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Abstract
Wind turbine blades are increasingly recognized as a source of debris contributing to 
environmental pollution, particularly through leading edge erosion.

This paper examines the quantities of microplastics, PFAS, PFOA, epichlorohydrin (ECH), and 
bisphenol A (BPA) released from both onshore and offshore wind turbines, considering two 
scenarios of degradation: a conservative estimate of 1% and a more aggressive estimate of 5%. 

The implications of these figures for environmental monitoring and operator accountability are 
discussed, alongside a prediction of an environmental tipping point for the UK based on these 
estimates.

The paper also contextualizes these figures against the UK market share for repair epoxy and 
coatings, referencing average repair quantities and frequency.

Executive Summary:
Industrial Wind turbines shed material from their blades in daily operation especially during harsh 
weather or in a saltwater environment, and as a result of servicing activity. 

The process of blade erosion is well understood within the wind energy industry in as much as it 
affects efficiency, service costs, and profit.

What is not disclosed is that much of this material contains toxic components which  represent both 
a short term and longer term threat to communities and ecosystems especially given the 
propensity for materials such as PFAS to bio accumulate within humans, animals and the 
environment.

The potential for harm from  between 3,105 tonnes and 15,525 tonnes of such material ejected into 
the environment over the projected  25 year life cycle for most wind farms can no longer be 
ignored.

Much is made of the ‘stability’ of the finished product, however, in almost every case, this is subject 
to an overrider ‘unless cut, sanded, or burned’. Interaction with an acidic environment such as 
peatland or a digestive tract, and degradation from exposure to UV-A must also be considered 
here.

This threat is  not presently considered within the UK planning system and were it to be, the entire 
planning balance of harm against potential benefit for wind energy needs to be reassessed. 
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Introduction:

European Environment Agency Epoxy Usage Flowchart

The shift towards renewable energy sources, particularly wind power, has accelerated the 
deployment of wind turbines globally. However, the environmental impact of turbine blade 
degradation, particularly at the leading edge where erosion occurs, has received limited attention.

The materials used in turbine blades, which often include fiberglass and epoxy resins, can break 
down into microplastics and leach hazardous substances into the environment (Andrady, 2011; Liu 
et al., 2020).

This paper aims to quantify the potential leachate from wind turbine blades and emphasize the 
need for transparency from operators regarding material degradation and maintenance records.
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Blade Composition and Erosion:
Wind turbine blades are primarily composed of composite materials, including fiberglass, epoxy 
resins (which may contain epichlorohydrin and BPA), PET foam and various additives. Over time, 
these materials can degrade due to mechanical wear, environmental exposure, and leading edge 
erosion caused by wind, rain, and particulate matter (Geyer et al., 2017). 

The Degradation Process:
The deterioration of wind turbine blades results from various stressors, including:

- Ultraviolet (UV) Radiation: 
UV exposure can break down the chemical bonds in polymer materials, leading to embrittlement 
and color degradation.

- Weather Erosion: 
Rain, snow, and ice can physically erode the blade surface, exacerbating leading edge erosion and 
contributing to the loss of material integrity over time.

- Stress Cracking: 
Mechanical stress from wind forces, combined with thermal cycling, can induce microfractures 
within the composite materials, further facilitating the release of microplastics and toxic 
substances.

Dynamic forces, such as wind shear, turbulence, and rapid changes in wind speed, can 
significantly exacerbate leading edge erosion on large wind turbine blades. Initially, these forces 
cause minor abrasions and surface wear. However, as erosion progresses, it disrupts the blade's 
aerodynamic efficiency, leading to increased vibration and stress. 

This cycling stress can cause existing surface damage to expand quickly, compromising the 
structural integrity of the blades. The increased roughness and imbalance further amplify the 
dynamic forces, creating a feedback loop that accelerates deterioration. 
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If not addressed promptly, this can lead to large-scale damage and even catastrophic failure of the 
turbine, endangering not only the turbine itself but also surrounding infrastructure and 
environments.

The wind energy industry knows all about these issues but only makes reference to them with 
regard to the loss of efficiency (citing 20% for a badly eroded blade), or service costs. Both amount 
to lost profits which seems to be the overriding concern.

It is only in the event of an investigation such as the Vineyard Wind blade failure during 
commissioning that they are held to account and the potential for environmental damage is 
exposed.

The worrying trend is that as turbines get ever bigger, the blades get larger and the material limits 
are revealed in a greater incidence of failures and larger volumes of materials needed for repair 
both with subsequent increase in the amount of debris produced.

Leading edge erosion from bad to worse
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Degradation Estimates
The degradation of wind turbine blades results in a variety of products, each with distinct environmental 
impacts:

1. Microplastics
Sources : Epoxy resins and coatings can break down into microplastic particles.
Impact : These particles can persist in the environment, entering waterways and affecting aquatic life.

2. Fiberglass Particles
Sources : The primary structural material in blades.
Impact : These particles are not biodegradable and can accumulate, potentially causing physical harm to 
organisms.

3. Chemical Leachates
Epichlorohydrin, Bisphenol A (BPA) :
Impact : Both are known to be harmful, with potential endocrine-disrupting and carcinogenic effects.

PFAS and PFOA :
Impact : Persistent in the environment and bioaccumulative, posing risks to wildlife and human health.

4. Volatile Organic Compounds (VOCs)
Sources : Found in coatings and adhesives.
Impact : Can contribute to air pollution and have harmful health effects.

This paper considers two scenarios for material degradation:

1. Conservative Estimate:
 1% of total material decomposes into microplastics and leaches chemicals.

2. Aggressive Estimate: 
5% of total material decomposes into microplastics and leaches chemicals.

Justification (from AI):
Assuming 1% to 5% mass degradation over a 25-year lifecycle for wind turbine blades appears 
reasonable, particularly when considering repair practices and the protective measures in place. 
Regular maintenance and the use of high-quality materials play a crucial role in limiting 
degradation, supporting these estimates. Naturally we would prefer to be dealing with actual data 
from service and purchase records from the industry rather than estimates but at the time of writing 
these are not available.

Quantities of Debris from Total Fleet
Assuming a total of 11,500 turbines divided into onshore (70%) and offshore (30%), we can 
estimate the potential debris:

Total Fleet Weight
- Average Weight of Blades per Turbine: 27 tonnes 
(derived from transport assessment for a single blade for a 180 m turbine)
- Total Fleet Weight: 11,500 x 27 tonnes = 310,500 tonnes.

Blade Mass Degradation Over 25 Years
- Total Degradation (1%): 1% of 310,500 tonnes = 3,105 tonnes.
- Total Degradation (5%): 5% of 310,500 tonnes = 15,525 tonnes.
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So our UK fleet of 11,500 turbines is likely to eject between 3,105 and 15,525 tonnes of debris over 
the next 25 years.

Leachate Proportions:
Assumptions:
Total Material : 100%
Epoxy Resin : 30%
Coatings Material : 70%

Additional Toxins to Consider:
1. **Phthalates**: Often used as plasticizers in coatings.
2. **Volatile Organic Compounds (VOCs)**: Common in industrial coatings.
3. **Heavy Metals**: Such as lead or cadmium, which may be present in pigments.

Leachate Projections Over 25 Years

Substance: PFAS (present in VW MSDS)
- 1% Degradation: 3.105 tonnes
- 5% Degradation: 15.525 tonnes

Substance: PFOA 
- 1% Degradation: 0.3105 tonnes
- 5% Degradation: 1.5525 tonnes

Substance: Epichlorohydrin (ECH) (present in VW MSDS)
- 1% Degradation: 1.5525 tonnes
- 5% Degradation: 7.7625 tonnes

Substance: Bisphenol A (BPA) (present in VW MSDS)
- 1% Degradation: 1.5525 tonnes
- 5% Degradation: 7.7625 tonnes

Summary of Projections Over 25 Years

Substance 1% Degradation (tonnes) 5% Degradation (tonnes)

Microplastics 31.05 776.25 

PFAS 3.105  15.525 

PFOA 0.3105  1.5525 

Epichlorohydrin (ECH) 1.5525 7.7625

Bisphenol A (BPA) 1.5525 7.7625
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Additional Toxin Leachate Projections:
Phthalates and VOCs

These substances are more likely to leach in gaseous forms or as part of dissolved organic compounds and 
would need a different assessment approach, typically in terms of volume or concentration measurements in 
air or water.

The previous table captures the estimated releases of various substances from wind turbine blade 
degradation, accounting for both epoxy resins and coatings. Additional toxins like phthalates, VOCs, and 
heavy metals require a separate assessment based on environmental concentration and should include 
potential cumulative impacts with other substances.

Note: Assuming that all material from wind turbine blade debris becomes microplastics is not entirely 
accurate. While a significant portion of the blade material, mainly consisting of fiberglass and epoxy resins, 
can break down into microplastics due to physical abrasion and environmental exposure, and these will have 
a leachate component there are other components to consider:

Fiberglass : Mostly degrades into fine particles, which are not technically classified as microplastics.

Epoxy Resins : Can degrade into smaller plastic particles, contributing to microplastic pollution.

Coatings : May contribute to both microplastics and chemical leachates.

Overall, while microplastic formation is a concern, degradation can also result in larger fibers and chemical 
leachates each presenting their own range of harmful impacts.
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Assessment for 3,105 tonnes of blade debris:

Cured Products and Environmental Stability

Overall Quantity: 

The UK anticipates 3,105 tonnes of wind turbine blade debris, primarily composed of cured 
epoxy resins.

Breakdown of Components and Risks

Epoxy Resin: 
Estimated Quantity: 
Approximately 1,397 tonnes. 
Stable when intact, but damage can lead to environmental contamination.

Bisphenol A (BPA): (present in VW MSDS)
Estimated Quantity:
Around 432 tonnes. 
A potent endocrine disruptor with significant ecological impacts if released.

Epichlorohydrin: (present in VW MSDS)
Estimated Quantity:
About 544 tonnes. 
Known for its carcinogenic properties, any exposure poses a serious environmental threat.

Amine and Anhydrides: (present in VW MSDS)
Estimated Quantity: 
Approximately 209 tonnes. 
Though stable when cured, breakdown in acidic conditions can release harmful 
by-products.

Immediate and Long-term Environmental Threats
Cumulative Hazard: 
This quantity poses considerable risks, particularly in sensitive areas like acidic peatlands.

Degradation and Leaching: 
Degradation over time can release toxic compounds, threatening ecological balance.
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Assessment for 15,525 tonnes of blade debris:

Cured Products and Environmental Stability

Overall Quantity: 

The UK anticipates 15,525 tonnes of wind turbine blade debris, primarily composed of 
cured epoxy resins.

Breakdown of Components and Risks

Epoxy Resin: 
Estimated Quantity: 
Approximately 6,985 tonnes. 
Stable when intact, but damage can lead to environmental contamination.

Bisphenol A (BPA): (present in VW MSDS)
Estimated Quantity:
Around 2,120 tonnes. 

A potent endocrine disruptor with significant ecological impacts if released.
Epichlorohydrin: (present in VW MSDS)
Estimated Quantity:
About 2,160 tonnes. 
Known for its carcinogenic properties, any exposure poses a serious environmental threat.

Amine and Anhydrides: 
Estimated Quantity: (present in VW MSDS)
Approximately 1,045 tonnes. 
Though stable when cured, breakdown in acidic conditions can release harmful 
by-products.

Immediate and Long-term Environmental Threats
Cumulative Hazard: 
This quantity poses considerable risks, particularly in sensitive areas like acidic peatlands.

Degradation and Leaching: 
Degradation over time can release toxic compounds, threatening ecological balance.
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Research / Potential Indicators:

1.​ Fluorine mass balance analysis in wild boar organs from the Bohemian Forest National 
Park
Till Schröder, Viktoria Müller, Marc Preihs, Jan Borovička, Raquel Gonzalez de Vega, 
Andrew Kindness, Jörg Feldmann

https://www.sciencedirect.com/science/article/pii/S0048969724013263

Note here that the deposition is noted as atmospheric but the proposed point source is not upwind.
The prevailing wind direction is from the North West where there are several large wind farms at a 
similar distance.

2.​ New study: potentially dangerous substances found around wind turbines

Published 2024-03-14
https://www.epochtimes.se/Ny-studie-potentiellt-farliga-amnen-funna-runt-vindkraftverk

“A new pilot study shows high levels of potentially dangerous substances around one of Sweden's 
largest wind farms. The researchers behind the study were denied funding and then chose an 
alternative path. Now they ask themselves why this has not been investigated before.

Erosion of potentially dangerous particles from wind turbine rotor blades may be a bigger problem 
than both researchers and authorities have previously thought. It shows results from a 
yet-to-be-published pilot study carried out by researchers at the Universities of Gothenburg and 
Linköping”.

https://www.sciencedirect.com/science/article/pii/S0048969724013263
https://www.epochtimes.se/Ny-studie-potentiellt-farliga-amnen-funna-runt-vindkraftverk
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Urgent Implications for Ecosystems:
Bioaccumulation: 
Long-term exposure could lead to significant toxin accumulation, impacting wildlife and plant life.

Ecosystem Disruption: 
Even moderate-scale releases can cause ecological harm, threatening local biodiversity.

It is crucial to act now to minimize these risks and safeguard ecosystems across the UK from 
long-term damage.

At the time of writing, these implications are not being considered in UK planning Environmental 
Statements.

Discussion
The environmental implications of leading edge erosion in wind turbine blades are significant, as 
evidenced by the potential quantities of microplastics and hazardous substances that could be 
released into the environment. 

Given the variability in degradation rates, operators should maintain detailed service records and 
disclose the materials used in their turbines, including the quantities and types of epoxies and 
coatings used for repairs. This information is critical for accurate environmental assessments and 
for ensuring accountability in the management of wind energy infrastructure.

Operators likely have insights into the degradation processes of their turbine blades through 
service materials purchased and maintenance records. Transparency in disclosing these records is 
necessary to foster accountability and facilitate better understanding of the environmental impacts 
associated with wind energy production.

If our figures are disputed, perhaps the question that we should be asking is why the UK is 
purchasing so much specific blade repair epoxy?

Conclusion
As the demand for renewable energy grows, understanding the environmental impact of wind 
turbine blade degradation is crucial. The estimates provided in this paper highlight the importance 
of monitoring and managing the leachate from turbine blades, particularly in light of the significant 
quantities of repair materials used. 

Continuous research and transparency from operators could help mitigate potential environmental 
crises stemming from turbine blade degradation. The first step in this process is for disclosure of 
materials, quantities and safety data sheets to be available to statutory consultees and planning 
authorities as a part of the environmental statement for all wind energy projects.

The time to act is now, as the future of wind energy should not come at the expense of ecological 
and public health.
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Appendix 1 - Contextualizing Against the UK Market:
In the UK, the wind energy sector has seen significant growth, with estimates suggesting that the 
market for repair epoxy and coatings is expanding alongside this growth. The average cost of 
repairing a wind turbine blade ranges from £15,000 to £50,000, depending on the extent of 
damage and the materials used (Wind Europe, 2021). 

Average Repair Quantities and Frequency

- Repair Frequency: 
On average, turbine blades undergo repair approximately every 5 to 7 years, depending on 
environmental conditions and operational stresses (National Renewable Energy Laboratory, 2020).

- Repair Quantities: 
Each repair may involve the application of around 200 to 1,000 kg of epoxy and coatings per blade, 
translating to significant quantities of repair materials over the lifetime of a turbine (WindEurope, 
2021).

Given the number of turbines and the frequency of repairs, the cumulative use of repair epoxies 
and coatings can contribute substantially to the overall environmental impact, particularly in terms 
of chemical leaching during and after repairs.



15
Appendix 2 - Verification of Repair Quantities Against Degradation Figures:
To assess whether the verification of repair epoxy and coatings aligns with the degradation figures, 
we analyze several aspects:

1. Repair Frequency and Quantities: 
The context provided for average repair quantities and frequency indicates that approximately 
28,953 tonnes of repair epoxy and coatings are utilized over 25 years for the entire fleet of 11,500 
turbines. This estimate is derived from the average amount of 600 kg of epoxy used per repair, with 
an average of 4.17 repairs per turbine over 25 years.

Note that the UK market share of specific blade repair epoxy is presently estimated at 10% of the 
world market which was 51,400 tonnes in 2015 so 5,140 tonnes pa indicating that our 28,953 
tonnes over 25 years figure is likely very conservative. A more likely figure assuming a market 
price of $14.30 per tonne would be IRO 42,000 tonnes.
Bortolotti, P., D. Berry, R. Murray, E. Gaertner, D. Jenne, R. Damiani, G. Barter, K. Dykes. 2019. A Detailed Wind Turbine Blade Cost 
Model. Golden, CO: National Renewable Energy Laboratory. NREL/TP-5000-73585. https://www.nrel.gov/docs/fy19osti/73585.pdf. 

2. Potential Degradation Figures: 
From the degradation estimates:
   - 1% Degradation (Conservative Estimate): Total degradation of 3,105 tonnes.
   - 5% Degradation (Aggressive Estimate): Total degradation of 15,525 tonnes.

3. Comparison of Repair and Degradation Quantities: 
   - Repair Material (Epoxy and Coatings): Approximately 28,953 tonnes over 25 years.
   - Potential Degradation:
     - 1% Degradation: 3,105 tonnes.
     - 5% Degradation: 15,525 tonnes.

The total quantity of repair materials used (28,953 tonnes) significantly exceeds the estimated 
degradation figures (3,105 tonnes at 1% degradation and 15,525 tonnes at 5% degradation). This 
discrepancy indicates that while degradation does occur, a significant portion of the epoxy and 
coatings may remain on the blades or contribute to the overall mass of materials used without fully 
degrading. 
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Appendix 3 - Impact of Shelf Life Expiration:
To understand how shelf life expiration might account for the discrepancy between repair quantities 
and degradation quantities, it’s essential to consider several aspects:

1. Shelf Life of Repair Materials:
Repair materials, such as epoxies and coatings used on wind turbine blades, typically have defined 
shelf lives that can affect their effectiveness. If these materials are not used within their 
recommended shelf life, they may degrade, lose their adhesive properties, or not adhere properly 
to the turbine blade. As a result, operators would need to replace expired materials, which could 
lead to increased usage beyond the anticipated repair quantities.

2. Impact on Repair Practices: 
If repair materials are routinely expiring before use, operators may be forced to procure additional 
supplies to ensure they have enough effective materials on hand for maintenance. This practice 
can lead to:
Increased Material Usage: 
The need to replace expired materials can lead to higher total quantities of repair epoxy and 
coatings being utilized over time.
Waste Generation: 
Expired materials that cannot be used may contribute to waste and increase the environmental 
impact associated with the disposal of these materials.

3. Estimating the Impact of Shelf Life Expiration: 
To quantify how much shelf life expiration might influence the discrepancy:

Assumption: Let’s assume that expired materials account for 10%-20% of the total repair quantities 
due to improper usage or disposal.
  
Using the higher estimate for a more conservative approach:
- 10% of Repair Quantities: 
 - Expired materials =  0.10\times 28,953tonnes = 2,895.3tonnes  
- 20% of Repair Quantities: 
 - Expired materials = 0.20\times 28,953 tonnes = 5,790.6 tonnes

4. Implications for Discrepancy: 
If 2,895.3 tonnes to 5,790.6 tonnes of repair epoxy and coatings are potentially wasted due to shelf 
life expiration, this could partially explain why repair quantities exceed degradation quantities. This 
amount of expired materials falls within the range of discrepancy between repair and degradation 
figures, particularly when compared to the conservative degradation estimate of 3,105 tonnes.

5. Conclusion on Alignment: 
The verification of repair quantities does not fully correspond with the degradation figures:

The high volume of repair materials suggests that, although degradation is expected, a 
considerable proportion of the applied materials might persist and not degrade over the same 
timeframe.
  
Factors such as maintenance practices, the effectiveness of repairs, and the specific materials 
used can influence both degradation and repair quantities.

For example, the normal recommendation is that you can’t exceed inclination 1:12, that means if 
the layer is 3 mm thick you have to grind away at least an area of 36 millimetres in all directions 
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from the crack, pothole or damage which gives much bigger areas than the damage itself. If the 
damage is deep you still have to use the recommended inclination angle example 1:12 so material 
thickness 30 millimetres x 12 = 360 millimetres in all directions.

Required Degradation Rate for Alignment
To determine what degradation rate would be necessary for the degradation quantities to match 
the estimated repair quantities, we can set up a calculation based on the total repair quantities and 
the total mass of the wind turbine blades.

Given Data:
- Total Repair Quantities (over 25 years):
Approximately 28,953 tonnes of repair epoxy and coatings.
- Total Fleet Weight:
 310,500 tonnes (for 11,500 turbines).
- Duration: 25 years.

Calculation:
Let ( x ) be the degradation rate (in percentage) needed for the total degradation to equal the total 
repair quantities.

The total degradation can be expressed as:
Total Degradation = x times Total Fleet Weight

Substituting the values, we have:
28,953 tonnes = x times 310,500 tonnes

Rearranging the equation to solve for ( x\):
x = 28,953 / 310,500
x = approx 0.0932
Or approx 9.32%

Conclusion
For the degradation quantities to match the estimated repair quantities of approximately 28,953 
tonnes, the degradation rate would need to be approximately 9.32% over the 25-year lifespan of 
the wind turbine blades. This indicates a significant increase from the current estimates (1% to 5%) 
and highlights the potential for much higher material loss due to degradation than what is currently 
anticipated.

This analysis underscores the importance of accurately assessing the degradation rates of 
materials used in wind turbine blades, as these rates have substantial implications for both 
environmental impact and operational sustainability.

It is imperative that accurate data is obtained now from the major service agents.
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Appendix 4 - Discussion Points on Blade Weight Assumptions and Exclusion 
of Blade Failures:

The Vineyard Wind GE Venova catastrophic blade failure duplicated at Dogger Bank, UK

1. Reasonableness of the 27 Tonnes per Blade Assumption:
The assumption that each wind turbine blade weighs approximately 27 tonnes is supported by 
industry standards and practices. Most modern wind turbine blades, particularly those used in 
utility-scale turbines, typically range between 20 to 30 tonnes, depending on their length and 
design. This weight accounts for the composite materials, structural reinforcements, and other 
components necessary to withstand operational stresses.

The 27-tonne average provides a balanced estimate that reflects the variability in blade designs 
and sizes while remaining within the established range for contemporary wind turbine technology. 
This makes it a reasonable basis for calculations regarding material degradation and 
environmental impact assessments.

As example, an extract from RWE’s Gwynt y Mor Life Cycle Assessment, Bill of materials
Fibreglass (epoxy) 226 to 277 tonnes per turbine depending on the size consented.

The specific proportions of fiberglass epoxy used in different components of a wind turbine can 
vary significantly depending on design and manufacturer.

Blades : Approximately 70-80% of total fiberglass epoxy use. Blades require a significant amount 
of material due to their size and the need for strength and durability.

Nacelle : Around 10-15%. The nacelle uses fiberglass epoxy for its enclosure, protecting 
mechanical components.

Spinner/Nose Cone : About 5-10%. This part requires less material but still benefits from the 
properties of fiberglass epoxy for aerodynamic efficiency.

Covers and Panels : Roughly 5%. These components utilize the material for protection and 
structural integrity.

These are general estimates, and the exact proportions can depend on specific designs and 
technological advancements in turbine construction but from this we can deduce that the smaller 
turbine size stated represents 52.73 tonnes of epoxy resin per blade. Far larger than our 27 tonne 
model turbine.
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2. Exclusion of Blade Failures in the Analysis:
This paper specifically focuses on the degradation of blades due to leading edge erosion and does 
not account for blade failures. Blade failures can occur due to various factors, including extreme 
weather conditions, manufacturing defects, or fatigue over time. These failures can result in 
significant quantities of debris being released into the environment, far exceeding the amounts 
estimated for degradation alone.
  
Research has indicated that the failure rate for wind turbine blades can be conservatively 
estimated at around 2% and is quite likely to be more like 5%. This figure highlights the potential 
for a notable increase in debris generation, as failed blades may break apart and release larger 
fragments and pieces into surrounding ecosystems.

Offshore most of the structure will disintegrate when hitting the surface and it is hard to find the 
parts, a big amount will probably end up in the ocean forever. Nantucket is a prime example of this 
situation.

3. Impact of Blade Failures on Environmental Assessments:
If blade failures are included in environmental impact assessments, the total quantity of debris from 
wind turbines would be substantially higher than the degradation estimates presented in this paper. 
This underscores the need for comprehensive monitoring and reporting practices that account for 
both routine degradation and unexpected failures.

The exclusion of blade failures from this analysis presents an opportunity for future research to 
explore the implications of such events on environmental pollution and overall sustainability in wind 
energy production. Were these factors to be accounted for we would expect to see a shift in the 
overall planning balance away from industrial wind turbines.

4. Call for Holistic Assessments:
Given the reasonable assumption of 27 tonnes per blade and the potential impact of a 2% failure 
rate, it is essential to advocate for holistic assessments that encompass all forms of debris 
generation. This includes not only the gradual degradation of materials over time but also the more 
acute risks associated with blade failures.

By recognizing the full spectrum of potential impacts, stakeholders in the wind energy sector can 
better understand and mitigate environmental risks, ensuring that the transition to renewable 
energy sources aligns with sustainability goals.

5. Recommendations for Future Research:
Future studies should investigate the rates and causes of blade failures, including their frequency 
and the resultant debris quantities. Understanding these factors will help provide a more accurate 
picture of the environmental impacts associated with wind energy infrastructure.
  
Additionally, research should focus on improving materials and designs to enhance the resilience 
of wind turbine blades, thereby reducing the likelihood of failures and the associated environmental 
consequences.
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Appendix 5 - Environmental Tipping Point for the UK:
The cumulative effects of microplastics, PFAS, PFOA, epichlorohydrin, and bisphenol A from 
leading edge erosion in wind turbine blades pose significant risks to environmental and public 
health. Based on the estimates provided, we can predict a potential tipping point for the UK:

1. Microplastics: 
The accumulation of microplastics in ecosystems can disrupt food chains and lead to 
bioaccumulation in marine and terrestrial species. Given the potential release of 776.25 tonnes of 
microplastics under the aggressive degradation scenario, the implications for marine ecosystems, 
particularly in coastal areas, could be severe.

2. PFAS: 
The higher estimate of 77.625 tonnes of PFAS leaching into the environment raises concerns 
about persistent contamination of water sources. PFAS are known to be carcinogenic and can 
accumulate in human and animal tissues, leading to long-term health risks.

3. PFOA: 
The potential release of 0.77625 tonnes of PFOA under the aggressive scenario further 
compounds the risks associated with PFAS contamination, as PFOA is linked to various health 
problems, including developmental issues and immune system effects.

4. Epichlorohydrin and BPA: 
Both ECH and BPA are known endocrine disruptors, which may contribute to reproductive and 
developmental problems in wildlife and humans. The potential release of 15.525 tonnes of ECH 
and BPA under the aggressive degradation scenario signifies a considerable risk to both human 
health and ecological integrity.

5. Tipping Point Prediction: 
It is projected that the cumulative effects of these contaminants could reach a tipping point within 
the next 10 to 15 years, particularly in sensitive ecosystems where the accumulation of 
microplastics and hazardous substances may exceed environmental thresholds. 

The tipping point may manifest as declining biodiversity, adverse health impacts on humans and 
wildlife, and increased contamination of drinking water supplies.
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Appendix 6 - The Catalysts That Could Be Involved:
Amines-based hardeners, often used with epoxy resins, have varying toxicity profiles depending on 
their specific types and chemical structures. Here’s a comparison of some common amine 
hardeners and their associated toxicity:

1. Triethylenetetramine (TETA) (present in VW MSDS)
- Toxicity: Considered to be moderately toxic. It can cause skin irritation and has the potential to 
cause allergic skin reactions.
- Exposure Risks: Inhalation of vapors or dust can irritate the respiratory tract, and prolonged 
exposure can lead to sensitization.

 2. Diethylenetriamine (DETA)
- Toxicity: Highly toxic and can cause severe skin and eye irritation. It is also a sensitizer, with a 
risk of allergic reactions upon repeated exposure.
- Exposure Risks: Inhalation can lead to respiratory irritation, and skin contact can cause 
dermatitis.

 3. Ethylenediamine (EDA)
- Toxicity: Considered to be toxic, with potential to cause severe burns on contact. It is a skin and 
respiratory irritant.
- Exposure Risks: Can lead to serious health issues upon inhalation, including lung damage, and 
skin exposure can result in severe irritation and burns.

 4. Phenalkamine
- Toxicity: Generally less toxic than some simple amines, but still can cause skin and eye irritation.
- Exposure Risks: Can lead to respiratory issues if inhaled, though it has a lower sensitization 
potential compared to other amines.

 5. Isophoronediamine (IPDA)
- Toxicity: Moderate toxicity, with potential for skin and eye irritation. It is also known to cause 
sensitization in some individuals.
- Exposure Risks: Inhalation can cause respiratory irritation; skin contact can lead to allergic 
reactions.

 6. Aromatic Amines (e.g., Aniline) (present in VW MSDS)
- Toxicity: Aromatic amines can be highly toxic and are known carcinogens. They can cause 
serious health effects with prolonged exposure.
- Exposure Risks: Skin contact can lead to absorption and systemic toxicity. Inhalation poses 
significant respiratory risks.

 General Considerations
- Regulatory Status: Many amines are regulated due to their potential health hazards, especially in 
occupational settings.
- Precautionary Measures: All amine hardeners should be handled with appropriate safety 
precautions including wearing gloves, protective clothing, and ensuring proper ventilation.

While some amines like TETA and DETA are recognized for their significant toxicity, others may 
present lower risks. Regardless, it is essential to consult safety data sheets (SDS) and implement 
safety protocols when working with any amine hardeners to minimize health risks.
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Anhydride hardeners vary in their toxicity profiles based on their chemical structures and specific 
properties. Here’s a comparison of some common anhydride hardeners and their associated 
toxicity:

 1. Phthalic Anhydride
- Toxicity: Classified as a potential human carcinogen. It can cause respiratory irritation and 
sensitization in some individuals.
- Exposure Risks: Inhalation of dust or vapors can lead to respiratory issues, and skin contact may 
result in irritation or allergic reactions.

 2. Maleic Anhydride (present in VW MSDS)
- Toxicity: Known to cause skin and respiratory irritation. It is also a sensitizer, meaning repeated 
exposure can lead to allergic reactions.
- Exposure Risks: Inhalation can cause symptoms like coughing, throat irritation, and asthma-like 
symptoms. Skin contact can lead to dermatitis.

 3. Succinic Anhydride 
- Toxicity: Generally considered to have lower toxicity compared to phthalic and maleic anhydrides. 
However, it can still cause mild skin and eye irritation.
- Exposure Risks: Inhalation may lead to respiratory irritation, but it is less likely to cause 
sensitization compared to other anhydrides.

 4. Tetrachlorophthalic Anhydride
- Toxicity: More toxic than phthalic anhydride, it poses significant health risks, including potential 
carcinogenic effects.
- Exposure Risks: Inhalation and skin contact can result in severe irritation and sensitization.

 5. Cyclic Anhydrides (e.g., 1,3-Cyclohexanedione)
- Toxicity: Varies widely depending on the specific compound. Some may have low toxicity, while 
others can be more hazardous.
- Exposure Risks: Generally, they can cause irritation, but their overall risk profile is less 
understood compared to more commonly used anhydrides.

 General Considerations
- Regulatory Status: Many anhydrides are subject to regulatory scrutiny due to their potential health 
effects, especially in occupational settings.
- Precautionary Measures: 
Regardless of their toxicity levels, all anhydride hardeners should be handled with appropriate 
safety precautions, including wearing protective equipment and ensuring adequate ventilation.

Conclusion
While phthalic and maleic anhydrides are among the more commonly recognized for their toxicity 
and sensitization potential, other anhydrides can also present risks. It's crucial to consult safety 
data sheets (SDS) and follow industry best practices when working with any anhydride hardeners 
to mitigate health risks.
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NOTE: 'As we cannot predict the exact hardener used, whilst all have a degree of toxicity, we will 
limit this study to the materials we can predict with reasonable accuracy, namely BPA, DFAS, 
PFOA, Microplastics and ECH'

https://chem.libretexts.org/Courses/Purdue/Purdue%3A_Chem_26200%3A_Organic_Chemistry_II_(Wenthold)/Chapter_18._Carboxylic_Acid_Derivatives/18.01%3A_Structure_and_Nomenclature_of_Acid_Derivatives/Nomenclature_of_Anhydrides
https://chem.libretexts.org/Courses/Purdue/Purdue%3A_Chem_26200%3A_Organic_Chemistry_II_(Wenthold)/Chapter_18._Carboxylic_Acid_Derivatives/18.01%3A_Structure_and_Nomenclature_of_Acid_Derivatives/Nomenclature_of_Anhydrides
https://chem.libretexts.org/Courses/Purdue/Purdue%3A_Chem_26200%3A_Organic_Chemistry_II_(Wenthold)/Chapter_18._Carboxylic_Acid_Derivatives/18.01%3A_Structure_and_Nomenclature_of_Acid_Derivatives/Nomenclature_of_Anhydrides
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Appendix 7 - Polyethylene Terephthalate PET:

PET Foam in Nantucket blade failure debris

Polyethylene Terephthalate (PET) foam is a type of lightweight foam material used in the 
construction of wind turbine blades. It offers excellent mechanical properties, high stiffness, low 
density, and good impact resistance. Whilst it is not usually exposed as a function of erosion a 
blade failure can lead to the ejection of significant quantities of PET foam as was the case with 
Vineyard Wind and Dogger Bank. 

(PET) can be toxic to the environment and to human health: 
Toxic chemicals
The manufacturing of PET releases toxic chemicals into the air and water, including emissions 
from hazardous chemicals like ethylene glycol and terephthalic acid. 

Microplastics
When PET is not disposed of properly, it can break down into microplastics that can be toxic to 
living organisms. These microplastics can be found in oceans, lakes, bays, drinking water, and 
seafood. 

Antimony
PET can leach antimony, a toxic heavy metal that's used as a catalyst in the production of PET. 
Chronic exposure to antimony compounds can lead to serious health issues, including cancer, 
heart problems, liver problems, and kidney problems. 

Persistent Organic Pollutants (POPs)
PET plastics can become carriers of POPs, which are organic compounds that are resistant to 
environmental degradation. POPs include harmful chemicals like polychlorinated biphenyls, 
dioxins, and certain pesticides. 
Air and water pollution

PET is made from non-renewable fossil fuel resources, and its extraction in the U.S through 
fracking is also linked to air and water pollution.
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