioned copper. 

Figure 11. Copper and aluminium material stream coming from decommissioned wind capacity installed by 

2023. 

 

Source: JRC, 2024. 

Assuming recycling rates of 70% for aluminium and 60% for copper (EuRIC, 2022), the 

decommissioned material streams would yield secondary waste streams of 1 kt/yr of aluminium and 

2 kt/yr of copper by 2030, and 7.1 kt/yr of aluminium and 11.1 kt/yr of copper by 2050. In comparison 

to the current secondary waste streams of 3 Mt/yr of recycled aluminium and 1.6 Mt/yr of recycled 

copper, these contributions would be relatively minor, accounting for less than 1% of the total waste 

streams currently generated in the EU. Even by 2050, when the decommissioned material streams 

reach their maximum, they would still represent only 0.2% of the secondary aluminium stream and 

0.7% of the secondary copper stream. However, it's essential to note that our material waste 

projections remain conservative, as they do not account for repowering, and that the actual values 

may be higher. On the other hand, the growing demand for copper and aluminium in the coming 

decades will likely keep the relative weight of the wind sector's contribution to the overall secondary 

waste streams relatively low. 

In conclusion, the wind sector's contribution to the secondary material streams of aluminium and 

copper is expected to remain limited in the coming decades, potentially accounting for less than 1% 

of the total. Nevertheless, it is crucial to maintain and potentially increase the high collection and 

recycling rates for these materials, particularly given their classification as CRM (aluminium) and SRM 

(copper). As the wind sector's waste streams grow until 2030 and 2050, strengthening collection and 

recycling efforts will help reduce waste and decrease the demand for virgin materials. By doing so, 

the EU can promote a more circular and sustainable economy, mitigate supply risks, and support its 

objective of securing a domestic and sustainable supply of CRMs. 
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5 Permanent magnet materials – rare earth elements and boron 

5.1 Role of rare earth elements and boron in wind turbines 

Rare earth elements (REEs) and boron are used in the manufacturing of permanent magnets, which 

are present in the permanent magnet generators of wind turbines of type D.PM and E.PM.  

Specifically, neodymium-iron-boron (Nd-Fe-B) magnets owe their magnetic properties to the 

combination of REEs and iron. The structure of these magnets typically consists of a tetragonal crystal 

lattice, where neodymium (Nd) is the primary rare earth element responsible for creating the magnetic 

field. Iron (Fe) serves as the primary magnetic phase, while boron (B) stabilises the crystal structure 

and enhances the magnetic properties. Dysprosium and praseodymium are often added as secondary 

REEs to improve the magnet's coercivity and thermal stability. Dysprosium, in particular, helps to 

mitigate the loss of magnetic field strength at high temperatures, while praseodymium contributes 

to the magnet's overall magnetic field strength. Finally, terbium may also be used in smaller amounts 

to further enhance the magnet's resistance to demagnetisation.  

Although REEs and boron only represent a small fraction of the overall weight of the wind turbine, 

their critical role in enabling the functionality of permanent magnets gives them a strategic 

importance for the development of wind turbines with permanent magnet generators. Notably, boron 

and REEs are classified as SRMs, due to their use in strategic technologies and the expected growth 

in future demand; and as CRMs, due to their high economic importance and limited global supply. The 

supply risks associated with REEs are particularly pronounced, with China accounting for 85% of 

global processing for Light REEs concentrates (LREEs) such as neodymium and praseodymium, and a 

staggering 100% of global processing for Heavy REEs concentrates (HREEs) such as dysprosium and 

terbium. This level of concentration poses a significant threat to the long-term independence and 

security of the wind energy sector, as it creates a high degree of vulnerability to supply chain 

disruptions and geopolitical tensions. The boron market is also under-diversified, with Turkey 

accounting for 48% of global extraction of boron concentrate, which may lead to supply chain 

vulnerabilities (EC-GROW, 2023). 

The use of REEs and boron in wind turbines is thus crucial for their efficient operation, but their limited 

global supply and high economic importance pose significant challenges for the wind energy sector, 

highlighting the need for effective recycling and waste management strategies. 

5.2 Intensity and recyclability of rare earth elements and boron 

The quantity of REEs required for wind turbines differs significantly depending on the turbine design, 

with dysprosium ranging between 1 and 21 kg/MW, neodymium between 6 and 210 kg/MW, 

praseodymium between 0 and 35 kg/MW, terbium between 0 and 7 kg/MW, and boron between 0.2 

and 7 kg/MW (Table 1). As expected, the larger intensities correspond to the wind turbines of types 

D.PM and E.PM.

There are two main pathways for the recycling of permanent magnets: short-loop recycling, where 

the permanent magnets are reprocessed into new magnets; and long-loop recycling, where the 

magnets are chemically decomposed into the rare earth oxides and boron concentrate, and further 

purified into the individual concentrates. An advantage of long-loop rare earth recovery is that it 

offers flexibility in sourcing, as primary mineral feedstocks can be used to supplement the process if 

needed. Additionally, the ability to produce isolated rare earth oxides that can be sold into various 

application markets beyond magnets helps to support business models during the initial stages of 
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magnet recycling stream development (IDTechEx, 2024). On the other hand, short-loop recovery could 

be cheaper, as it prevents the expensive purification step. 

Currently, the recycling of REE material streams from decommissioned wind turbines is limited, with 

only an estimated 1% of the REEs present in permanent magnets being recovered (Eggert, 2016; 

Jowitt, 2018). In contrast, theoretical estimates suggest that permanent magnets from wind turbines 

could be reprocessed into secondary material streams with an overall efficiency of 75%, calculated 

by combining a collection efficiency of 90%, a disassembly efficiency of 90%, and a recycling 

efficiency rate of 92% (Schulze, 2016). Nevertheless, the economic viability of recycling REEs and 

boron is currently constrained by the high cost of reprocessing these materials into secondary 

streams, which often exceeds the cost of importing virgin primary materials (Jowitt, 2018). 

Additionally, the current recycling infrastructure is limited, even if pilot projects may scale to industry. 

To overcome these challenges, the EU is exploring initiatives to strengthen the recycling of these 

materials, such as developing more efficient recycling technologies and creating incentives for the 

use of secondary materials, in order to reduce the sector's reliance on primary materials and mitigate 

supply chain risks. For instance, the SUSMAGPRO initiative funded by Horizon Europe is focused on 

recycling and reusing neodymium-containing magnets from waste, creating a shorter recycling loop 

with a higher recovery rate (25%) and increased yield compared to conventional methods (EC-JRC, 

2024). 

Between 2000 and 2022, the world’s cumulative consumption of REEs in products was equivalent to 

3 Mt, with permanent magnets accounting for 52% or 1.6 Mt of the global total demand (Chen, 2024). 

5.3 Decommissioned rare earth elements and boron material streams 

The decommissioned waste streams of REEs and boron show a slow increase between 2020 and 

2030, followed by a more significant growth between 2030 and 2050.  

Figure 12. Neodymium material stream coming from decommissioned onshore and offshore wind capacity 

installed by 2023. 

 

Source: JRC, 2024. 

We note that the material streams presented in Figure 12 and Figure 13 are shown individually, 

per element (e.g., the neodymium material stream). However, in practice, when the permanent 

magnets are collected and recycled, it is as a whole permanent magnet, containing a mixture of rare 
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earth oxides and boron concentrate, which can further be processed through either short-loop 

recycling (with no separation or purification stage of the elements) or long-loop recycling (in which 

case each material stream is isolated and purified).  

The largest decommissioned material stream corresponds to neodymium, reaching 13 t/yr in 2030 

and 321 t/yr in 2050 (see Figure 12). Dysprosium is the second material waste stream to grow, 

reaching 2 t/yr in 2030 and 33 t/yr in 2050 (see Figure 13). It is followed by praseodymium, which 

initially grows slower than dysprosium (0.3 t/yr in 2030), but surpasses the dysprosium waste stream 

in 2050, reaching 39 t/yr by that date. Boron and terbium follow, with waste streams of 0.5 t/yr and 

0.1 t/yr in 2030, respectively, and 9.5 t/yr and 8.2 t/yr in 2050. 

Efforts should be made to significantly strengthen each of the steps along the end-of-life timeline, 

including collection, disassembly and recycling, as highlighted in the CRMA regulation. However, the 

secondary material streams of REEs and boron might still grow short of the EU’s growing demand for 

these materials, highlighting the need for other strategies to complement for the remaining gaps in 

both REE and boron demand. These include, for instance, expanding the EU’s network of strategic 

partnerships, and promoting domestic production and processing of REEs and boron. 

Figure 13. Material streams coming from decommissioned onshore and offshore wind capacity installed by 

2023, for dysprosium, praseodymium, boron and terbium. 

 

Source: JRC, 2024. 

Given the projected growth in REE and boron demand, the development of effective recycling 

technologies and strategies is thus crucial – if not sufficient - to reduce the wind energy sector's 

reliance on primary materials, mitigate supply chain risks, and minimise environmental impacts, 

ultimately supporting the EU's transition to a more circular and sustainable economy. 
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6 Blade materials – composites 

6.1 Role of composites in wind turbines 

Composites, specifically glass-carbon composites, play a crucial role in the manufacture of wind 

turbine blades. These materials combine glass fibers and carbon fibers embedded in a polymer matrix, 

providing a high strength-to-weight ratio, stiffness, and durability. Although composites are not 

considered CRMs or SRMs, they pose a critical challenge in terms of waste management for the wind 

energy industry, due to the low Technology Readiness Level (TRL) or high cost of the currently 

available recycling options. 

6.2 Intensity and recyclability of composite materials in the blades 

The amount of glass or carbon composites used in wind turbines is approximately 

7 500 ± 1 500 kg/MW (see Table 1). Currently, most wind turbine blades are disposed of or recovered, 

while only a small percentage is recycled. This is due in part to the difficulty of disassembling the 

various materials from the blade: indeed, sorting the diverse types of materials, glass-carbon 

composites, polymers and metals, remains a critical challenge at end-of-life (EC-JRC, 2025). Even 

after sorting, the strong adhesion between the fibers and polymers makes these materials particularly 

challenging to recycle at the end of their life.  

Several recycling strategies have been identified, including mechanical recycling, chemical recycling 

through solvolysis or high voltage pulse fragmentation, and thermal recycling through fluidised bed, 

microwave pyrolysis, or pyrolysis (Chen, 2019; Suschem, 2018). Of these, microwave pyrolysis and 

solvolysis rank highest in terms of waste management scores, but their Technology Readiness Level 

(TRL) is lower than for the other methods (TRL 4 for microwave pyrolysis and 5/6 for solvolysis; 

compared to TRL 4/5 for thermal recycling through fluidised bed, TRL 7 for thermal recycling with 

pyrolysis and TRL 9 for mechanical recycling) (Khalid, 2023). Pyrolysis, in particular, has a low/medium 

waste management score, due to the high temperature damaging the fibre surface and decreasing 

the fibres’ mechanical properties (Khalid, 2023). Alternatively, the composite materials can also be 

repurposed for example in new structural applications, such as footbridges or playgrounds (EC-JRC, 

2025). Overall, the recycling processes for composite materials are not yet fully established, and 

reuse of recycled materials is not widespread. Further research and development are therefore 

needed to industrialise the blade recycling industry and make it more cost-effective. To support this, 

the EoLO-HUBS project, which is funded by the EU's Horizon Europe programme, aims to develop 

innovative solutions for the recycling of wind turbine blades. 

Given the challenges and opportunities related to blade recycling, the wind industry has committed 

to a Europe-wide landfill ban on decommissioned wind turbine blades by 2025 (WindEurope, 2024). 

This ban is part of a broader effort to increase the recycling and recovery of decommissioned blades, 

and it highlights the need for continued innovation and investment in blade recycling technologies. 

Another possibility to enhance the recyclability of the wind turbine blades lies in the development of 

new types of blades, designed with recyclability in mind. Europe's leading wind turbine manufacturers, 

including Vestas, Siemens Gamesa, and Nordex, have all announced plans to develop recyclable 

blades (Vestas, 2024; Siemens Gamesa, 2024; Nordex, 2024). For example, Vestas has stated its goal 

to develop a 100% recyclable rotor by 2030, while Siemens Gamesa has committed to producing 

100% recyclable turbines by 2040.  
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6.3 Decommissioned composite material stream 

The decommissioned composite material stream from wind turbine blades is expected to grow 

significantly in the coming years. By 2030, the material stream is projected to reach 9.8 kt/yr, 

increasing to 65.3 kt/yr by 2050 (Figure 14).  

Figure 14. Glass-carbon composites material stream coming from wind capacity installed by 2023. 

 

Source: JRC, 2024. 

To address the challenges related to blade recycling, policy support will be crucial. As highlighted by 

Foster et al., several policy gaps need to be addressed, including the creation of waste codes for wind 

turbine blades and the proposition to develop a Europe-wide registry of decommissioning (EC-JRC, 

2025). These measures would provide the necessary information for the recycling of blades and help 

to track the progress of the wind industry towards a more circular economy. By addressing these 

policy gaps and continuing to invest in blade recycling technologies, the wind industry can reduce 

waste, increase recycling rates, and contribute to a more sustainable future. 
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7 Conclusions 

In conclusion, this report provides a comprehensive assessment of the decommissioned material 

waste streams from the wind energy sector in the EU until 2050. Our analysis shows that the wind 

energy sector will generate significant waste streams, with concrete and steel being the largest 

contributors. However, these waste streams are expected to remain manageable within the existing 

recycling infrastructure, with the steel waste stream likely to be readily absorbed by the existing steel 

scrap ecosystem. 

The report also highlights the importance of recycling and waste management for critical raw 

materials such as rare earth elements (REEs) and boron, which are used to manufacture the 

permanent magnets in wind turbines. Strengthening collection, disassembly, and recycling rates for 

REEs will be crucial to reducing waste and minimising environmental impacts, and to increasing the 

availability of secondary REE materials to meet the EU's growing demand. 

Furthermore, the report emphasises the need for the wind industry to develop new recyclable blades, 

parallel to the effort of increasing recycling practices for blades currently being decommissioned. 

Several recycling strategies are identified, including mechanical recycling, chemical recycling, and 

thermal recycling. The development of innovative solutions for the recycling of wind turbine blades is 

crucial to reduce waste and minimise environmental impacts. 

Overall, our findings suggest that the wind energy sector has the potential to contribute to a more 

circular and sustainable economy, but this will require a concerted effort from policymakers, industry 

stakeholders and researchers to develop effective strategies for managing the growing volume of 

wind energy waste streams. The EU's Critical Raw Materials Act and the Waste Framework Directive 

provide a framework for promoting recycling and waste management, but concerted efforts need to 

be made to support the development of closed-loop recycling and to reduce the sector's reliance on 

primary materials. 

Our key recommendations are: 

• to establish a comprehensive and standardised system for tracking and monitoring wind 

energy waste streams, including the collection and reporting of data on waste generation, 

recycling rates, and material recovery, to inform policy and industrial decision-making and 

ensure the effective management of waste streams;  

• to develop and implement effective recycling technologies and strategies for critical raw 

materials such as REEs and boron: efforts should be made to strengthen each step of the 

end-of-life timeline, including collection, disassembly, and recycling, and to establish 

economic incentives to encourage the adoption of secondary raw materials; 

• to foster the development of innovative recycling solutions for existing wind turbine blades, 

and to design a new generation of recyclable blades. 

By implementing these recommendations, the wind energy sector can reduce its reliance on primary 

materials and minimise its environmental impacts, contributing both to the sector’s sustainability and 

to its circularity. 
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