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Abstract 

 

Wind energy has been growing and evolving in the past decades. The size of the wind turbine 

blades have also been increasing and with a life expectancy of around 15-25 years depending 

on the wind class of the blades, there are little afterlife applications currently available for 

these blades. Recyclability of the blades is complicated due to the fact that it is made from 

composite materials, mostly epoxy and fiber glass. This creates an obstacle for the amortized 

blades, since disposing solid wastes in landfills have been restricted through legislation within 

the European Union (EU). With the current situation and the aim of many EU nations to reach 

their Sustainable Development Goals in 2030 and 2050, there is no doubt that these countries 

will have to find options to deal with the amortized blades. As the title states alternative 

methods on processing the end of life (EoL) wind turbine (W.T.) blades most likely 

applicable in the Netherlands and the EU or the globe will be discussed. 

 

Four methods are discussed namely: pyrolysis, refurbishing, pavement application and 

landfilling of the amortized/EoL W.T. blades The most prominent options of dealing with the 

end-of-life rotor blades are:  burning of the blades cut in pieces and use the heat to generate 

energy, pyrolysis and use the filler material in cement. Another option is to use the blade as an 

artificial reef which can be if given some time, beneficial in ecological terms. The artificial 

reef would function as a breeding place for a number of undersea life species. All the 

aforementioned options are viable solutions, but still face many obstacles due to lack of 

equipment and policies regulating and stimulating recycling the blades, transportation costs 

and maturity of applicable technology available at the moment. 

 

In order to analyze the four methods a lifecycle assessment (LCA) has been conducted with 

the software GaBi (education version). This software was utilized in providing an indication 

on the environmental impacts each application or process has. A business case for recycling 

the EoL W.T. blades was also done in giving some insights on how financially feasible each 

process is. The LCA and business case were conducted with data obtained from the limited 

literature and assumptions. Pyrolysis and the pavement application based on the results have 

shown to be the most viable options in reducing the waste currently.  

 

Around 20 percent of the blades in the Netherlands are refurbished and resold to buyers 

within and outside the EU. These blades also need to undergo a certification process before 

being sold to purchasing parties. Pyrolysis of the decommissioned blades is currently not 

applied in the Netherlands. Refiber, a company in Denmark was active in the pyrolysis 

process of the blades, but has been inactive for more than 10 years. The company claims that 

5000 tons of amortized blades are required for the process to be operational. Extreme Eco 

solutions is currently active in the W.T. blades in pavement application within the 

Netherlands. Most blades after reaching their end of life are landfilled in the Netherlands due 

to its complexity in recycling them.   
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I Introduction 

1.1 Background 

Wind energy is due to an abundance of wind power available, an effective alternative in 

replacing fossil fuels and reducing the CO2 emission in the Netherlands. The Netherlands 

aims to reduce its CO2 emission drastically and also attempts to be free of carbon emissions 

in 2050. Due to lack of sunlight and lack of area for a solar plant, wind energy has the edge 

over Photo Voltaic (PV) solar energy as PV technology is still being developed in order to 

improve its efficiency. There are a lot of windmills currently installed in the Netherlands. 

Most parts of the wind turbines are recyclable except for the blades. The afterlife usage of the 

blades is a cause of concern at the moment. Not many alternatives are available and with the 

prospected wind turbines to increase in the future within the country, an effective solution/ 

solutions should be created. Current available options will be explained and analyzed in this 

report and other alternative solutions will also be mentioned and worked out in detail. This 

work will not be limited to the available technology, but will also consider the social, 

economic and environmental impacts [1].  

 

1.2 Problem statement 

1.2.1 Problem statement 

The EU-countries has many plans and policies set out with the aim to reach their sustainable 

development goals. Renewable sustainable energy is one of the aforementioned projected 

goals, in which wind energy is part of. Due to the fact of its high wind energy potential, the 

Netherlands has invested and implemented highly in wind turbines to ideal locations. In the 

last years wind mills have proven to be an effective source of energy in the Netherlands. Most 

parts of the wind mills are recyclable except for the blades. These blades have various lifetime 

expectancies due to weather conditions which may cause these to be damaged and replaced as 

a cause. Average life expectancy is around 20 years and there is no concrete plan on how to 

deal with the amortized blades. This thesis will focus on the afterlife use of the amortized 

windmills. Current and future options will be discussed and elaborated. Which sustainable 

management strategies can tackle the issue, which policies should be created and 

implemented for an effective result. This thesis will also look at options how the solutions can 

be integrated within a framework.  

 

1.3 Research objectives 
The objective of this research is to explore ways on how recycling the end of life blades can 

be of economic value without harming the environment. A stakeholder analysis will also be 

conducted. End-of-life alternatives which currently may have an effective impact on dealing 

with the issue will be discussed. Based on these findings a choice will be made which options 

can be implemented in short term and which steps should be taken in regards to policies and 

the roles and responsibilities of the stakeholders. 
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1.3.1 Research questions 

With reference to the introduction the main research question can be described as follows: 

1.3.2 Sub questions 

Please find below the sub questions linked to the main question described above.  

1. What is the current Technical state of the art of the afterlife application of amortized 

wind turbine blades in Europe? 

2. What is the environmental impact of the current afterlife applications? 

3. Which environmentally benign alternative technological options are suggested in 

literature and by experts? 

4. What is the expected environmental and economic improvement compared to the 

current afterlife application of amortized wind turbine blades? 

 

  

What is the technical and environmental state of the art of the afterlife application of 

amortized wind turbine blades in Europe and which options are suggested in the academic 

literature and by experts in the field to improve the economic and environmental 

performance of the afterlife application? 
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1.4 Wind Energy in general 
 

Wind energy has made several progressions in becoming more efficient in the last 

decades (Figure 3). The blades are much lighter and much more energy. With all the 

aforementioned attributes of the blades, come some challenges which needs to be 

asserted. Lighter and much efficient blades have been growing rapidly in recent years, 

which make it difficult to install and decommission after reaching its lifecycle. 

Another crucial problem with the blades is that the composite materials from which 

the blades are manufactured are difficult to recycle. This has put the wind energy 

application in somewhat of an imbalances scale given below in Figure 1. 

 

 

Figure 1 Pros and cons of wind turbine weighed on a scale 

Since landfills are phasing out within the European Union (EU) and reaching the Paris 

agreement in which CO2 emission targets have been set by a number of countries, the 

necessity of tackling the issue on recycling or reducing the waste stream of amortized wind 

turbine blades has emerged. These occurrences have led to the creation of circular economy in 

which recycling or reusing of waste streams is stimulated. In Figure 2 you can see the three 

main pillars for recycling the wind turbine blades. The methods in tackling the issue will be 

elaborated in the following sections of the report. 

  

Evolution of the 
W.T. blades 

Recyclability 
issues of the 
W.T. blades 
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Figure 2 Three main pillars for recycling W.T. blades 

 

 

Figure 3 Development of larger and more efficient blades 

Paris Agreement 

Circular 
economy 

EU policy 
on closing 

down 
landfills 



5 | P a g e  
 

1.5 Policies and materials used in the wind turbine blades 

1.5.1 Evolution of policies within the EU 

Hydroelectric and wind energy became the main sources of renewable energy in the world in 

2016. Although wind energy has had a steeper growth compared to hydroelectric energy. The 

global cumulative installed wind power capacity, increased on average by 15% onshore and 

33% offshore yearly between 2010 and 2017. Offshore wind power has the higher increasing 

rate due to its higher producing power capacity. 

Policies on improving the solid waste management in Europe have undergone many 

alterations as is given below in Figure 4. 

 

Figure 4 String and changes of policies in favor of tackling climate change issues 

throughout the years [2] 

The status quo on Climate change, Greenhouse gases and Energy security has a trend of 

growing political concern on a global scale, consequently leading to environmental legislation 

and the development of renewable energy technologies.  

Wind turbine blades are a crucial part of the system due to their aerodynamics, weight and 

structural properties in capturing kinetic energy. The development of the blades in recent 

years have, been designed in such a way improving their material properties, performance and 

economy. They are also designed to resist certain conditions like extreme gusts causing high 

structural loads. Testing of the W.T. blades is done on static extreme load matching to a 50 

year gust wind and a cyclic loading similar to a 20 year fatigue life [2]. 

Recycling wind turbine blades is challenging as a consequence of the following factors: 

 The blades consists of a complex material composition of fibers, namely Polymer 

matrix and fillers 

 The cross-linked character of the thermoset material makes it difficult or impossible to 

remold the material 

 The wind turbine blades during their 20 year lifetime are continuously exposed to 

numerous hostile conditions such as extreme temperatures, humidity, rain, hail impact, 

snow, ice, U.V.-radiation, lightning and salinity 
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 After their life-cycle of 20 years, most of the blades cannot be refurbished and reused 

due to damage of the material and or erosion of the edges of the blades 

 The size of the blades, especially the larger ones are a cause of concern in terms of 

logistical problems like dismantling, transportation and cutting [2] & [3]. 

 

In 2008 the European Union (EU) climate change and energy package was enacted with the 

aim in reducing greenhouse gas emissions and minimizing the dependence on energy sources 

coming outside the EU. The adopted package by the EU contains these instruments: 

I. EU Emissions Trading Scheme (EU TS). 

This is a system that keeps a tab on the quantity of industrial greenhouse gases which 

can be emitted. Emissions allowances are provided for the companies, which can be 

traded among each other. The climate change and energy package consists an 

amendment to Directive 2003/87/EC in order to improve and broaden the Emission 

Trading Scheme. 

II. Greenhouse gas (GHG) emissions target.            

An EU commitment was adopted in which member state have agreed upon reducing 

greenhouse gas emissions by a target level   20% in 2020 compared to the GHG levels 

in 1990. 

III. Renewable energy sources (RES) 2020 target.             

A target level of generating 20% of energy from renewable sources in 2020 was set by 

the EU. Target levels were decided per member state. 

 

1.5.1.1 Recycling economics 

A comparative analysis can be utilized in determining the economic viability of recycling the 

WT blades. Pre the installation phase of any WT project, a decommissioning plan is created, 

mapping out potential costs and time roster for disassembling and disposing wind turbines 

and co related infrastructure after their life cycle. Evaluation for future decommissioning costs 

is difficult because of the following factors: 

 Salvaging or maintaining value of the material—Fluctuation of market value of 

materials are unpredictable 

 Costs for recycling—Recycling methods are still being developed, which will reduce 

the cost of the applied technology in the near future. The extent of this occurrence is 

for the moment uncertain 

 Costs for disposal—A tax on the disposal of the waste is included. The tax on landfill 

disposal (Directive, 1999/31/EC) can be charged by weight and type of material. 

Aforementioned, the EU landfill directive in 1999 aims to progressively reduce levels of 

biodegradable waste ending up on landfill and banning landfilling of certain hazardous wastes 

like liquid chemical waste, wastes from clinics and hospitals and used tires. Every EU country 

has interpreted and applied the directive in their own way. Germany was the frontrunner back 

in 2005 when it banned untreated municipal wastes on landfills. This led to materials with a 
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high content of organic material, like wind turbine blades containing 30% organic material to 

be allocated for alternative end of life applications. Figure 5 indicates an overview of the 

waste stream of materials associated with Wind Turbines and the end of life processes 

available for those materials [2].  

The Netherlands also has a ban on municipal and industrial wastes ending up at landfills. 

Despite this ban, most end of life non-revisable wind turbine blades are landfilled without fine 

or payment. Main reason for this is that the central government and the municipalities 

acknowledge the difficulties for recycling or processing the blades [2].  

1.5.2 Material stream and growth on a global scale 

 

1.5.2.1 Material of the blade 

The WT blades are manufactured from composite materials consisting of more than one 

bonded material, each material containing different structural properties. One of such 

materials, known as the reinforcing phase is implanted within the other material in matrix 

phase. Once the composite is designed and manufactured adequately, the reinforcement 

strength is accumulated with the matrix’s toughness resulting in an accumulation of viable 

properties which not available in other conventional material. The possibility of gaining a 

high ratio of stiffness to weight is one of the important advantages of using composite 

materials. Composites applied for engineering applications are usually advanced fiber or 

laminated composites like fiberglass, glass epoxy, graphite epoxy and boron epoxy. These 

materials are not easily shaped than isotropic materials like iron or steel. Therefore special 

consideration must be made in establishing the properties and orientations of the different 

layers considering each layer probably having various orthotropic material properties [4]. 

A wide range of WT blades are manufactured from GFRP with either polyester or epoxy 

resin. Other designs or types apply wood-epoxy or alternate materials. Smaller blades are 

manufactured from steel or aluminum, but heavier considering the scale and weight length 

ratio [4].        

The lighter the blades become, the more efficient the use of material and the generating 

energy capacity becomes while also reducing the costs to produce them. Carbon fiber based 

composites are usually applied for much longer blades in order to lower the weight of the 

blades (from 20-28 Tons at a length of 61.5m). CRFP is also easier to mold compared to 

GFRP and also has a superior stiffness. Although the application of CRFP demands entailing 

accuracy, it also has higher production costs [4].  
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Figure 5 Stream of materials linked to Wind Turbines and the available processes for each material [2] 
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The average recyclability of all the wind turbine components is estimated to be 80% by mass, 

without the foundations. Although the blades, foundations and waste stream from components 

contribute to the largest number of wastes which end up on landfills. Wind turbines mostly 

contain the following materials like steel, aluminum, glass fiber, polyester, carbon fiber and 

epoxy. Most materials like the metals are easily recycled, but that isn’t the case for the glass 

and carbon fiber materials. Vestas WT blades for example are mainly made from Carbon 

fiber, Glass fiber, epoxy resin and polyurethane (PU) adhesive which makes it difficult to 

recycle the blades [2].  

1.5.2.3 Outline markets for glass fibers 

Many factors come into play concerning the recyclability of a material like glass fiber, but 

more importantly the availability of a market for the recyclate or material should also be 

carefully considered. Companies which take responsibility for each of their own waste 

management, undergo difficulties when it comes to the economic scale and costs for 

transportation involving waste management. For that reason a reliable feedstock and demand 

is necessary, which can be achieved by creating cooperative programs. The main focus will be 

on recycled carbon and fiber glass materials in which the market for these materials will be 

investigated [2].  

1.5.2.4 Carbon and Glass fibers [2] 

Reinforced fiber composites are light in weight, have good strength and are chemically inert, 

which are the reasons why these materials are largely applied in a great number of 

applications. This is especially applied within the aerospace industry, the Boeing 787 

Dreamliner for example is made of 50% composite material (by weight). The production of 

glass fiber has been increasing in the last years. A total of 1 million tons of GFRP was 

produced in Europe back in 2010, which was an increase by 25% compared to a year before 

in 2009. The increasing trend led to research of significance in finding methods for recycling 

the GFRP materials. It should be mentioned that the cost of recycling processes and an 

insufficient market for the recyclate, can be acknowledged as the important shortfalls in 

implementing the recycling at the moment. If recycling becomes necessary, through 

legislation for example, it would still require some time and effort in developing a decent 

market and recycling methods. Glass fiber composites are produced on a large scale 

throughout the globe due to its wide applications in Aerospace and wind energy. Albeit 

widely produced, there are little to no financial instruments in place, supporting GFRP 

composites to be recycled. When Carbon Fiber first into the market back in the late sixties, it 

was priced at £200/kg. The price for CFRP was £15-40/kg in 1996 and in 2009 it dropped to 

£13/kg. The price for GFRP is estimated to be £1-2/kg, making it the much cheaper option of 

the two fiber materials [2].  

GFRP and CFRP are thermoset based composite materials which represent around 80 % of 

the market of reinforced polymer materials. Thermosets have the following advantages: 

 Possibility of low room temperature curing 

 Lower viscosity which facilitates infusion, which allows high processing speed 
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In first instance, polyester resins were used in wind turbine blades. Epoxy resin gradually 

replaced polyester as the blades got bigger and are currently used widely in wind turbine 

blades as polymer matrices. Recent studies have shown that companies like the Swiss DSM 

Composite Resins have argued for the return of unsaturated polyester resins, claiming that the 

newly developed polyesters meet all the strength and durability requirements for large wind 

blades. It should be noted, that for further development of matrix materials with a fast curing 

time at lower temperatures is crucial within field of research.  

The graphs and tables which follow show data for Carbon Fiber Reinforced Polymer (CRFP). 

Because of the many similarities of applications and properties between CRFP and GRFP, the 

same trends/predictions can be made for GRFP. It should be noted that GRFP is mostly used 

in wind turbine blades due to it being the cheaper option, although CRFP is better qua 

endurance and performance.  

The following data was collected for a report which was available at the time 2014. With this 

data a trend line graph was created as seen in Figure 6. In the graph a linear increase can be 

seen from the year 2010 to 2017. Before 2010 no GRFP or CRFP was used in making the 

W.T. blades, which is the reason why the graph starts after 2010. Data of the last three years 

(2015-2017) have been calculated with the following equation:  

Equation 1:  𝑮𝑹, 𝒊 =
(𝑷,𝒊−𝑷,𝒊−𝟏)

𝑷,𝒊−𝟏
× 𝟏𝟎𝟎 [5] 

GR is the growth rate during year i, indicated in percentages. P is the installed capacity during 

year i, indicated in MW. With Equation 1 “the average growth rate of the cumulative installed 

capacity and the standard deviation of the values” over a period of 7 years are calculated [5]. The 

calculated average growth rate is equal to 15.4 ± 3.6% annually. Yielding to three scenarios 

and these are: 

1. Minimum scenario of installed wind power growth rate 

2. Average scenario of installed wind power growth rate 

3. Maximum scenario of installed wind power growth rate 
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Figure 6 Accumulation of installed wind power capacity globally from 2010 till 2014 [2] 

 

Table 1 Installed global numbers of onshore and offshore wind turbines in 2014 [2] 

 

Table 2 Projected growth rate of wind turbines in the world from 2017-2022 [2] 

The application of wind energy has been rising in recent years, especially the offshore wind 

farms have been increasing in number. Table 1shows a percentage of in use onshore and 

offshore windfarms in world back in 2014. 

Due to its successful application and improvements of the blades (length and efficiency) the 

current number of wind turbines in use is expected to rise within the coming years. This is 

shown in Table 2 in which the estimated growth rate is also provided. Table 2 also provides 

the installed capacity of wind energy in the world and the estimated projections in the coming 

years.  

The graph shown in Table 3 indicates the amount of each continent per period (the years 

2017, 2020 and 2025 respectively), given in the unit tons considering the 3 scenarios 

explained earlier. Based on the given equation and other factors like the 3 scenarios, 

predictions can be made for the years/period given in Figure 7. The predictions represent a 

rising trend of CRFP being utilized when all continents are bundled in one staff.   
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Table 3 Estimated cumulative installed power capacity in MW for each continental 

regions applying the 3 scenarios [5] 

 

 

Figure 7 Approximated quantity of CRFP by geographical sections indicated in 2017, 

2020 and 2025 respectively [5] 

As Figure 8 shows that 9190 tons of CFRP went into the technosphere in the year 2017. This 

amount of CRFP will be added to the in use stock which represents 52214 tons accumulating 

to an “in use stock” of 61404 tons. This stock will then be subtracted by the quantity leaving 

the technosphere, representing the quantity of CRFP nearing its EoL, which zero in 2017. The 

flow shows zero in 2017, because no W.T. blade made from carbon fiber is dismantled yet 

according to Figure 8. The quantity of produced waste is set at 3584 tons, depending on which 

continent. We can see that Europe is the main producer of CRFP waste with 1408 tons, 

followed by Asia with 1038 tons. To conclude, the Oceanic region produces the least amount 

of CRFP waste [5].  

Scenarios 
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Figure 8 Schematic representation of the of CRFP flows in 2017, circulating and in stock 

through the technosphere [5]  

 

The graphs in Figure 7 and Figure 9 and Equation 1 have been utilized to produce estimated 

amounts for periods till 2025 and 2050 respectively. 

According to calculations by taking installed wind energy/power growth rates into 

consideration, a growth rate of 11.8% is expected in 2050. At which the wind energy sector 

will have generated around 482998 tons of CRFP waste globally. We see that Europe and 

Asia will produce the highest cumulative of CRFP waste of around 189751 and 148710 tons 

respectively by 2050. A second material flow analysis was done in approximating the quantity 

of CRFP which will be available by 2050. As indicated in Figure 10 and Figure 11, the “in-

use stock” is exponentially rising from 2017 till 2050, representing the 2050 circulation over 

the technosphere [5].  
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Figure 9 Changes in the quantity of the overall waste generated from the wind energy 

sector shown for each region, in periods of 5 years until 2050 [5]  

 

 

Figure 10 Indication of the CRFP flow in 2050, circulating and in stock through the 

technosphere [5]  
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Figure 11 Shift in consumption of CRFP in the world in the wind energy sector 

compared to the amount of CRFP produced as waste, indicated in periods of 5 years 

until 2050 [5] 

1.6 Discussion  
The development of the wind turbine blades has made a lot of progress when the mass and 

efficiency is taken into consideration. All of the positive developments have led to an increase 

of wind turbines globally. A rise of wind turbines means also a rise in end of life W.T. blades 

which are difficult to recycle currently. To tackle the issue of the W.T. blades policies needs 

to be created to promote recycling. Throughout the years landfills have gradually been closed 

down in Europe and this brings out a challenge on finding a viable solution to reduce the 

number of Glass fiber W.T. blades. Glass reinforced polymer and Carbon reinforced polymer 

are widely used for W.T. blades due to their material and aerodynamic properties. There is a 

market available for these materials and this can be taken as a stimulus in finding a way to 

recover the GRFP and CRFP materials in the blades.  

Some estimated projections were made on how much fiber material will be in the market in 

the future. Due to GRFP and CRFP being similar within the aerospace and wind energy 

sector, the produced tables, calculations and graphs of CRFP was utilized in giving an idea of 

how much of the W.T. blades can be expected as waste. From the numbers provided in graphs 

and tables, we can conclude that there will definitely be an increase of EoL wind turbine 

blades in the future.  
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II Current Technical state of the art afterlife application of amortized 

wind turbine blades 
 

2.1 Wind turbines in the Netherlands 
Post a long period of catching up, the energy transition within the Netherlands has managed to 

overhaul the gap in recent years. After the 2013 Energy Agreement, the evident Paris 

Agreement on climate change was signed in 2015. The heated debate on the Groningen 

natural gas dossier and shutting down coal-fired and nuclear power plants has put more 

importance on the transition to a safe and CO2-neutral society. The Netherlands has an 

installed wind energy capacity of over 3500 MW installed in 2016 which is sufficient in 

supplying 2.3 million households. According to NWEA, 7.4 % of the planned 16 % 

renewable energy (potential wind energy) has been realized. Wind energy is a crucial 

component of the Energy Agreement [6].  

The number of wind turbines in the Netherlands which are still in full use at the moment is 

around 2316 [7]. This amounts to a total power capacity of around 4,43-4.5 GW see Figure 12 

Installed wind power capacity in Europe . 

Most wind turbines in the Netherlands are relatively new compared to Germany and Denmark 

in which many wind turbines have been completely decommissioned in recent time. This does 

not mean that the issue of End of life turbine blades is of no concern as some windfarms will 

need to be decommissioned, windfarms Zeewolde in which 118 wind turbines will need to be 

dismantled as early as 2026. Other windfarms will also follow after Zeewolde and this may 

create a situation in which a large amount of wind turbine blades need to be recycled or 

relocated [9]. Since landfilling is prohibited by law in the Netherlands, the only solution 

seems to point to incineration. This will not solve the problem since epoxy/ fiber glass 

material from which the blade is manufactured cannot be completely burnt leaving a huge 

sized slag behind. It is therefore a very challenging issue to deal with. Luckily EU-member 

countries like Germany and Denmark have been dealing with this issue and have also looked 

at and developed methods on solving this obstacle. These alternatives will be discussed in the 

next part. 

Expected amount of wind turbine blades which will need to be processed after its lifecycle is 

about 140 kt (kilotons). Around 40% of the blades currently installed at windfarms will need 

to be processed/recycled [10].  

Appendix VI shows the total installed, in use and decommissioned wind turbines in the 

Netherlands through a period of 20-35 years. 
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Figure 12 Installed wind power capacity in Europe [8] 
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Figure 13 Installed onshore wind turbines in the Netherlands categorized in height and 

the produced capacity [11] 

2.2 Current alternatives for the afterlife use of wind turbine blades 
Wind energy application will increase in the coming years based on statistical data provided 

from many sources. It is a great alternative solution in replacing fossil fuels, but despite 

having many positive aspects there are some concerns with the blades. The blades are made 

from composite material, which is difficult to recycle. Most parts of the wind turbine can be 

recycled because of the materials they are made from can be recycled. Below, in Figure 15 

there is a clear indication on the certainty/ uncertainty level of the activities and parts of the 

wind turbine within the recycling process. From organizing, dismantling to recycling 

electronics and cables and the other components of a whole wind turbine unit is given in 

Figure 14. The cables are manufactured from copper which can be recycled, but part of the 

cables remain underground because it can be used for another wind turbine installation and 

avoid damaging the ground when pulled out of the earth. Recycling the blades according the 

presented graph shows to be most uncertain which makes it quite challenging on finding 

viable solutions. 
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Figure 14 Components of a wind turbine and the used material given in percentages [12] 

 

Figure 15 Uncertainty level on how to deal with the turbine blades [12] 

Germany is one of the pioneering countries to prohibit solid waste to be disposed at landfills 

in 1990 (source). Other EU-nations have followed this example and with this policy the end-

of-life blades need to be dealt with.  Figure 16 gives an indication of the end-of-life options in 

preferential sequence. The first is prevention, preventing the occurrence as much as possible 

is the most preferred option and this can be achieved by using much more durable and 

improved material for the blades which would prevent or this matter delay the issue for some 
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time. Second is the option of reuse, although the blades have a lifespan of 20-25 years they 

can be reused again if there are still in perfect condition. It is unlikely that these blades will be 

reused within the EU, but will be exported to developing countries due to economic reasons. 

Third option is recycling, although this is very difficult to achieve at the moment because 

epoxy/fiber glass is difficult to recycle. Replacing epoxy with recyclable material like 

thermoplastics would be a much viable solution. In fourth place we have the option to recover 

the some or most parts of the material which can be used in other application such as filler 

material in cement and aggregates in concrete. The latter option will be further discussed in 

this report. The last option is disposal at the landfill, but due to regulations prohibiting this in 

the EU, it is the least and most discouraged option.  

 

 

Figure 16 Preferential pyramid of EoL application of the blades 

 

Despite the uncertainty level on how to deal with the amortized turbine blades there are 

fortunately some options to tackle the issue. Below in Figure 17 a flowchart of the whole 

process of recycling a wind turbine blade is given. Starting from dismantling the blades to the 

recycling options which are: 

 Pyrolysis blade recycling process, a thermal recycling application in which the 

materials in the composite blade material extracted separately 

 

 Blade composite aggregate replacing limestone in concrete, in which epoxy material is 

cut in ideal shapes and sizes with rough edges. The cut epoxy aggregate will substitute 

up to 25% of limestone aggregate in concrete [13] 
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 Refurbishing W.T. blades which are chosen through inspection and selected based on 

its repairability. In order to increase the number of refurbished blades in the future, the 

entire blade should be designed in such a manner making it easy to repair/ refurbish 

the blade. The design of the blades can be altered in such a matter making it easier to 

reverse engineer each component/ material. This would simplify recycling different 

parts and material in the wind turbine 

 

 Lowest and most undesired end of life option of the blades is landfilling. This process 

involves cutting the blades in transportable sections either directly landfilling the cut 

blades or first incinerating and then landfilling the slag or residue material 
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Figure 17 Recycling processes for wind turbine blades 

The recycling processes will be discussed more in depth in the following section. 

2.2.1 After-life destinations for non-reusable wind turbine blades in the Netherlands 

Most of the amortized wind turbine blades in the Netherlands currently end up at landfills. 

There is no fee paid for the blades to be landfilled. The reason for this according to the waste 

management department of the Ministry of Rijkswaterstaat (minister of infrastructure in the 

Netherlands), is that there are no real applications in processing and or recycling the wind 

turbine blades [14]. 
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2.2.2 Pyrolysis 

Recycling in general has three main processes and these are: 

a) Mechanical Recycling 

b) Thermal Recycling 

c) Chemical Recycling 

All of the aforementioned processes and their subdivisions are shown in Figure 20. With 

pyrolysis process, recovery of energy is achieved similar to how gas is retrieved from 

combined heat and power (C.H.P.) plants utilized in district heating throughout the burning 

process. After the burning process, glass fiber residue remains which can be used as wool for 

insulating purposes. Short fibers can be used for reinforcing casting compounds, plastic items, 

high strengthening concrete and more. Refiber (Danish company, currently inactive) claims 3 

metric tons of glass fiber composite can produce around 1 metric ton of pyrolysis oil. 

Wind turbine blades are usually made of 50-60% GFRC (glass fiber reinforced composite). 

After incineration of the blades, a piece of slag consisting of GFRC material is left as slag. 

The slag cannot be used if household waste incinerated alongside the cut blades. This is not 

the case with pyrolysis which is a separation process.  

Pyrolysis is a thermal recycling process given in Figure 18. The blade is inserted in the 

chamber which is heated up to 600 degrees Celsius. After this the residue material after the 

chamber will be separated into different materials: glass, metal, fillers, etc. The gas will be 

further heated in the after burner process to a temperature of 1100 degrees Celsius which will 

be used to generate energy [13]. 

 

Figure 18 Pyrolysis recycling process [13] 

Pyrolysis is the chemical putrefaction of a composite induced by temperatures above 250-300 

⁰C. Putrefaction occurs due to chemical bonds containing limited thermal stability and can be 

fractured due to heat. Decomposition of this kind commonly leads to the formation of smaller 

molecules, even though the generated diffractions may occasionally interact, producing larger 

compounds compared to the initial molecules [15]. This process can negatively influence the 

mechanical properties of the recovered glass fibers due to the process occurring at 

temperatures higher than 450 ⁰C [16]. 
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2.2.2.1 Pyrolysis use in practice  

Pyrolysis is used in the Netherlands, but not for recycling wind turbine blades. Companies 

like Empyro in Enschede uses Pyrolysis for processing biomass.  

Refiber a wind turbine recycling company in Denmark which makes use of the pyrolysis 

process has not been operational for the past ten years. For the company to be operational and 

financially feasible, 5000 tons of wind turbine blades is needed [17].  

2.2.2.2 Pyrolysis technical info 

In the pyrolysis process heat is utilized in separating the composite material consisting of a 

polymer matrix. The process occurs in a nearly inert environment in which the process is 

anaerobic (no air), thus preventing combustion in which air pollution is minimal compared to 

incineration. The glass fiber component GFRC is nonflammable below temperatures of 

around 1000⁰C, while it is the opposite for the resin. Putrefaction of the inflammable resin 

yields gases and pyrolysis oil during the burning process. The solid incombustible remains, 

existing of fibers and char can be used in cement, paint and other applications [10]. All of this 

is shown in Figure 19. 

 

 

 

 

 

 

 

 

 

 

Figure 19 Pyrolysis process flow [10] 
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Figure 20 Recycling processes for wind turbine blades [18] 
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2.2.3 Wind turbine blades composite material as aggregate in concrete 

The other option is using the composite material as aggregates replacing a fraction of 

limestone in concrete. Due to time constraint the main focus will be on the aggregate in 

concrete approach. There was a research done on the quality and performance of concrete 

with filler material from the blades at the University of Iowa in 2016. The findings of the 

research will be discussed in the following the section. Previous research on using composite 

material from the blades to replace limestones had shown promising results to be 

implemented for concrete roads and pavements. Although small fractions of composite 

aggregate replacing limestones within concrete showed that the strength can be increased, it 

still can’t be applied for building application due to factors of corrosion and water adsorption 

which still needs more improvements [13]. 

There are different stages of preparing the epoxy fiber glass composite material, turning it into 

a composite aggregate applied in concrete. The processes are very challenging due to lack of 

adequate equipment available in producing the ideal resource/ composite aggregate. 

 

Figure 21 Process epoxy partially replacing limestone aggregates in concrete 

The whole process of turning the turbine blade into aggregate to replace a portion of the 

limestone aggregate in concrete is given in the flowchart, Figure 21. First the blade will be cut 

on location after being dismantled from the rotor. After being cut in transportable pieces, the 

cut blades will be transported to the processing location where it will be further processed. At 

the process location the glass fiber material (epoxy) will be extracted from the blade. Epoxy 

material will then be cut in the ideal shape and sizes.  The size should be between 1.3 and 2.5 

cm and the shape of the edges should have different shapes. Edges of the cut epoxy material 

in the ideal shapes and size should be rough, a shearing process will be applied to achieve 

this. Rough edges are necessary for the aggregate to bond well with limestone and concrete 
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paste. Last stage is then applying the fiber glass material in the mix of concrete and limestone. 

Through various experiments and tests in the past, a ratio below 25% Composite/ glass fiber 

aggregate and 75% limestone aggregate yielded the minimal compressive strength.  

Three tests were conducted at the University of Iowa to inspect the performance of the 

produced concrete with the composite aggregate and these were: 

 Compressive strength test 

 Tensile strength test 

 Shrinkage test 

 Fog room test 

 And corrosion test [13] 

The results showed some positive results in the compressive and tensile strength 

measurements without the fog room and corrosion application. The Fog room treatment also 

yielded positive results 

According to sources about 20% of the decommissioned W.T. blades can be refurbished and 

resold. During the decommissioning phase on location, the blades will carefully be dismantled 

and be transported as a whole. The transportation of the whole blades is the most complex 

part of the application as transporting large blades is capital and labor intensive. This is due to 

the trafficking permits, infrastructure and inadequate equipment in facilitating the whole 

dismantling and transportation process. After decommissioning, the blades are brought to a 

refurbishing facility where the blades will be further inspected. A repairing process will be 

followed after inspection. The repaired W.T. blades will then undergo another inspection and 

will then be certified. Finally the refurbished blades can be exported to EU and non-EU 

buyers. Although the refurbishing process is not really a sustainable option, it still prevents 

the EoL wind turbine blades ending up on landfills for the time being and prevention is one of 

the major objectives if the upside down pyramid for end of life applications is taken into 

consideration [19]. 
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2.2.4 Refurbished and reusing the blades 

 

Figure 22 Refurbishing process of the W.T. blades 

 

Aside from refurbishing, the blades or at least parts of the blades after cutting them in the 

required sizes and shapes, can be reused in building pedestrian bridges or housing shelters as 

shown in Figure 23 and Figure 24. 

 

Figure 23 Reuse proposal: Pedestrian bridge [20] 

Decommissioning W.T. 
blades on location 

Transporting W.T. blades to 
repair facility 

Refurbishing the 
blades 

Reselling the 
refurbished W.T. blades 
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Figure 24 Reuse example: emergency shelter [20]  

 

2.2.5 Landfilling W.T. blades 

Apart from Germany and other countries in which landfilling is completely prohibited, 

amortized W.T. blades are mostly landfilled. Landfilling is usually applied because of the lack 

of viable alternatives currently available and the fact that it is the easiest way to get rid of the 

non-usable blades. This process is a linear process and it is the least sustainable/ desirable 

method applied. If we look at Figure 25, the W.T. blades are decommissioned. The blades are 

then cut in transportable pieces and after that the cut blade pieces are transported to the 

landfill. Occasionally the blade pieces are first incinerated to reduce the size and are landfilled 

afterwards [12] & [13] 
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Figure 25 Landfilling the W.T. blades 

 

2.3 Bottlenecks to implement current alternatives 

Despite all the pros for each of the four applications, leaving out the most unsustainable 

approach, landfilling. There are a number of bottlenecks which need to be mended with.  

Bottlenecks or obstacles for implementing the at least three of the alternatives are: 

 Permits required in transporting the decommissioned blades. Due to safety and traffic 

requirements, permits need to be applied to municipalities or government officials 

which have the authority to approve such permits  

 Roads and waterways need to be cleared out when the wind turbine blades have to be 

transported to a facility where they will be further processed. This is definitely the 

case for the blades which will be refurbished or reused for bridges and other building 

applications. The blades usually remain intact or are cut in large remaining pieces 

which still need to be transported on large carriers (both on land and water) 

 The W.T. blades are difficult to reverse engineer. Repairing damaged parts of the 

blade are very difficult replace and usually requires for that blade to be replaced, 

which can be cost intensive 

 Little to no efficient dismantling equipment and vehicles for transporting the blades. 

The heavy equipment, shipping and truck industry should research and develop 

equipment, ships and trucks to transport the ever so growing blades in length. Since 

there is a rising trend in the length of the W.T. blades, transporting these lengthy 

blades have become complicated which makes this whole process not only risky, but 

also capital intensive 

  

Decommissioning W.T. blades on windfarm 

Cutting the blades in transportable sections 

Transporting the ammortized the cut blades to 
landfilll/incinerator 

Landfilling/incineration of the cut W.T. blades 
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2.4 Tackling these bottlenecks possible/ impossible 
Improvement of the three alternatives (pyrolysis, pavement and refurbishing) for processing 

or recycling the W.T. blades can be achieved through data collection from manufacturers, 

maintenance, dismantling and spatial planners. All the collected data can then be analyzed in 

utilizing methods and technology in realizing new and much efficient afterlife alternatives for 

the blades. 

The bottlenecks can be tackled with the aid of the following: 

 Designing the blades in such a manner which makes dismantling easier 

 Coming up with adequate vehicles and equipment facilitating the dismantling and 

transportation process 

 More research and studies should be done on finding ideal routes and ways how the 

current infrastructure can be improved, minimizing the costs and avoiding the 

permitting procedures 

 Use of artificial intelligence can improve the monitoring and maintenance of the wind 

turbine blades. Artificial intelligence can be integrated in the design and maintenance 

inspection through flying drones with high definition cameras 

 

2.5 Discussion 
 

Despite the W.T. blades being difficult to recycle, there are fortunately a number of end of life 

applications which can be applied now or in the near future. There are mainly four 

applications which are considered for this dissertation and these are: pyrolysis, refurbishing, 

pavement and landfilling of the end of life blades. After a close look at the available options 

for recycling the wind turbine blades, the most viable solution for now are the pyrolysis and 

pavement applications while the other methods still need to be improved through research and 

development.   

Due to the complexity of recycling the W.T. blades at the moment, most blades are 

concurrently landfilled and incinerated even when the Glass fiber material within the polymer 

matrix composite is non-combustible. There are limited methods available for afterlife 

applications of the blades, which are not widely applicable on a large scale yet due to the 

applications are still being developed or and are not feasible to be implemented currently.  

While the recycling process is a complex issue, methods have been created and new ones are 

still being developed in tackling the issue. Some methods like pyrolysis and using W.T. blade 

aggregates in pavements have the potential to reduce the waste stream from decommissioned 

wind turbines. Replacing the thermoset material with thermoplastic may also be viable option, 

but this method is still being developed and tested. This is not the ideal solution for now as 

the blades are becoming bigger and larger in length, which has mainly to do with the ideal 

properties the current CRFP and GRFP composite materials possesses.  
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III Look at future more viable alternatives concerning the issue 
 

For the Life Cycle Assessment (LCA) the software application GaBi will be used in 

simulating a scenario of “Cradle to Gate of recycling facility” of the wind turbine blades. The 

LCA will start with the dismantling and transportation phase and end with the recycling 

phase. For the purpose of analysis a comparison will be made between recycling and 

landfilling. 

3.1 Are they technologically and economically feasible? 
LCA will be conducted here. Based on the calculations and results an analysis will be made. 

3.1.1 Life cycle assessment grave to gate  

In this section a life cycle assessment (LCA) will be conducted for recycling the wind turbine 

blades. Due to time constraint and complexity of the whole process (from cradle to cradle), 

the scenario of grave to gate will be taken into consideration for this LCA. The assessment 

will be done with the LCA software GaBi education version. 

3.1.1.1 Gate to Grave scenario 

The gate to grave scenario involves the situation in which the wind turbine blades have 

reached the end of their lifecycle and need to be dismantled on location. After dismantling the 

blades, they will be transported back to a facility where it will either be stored or processed. 

The processes include incineration and recycling processes mentioned before in the report. 

The incineration and recycling processes will not be included in the LCA. 

3.1.1.2 A blade’s life cycle 

The life cycle of a blade can be divided into six stages: 

1. Processing of raw materials 

2. Manufacturing of the blades 

3. Painting/coating application 

4. Installation of a complete wind turbine system 

5. Operation phase 

6. Decommissioning and disposal of the blades [21] 

3.1.1.3 Processing of raw materials 

This process involves the production of fiberglass, farming and cutting balsawood at 

plantations, processing of metal ores for the necessary metals and packaging material [21]. 
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3.1.2 Manufacturing of the blades 

The manufacturing of the W.T. blades occurs at a blade manufacturing facility. Due to 

optimum exploitation of resources waste materials from manufacturing processes are broken 

down into small fractions [21]. 

3.1.2.1 Painting/coating application 

The epoxy and fiber glass resin blades are painted with the aid of coating applications [21]. 

Coating is usually applied with polyutherane based high pressured spray. 

3.1.3 Installation of a complete wind turbine system 

Wind turbines are installed with the using of cranes, lifting the towers, nacelle, hub and blades 

to the designated heights. Diesel consumption for lifting the blades at time of wind turbine 

installation is 140 liters per set of blades [21].  

3.1.3.1 Operation phase 

A wind turbine system has a designed and tested lifetime of around 20 years. During this 

lifetime, a 2.3 MW wind turbine for example will produce approximately 159.7 GWh. It 

should be mentioned that no maintenance or replacement is involved for the LCA [21]. 

3.1.4 Decommissioning and disposal of the blades 

The blades are dismantled in this phase. After dismantling the blades, most of the blades end 

up on landfills, 20% of the blades can be refurbished and reused and a small amount of the 

blades are recycled [21]. 

Material content of a W.T. blade [21] 

Fiberglass 54.86% 

Epoxy 32.90% 

Wood 7.98% 

Paint & Filler 1.40% 

Stainless steel 1.24% 

Polypropylene 0.84% 

Nylon 0.51% 

Bronze 0.20% 

Polyester 0.03% 

Aluminum 0.02% 

Rubber 0.02% 

Polyethylene 0.01% 

Table 4 Material content in the W.T. blades 
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In the decommissioning phase the following inputs have been included based on practical 

information obtained from a refurbished wind turbine blade selling entity. The costs for 

equipment, labor and transportation is a rough assumption based on the data which was 

provided. 

Four grave scenarios were chosen for the LCA, as these were the most applicable solutions 

available at the moment. The inputs and outputs were also obtained from stakeholders, 

varying from governmental to private and non-profitable organizations. All of the data used 

for the LCA were rough estimates available, taking careful consideration of time and 

accessibility into account as limitations for an ideal scientific research approach. 

Nevertheless, the LCA was conducted as realistic as possible by comparing similar recycling 

processes existing in the educational version of the software.  

 

The reasons for the chosen options are: 

 Available data 

 Maturity of the process and its application at the moment 

 Feasibility  

 

The chosen grave scenarios are: 

 Pyrolysis of wind turbine blades 

 Refurbishing and reselling wind turbine blades 

 Transporting the blades to landfills or incinerator 

 Using the EoL blades for making pavements 

Water jet cutting average use of water is 1.9-3.8 Liters/ minute. Assume 3.8 liters/minute 

and the time to cut one blade is approximately 2 hours, which results in 3.8x120 min = 

456 liters/blade. There are 3 blades, which adds to 456x3= 1368 L in total.  

Weight of one blade from a 2MW wind turbine model is estimated to be 6500 kg or 6.5 

tons. A wind turbine mostly has 3 blades, which totals to around 19.5 tons [22]. When the 

blades are cut and after that shredded there is a loss of around 25% of material (reference). 

This is usual for mechanical recycling.  

 

3.1.5 LCA of the four applications 

The following simulation has been conducted for only one wind turbine. No timeframe is 

incorporated for this L.C.A. The LCA is conducted per dismantling of one wind turbine at a 

windfarm with an average distance of 300 km away from the various processing facilities.
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Figure 26 LCA Recycling W.T. Blades processes 

 

The LCA of each process is merely an indication on what the effects the processes might have on the environment. Not all inputs and outputs of 

each flow and processes were available due to the restriction of the education version of GaBi. Figure 26 shows the overall view of the chosen 

EoL processes. The wind turbine blades will first be dismantled. After the dismantling/disassembly phase a portion of blades will be incinerated 

or landfilled. Another portion will be refurbished and the two other portions will first be cut by a waterjet cutter. After the blades are cut by a 

waterjet cutter one portion of the cut blades will undergo the pyrolysis process and the other portion will first be shredded and the will be utilized 

for the pavement application. For the pavement application the shredded materials occasionally also undergoes a shearing process before utilized 

for the pavements. The flow process also includes a scenario after the wind turbine blades are refurbished and have reached their end of life. The 

blades have three End of life options then and these are either incineration or pyrolysis or pavement application. Landfilling has been left out in 

this case, but can be substituted for the incineration process. Incineration was chosen in this case because the aim is to reduce the amount of wind 

turbine blades ending up as waste at landfills. 
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Number Climate and land use change midpoints [Recipe 2016 (H)] 

1 Climate change, default, excl biogenic carbon [kg CO2 eq.] 

2 Climate change, incl biogenic carbon [kg CO2 eq.] 

3 Fine Particulate Matter Formation [kg PM2.5 eq.] 

4 Fossil depletion [kg oil eq.] 

5  Freshwater Consumption [m3] 

6 Freshwater ecotoxicity [kg 1,4 DB eq.] 

7 Freshwater Eutrophication [kg P eq.] 

8 Human toxicity, cancer [kg 1,4-DB eq.] 

9 Human toxicity, non-cancer [kg 1,4-DB eq.] 

10 Ionizing Radiation [Bq C-60 eq. to air] 

11  Land use [Annual crop eq.·y] 

12 Marine ecotoxicity [kg 1,4-DB eq.] 

13 Marine Eutrophication [kg N eq.] 

14  Metal depletion [kg Cu eq.] 

15 Photochemical Ozone Formation, Ecosystems [kg NOx eq.] 

16 Photochemical Ozone Formation, Human Health [kg NOx eq.] 

17 Stratospheric Ozone Depletion [kg CFC-11 eq.] 

18 Terrestrial Acidification [kg SO2 eq.] 

19 Terrestrial ecotoxicity [kg 1,4-DB eq.] 

Table 5 Midpoint criteria for environmental impact 

The 19 midpoints or criteria’s for an environmental impact assessment is given in Table 5. 

Each criteria has its own unit and from point 1 and 2 we see that the climate change due to 

carbon emissions is the main cause of concern when it comes to the environmental impact 

assessment
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The life cycle assessment conducted with the GaBi LCA education software based on 

assumptions derived from available literature. The three blades are from the model vestas V82 

of round 2 MW model and therefore the results are only applicable for this model as the 

design and materials used in blades are diverse. Total weight of the 3 W.T. blades amounts to 

19.5 t, with average of 6.5t per blade [10]. For a more detailed and accurate LCA for 

recycling the wind turbine blades, more data is required.  

3.1.5.1 Wind turbine blades in the Pavement application 

The lifecycle assessments of the aforementioned processes are given below. First process 

shown below in Figure 27 is the pavement application. The process begins with the 

dismantling of the components of which the W.T. blades is the chosen component of a wind 

turbine. After the dismantling of the blades, the blades are cut with a waterjet cutter and after 

being cut the pieces of the blades are shredded into small size granules between 2.5 and 5 cm. 

Cutting of the blades is usually done on location and shredding can be done at the 

disassembly location or at a facility. In this scenario the blades are shredded at the 

disassembly location. Sometimes the granules also need to be sheared in order to get rough 

edges. The shearing process is not included as it did not have much effect on the roughness of 

the granules referenced from the literature [13]. After the shredding process the granules are 

transported by a cargo truck to the facility where the granules are used in manufacturing the 

pavements. 

 

 
Figure 27 Process flow of the pavement application 
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Results of the lifecycle assessment are given below: 

W.T. blades in pavement application <LC> [applied unit] Quantity 

Climate change, default, excl biogenic carbon [kg CO2 eq.] 2,02E+05 

Climate change, incl biogenic carbon [kg CO2 eq.] 2,02E+05 

Fine Particulate Matter Formation [kg PM2.5 eq.] 0,11 

Fossil depletion [kg oil eq.] 23,3 

Freshwater Consumption [m3] 0,101 

Freshwater ecotoxicity [kg 1,4 DB eq.] 0,0134 

Freshwater Eutrophication [kg P eq.] 0,000372 

Human toxicity, cancer [kg 1,4-DB eq.] 0,019 

Human toxicity, non-cancer [kg 1,4-DB eq.] 6,97 

Ionizing Radiation [Bq C-60 eq. to air] 0,0306 

Land use [Annual crop eq.·y] 5,81 

Marine ecotoxicity [kg 1,4-DB eq.] 0,0405 

Marine Eutrophication [kg N eq.] 0,00199 

Metal depletion [kg Cu eq.] 0,0439 

Photochemical Ozone Formation, Ecosystems [kg NOx 

eq.] 

5,18 

Photochemical Ozone Formation, Human Health [kg NOx 

eq.] 

3,52 

Stratospheric Ozone Depletion [kg CFC-11 eq.] 1,82E-05 

Terrestrial Acidification [kg SO2 eq.] 0,323 

Terrestrial ecotoxicity [kg 1,4-DB eq.] 2,97 

Table 6 Results for the W.T. blades in pavement application L.C.A. 
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Figure 28 Graph of climate change for W.T.blades in pavement application 

 

 

Figure 29 Graph of fine particulate matter formation for W.T. blades in pavement 

application 
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Figure 30 Graph of fossil depletion for W.T blades in pavement application 

 

 

Figure 31 Graph pf freshwaterconsumption, -ecotoxicity and -eutrophication for W.T. 

blades in pavement application 
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Figure 32 Graph of human toxicity (carcinogenic & non-carcinogenic) for W.T. blades 

in pavement application 

 

 

Figure 33 Graph of ionizing radiation for W.T. blades in pavement application 
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Figure 34 Graph of land use for W.T. blades in pavement application 

 

 

Figure 35 Graph of Marine-ecotoxicity and - eutrophication for W.T. blades in 

pavement application 
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Figure 36 Graph of metal depletion for W.T. blades in pavement application 

 

 

Figure 37 Graph of photochemical ozone formation ecosystems & photochemical ozone 

formation human for W.T. blades in pavement application 
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Figure 38 Graph of stratospheric ozone depletion for W.T. blades in pavement 

application 

 

 

Figure 39 Graph of terrestial- acidification & -ecotoxicity for W.T. blades in pavement 

application 

 

3.1.5.2 Pyrolysis of the W.T. blades 

In the pyrolysis process, the blades are dismantled. After dismantling the blades are in cut in 

pieces in order to transport the blades to facility where the pyrolysis process will take place. 

As previously stated the pyrolysis process produces steam and pyrolysis oil which can be used 

to generate electrical energy which can be distributed to households and private sector. All of 

this is illustrated in Figure 40. 
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Figure 40 Flow for the pyrolysis of the wind turbine blade process 

 
Figure 41 Flow of electricity steam 

The given flow in Figure 41 Flow of electricity steam is part of the flow shown in Figure 40 

Flow for the pyrolysis of the wind turbine blade process.  
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Results for the LCA of the pyrolysis application are given below: 

Pyrolysis W.T. blades <LC> [applied unit] Quantity 

Climate change, default, excl biogenic carbon [kg CO2 eq.] 1,69E+04 

Climate change, incl biogenic carbon [kg CO2 eq.] 1,69E+04 

Fine Particulate Matter Formation [kg PM2.5 eq.] 0,696 

Fossil depletion [kg oil eq.] 168 

Freshwater Consumption [m3] 0,731 

Freshwater ecotoxicity [kg 1,4 DB eq.] 0,0965 

Freshwater Eutrophication [kg P eq.] 0,00269 

Human toxicity, cancer [kg 1,4-DB eq.] 0,137 

Human toxicity, non-cancer [kg 1,4-DB eq.] 50,4 

Ionizing Radiation [Bq C-60 eq. to air] 0,221 

Land use [Annual crop eq.·y] 42 

Marine ecotoxicity [kg 1,4-DB eq.] 0,293 

Marine Eutrophication [kg N eq.] 0,0144 

Metal depletion [kg Cu eq.] 0,317 

Photochemical Ozone Formation, Ecosystems [kg NOx 

eq.] 

36,7 

Photochemical Ozone Formation, Human Health [kg NOx 

eq.] 

24,8 

Stratospheric Ozone Depletion [kg CFC-11 eq.] 0,000134 

Terrestrial Acidification [kg SO2 eq.] 2,09 

Terrestrial ecotoxicity [kg 1,4-DB eq.] 21,5 

Table 7 Results for the LCA of the Pyrolysis of the blades process 
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Figure 42 Graph of climate change for Pyrolysis of the W.T. blades process 

 

 

Figure 43 Graph of fine particulate matter formation for Pyrolysis of the W.T. blades 

process 
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Figure 44 Graph of fossil depletion for Pyrolysis of the W.T blades process 

 

 

Figure 45 Graph of freshwater-consumption, -ecotoxicity and -eutrophication for 

Pyrolysis of the W.T. blades process 
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Figure 46 Graph of human toxicity (carcinogenic & non-carcinogenic) for Pyrolysis of 

the W.T. blades process 

 

 

Figure 47 Graph of ionizing radiation for Pyrolysis of the W.T. blades process 
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Figure 48 Graph of land use for Pyrolysis of the W.T. blades process 

 

 

Figure 49 Graph of Marine-ecotoxicity and - eutrophication for Pyrolysis of the W.T. 

blades process 
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Figure 50 Graph of metal depletion for Pyrolysis of the W.T. blades process 

 

 

Figure 51 Graph of photochemical ozone formation ecosystems & photochemical ozone 

formation human for Pyrolysis of the W.T. blades process 
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Figure 52 Graph of stratospheric ozone depletion for Pyrolysis of the W.T. blades 

process 

 

 

Figure 53 Graph of terrestial- acidification & -ecotoxicity for Pyrolysis of the W.T. 

blades process 
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3.1.5.3 Refurbishing of the W.T. blades 

The refurbishment of the wind turbine blades is a simple process when we look at the process 

flow diagram indicated in Figure 54. After dismantling the blades at the designated windfarm, 

the blades are inspected. Inspection is necessary to see if the blades can be repaired. After 

close inspection the blades are transported to the refurbishing facility where the blades will be 

repaired and coated. The refurbished W.T. blades will then be inspected again and after that 

will get a certification which permits the blades to be sold to local and foreign buyers. 

 

 
Figure 54 Process-flow refurbishing the W.T. blades 
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Results for the LCA of the refurbishing of the W.T. blades are given below: 

Refurbishing W.T. Blades <LC> [applied unit] Quantity 

Climate change, default, excl biogenic carbon [kg 

CO2 eq.] 

3,12E+03 

Climate change, incl biogenic carbon [kg CO2 eq.] 3,12E+03 

Fine Particulate Matter Formation [kg PM2.5 eq.] 0,113 

Fossil depletion [kg oil eq.] 37,3 

Freshwater Consumption [m3] 0,162 

Freshwater ecotoxicity [kg 1,4 DB eq.] 0,0214 

Freshwater Eutrophication [kg P eq.] 0,000595 

Human toxicity, cancer [kg 1,4-DB eq.] 0,0299 

Human toxicity, non-cancer [kg 1,4-DB eq.] 11,2 

Ionizing Radiation [Bq C-60 eq. to air] 0,0489 

Land use [Annual crop eq.·y] 9,3 

Marine ecotoxicity [kg 1,4-DB eq.] 0,0648 

Marine Eutrophication [kg N eq.] 65 

Metal depletion [kg Cu eq.] 0,0703 

Photochemical Ozone Formation, Ecosystems [kg 

NOx eq.] 

7,84 

Photochemical Ozone Formation, Human Health [kg 

NOx eq.] 

5,19 

Stratospheric Ozone Depletion [kg CFC-11 eq.] 4,84E-05 

Terrestrial Acidification [kg SO2 eq.] 0,359 

Terrestrial ecotoxicity [kg 1,4-DB eq.] 4,76 

Table 8 Results for refurbishing of the W.T. blades application L.C.A. 

 



55 | P a g e  
 

 

Figure 55 Graph of climate change for refurbishing of the W.T. blades application 

 

 

Figure 56 Graph of fine particulate matter formation for refurbishing of the W.T. 

blades application 
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Figure 57 Graph of fossil depletion for refurbishing of the W.T blades application 

 

 

Figure 58 Graph of freshwaterconsumption, -ecotoxicity and -eutrophication for 

refurbishing of the W.T. blades application 
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Figure 59 Graph of human toxicity (carcinogenic & non-carcinogenic) for refurbishing 

of the W.T. blades application 

 

 

Figure 60 Graph of ionizing radiation for refurbishing of the W.T. blades application 
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Figure 61 Graph of land use for refurbishing of the W.T. blades application 

 

 

Figure 62 Graph of Marine-ecotoxicity and - eutrophication for refurbishing of the W.T. 

blades application 
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Figure 63 Graph of metal depletion for refurbishing of W.T. blades application 

 

 

Figure 64 Graph of photochemical ozone formation ecosystems & photochemical ozone 

formation human for refurbishing of the W.T. blades application 
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Figure 65 Graph of stratospheric ozone depletion for refurbishing of the W.T. blades 

application 

 

 

Figure 66 Graph of terrestial- acidification & -ecotoxicity for Pyrolysis of the W.T. 

blades application 
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Figure 67 Process for landfilling the W.T. blades 

Results for the LCA of landfilling the W.T. blades are shown below: 

Landfilling W.T. blades <LC>  [applied unit] Quantity 

Climate change, default, excl biogenic carbon [kg 

CO2 eq.] 

1,00E+03 

Climate change, incl biogenic carbon [kg CO2 eq.] 1,00E+03 

Fine Particulate Matter Formation [kg PM2.5 eq.] 6,34E-05 

Fossil depletion [kg oil eq.] 0,0213 

Freshwater Consumption [m3] 0,000101 

Freshwater ecotoxicity [kg 1,4 DB eq.] 2,09E-05 

Freshwater Eutrophication [kg P eq.] 1,87E-05 

Human toxicity, cancer [kg 1,4-DB eq.] 3,78E-05 

Human toxicity, non-cancer [kg 1,4-DB eq.] 0,0029 

Ionizing Radiation [Bq C-60 eq. to air] 0,000233 

Land use [Annual crop eq.·y] 0,00137 

Marine ecotoxicity [kg 1,4-DB eq.] 4,12E-05 

Marine Eutrophication [kg N eq.] 4,65E-05 

Metal depletion [kg Cu eq.] 0,00368 
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Landfilling W.T. blades <LC>  [applied unit] Quantity 

Photochemical Ozone Formation, Ecosystems [kg 

NOx eq.] 

0,133 

Photochemical Ozone Formation, Human Health [kg 

NOx eq.] 

0,0825 

Stratospheric Ozone Depletion [kg CFC-11 eq.] 2,99E-08 

Terrestrial Acidification [kg SO2 eq.] 0,000187 

Terrestrial ecotoxicity [kg 1,4-DB eq.] 0,036 

Table 9 Results for landfilling the W.T. blades application L.C.A. 

 

 

Figure 68 Graph of climate change for landfilling W.T. blades application 

 

 

 

0,00E+00

2,00E+02

4,00E+02

6,00E+02

8,00E+02

1,00E+03

1,20E+03

Climate change,
default, excl biogenic
carbon [kg CO2 eq.]

Climate change, incl
biogenic carbon [kg

CO2 eq.]

Landfilling W.T. blades <LC> 

Climate change, default,
excl biogenic carbon [kg
CO2 eq.]

Climate change, incl
biogenic carbon [kg CO2
eq.]



63 | P a g e  
 

 

Figure 69 Graph of fine particulate matter formation for landfilling of the W.T. blades 

application 

 

 

Figure 70 Graph of fossil depletion for landfilling of the W.T blades application 
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Figure 71 Graph of freshwaterconsumption, -ecotoxicity and -eutrophication for 

landfilling of the W.T. blades application 

 

Figure 72 Graph of human toxicity (carcinogenic & non-carcinogenic) for landfilling of 

the W.T. blades application 
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Figure 73 Graph of ionizing radiation for landfilling of the W.T. blades application 

 

 

Figure 74 Graph of land use for landfilling of the W.T. blades application 
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Figure 75 Graph of Marine-ecotoxicity and - eutrophication for landfilling of the W.T. 

blades application 

 

 

Figure 76 Graph of metal depletion for landfilling of the W.T. blades application 
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Figure 77 Graph of photochemical ozone formation ecosystems & photochemical ozone 

formation human for landfilling of the W.T. blades application 

 

 

Figure 78 Graph of stratospheric ozone depletion for landfilling of the W.T. blades 

application 
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Figure 79 Graph of terrestial- acidification & -ecotoxicity for landfilling of the W.T. 

blades application 

3.2 Business case for recycling wind turbine blades 

3.2.1 Background 

With the political will due to decreasing natural resources combined with geopolitical issues, 

renewable energy such as wind and solar Photo Voltaic energy has been rising in recent years. 

The rising trend of wind energy means that there will be waste after the life cycle of a wind 

turbine. Although most parts of the wind turbine are recyclable, the blades and the permanent 

magnets in the nacelle are very difficult to recycle due to the material and design of these 

components. Current materials used in the blades, mostly consists of epoxy and GFRP which 

makes the recycling complex and difficult. Since 1999 a restriction on landfilling has been 

enacted in the EU and a number of landfills have been closed down in recent years. This 

creates a dilemma, because where will the blades go when there is a limit concerning End of 

Life processes. Luckily there are a few options available, although some are still in its infancy 

and or still need to be developed for a larger scale application. Costs of manufacturing new 

blades is estimated to be $200.000 which is around €178.809,56 [23]. 

3.2.2 Issue or ambition 

The main issue lays in the materials of the wind turbine blades lies in the difficulty in 

separating the different materials within the composite polymer matrix, which makes the 

recycling difficult. Most WT blades are currently landfilled or incineration due to lack of 

recycling applications currently available. Landfills are currently being phased out in the EU 

due to their policy on banning and closing landfills in attempt to encourage recycling and 

other sustainable practices within the concept of circular economy [12].   

3.2.3 Targeted main goal 

A target has been set by the EU nations at the Paris agreement to reduce the CO2 emissions 

by 21% in 2020. Renewable energy like wind energy is therefore one energy source in high 
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Netherlands. The main objective is to stimulate and develop and improve current methods for 

recycling the wind turbine blades [18]. 

3.2.4 Future development in general 

The development of the current and new applications looks very promising in tackling the 

issue with recycling the wind turbine blades. Especially using the blade material in pavements 

is the one to look at due to the amount of the blades which can be used for this application. 

Pyrolysis also looks promising, especially microwave pyrolysis can be an effective way in 

recycling the blades [13].  

3.2.5 Specific requirements as solutions concerning the issue 

Specific requirements regarding the issue in finding solutions are [12]: 

- It should be sustainable 

- Cheap/ financially feasible 

- Easy applicable with little to no complexity to its application  

3.2.6 Summary of various solutions 

Here follows a summary of the various solutions connected to the business case in tackling 

the recycling of the wind turbine blade issue: 

3.2.6.1 Refurbishing the wind turbine blades 

After reaching their life cycle, wind turbines will be decommissioned. Around 20% of the 

blades can be refurbished, after close inspection the blades which can be repaired are selected. 

After selection the blades are coated, then certified and in the end sold in and outside the 

country and EU. This application is viable solution in reducing at least a portion of blades 

ending up at landfills for the time being [24]. 

3.2.6.2 Pyrolysis of the WT blades 

Pyrolysis is a thermal process in which the blade undergoes a high temperature treatment 

around 500 degrees Celsius. Pyrolysis oil, filler materials for cement and paint and steam can 

be obtained from this process. For this process to become feasible an amount of 5000T of 

blade material is required [17].  

3.2.6.3 Landfilling the blades 

The most undesired, but the most applied application at the moment is landfilling the WT 

blades. As most landfills are closed down and recycling solid waste is encouraged by the 

government this application is also the cheapest and easiest option available [12]. 

3.2.6.4 Making pavements from the blades 

While the blades have proven to be difficult to recycle due to the fact that it is difficult to 

separate each material component existing within the (GRFP) composite polymer matrix, the 

blades can be cut and shredded into flocks or granules. The shredded and cut material can be 

used in pavements, partially replacing aggregates like limestone. This would clearly limit 

mining of the required aggregates and would also reduce destruction of land in obtaining the 

aggregates [13].  
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This application is currently one of the most favorable as it can be applied on a large because 

there are a lot of pavements in Europe and the Netherlands. Another point which should be 

noted is that it can be used for governmental buildings and can also be used in the garden.  

 

3.3 Further explanation of the different solutions 

3.3.1 Short intro refurbishing the wind turbine blades 

After decommissioning the Wind Turbine blades, these blades will be inspected. Some of the 

blades will be selected after going through inspection, in which the less damaged and 

repairable blades will be refurbished. These refurbished blades will be sold to willing buyers 

regionally and internationally [25].  

3.3.1.1 Justification 

Preventing wind turbine blades ending up at landfills is one of the main objectives in finding 

ways in recycling or reusing the blades. One of the options in achieving this is refurbishing 

wind turbine blades and then selling it to local and foreign buyers [13] & [24]. 

3.3.1.2 Costs 

The costs for this process are estimated at € 52.801,63. A much curtailed subdivision of each 

cost is given in Table 10 [24]. 

3.3.1.3 Income 

Income is estimated to be €160.317,46. See Table 11 for a much detailed calculation [23]. 

3.3.1.4 Feasibility 

Recent market for refurbished wind turbine blades has been in decline due to 

decommissioning costs and fall in demand [25]. 

3.3.1.5 Effect on the organization 

The organization or stakeholders responsible for the decommissioning, refurbishing and 

reselling the reusable certified wind turbine blades will be effected if the demand falls due to 

high costs and political decisions against this practice. If other applications like Pyrolysis and 

blades in pavement become feasible, policies and incentives can be created in stimulating the 

mentioned practices since both can effectively reduce large amount of the blades as waste on 

landfills. 

3.3.1.6 Changing process 

Refurbishing and reselling companies have been declining in recent years due to the high 

decommissioning costs and decline in demand for refurbished wind turbine blades [13]. 

3.3.2 Short intro pyrolysis of the WT blades 

Pyrolysis is a thermal process, in which the blade is cut into pieces and burned at a certain 

degree Celsius in a furnace. The burning process produces steam, pyrolysis oil in liquid form 

and different solid unburnable materials which are used as fillers in cement, paint, concrete 

etc [17]. 
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3.3.2.1 Justification 

Although costly and energy intensive (burning fuel), pyrolysis seems to be a viable option in 

recycling the EoL W.T. blades [10]. Even though the quality of the material becomes less, it 

is still a solution which avoids the blades ending up on landfills and may become feasible 

with financial impulse from the government and private sector.  

3.3.2.2 Costs 

The initial costs are high. For this application to be breakeven, 5000 tons of EoL blades are 

required. Estimated costs are set at € 297.468,27. It needs to be noted that the one-off costs for 

the water jet cutter and pyrolysis machine have been included, see Table 11 for more detail 

[17].  

3.3.2.3 Income 

Income at the moment is relatively unknown, but the market is for pyrolysis oil and filler 

material is growing which is a positive development. Income is estimated around €5922,86 

(Table 11). 

3.3.2.4 Feasibility 

Growing demand for pyrolysis oil and fillers can be profitable in the future, depending on the 

demand for the resources and the increasing trend of application products/processes. 

3.3.2.5 Effect on the organization 

Pyrolysis is one of the capital intensive processes compared to the other methods available 

and heavily relies on the amount of W.T. blades available to recycle. Although this process 

being capital intensive, especially the initial costs for the necessary equipment, Pyrolysis of 

the blades can be feasible and also create new jobs for current landfill workers and new in the 

future [13] & [17].  

3.3.2.6 Changing process 

Development of market demand and rising applications of resources obtained from the 

process has the potential in generating a matured and independent market for the products and 

by-products using the resources from pyrolysis [12].  

3.3.3 Short intro landfilling the blades 

This currently the most applied method as it is the easiest and cheapest option available. 

Albeit being the most applicable option for now, it is the most unsustainable and most 

undesired EoL practice for the amortized wind turbine blades [13]. 

3.3.3.1 Justification 

This currently the most applied option while not being a solution in terms of recycling and 

circularity. The reason for this can be linked to the costs and easily accessibility of the 

application [12].  

3.3.3.2 Costs 

The costs for landfilling the blades, comes from funds derived from taxes. No concrete data is 

available on how much the landfilling of only the W.T. blades costs. Costs are estimated at 

€44.801,61 , see Table 11 for the calculated costs of each component.  
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3.3.3.3 Income 

There is no income for this option in the Netherlands, while other EU countries charge a fee 

for landfilling the blades. Since no fee is required in the Netherlands the expected income is 

€0 (see Table 11). 

3.3.3.4 Feasibility 

This seems to be the cheapest option for now. 

3.3.3.5 Effect on the organization 

It is getting more and more difficult to landfill the EoL W.T. blades as a number of landfills 

have been closing down, gradually heading towards a complete ban which is already the case 

in Germany. Searching for alternatives is therefore a must for all the organizations involved 

[13] & [12]. 

3.3.3.6 Changing process 

Gradually shifting towards total ban of landfills due to liquidation of numerous landfills, asks 

for a transition to a better alternative available for now or applicable in short term.  

3.3.4 Short intro making pavements from the blades 

The W.T. blades which are beyond repair can either be landfilled or incinerated, but there is 

another EoL option and that is cutting, shredding and if applicable shearing of the blades and 

using the produced material/aggregate in pavements. This is an effective method of avoiding 

the W.T. blades ending at landfills which are currently sequentially being phased out.  

3.3.4.1 Justification 

This is great option in reducing the blades as waste, while also adding to the positives of 

creating new jobs and generating income from selling the pavements.  

3.3.4.2 Costs 

Costs for decommissioning, transportation and equipment required to produce granulates for 

the pavement. Labor costs are excluded on purpose because there is no data available for 

these costs. It should be noted that this option is relatively new as it will we be implemented 

as a pilot project in 2021 in the Netherlands (Almere). The cost for producing pavements 

made from EoL W.T. blades is estimated to be €99.801,61 (Table 10 and Table 11). 

3.3.4.3 Income 

Although, no data or similar activity is available to determine or estimate an income for the 

application. Assumptions can be made by searching for the market and price available for 

glass fiber composite aggregates and price of the usual concrete or other material pavements. 

The income is therefore an assumption based on the price of the resources and similar final 

product available on the market. Income is estimated to be € 133.540,52 (Table 10 and Table 

11). 

3.3.4.4 Feasibility 

Pavements are widely used in Europe, especially on roads and in gardens. Though this 

product has not been launched on the market as of yet. Little is known on the feasibility of the 

application. Once the product (pavement) is on the market and the market is further developed 
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in maturity, we might know more about the feasibility of the product and process. Based on 

assumptions and estimates the income and costs were calculated in Table 10 and Table 11. 

From these tables we can assume that this application could be feasible.  

3.3.4.5 Effect on the organization 

The process will have a positive impact on the organizations involved in terms of 

environment as there will be no or less waste stream of EoL W.T. blades and creation of job 

opportunities. Incentives from the government are necessary to promote the process.  As 

landfilling is discouraged and are one by one closing down, the workers at the landfills need 

to be relocated to find other jobs. In stimulating the pavements application new jobs can be 

created, a possible destination where the current landfill workers might end up. Not only new 

jobs can be created, but also income can be generated by selling the pavements. This 

somewhat fits within the circular economy concept, albeit it not being a sustainable approach. 

Especially when the circularity of the material flow (times the material can be recycled) is 

considered.  

3.3.4.6 Changing process 

As landfills are closing down, this option might be one of the best solutions available at the 

moment. Workers currently working at landfills could be shifted to this process and 

landfilling won’t be necessary as most of the blades will be used in the pavements.  

3.3.5  Activity and costs of components 

In the following tables the activity and designated costs of each component is worked out. It 

should be noted that not all costs are included. Costs for permits, insurances and 

paperwork/reporting are some of the costs not included. Therefore the following tables (Table 

10 Activities and the estimated costs of each component & Table 11 Costs & income balance 

of processes) should solely function as an indication of what the costs of each process might 

be. 

 

Activity Quantity Cost per unit 
(€) 

Costs (€) 

Refurbishing W.T. Blades    

Crane 2 3000 6000 

Labor 6 1333,33 8000 

Truck 3 4000 12000 

Coating n.a. 26.801,63 26.801,63 

 Total  52.801,63 

    

Pyrolysis W.T. Blades    

Crane 2 3000 6000 

Labor 8 1333,33 10666,64 

Truck 1 4000 4000 

Water Jet Cutter1 1 26.801,63 26.801,63 

                                                           
1
 One-off costs 
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Pyrolysis device2 1 250.000 250.000 

 Total  297.468,27 

    

W.T. Blades in pavement 
application 

   

Crane 2 3000 6000 

Labor 6 1333,33 7999,98 

Truck 1 4000 4000 

Water Jet Cutter3 1 26.801,63 26.801,63 

Shredder4 1 50.000 50.000 

Shearer5 1 5000 5000 

 Total  99.801,61 

    

Landfilling W.T. Blades    

Crane 2 3000 6000 

Labor 6 1333,33 7999,98 

Truck 1 4000 4000 

Water Jet Cutter6 1 26.801,63 26.801,63 

Landfilling * n.a. 0 0 

 Total  44.801,61 

Table 10 Activities and the estimated costs of each component 

 

A brief elaboration of table 10 is given below. 

For the refurbishing of the W.T. blades, the following is required for this process: 

1. 2 Cranes for lifting and dismantling the blades and other components of the W.T. 

blades 

2. 6 workers necessary for the dismantling, transportation and eventual refurbishing part 

3. 3 trucks are required to transport each blade to the facility where it will be refurbished 

and certified to be resold 

4. Coating equipment is also necessary to repair the blades 

Pyrolysis of the W.T. blades requires the following: 

1. 2 Cranes for lifting and dismantling the blades and other components of the W.T. 

blades 

2. 6 workers necessary for the dismantling, transportation and eventual refurbishing part 

                                                           
2
 One-off costs 

3
 One-off costs 

4
 One-off costs 

5
 One-off costs 

6 
One-off costs 

*One-off costs                         

n.a. => not applicable 
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3. A portable water jet cutting machine to cut the three blades in transportable pieces 

4. One truck is necessary as the three blades are cut in such a way which makes it 

possible for the three blades to be transported on one truck 

5. The device or machine which makes the pyrolysis process possible 

 

Landfilling the EoL wind turbine blades has the following requirements: 

1. 2 Cranes for lifting and dismantling the blades and other components of the W.T. 

blades 

2. 6 workers necessary for the dismantling, transportation and eventual refurbishing part 

3. A portable water jet cutting machine to cut the three blades in transportable pieces 

4. One truck is necessary as the three blades are cut in such a way which makes it 

possible for the three blades to be transported on one truck 

 

Using the W.T. blades as aggregates in pavements requires the following steps: 

1. 2 Cranes for lifting and dismantling the blades and other components of the W.T. 

blades 

2. 6 workers necessary for the dismantling, transportation and eventual refurbishing part 

3. A portable water jet cutting machine to cut the three blades in transportable pieces 

4. One truck is necessary as the three blades are cut in such a way which makes it 

possible for the three blades to be transported on one truck. The truck transports the 

transportable pieces to a facility 

5. Once at the facility at which the cut blades will be shredded and sheared in to ideal 

shapes and edges with use of shredders and shearers. After the shredding and shearing 

the aggregates are ready to be used in the pavements 

 

3.3.6 Balance of processes 

Balance of each process is given below. The costs are highlighted in orange and the income in 

green. Total balance is highlighted in grey and red respectively, where red indicates that the 

balance has a negative value with exception of Pyrolysis of the W.T. blades. 
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Processes Costs (€)* Income (€)* Balance (€)* 

Refurbishing W.T. Blades 52.801,63 160.317,46 107.515,83 

Pyrolysis W.T. Blades 297.468,277 5922,86 -291.545,41 

W.T. Blades in pavement 
application 99.801,61 133.540,52 33.738,91 

Landfilling W.T. Blades 44.801,61 0 -44.801,61 

Table 11 Costs & income balance of processes 

8
It should be noted that the total costs for the pyrolysis of W.T. blades process includes one-

off investments in acquiring the water jet cutter and pyrolysis machine. The price for each of 

the one-off component is given in Table 10 and Table 11. 

From all the given applications shown in Table 11, the income from refurbishing and 

landfilling the wind turbine blades can be found from a number of available sources. 

Income for the pyrolysis application is derived from estimate prices for resources like 

pyrolysis oil and the remaining composite filler material for cement and paint.  

For the W.T. blades in pavement application, the price of shredded and sheared granulates are 

calculated as estimates for the income shown in Table 11. 

 

                                                           
7
 Includes one-off investments in Water jet cutter and Pyrolysis machine 

* Estimates for 3 W.T. blades 
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3.3.7  Evaluation matrix of the processes  

 

Give on the left side of the column a short name/description of each solution under “Variant” 

Status -- most 

unfavorable 

- 

unfavorable 

0 neutral + favorable ++ most favorable 

Variant Justification Feasibility Time dependent 

Costs Income Effect on 

organization 

Changing 

process 

Risks 

 

Time/moment NPV
9
 

Refurbishing the WT blades [24] 0 0 0 - - 0 0 

Pyrolysis of the WT blades [10] - - - 0 - + 0 

Landfilling the blades [8] -- -- -- -- -- -- -- 

Making pavements from the blades 

[13] 

0 0 0 + 0 + 0 

Table 12 Evaluation matrix of each variant 

 

 

                                                           
9
 Net Present Value 
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3.3.8 Risks of the applications 

Risk of each process is given below. A detailed risk assessment is given in the S.W.O.T. 

analysis in Table 13 SWOT analysis of the processes. 

 

Risks for refurbishing the WT blades are: 

 Lack of resources, the amount of EoL blades needs to be guaranteed for a successful 

implementation 

 Location of the wind farms, distance plays a vital role in acquiring the W.T. blades for 

an ideal price. The longer the distances, the more the added costs in making the 

pavements 

 

Risks for Pyrolysis of the W.T. Blades are as follows: 

 Lack of resources, the same as previous process stated. More or enough material is 

required for a successful and continuous application 

 High investments, especially for the necessary equipment 

 

Risks for landfilling: 

 Transition to complete banishment of landfills leading to all of them being 

permanently closed down 

 

Risks for wind turbine blades in pavement application are: 

 Lack of resources/material available currently 

 Concrete pavements are cheaper and have better properties  
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3.3.8.1 SWOT Analysis 

Strength Weaknesses 

 

 There is a market for refurbished 

blades, resources and products 

obtained from available EoL 

processes 

 

 Systematically closing down and 

transitioning to a complete ban of 

landfills, will encourage recycling 

of the amortized W.T. blades 

 

 There are limited options in recycling the 

blades at the moment 

 

 A number of the options are still in 

development phase and still need some 

incentives for a much broader and 

commercial application 

 

 

 Pyrolysis application is currently not 

feasible 

Opportunities Threats 

 

 Many new techniques of recycling 

are being developed and studied 

 

 With amount of EoL W.T. blades 

to rise in the near future, Pyrolysis 

process might finally become 

feasible 

 

 

 Pavement application can create 

job opportunities, especially for 

the group of workers which will 

be affected after complete 

shutdown of all the landfills 

 

 The number of wind turbines is 

expected to rise in future, 

especially offshore wind farms is 

expected to rise exponentially. 

This will lead to more amortized 

wind turbines blades as solid 

waste  

 

 Thermoplastics and other easily 

recyclable materials might replace the 

currently used unrecyclable glass fiber 

and epoxy composite. This will change 

the currently market immediately and will 

also have an negative impact on the 

suggested recycling options currently 

 

 Negative public image (sound and avian 

species collision) and other sustainable 

energy resources like solar and 

geothermal can negatively affect the wind 

energy sector as a whole in the future 

Table 13 SWOT analysis of the processes 
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3.3.9 Advice/ Recommendations 

When choosing an application for recycling the wind turbine blades one should consider the 

following requirements: 

- The maturity of the application which adheres to adaptions necessary due to changes 

in the market and technology 

- Feasibility of the application, a successful solution in solving an issue does not 

guarantee its future. The application should also be able to generate income for its 

operation and maintenance  

- Policies and incentives promoting recycling are necessary in giving the push which is 

needed for investors and companies to invest in the sector. Incentives is only required 

until the recycling is fully functional and clearly independent 

3.3.9.1 Follow up steps 

More research and development for recycling applications is necessary in finding viable 

solutions concerning the issue. Research should be conducted in full depth in which available 

data and experiences of companies and other stakeholders should be critically investigated for 

better understanding. The acquired data and or results should be utilized in finding or 

developing efficient solutions. 

The management and structure of dealing with waste which are not or difficult to recycled 

should be evaluated and if possible also be improved. A more detailed data collection for 

different streams of waste has room for improvements. Especially the specification of type of 

waste and a tracking system could be utilized.  
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3.4 Transportation issues 

. 

3.4.1 Transportation 

Since the 80’s wind turbines went through a lot of alterations, especially when it comes to the 

length of the blades and the height of the tower. This rising trend length and height is 

expected to continue and may reach according to the IPCC a power rate of 20 MW with a 

rotor diameter up to 250m. In order to for this upgrade to happen, wind turbine manufacturers 

need to improve the design and effectively use current materials or replace them with new and 

or improved materials, making each component easy to repair and recycle. The blades 

especially need to be improved due to it being a vital component in upgrading future and 

bigger wind turbines. The new improved blades should be designed and developed based on 

their aerodynamic efficiency, its weight, statistical strength, easy to recycle and feasibility to 

produce them. The early wind turbine blades were smaller and were manufactured from steel, 

aluminum and wood. Now, glass fiber reinforced plastic (GFRP) composites are used in the 

ever so growing wind turbine blades. GFRP composites are ideal because it is cheap, has a 

good corrosion resistance and fatigue strength compared to wood and metals [5].  

 

3.5 Discussion 
The four chosen applications for recycling the W.T. blades have been analyzed through a 

simplified life cycle assessment via the LCA GaBi education version software. Due to the 

limitations of the education version, a number of the inputs and outputs were manually 

inserted. The amount for each input and output was derived from the available literature. 

Other inputs and outputs with each amount were chosen based on the similarities between the 

processes. The resulted graphs should therefore only be considered as an indication rather 

than exact scientific data. For a much more realistic view, data bases from blade 

manufacturers or recycling entities should be used. The simulation was done for only one unit 

with 3 W.T. blades. 

A business case was also conducted for one wind turbine with three blades. All four processes 

were analyzed. Costs and calculations did not take time or period into consideration, 

especially considering the one off costs for the necessary equipment and the return of 

investments. From the business case we can conclude that landfilling does not have any 

financial benefits within the Netherlands and the other options should therefore be explored 

based on their merit and applicability.  
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VI Analyzing current and future solutions 
The available solutions on recycling the amortized turbine blades, has shown some promise, 

with pyrolysis the most viable option at the moment. The other option is, using the epoxy 

fiber glass material as aggregates in concrete partially replacing the limestone aggregates.  

Designing the blades in such a manner which makes it easy to replace parts and reverse 

engineer the whole blade as much as possible. 

4.1 Future solutions 
Due to the complexity of the problem another alternative could be a transition from a product 

selling to a service selling approach. In this the case the blades are not owned by the party 

who pays. This is not a relatively new concept of operation management or doing business. A 

great example is pineapple in seventeenth century Europe. Pineapple was such an exotic fruit 

at that time that it was not consumed but exposed to the ones who had never witnessed it 

before, thus functioning as a symbol of status/ recognition [26]. 

Decomissioning the blades and the whole process of dismantling and transporting the EOL 

turbine blades from windpark to the location where it will either be further processed or be 

landfilled is a costly burden for the party which has this responsibility. The concept of leasing 

instead of owning is still in its prelimenary stage as consumers still need to get used of the 

idea. Leasing service would be beneficial as the companies who manufacture the blades will 

still be the owner and thus responsible for the maintenance and decomissioning of the turbine 

blades. The transportation and dismantling costs can be incorporated in the total service 

package which would be a win win case for all parties involved. In this case the manufacterer 

of the turbine blades will solely be responsible for the decommission, which makes it easier as 

it is transparant which party is responsible. 

Proposed idea is schematically given: 
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Figure 80 Proposed idea service selling approach 

Explanation of the proposed schematic in Figure 80, the company sells the service/product to 

consumers. Consumers pay for the service/product. When the product or service is not in use 

due to defect or end of the terms of service the product/ blade is decommissioned by the 

company as the cost for decommission and transport was incorporated within the service 

package tariff. The product is transported to the repair/ refurbish location and from there back 

to the company. The refurbished blades can be sold as a new service/product, maintaining the 

same price which benefits the company. 

4.1.1 Artificial reef  

Another untried relatively new method of reusing the EoL wind turbine blades, is using it as 

an underwater artificial reef. This could be a viable solution for offshore wind turbines in 

terms of saving costs and the complexity of dismantling and transportation of large wind 

turbine blades. Although this method has no examples of any application and there is no clear 

significance data from research, it could prove to be a solution based on other artificial reef 

applications. From these applications and the conducted researches, the results have proven to 

produce some ecological advantages. Some underwater species have flourished while other 

species have been reduced. Therefore an EIA/analysis should be conducted before 

implementation of the application [27]& [28]. 

 Company 

Consumer pays for 
service 

Decommissioning 
service /product 

company 

Repair/refurbished 
product 
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Figure 81 Example of artificial reef [29] 

 

4.1.2 Replacing epoxy material with Elium resin  

Epoxy is a thermoset glass fiber material which is currently very difficult to recycle as was 

mentioned in the previous parts of the report A number of research has been done in the past 

in finding other materials which can substitute the thermoset composite. One of the main 

criteria for this substitute material, is the recyclability. The Technological University of Delft 

has done some research on this matter and found that thermoplastics could be used to replace 

the fiberglass composite. An American company Arkem has successfully tested their 

thermoplastic composite material called Elium on turbine blades with the length of 8 and 25 

meters respectively.  
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4.2 Stakeholder analysis 
For the roles and responsibilities of actors or stakeholders which are vital for certain action to 

be taken in tackling the issue of recycling the wind turbine blades. Each stakeholder has a role 

to play with certain responsibilities. Stakeholders crucial for recycling the wind turbine blades 

in the Netherlands are given below: 

 Renewable energy alternatives such as PV and Wind energy have become successful 

applications due to the fact that governments around world have created policies and 

instruments to stimulate these alternatives to fossil fuels. With regards to search for 

afterlife usages of the wind turbine blades, the influential governments of the EU 

countries such as Germany, Spain and the Netherlands have enforced policies to 

discourage the use of landfills. This clearly makes the government the most influential 

stakeholder, because with a policy and incentives they can promote/stimulate the 

research and development of effective technologies application which makes it 

possible to recycle and or reduce the amortized wind blades. The government, as an 

elected entity which represents the majority of the citizens has a responsibility to serve 

the people. Energy security is vital in this case and creating policies with instruments 

like incentives (feed in tariffs and subsidies), which ensures the continuity of energy 

production is how the government can achieve this objective. Renewable energy like 

Photovoltaic solar energy and wind energy have made rapid 

 

 Companies or suppliers come into second place as they are responsible for the 

research and development of the wind turbine components like the blades. The 

material and design of the blades can be modified in order to make the recycling 

easier.  Developing or searching for recyclable materials to replace the non-recyclable 

ones is also relied on the manufacturers of the blades. With the regulations and 

incentives put in place by the government, the companies/manufacturers are obliged 

and stimulated to make the necessary modifications to the wind turbine blades 

 

 Investors can be of great importance in making investments to further develop and 

expand the market of the new recyclable blades. With the incentives in place and the 

R&D department of companies producing the necessary innovations to the blades in 

terms of material and design, will attract investments for financial and social gains. 

Financial gains can be a share in profits and social gain in getting recognition of 

investing in green environmental friendly energy which is good for the marketing 

branch of the investment groups. With wind energy being a booming industry, the 

demand for sustainable materials will grow. Investing in a circular economy approach, 

especially in a sector in which the demand of the material concerned: epoxy, can be a 

lucrative business opportunity for investors 

 

 

 NGO’s are vital as facilitators between the government and commercial entities 

(companies and investors). Researchers and philanthropists representing NGO’s can 

write and initiate fundraising for awareness campaigns and research projects in finding 
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effective ways to recycle the wind turbine blades. NGO’s can also provide ideas and 

give feedback on new policies before implementation by the government. Research 

projects can also be conducted in close collaboration with the companies/ 

manufacturers of the wind turbine blades 

 

 The last, but not the least we have the citizens. They choose the government and they 

are also major consumers of wind energy. NGO’s can make the citizens aware of the 

issue through education and awareness campaigns. This can influence the citizens in 

electing a government in favor of sustainable approaches. All the aforementioned 

stakeholders have to please the citizens for their own designated benefits like public 

opinion, marketing etc. 

 

 

 

 

Figure 82 Roles and responsibilities between various stakeholders [30] 
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4.3 Policy and incentives stimulating recycling 
Policies and incentives which currently do not exist yet, will be introduced and discussed in 

more debt with policy tree and causal field and strategy chart. 

4.3.1 Policy tree 

A policy tree can give you an overall view of the main objective and the categorized goals. 

This overall view can be used to adapt a policy during its implementation when necessary. 

Looking at Figure 83, the primary objective of the to be created policy is recycling the wind 

turbine blades. After the primary/ main objective is followed by between first goals and these 

are: 

1) Increasing or improving the current recycling capacity of the wind turbine blades. Current 

options should be encouraged and improved while new options should be researched and 

developed to efficiently increase recycling. The between second goals which in support of 

this between first goal are: 

i) Create new recycling options, systems or methods can be developed or created for 

recycling the wind turbine blades through research and development. This is 

supported by the following sub goals: 

a) Improving the new systems through the use of training the experts and research 

and development. Instruments which can be applied are: 

(a) Monitoring the performance of the system. Data can be collected and used 

to improve the system 

(b) Hiring new staff, training the new and existing staff with the collected data 

and experiences from experts. Providing more insight and understanding of 

the system 

ii) Avoid incineration of the unrecyclable material of the blade. This is clearly not a 

sustainable approach and does not fit in the context of circular economy. 

Prohibition of incineration would stimulate recycling. In support of this between 

second goal is the following sub goal: 

a) Creating and enforcing a policy prohibiting incineration. Instrument supporting 

this sub goal: 

(a) Regulations which will be created for this policy 

 

2) Diversify recyclable sources, another difficult to recycle source is neodymium which is 

part of the NdFeB (Neodymium Ferrite Boron) permanent magnet used in the wind 

turbines. Neodymium is a rare earth element which is largely used in computers, 

smartphones, electric bikes, electric vehicles etc. China is the major producer of 

neodymium and holds more than 95% of this market. Between 2011 and 2013 the price of 

neodymium and other rare earth elements skyrocketed by reaching a price of $300/kg 

back in 2013. Between second goals in support of the between first goal: 

i) Creating policies stimulating recycling. One is mentioned above, prohibition of 

incineration 

ii) External funding from the EU and foreign investors (both EU and non EU 

partners) as stakeholders could be used to train experts for the necessary know-
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how and setting up research and development facilities where their knowledge and 

skills can be honed. The R & D facilities will also be utilized in developing new 

recyclable applications 

 

3) Raise awareness through education programs in school. This will raise the issue to the 

next generation who will have to cope with the problem of dealing with EoL wind turbine 

blades. Educating them would at least prepare them. Followed and supported by the 

between second goal: 

i) Education, in order to raise awareness and prepare the next generation in dealing 

properly with the issue concerning the blades as waste and how to recycle them  

a) Developing a curriculum for the schools in order to educate the next generation 

to prepare them properly. The instrument used for this sub goal is: 

(a) Setting up taxes in order to fund the previous goals 



90 | P a g e  
 

Figure 83 Policy tree recycling wind turbine blades 
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4.3.2 Causal field 

As was mentioned at the policy tree segment, the main objective is recycling the wind turbine 

blades. In Figure 84, the causal field of how and which actions should be taken in achieving 

the main purpose with the wind turbines at the center (highlighted in yellow). The causal field 

chart will be explained in this section. To make it easier to follow, this chart has been divided 

in three main parts and these are: 

I. The recycling process of the wind turbine blades. Starting with the decommissioning 

of the wind turbine blades, highlighted in yellow. After the dismantling of each 

component of the wind turbine, the parts/ components will be transported to a facility 

where it will either be further processed to be applied to the recycling methods 

available or it will be landfilled. The latter is prohibited by law in the Netherlands. 

Followed up by the recycling processes, the product or material can be sold which can 

generate funding supporting the recycling process. This may play a vital role in 

making the whole process self-sufficient in the future. 

 

II. Policies and instruments used for improvement. Policies should be created and utilized 

to promote recycling of the wind turbine blades. Supporting these policies, incentives 

should also be implemented. These incentives should function as stimuli for 

researches and projects in order to create new and improve current recycling methods. 

In order to find external funding and experts with the desired knowledge and skills, 

collaboration on regional and international level is necessary. Regional agreements 

and collaboration can be conducted within the EU and funding from the European 

Central Bank. For the international agreements and collaboration, the UN and other 

international organization with strong interest concerning the issue could be realized. 

The IMF and World Bank can be used as funding sources. External collaboration and 

funding do not have to be conducted within existing organizations. It can also be done 

in cooperation and financial support from foreign companies, having their own interest 

and stake.   

 

III. Monitoring and improvement. The government alongside all the influential 

stakeholders should collectively find a solution on how the whole recycling process 

can be monitored and improved. Current and new systems can be upgraded and 

created with the aid of research and development and imported knowledge and skills. 

This can be utilized in education and projects which can be beneficial in improving the 

recycling system in general. Part of the utilization of education, is hiring and training 

new skilled and well educated workers and researchers. 
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Figure 84 Causal field recycling wind  

turbine blades 
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4.4 Discussion 
The government is the most influential stakeholder in this situation, due to the fact it can 

create and enforce policies and incentives motivating the two following stakeholders 

(Companies and investors) to recycle the turbine blades. NGO’s can function as facilitators 

between the stakeholders, they can cooperate with entities which can develop or improve 

applications in recycling the blades. Finally the citizens are also a major stakeholder as voters, 

taxpayers and users of the recycled end product. Despite their minimal role and responsibility 

in this instance, they are important for the rest of stakeholders with each having their own 

stakes/ interests.  

New policies should be made based on the policy tree and causal field concept provided in 

Figure 83 & Figure 84. Current and new policies can be adapted after review for an improved 

implementation. It should be noted that the aforementioned policy tree and causal field are a 

proposed concept and does not guarantee success. Both schematics should therefore function 

as a mere example of how a policy in support of recycling the W.T. blades can look like, in 

which there is room for improvements. For a much efficient policy and its future adaptions, 

concrete data is required from reliable sources. Similar or close to relatable policies can be 

used as benchmark on how to create and implement new policies in tackling the issues 

regarding the recycling of the W.T. blades.  
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V Conclusions and recommendations 
 

The current technical state of the art of the afterlife application of the EoL wind turbine blades 

in Europe and the Globe is still in its development stage. Though limited, a few of these 

applications can be used currently. One of these applications is Pyrolysis in which the blade is 

decomposed in separate material/ resources. 

Another application is shredding the wind turbine blades into granulates and using this as a 

resource to manufacture furniture, skateboards, decorative lamps etc. This is currently done 

by Demacq in the Netherlands. Replacing the thermoset epoxy material with the thermoplastic 

recyclable Elium is another viable option. Elium has been applied to and successfully tested 

blades with the lengths of 8 m and 25 m recently. There is no certainty on the performance 

and application of blades larger than 25 m regarding the use of Elium. Regardless of the 

infancy of this application, the application shows to have prominence in the near future. 

The environmental impact of the afterlife applications, are some-what similar due to the fact 

that the following conditions apply: dismantling of the blade at location and the transportation 

of the blades to a location where it will be further processed or landfilled in extreme 

circumstances. A portion of the wind turbine blades are cut on location of dismantling, where 

it is transported to Vlissingen at Demacq. At Demacq the pieces of the blades are shredded 

into granules which are exported or sold to companies which manufacture furniture tables, 

decorative lamps, skateboards etc. No quantified data was available on how much of the EoL 

W.T. blades are recycled per annum. In Germany the blades are recycled through pyrolysis 

and the residue after the process is used as filler in cement.  

The environmental impact of these applications has been hypothetically determined through 

an LCA with the software called GaBi. 

The design and choice of material for the wind turbine blade is very crucial considering the 

rising trend of wind turbines being installed in the coming years. Wind turbine blades 

manufactured from recyclable material like thermoplastics and polyester can be a solution, but 

the mechanical and aerodynamic properties should not be compromised only because of their 

recyclability.  

The expected environmental improvement compared to the current afterlife application of the 

end of life wind turbine blades, is the avoidance or at least the reduction of the blades as solid 

waste. Experts suggest the prevention approach as the most solvable option at the moment as 

it would avoid CO2 emission from transportation and incineration and would also avoid the 

blades to end up at the landfills as a last resort. With current development of the afterlife 

application of the EoL wind turbine blades, the blades can be recycled and reverse engineered 

in the near future. The development and recyclability of blades will create more business and 

job opportunities. In terms of environmental improvement the blades will not end up at 

landfills and incineration plants. These are the improvements which can be expected in 

general. For a more in depth and critical analysis of the expected environmental and economic 

improvement compared to the current conditions, much more data is needs to be collected. 
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This also accounts for the LCA, the LCA conducted for this research conducted with the 

educational version which has some limitations compared to the professional version. The 

professional version has access to more data and sources.  

The afterlife usage of the blades faces a lot of challenges. Disposal at the landfill is prohibited 

or discouraged by law in a number of EU countries, which leaves the door open to incinerate 

the blades to generate energy from the heat and shred the composite material to use it as filler 

in cement. In order to reduce the number amortized blades new design and innovations should 

be applied. These alternative applications should consider the use of new recyclable materials 

replacing the non-recyclable ones. It should be mentioned that the new material should also be 

durable and withstand the various weather conditions. The blades should also be designed in a 

way which components or parts of the damaged blade can either be replaced or repaired. 

Pyrolysis is one of the options which can be applied to recycle the turbine blades. This 

process decomposes the composite material into various materials which can be applied to 

number of different applications. Another option is to use the epoxy material as an aggregate 

replacing a portion of limestone in concrete applications. This application is still in its 

development stage, as there is no special machinery available to produce the ideal aggregates 

on a large commercial scale. Furthermore, much more research is necessary to investigate the 

water adsorption and erosion of the composite aggregate within the concrete. The amortized 

wind turbine blades can be reused as building materials for pedestrian bridges, emergency 

shelters, playground for children and more. Another option is to shred the blades and use this 

to manufacture furniture, skateboard and decorative lamps. 

Thermoplastic can be used to replace the thermoset material (epoxy/fiberglass). A material 

called Elium has been developed by Arkem and so far they have been able to build 9 m and 

25 m turbine blades successfully. Thermoplastics are very ductile and are ideal for the blade 

and it can be recycled. It is not known if Elium is already being used for blades on a 

commercial level and there is also no certainty if the material can be applied for much larger 

blades (larger than 25 meters). Nevertheless this application shows much promise for now and 

for the future.  

A life cycle assessment was also conducted for this report with the use an LCA software 

GaBi. The assessment was an simulation and yield the results are provided in the designated 

chapter of the thesis. The results are only an indication as the education version does not have 

the required database for the inputs and outputs for a more realistic representation. Although 

data from the accumulated literature was used for the simulation and can therefore function as 

relatable reference on what the environmental impacts may be.  
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VII Appendices   

Appendix I Pyrolysis process [31] 
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Appendix II Overview of installed onshore and offshore wind turbines in 

Europe [32] 
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II.i New installation and decommissioned wind turbines in the EU with cumulated 

capacity [32] 
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Appendix III Interviews 

Interview with Julie Teuwen, assistant professor at the department of Aerospace Structures 

and Materials within the faculty of Aerospace Engineering at the TU Delft 

Date: 5-06-2019 from 13:00- 13:30 PM 

Topic: Thermoplastics replacing Epoxy resin in Wind turbine blade and the Erosion behavior 

of the current wind turbine blades 

Way of contact/Medium: Skype  

Question: What is the explanation of the erosion behavior of the wind turbine blades? 

Answer: Erosion occurs mostly because of the rain drops while other weather conditions like 

hard winds, lightning, snow and temperature differences through the seasons also have some 

influence on the erosion of the blades. There is not much data available currently from 

manufacturers/suppliers and there are no tests done on the erosive behavior of the wind 

turbine blades. Julie has done some research regarding the issue alongside a colleague and 

suggested in a report that a test can be done similar to the helicopter blades being inspected on 

how raindrops affect the blade. 

Question: Is the use of tape and paste for the eroded blades effective as a repair application? 

This is usually done on location, where maintenance workers are attached to a crane and 

repair the blades with paste and tape above ground while the blades are still attached to the 

hub on the tower. 

Answer: No, the best way is to completely dismantle the blades and coat the surface of the 

blade with one or a few new layers of coating depending on the repairing methods available 

now. Applying tape and past to repair the edges of the blades attached to the hub is not ideal, 

because this is a short term solution as the tape and paste will loosen in a few months at the 

least.  

Question: Is a thermoplastic composite resin a good substitute to the current thermoset 

composites used in the wind turbine blades? 

Answer: Yes, the thermoplastics are elastic, thus ductile and easy to shape and mold with less 

use of high temperatures which saves some energy in manufacturing the blades. Another 

advantage of the thermoplastic resin is that it can be recycled.    

 

Interview with Wim Robbertson from Wind in Business 

Contact was made through Bettink after initially contacting Bettink first 

Date: 6-06-2019 from 10:25- 10:45 PM 

Topic: Decommissioning and transporting End of Life Wind turbine blades 
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Way of contact/Medium: Telephone/Mobile phone and email 

Question: What happens to the End of Life wind turbine blades? 

Answer: Around 20% of the blades can be repaired/ refurbished and then resold here in the 

Netherlands and to foreign countries in and outside the European continent. The rest of the 

blades probably goes to the landfills, incinerators and is recycled on a small scale by Demacq 

B.V. in Vlissingen here in the Netherlands. 

Question: How are the decommissioned blades transported to destination where it will either 

be further processed or stored in the Netherlands? 

Answer: Most of the transportation of the turbine wind blades is done by truck for onshore 

windfarms especially. For offshore windfarms, the transportation is mostly done by ships or a 

combination of ships, trains and trucks. There is no specific data available on the amount of 

blades transported by either truck or other transportation methods applied for the 

decommissioning of the wind turbine blades.  

Question: Is it cheaper to transport the blades by ships, trains or a combination of both with or 

without trucks?  

Answer: According to the interviewee not, because it is difficult to transport the blades by 

ships or train to the location of the windfarms (onshore) in the Netherlands. It is also difficult 

because of the routes and traffic on land and water, which makes it complicated to use other 

transport methods.  

Additional data received from the interviewee: The costs for transportation and average 

distance from windfarm to location where the blades will be stored or further processed 

(incinerated or shredded/cut) was provided by the interviewee through a powerpoint 

presentation. 

Appendix III Interviews Pondera Consult B.V. 
Interview with  Mogens Hinge, Phd. Chemical Engineer at the Aarhus University in Denmark 

Date: 17-06-2019 from 14:10- 14:45 PM and 19-06-2019 at 14:38 PM (email) 

Topic: Recycling wind turbine blades with vinegar 

Way of contact/Medium: Telephone/ Mobile phone and email 

Question: Based on your research and article on “Epoxy matrices Modified by Green 

additives for Recyclable Materials” found on your personal page of the University. How was 

this done and can you briefly explain this? 

Answer: Based on the results of the research and what was witnessed during the experiment. 

Vinegar is non-toxic and not harmful for humans and environment andcan be used to 

decompose the layerss of the glass fiber composite. Vinegar separates the different layers of 
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materials within the composite material, which is one of the main obstacles to recycle the 

epoxy material currently.  

Question: I have read in a report that epoxy absorbs water, which was done in a fog room test 

in the US. Could this be also the reason why vinegar is able to decompose the thermoset 

composite?  

Answer: Yes. Epoxy is known to absorb around 2-4 mass% water. This is mainly due to the 

large number of alcohols (and their electron lone pairs) and nitrogen (and their electron lone 

pairs) in the cured epoxy matrix.  

  

But this is NOT the reason for the Acetic acid (AA) in dismantling the composite. The 

swelling power of water is not strong enough to break apart the epoxy matrix. But by addition 

of a few acid groups and disulphites to the epoxy matrix water uptake is not changed 

significantly (we see no difference) but the AA uptake is significant increased. Thus the AA 

(and the with AA following water) can generate a pressure during adsorption in a cystine 

modified epoxy matrix that can break it apart. 

  

In short: 

AA does not break apart unmodified epoxy matrices and water does not break apart any of the 

tested epoxy matrices. 

  

 

Interview with  Marianna Imbimbo, Pondera Consult B.V. 

Date: 20-05-2019 from 13:30- 14:15 PM  

Topic: Maintenance and wind classes of wind turbine 

Way of contact/Medium: Personal meeting at Office in Arnhem 

Question: What are the standardized windclasses of the wind turbines? 

Answer: The wind turbines are divided in three main windclasses. There are other classes, but 

these are based on the design standards set by the manufacturers themselves. All classes are 

related to the wind speeds present on the site/location. 

Question: How are the Wind turbines maintained and is it obligatory? 

Answer: Each component of the wind turbine is inspected (visual and within the system 

(control monitoring) and maintained at least twice a year and yes it is obligatory. The blades 

are monitored,visual and by reviewing the power curve in the control system of the wind 

turbine, for blade erosion and repaired when the erosion has been detected. 

Note: These were the relevant questions and answers which were asked and answered during 

the interview. There were also discussions and information provided on other aspects with no 

or very little relevance to the research topic. 
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Appendix IV Time table thesis/research report 

 

Month April May June July August 

Week W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12 W13 W14 W15 W16 W17 W18 W19 W20 

Activity 

                    Research preparation 

Internship 

 

        

 

   

 

   

 

   

Literature study      

 

   

 

   

 

   

 

   

Submit proposal 

 

             

 

   

 

   

Research activity                     

Data collection internship                     

Evaluate internship 

data/results                      
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First draft thesis 

 

             

 

   

 

   

Update draft 

 

        

 

   

 

   

 

   

Second draft 

 

   

 

        

 

   

 

   

Internship analysis in thesis 

 

   

 

        

 

   

 

   

Update second draft 

 

   

 

   

 

        

 

   

Third draft 

 

   

 

   

 

        

 

   

Update third draft 

 

   

 

   

 

   

 

        

Final draft thesis 
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Appendix V Numbers and locations of active Wind Turbines in the Netherlands [7] 
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Appendix VI Overview of total installed and decommissioned Wind 

Turbines [7] 
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VI.i Overview of total installed and decommissioned Wind Turbines (cont.1) [7] 
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VI.ii Overview of total installed and decommissioned Wind Turbines (cont.2) [7] 
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VI.iii Overview of total installed and decommissioned Wind Turbines (cont.3) [7] 
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VI.iv Overview of total installed and decommissioned Wind Turbines (cont.4) [7] 
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VI.v Overview of total installed and decommissioned Wind Turbines (cont.5) [7] 
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VI.vi Overview of total installed and decommissioned Wind Turbines (cont.6) [7] 
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VI.vii Overview of total installed and decommissioned Wind Turbines (cont.7) [7] 
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VI.viii Overview of total installed and decommissioned Wind Turbines (cont.8) [7] 
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VI.ix Overview of total installed and decommissioned Wind Turbines (cont.9) [7] 
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VI.x Overview of total installed and decommissioned Wind Turbines (cont.10) [7] 
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VI.xi Overview of total installed and decommissioned Wind Turbines (cont.11) [7] 
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VI.xii Overview of total installed and decommissioned Wind Turbines (cont.12) [7] 
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VI.xiii Overview of total installed and decommissioned Wind Turbines (cont.13) [7] 
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VI.xiv Overview of total installed and decommissioned Wind Turbines (cont.14) [7] 
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VI.xv Overview of total installed and decommissioned Wind Turbines (cont.15) [7] 
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VI.xvi Overview of total installed and decommissioned Wind Turbines (cont.16) [7] 
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VI.xvii Overview of total installed and decommissioned Wind Turbines (cont.17) [7] 
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VI.xviii Overview of total installed and decommissioned Wind Turbines (cont.18) [7] 
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VI.xix Overview of total installed and decommissioned Wind Turbines (cont.19) [7] 
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VI.xx Overview of total installed and decommissioned Wind Turbines (cont.20) [7] 
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VI.xxi Overview of total installed and decommissioned Wind Turbines (cont.21) [7] 
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VI.xxii Overview of total installed and decommissioned Wind Turbines (cont.22) [7] 
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VI.xxiii Overview of total installed and decommissioned Wind Turbines (cont.23) [7] 
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Appendix VII W.T. blades in pavement application 

VII.i Sample material (epoxy/glass fiber) provided by TPI [13] 

 

 

  

 

                                  

Aggregate produced with manual process [13]                                                      Material strips cut by wet saw [13] 
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VII.ii Appendix Shearing of the shredded granulates 

 

Shearing of the fiber glass granulates [13] 

 

Shearing against the fiber glass granulates [13] 

 

Manual cutting (80 hours) is clearly not the best solution of producing the granules on a large 

scale. Other equipments like rock crusher and chipper were tried to see if the production of 

the granules could be improved. Chipping showed the most promising results, producing long 

strips and slabs of the material. All of this is illustrated in figure 10 [13].      

 

 

Rock crusher, Crushed material and Chipped material (third picture from left) [13] 
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Appendix VIII Transportation by sea [32] 
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Appendix IX Landfill tax and prohibition Netherlands vs Europe [33] 
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IX.i Landfill tax and prohibition Netherlands vs Europe (cont. 1) [33] 
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IX.ii Landfill tax and prohibition Netherlands vs Europe (cont. 2) [33] 
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IX.iii Landfill tax and prohibition Netherlands vs Europe (cont. 3) [33] 
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IX.iv Landfill tax and prohibition Netherlands vs Europe (cont. 4) [33] 
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IX.v Landfill tax and prohibition Netherlands vs Europe (cont. 5) [33] 
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IX.vi Landfill tax and prohibition Netherlands vs Europe (cont. 6) [33] 
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IX.vii Landfill tax and prohibition Netherlands vs Europe (cont. 7) [33] 
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IX.viii Landfill tax and prohibition Netherlands vs Europe (cont. 8) [33] 
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