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Abstract

Wind energy has been growing and evolving in the past decades. The sizeviickinerbine

blades have also been increasing anti aitife expectancy of around -B5 yearsdepending

on the wind class of the bladakere are little afterlife @plicationscurrently availablefor

these bladesRecyclability 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 irdfdis have been restricted through legislation within

the EiropeanUnion (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 fird options to deal with the amortized bladés. 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 disssed namely: pyrolysis, refurbishing, pavement application and
landfilling of the amortized/EoL W.T. bladd$ie most prominent options of dealing with the
endof-life rotor blades are: burningf the bladegut in piecesand use the heat to generate
energ, pyrolysis and use the filler material in cemexnother 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 underfgeapecies. All the
aforementioned options are viable solutions, but still face many obstacles due to lack of
equipmentand policies regulating and stimulating recycling the blades, transportation costs
and maturity ofapplicable techology available at tnmoment

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 busasest®r 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 pavemeiitajon 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 undecgdification process before
being sold to purchasing parties. Pyrolysis of the decommissioned blades is currently not
applied in the Netherlands. Refiber, a company in Denma& active in the pyrolysis
process of the blades, but has been inactivenfme than 10 years. The company claims that
5000 tons of amortized blades are required for the process to be operé&idreahe Eco
solutions is currently active in the W.T. blades in pavement application within the
Netherlands. Most blades after reachiheir end of life are landfilled in the Netherlands due

to its complexity in recyclinghem.
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| 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 frebmi eanissions

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

over Photo Voltaic (PV) solar energg PV technology is still being developed in order to
improve its efficiency. There are a lot of vdimills currently installed inthe Netherlands.

Most pars of the wind turbines amecyclable except for the blades. The afterlife usage of the
blades is a cause of concern at the moment. Not many alternatives are avadabithdhe
prospected wind turbinet® 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 theavailable technoloy, but will also considethe social,
economicand environmental impacks].

1.2 Problem statement

1.2.1 Problem statement

The EUcountries 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 windggneotential, 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 excepttfoe 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 &tles. 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 aeffective 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 isegplore ways on how recycling the end of life blades can

be of economic value Wiout harming the environmerA stakeholder analysis will also be
conducted. Enaf-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
canbe 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

What is the technical and environmental state of the art of the afterlife applicati
amortized wind turbine blades in Europe and which options are suggested in the ag

literature and by experts in the field to improve the economic and enwarda
performance of the afterlife application?

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 turbineblades in Europe?

What is the environmental impact of the current afterlife applications?

Which environmentally benign alternative technological options are suggested in
literature and by experts?

What is the expected environmental and economic improvegmnpared to the
current afterlife application of amortized wind turbine blades?
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1.4 Wind Energy in general

Wind energy has made several prog@ssin becoming more efficient in the last
decadegFigure 3). The blades are noh 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 bladesehla®en 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 rezydlihis has put the wind energy
application in somewhat of an imbalances scale given beléigurel.

Evolution of the _Recycla?ngy
W.T. blades issues of the
h W.T. blades

DeCOmmissioning

Lighter blades Evergrowing

blades

High energy
efﬁciency Shllf;:;f‘il\l/l: i

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 agcycling o reducing the waste stream of amortized wind
turbine blades lmemerged. These occurrences Hadeo the creation of circular economy in
which recycling or reusing of wasté&resams is stimulated. IRigure2 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.
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Figure 2 Three main pillars for recycling W.T. blades
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Figure 3 Development of larger and more efficient blades
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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 byridtere 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 lesv in Figure4.

7089 First readi fELV"99 | by Parli t
. i irst reading o proposal by Parliament.
. ELV‘s weto .de"nme«_d 8.0 1991 By the end of 1993, 10 EU member countrias
pricrity waste stream’ by the EC se! up a stucy group 1995 i
Commission's ‘Community s had specific regulatons and/or industrial
Y 9y to inv the disposal First draft of a proposal vol for EL
for waste management’ & i unery sgresments for ELV.
9 problems surrounding ELV's for a directive on vehicles
\ / and enc-of-lie vehicies /
N\
/[ 1 ﬁ I\ N
- V v ) V ) ! V ; v A N v g N\
< 1089 1990 1991 1992 1903 1004 1995 1996 1097 1098 1999 2000 2001 »
\ A / \ f /
\\‘[ ) { \ l/
1990 \ 2000 "
EC Communiy siategy 1952 1997 Doty e copted
for waste menagement’  The study group suggested thal a Final drafi proposal accepted by EC i
approved recommendation, not a directive,
was most suitable for developing
environmentally sound improvements.

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 bladesre 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 fatigu¢fjfe

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

1 The blades consists of a compleaterial composition of fibers, namely Polymer
matrix and fillers

1 The crosdinked character of thtnermoset material makes it difficult or impossible to
remold the material

1 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, W/.-radiation, lightning and salinity
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1 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

1 The size of the blades, especially the larger ones aagise ©f concern in terms of
logistical problems like dismantling, transportation and cuf@jg [3].

In 2008 the European Union (EU) climate change and energy package was enacted with the
aimin 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 quantitydofstrial greenhouse gases which
can be emittedEmissions 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 brote&mission
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.

lll.  Renewale 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 utilizeddetermining 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 infistructure after their life cycle. Evaluation for future decommissioning costs

is difficult because of the following factors:

1 Salvaging or maintaining value of the matayidluctuation of market value of
materials are unpredictable

1 Costs for recycling Recyling 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

1 Costs for disposal A tax on the disposal of the waste is included. The tax on landfi
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 hazasdstes

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 onilisndtis 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 applicatioRggure 5 indicates an overview of the
waste stream of materials associated with Wind Turbines and the end of life processes
available for those materig2].

The Netherlands also has a banmanicipal and industrial wastes ending up at landfills.
Despite this ban, most end of life nogvisable wind turbine blades are landfilled without fine

or payment. Main reason for this is that the central government and the municipalities
acknowledge thdifficulties for recycling or processing the blad2k

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, theenserfor
strength is accumulated with the matri xos
properties which not available in other conventional material. The possibility of gaining a
high ratio of stiffness to weight is one of the important advastagf 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 matdikalsron 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 profgtties

A wide range of WT blades are manufactured from GFRP with either polyester or epoxy
resin. Other designs or types apply weagubxy or alternate materials. Smaller blades are
manufactured from steel or aluminum, but heavier considering the scale and weight lengt
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 usualpplied for much longer blades in order to lower the weight of the
blades (from 228 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,tialso has higher production copt$.
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Figure 5 Stream of materials linked to Wind Turbines and the available processes for each material]
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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 $togarcomponents

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 reoydd |, but that 1 sndét th
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 blad€g].

1.5.2.3Outline 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 ne@ssary, 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?].

1.5.2.4 Carbon and Glass fikers [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 appliedithin 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 20Mhich 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 marketfor 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 andrecycling 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
composits 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-£0%g in 1996 and in 2009 it dropped to
£13/kg. The price for GFRP is estimated to be2#, making it the much cheapoption of

the two fiber materialR2].

GFRP and CFRP are thermoset based composite materials which represent around 80 % of
the market of reinforced polymer materials. Thermosets have the following advantages:

1 Possibility d low room temperature curing
1 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 arently 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 &lé tstrength 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 SGR&8tly 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 ceshias seen iRigure6. In the graph a linear increase can be
seen from the year 2010 to 20Before 2010 no GRFP or CRFP was used in making the
W.T. blades, which is theeason why the graph starts af2€10.Data of the last three years
(20152017) have been calculated with the following equation:

b |t
i [5]

GRis the growth rate during yearindicated in percentageB.is the installed capacity during

yeari, indicated in MW. WithEquationl fithe average growth rate of the cumulative installed

capacity and the standard deviation of the valtieser a period of 7 years are calculatgfd The

calculatedaverage growth rate is equal to 15.4 £ 3.6% annually. Yiglth three scenarios

and these are:

Equation 1: ¢ h

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]

Onshore wind turbine = Offshore wind turbine =
2MW (%) 2 MW (%)

Europe 18.3 % 99.0 %

Asia 14.9 % 98.6 %

North America 26.3 % 99.7 Y%

Latin America 59.2 % 99.7 U4

Oceania 59.2 % 100 %

Africa & Middle East 33.7 % 100 %

World 19.2 % 99.0 %

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

Growth rate (%)

2017 2018 2019 2020 2021 2022

Europe 10 % 7 % 8 % 7 Y% 7 % 7 %
Asia 12 % 10 % 11 % 11 % 10 % 9 %
North America 8 % 9 % 9 % 10 % 8 % 7%
Latin America 17 % 19 % 15 % 11 % 10 % 13 %
Oceania 5 % 16 % 10 % 21 % 13 % 10 %
Africa & Middle East 16 % 41 % 17 % 23 % 21 % 23 %
World 11 % 10 % 10 % 10 % 10 % 10 %

Table 2 Projected growth rate of wind turbines in the world from 20172022[2]

The application of wind energy has been rising in recent years, especially the offshore wind
farms have been increasing in numbEable 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 ofvind turbines in use is expected to rise within the coming years. This is
shown inTable2 in which the estimated growth rate is also providesble 2 also provides

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

The graph shown iffable 3 indicates the amount of each continent per period (the years
2017, 2020 and 2025 respectively), given in the unit tons considerin@ theenarios
explained earlier. Based on the given equmatand other factors like the 3 scenarios,
predictions can be made for the years/period givelfigare 7. The predictions represent a
rising trend of CRFP being utilizeghen all continents are bundled in one staff.
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Estimated cumulative installed wind power capacity (MW)

2010 2017 2020* 2025+

Scenario 1 2 3 1 2 3

Europe 86,800 178,100 233,900 257,300 282, 800 381,300 491,300 632,400
Asia 61,200 208,500 327,400 360,000 305,800 587,900 757,600 975,200
North America 44,900 105,300 145,500 160,000 175,900 240,400 309,800 398,800
Latin America 1,500 17,900 29,000 31,900 35,100 59,900 77.200 99,300
Oceania 2,500 5,200 8,500 9,300 10,200 16,100 20,700 26,700
Africa & Middle East 1,100 4,500 9,700 10,700 11,800 31,400 40,500 52,100
Word 198,000 539,500 754,000 829,200 911,600 1,317,000 1,697,100 2,184,500

Table 3 Estimated cumulative installed power capacity in MW for each continental
regionsapplying the 3 scenariog5]

S0000

80000 Scenarios

g
5

2
g

Africa & Middle East

= Oceania

g
g

Latin America

Morth America

g
g

1 Asia
i i

Estimated amount of CFRP (t)

20000 2 W Europe
1 etz
20000 o
- I I
0 I
2017 2020" 2025*

The yeors with an (%) correspond to estimated values
Numbers 1, Z, ond 3 in the graphic are relative to the scenario number according to the installed wind power growth rate

Figure 7 Approximated quantity of CRFP by geographical sections indicated in 2017,
2020 and 2025 respectivellp]

As Figure8 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 Qi n 614684eons The stéck willafen be subtracted by the quantity leaving
the technosphere, representing the quantity of CRFP nearing its EoL, which zero imf2017.
flow shows zero in 2017, because no W.T. blade made from carbon fiber is dismantled yet
acwording toFigure8. 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 witltothd08
followed by Asia with 1038 tons. To conclude, the Oceanic region produces the least amount

of CRFP wast¢5].
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Figure 8 Schematic representation of the of CRFP flows in 2017, circulating and in stock
through the technospherg5]

The graphs irFigure 7 and Figure 9 and Equation1 have been utilized to produce estimated
amounts for periods till 2025 ar2®50 respectively.

According to calculations by taking installedind 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 cumulativé ©RFP waste of around 189751 and 148710 tons
respectively by 20507 second material flow analysis was done in approximating the quantity

of CRFPwhich will be available by 205As indicated inFigure 10 and Figure 11, t he Ain
use stocko is exponentially rising from 2017
the technodpere[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 20%9]
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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 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 difficut 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 tcerdudkic
number of Glass fiber W.T. blades. Glass reinforcegimpet 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 asuustiin 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
sectw, the produced tables, calculations and graphs of CRFP was utilizethig @n idea of

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

and tables, we can conclude that there will definitely be an increase oWwiadLturbine
blades in the future.
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Il 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 imecentyears. After the 2013 Energy Agreement, the evident Paris
Agreement on climate change was signed in 2015. The heated debate on ritmgearo
natural gas dossier and shutting down dwatl and nuclear power plants has put more
importance on the transition to a safe and @@atral society. The Netherlands has an
installed wind energy capacity of over 3500 MW installed in 2016 whichufficient in
supplying 2.3 million householdsAccording to NWEA, 7.4 % of the planned 16 %
renewable energy (potential wind energy) has been real&add energy is a crucial
component of the Energy Agreemé¢@it.

The number of wind turbines in the Netherlands which are still inuBdl at the moment is
around 23167]. This amounts to a total power capacityaadund4,434.5 GW seeFigurel1?2
Installed wind power capacity in Europe

Most wind turbines in the Netherlands are relatively new compared to Germany and Denmark
in which many wind turbinehave been completely decommissioned in recent time. This does
not mean that the issue of End of life turbine blades is of noeto as some windfarmsll

need to be decommissionadndfarms Zeewoldén which 118 wind turbingwill need to be
dismantled as early as 2026. Other windfamil also follow afterZeewolde and this may
create asituation in which a large amount of wind turbine blades neelet recycled or
relocated[9]. Since landfilling is prohibited yolaw 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 therefoaevery challenging issue to deal with. Luckily Hwember
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 willusselisn 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/recyclgtD].

Appendk VI shows the total installed, in use and decommissioned wind turbines in the
Netherlands through a period of-28 years.
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Windmolens op land: hoeveel zijn er en wat wekken ze op?
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Figure 13 Installed onshore wind turbines in the Netherlandscategorized in heightand
the produced capacity[11]

2.2 Current alternatives for the af terlife 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 theme some concerns with the blades. The blades are made
from composite material, which is difficult to sede. Most parts of the wind turbir@n be
recycled because of the materials they are made fronbheaacycled. Below, ifrigure 15

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

wind turbine within the recycling processFrom organizing, dismantling to recycling
electroncs and cables and the other components of a whole wind turbine unit s igive
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 grournwdhen pulled out of the eartRecycling the blades accordirthe
presented graph shows to be most uncertain which makes it quite challenging on finding
viable solutions.
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Glass
Component/material| Pre-stressed Reinforced
(% by weight) Concrete Steel |Aluminum |Copper Plastic
Rotor
Hub 100
Blades 5 95
Nacelle 80 3-4 14 1
Gearbox 98 2 2
Generator 65 35
Frame, Machinery,
and Shell 85 5 4 3
Tower 2 98

Figure 14 Components of a wind turbine and the used material given in percentaggi?]
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Figure 15 Uncertainty level on how to deal with the turbine blade$12]

medium

high

Germany is one of the pioneering countries to prohibit solid waste to be disposed at landfills
in 1990 (source). Other Ebations have followed this example and with this policy the end
of-life bladesneed to be dealt withFFigure16 gives an indication of the eraf-life options in
preferential sequence. The first is prevention, preventing the occurrence as much as possible
is the most preferred option and this can bhieved 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 lifespa2®fy2ars they

can be reused again if there atill in perfect condition. It is unlikely that these blades will be
reused within the EU, but will be exported to deypahg countries due to economgasons.

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 applgath 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 discowa@ption.

Figure 16 Preferential pyramid of EoL application of the blades

Despite the uncertainty level on how to deal with the amortized turbine bladesatkere
fortunately some options to tackle the issBelow 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:

1 Pyrolysis blade recycling procesa thermal recycling application in which the
materials in the composite blade material extracted separately

1 Blade composite aggregate replacing limestone in conenetéhich epoxy material is

cut in ideal shapes andzes with rough edges. The cut epoxy aggregate will substitute
up to 25% of limestone aggregate in concf&8}
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1 Refurbishing W.T. blades which are chosen through inspeatidrselected based on
its repairability. In order to increase the number of refurbished blades in the theure,
entire bladeshould be designeish such a manner making it easy to repair/ refurbish
the bladeThe design of the blades cha altered in suta matter making it easier to
reverse engineer each component/ material. Thiddvsimplify recycling diferent
parts and material in the wind turbine

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

involves cutthg 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 Recyclingprocesses for wind turbine blades

The recycling processes will be discusssate 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 bladesbt landfilled. The reason for this according to the waste
management department of the MinistryRijkswaterstaatrfinister of infrastructure in the
Netherlands), is that there are no real applications in processing and or recycling the wind
turbine blaés[14].
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