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Abstract: In recent years, the sustainability of wind power has been called into question because there
are currently no truly sustainable solutions to the problem of how to deal with the non-biodegradable
fibre-reinforced polymer (FRP) composite wind blades (sometimes referred to as “wings”) that
capture the wind energy. The vast majority of wind blades that have reached their end-of-life (EOL)
currently end up in landfills (either in full-sized pieces or pulverized into smaller pieces) or are
incinerated. The problem has come to a head in recent years since many countries (especially in the
EU) have outlawed, or expect to outlaw in the near future, one or both of these unsustainable and
polluting disposal methods. An increasing number of studies have addressed the issue of EOL blade
“waste”; however, these studies are generally of little use since they make predictions that do not
account for the manner in which wind blades are decommissioned (from the time the decision is
made to retire a turbine (or a wind farm) to the eventual disposal or recycling of all of its components).
This review attempts to lay the groundwork for a better understanding of the decommissioning
process by defining how the different EOL solutions to the problem of the blade “waste” do or do
not lead to “sustainable decommissioning”. The hope is that by better defining the different EOL
solutions and their decommissioning pathways, a more rigorous research base for future studies of
the wind blade EOL problem will be possible. This paper reviews the prior studies on wind blade
EOL and divides them into a number of categories depending on the focus that the original authors
chose for their EOL assessment. This paper also reviews the different methods chosen by researchers
to predict the quantities of future blade waste and shows that depending on the choice of method,
predictions can be different by orders of magnitude, which is not good as this can be exploited by
unscrupulous parties. The paper then reviews what different researchers define as the “recycling” of
wind blades and shows that depending on the definition, the percentage of how much material is
actually recycled is vastly different, which is also not good and can be exploited by unscrupulous
parties. Finally, using very recent proprietary data (December 2022), the paper illustrates how the
different definitions and methods affect predictions on global EOL quantities and recycling rates.

Keywords: end-of-life; wind turbine blades; uncertainties; blade waste forecast; recycling

1. Introduction

A typical wind turbine is designed for around 20 years of service meaning that many
of the first-generation wind farms are at or approaching their end-of-life (EOL) stage. Ap-
proximately 85-90% of the wind turbine can be recycled including the tower, foundation
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and nacelle, which are made up of metals (steel, copper or aluminium) and concrete [1].
The blades, however, are composed of fibre-reinforced polymer (FRP) composite materials
(including glass and carbon fibres, thermosetting polymers, epoxies and structural adhe-
sives), core materials (including balsa wood and/or polymeric foams) and some metals
such as steel, aluminium or copper [2—4]. This mix of materials presents a challenge for
recycling and is energy-intensive to separate [5]. Until recently, the EOL stage was not
considered a problem or priority, which resulted in a lack of industry guidelines and stan-
dard procedures for the removal and disposal of these blades when decommissioned [6,7].
Recent media have highlighted the growing concern as many of the blades are being sent
to landfill sites across the US [8]. Current EOL technologies that may be considered are
reuse, repurposing, recycling, recovery, co-processing, incineration or landfilling [9]. Some
of these EOL technologies also require a continuous supply of material and therefore may
be hindered by fluctuations and insufficient supplies [10]. Accurately predicting EOL blade
material becomes a crucial aspect for the planning and development of sustainable circular
strategies as well as to motivate governments and policy makers to take action to prevent a
large build-up of blade materials [11]. Some EOL technologies are capital-intensive, and a
lack of certainty in EOL blade material flow represents an investment risk for commercial
processors. A number of journal and magazine articles have addressed the issue of blade
waste material; however, there are still many uncertainties associated with the EOL material
forecasts [12].

There are several variables that lead to significant uncertainty when forecasting the
future EOL blade waste and recycling potential. The variables that need to be considered
include: (1) The definition of end-of-life and how it impacts the wind turbine lifespan.
(2) The estimation of current and future amounts of wind blade waste, including the
timeframes for which blade waste predictions are made, the mass conversion factors, the
location or geographical region in which a turbine reaches its EOL and the knowledge of
how many blades have actually been decommissioned. (3) The recycling technology and
potential material that can be “reused”. Each of these variables will be explained in detail,
and an assessment of how they impact the EOL blade material forecast will follow.

2. Defining End-of-Life and How It Impacts the Wind Turbine Lifespan

There is no clear definition of end-of-life (EOL) for wind turbine blades. There are
several scenarios that EOL may refer to that are used by researchers in the field. In what
follows below, the prior work published in a large number of research studies in the field is
reviewed. The prior studies have been divided into different categories based on the focus
of the study to try and develop a better understanding of the EOL issue.

The Design End-of-Life is the time in which the Original Equipment Manufacturer
(OEM) advises a wind turbine blade has reached its design lifespan. A typical wind turbine
blade is designed for 20 years in service with reference to structural safety levels [13].
Throughout the operational life, blades are exposed to extreme weather conditions and
fatigue loading, which may result in wear-out and damage. Blades require frequent main-
tenance to ensure they last for their design life. As the blade ages, it becomes less efficient,
and maintenance costs begin to increase. At this point, a wind farm owner may consider
repowering or decommissioning the turbines or replacing the blades. Some wind farm
owner-operators may continue to operate beyond the design life with a permit extension.
This process may be complicated due to technical, economic and legal constraints, and may
depend on the condition of the blades as they must have an adequate structural life remain-
ing. Some OEMs now have lifetime extension programs for their turbines. Siemens Gamesa
Renewable Energy (SGRE) aims to extend some of their turbine lifespans by 10 years,
meaning turbines would operate for a total of 30 years [14]. General Electric (GE) has
doubled the life expectancy of the GE 2.7-116 MW turbine model by promoting a 40-year
lifetime certificate [15]. Other OEMs may also offer extension exercises, whereby the blades
are modified to extend the life of the blade. These retrofits may include increased blade
lengths or turbine upgrades to allow increased power outputs from the turbine [16]. In both
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these scenarios, the blade continues to serve its original purpose on the original turbine.
Other factors such as planning permissions and land lease may also influence wind farm
life extension. In most cases, wind farms have temporary planning consent for around
20-25 years; however, in some cases, planning consent is granted in perpetuity, allowing
wind farms to operate beyond the typical expected lifespan [17].

The Functional End-of-life refers to when a wind turbine blade can no longer perform its
key purpose on the original wind turbine due to in-service damage. Typically, this occurs
before the design life is reached. [18]. This may result from manufacturing defects, extreme
weather conditions (e.g., lightning strikes or intense rainfall), leading edge erosion, trailing
edge erosion as well as other structural deterioration [19]. It is estimated that around 1-3%
of blades are replaced annually as a result of extreme weather conditions [20].

The Location End-of-Life refers to when the wind turbines are dismantled, and un-
damaged blades with resale value are removed and sold on the second-hand market as
spare parts or for re-instalment at a new location usually with less mature markets such as
Latin America, Africa, India and Eastern Europe [7]. Due to a lack of infrastructure and
high costs associated with acquiring the most up-to-date technologies, some countries face
additional challenges in generating more sustainable power. Reconditioned wind turbines
can provide an opportunity to reach the increasing demand for power in an affordable way
due to the reduced investment costs [21]. The market for second-hand blades is mostly
aimed at small-scale, older blade models with blade sizes (<50 m) and power capacities
ranging from 50 kW to 1 MW [22]. This is because power grids are often less well devel-
oped, and therefore, modern turbines with a capacity larger than 1 MW are too technically
advanced and often require specialist equipment, which may not be accessible in some
countries [21,23]. Many turbines reaching these markets have been in operation for around
15 years with the possibility of an additional 10 years in operation at their new location.
Blades need to be inspected, tested and repaired (if necessary) before they are shipped.
This means that the EOL waste will be produced in another country and contributes to
the uncertainties of EOL material forecasting due to the variation in the geographical and
temporal blade quantities [24,25].

The Economic End-of-Life refers to the time when it becomes more economical to replace
a wind turbine even when the service life is less than 20 years (i.e., repowering). Many wind
farms are located in areas with prime wind resources, and due to the lower performance
of the older turbine models, these valuable sites are not reaching their optimum energy
yields [26]. Some wind farm operators may therefore decide to repower their wind farms
with newer turbine models prior to the expected design lifetime with the aim to exploit
the technology innovations and increase energy efficiency [27]. A study by Lantz et al. [28]
reported that wind farm repowering becomes economically attractive after around 20 to
25 years in service; however, in some cases, it may be possible from 16 years in service. Fac-
tors such as wind resource availability, technological advancements, electricity wholesale
market prices, whether owners are able to reuse existing infrastructure and the condition
of the wind turbines all need to be considered. Himpler and Madlener [29] have found
that the optimum time to repower based on the Danish fleet is when the cash revenues
are double that of the investment costs. Their study suggests that this could take place
after around 11 to 15 years in service. It has been argued that some wind farms can be
repowered as early as 13 years based on around 10 years for payback and approximately
3 years for profit [30,31]. Research by Lacal-Arantegui et al. [32] found that in a Denmark
wind farm, repowering occurred after around 15 to 18 years in service, and in Germany,
around 15.9 years in service. It is clear that the best time for a wind farm to be repowered
varies between different locations and wind farms.

The Stockpiled End-of-Life occurs when a decommissioning contractor decides to stock-
pile the blades with the hope that a more cost-effective alternative becomes available or
when landfilling is not an option [33]. This option impacts the EOL blade material forecasts
as it delays the stream of decommissioning blades. Repurposing and recycling develop-
ments are often hindered by the fluctuations and inconsistencies in annual blades volumes.
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Stockpiling could provide a potential solution by storing the blades in years of excess
material and for use in years with lower material [24]. A stockpiling strategy may be
hindered by the cost or availability of adequate storage space, as well as the legal status of
EOL blades if it is classified as “waste” rather than spare parts.

The Abandonment End-of-Life refers to when some of the older, first generation (1970s
and 1980s) wind farms are no longer functioning and are abandoned in place. Evidence of
this can be seen in the US with up to 4500 turbines littering the landscape in the Tehachapi
region in California, US [34]. This is likely to result from the lack of laws and regulations
enforcing developers to take responsibility. While conscientiously written leases state
that all equipment and foundations should be removed and the land should be restored
to the original condition, these were not always honoured as some companies declared
bankruptcy before decommissioning was reached [35]. Additionally, some wind turbines
are run-to-fail, meaning that they are left to continue running with little maintenance
until the maintenance costs are more than the earnings or until the turbine is considered
unsafe [32,36].

Depending on which category the EOL scenario falls into, the sustainability of the
outcome differs greatly. In many of the categories listed above (Design EOL, Location
EOL, Stockpiled EOL and Abandonment EOL), the wind blade does not actually get sent
to a disposal method at the assumed EOL time (commonly assumed to be 20-25 years)
at all, and it is incorrect to count these as immediate EOL quantities. The problem of
stockpiling is ubiquitous and has other issues related to land use and sustainability and
leads to community complaints. Blades are often stockpiled for many years and even
decades in some cases, while owners (typically recyclers) wait for more palatable solutions
than landfilling or incineration. Clearly, the problem of eventual disposal is still important
in these cases, but their resolution is not immediate, and new technologies that could
deliver a sustainable non-polluting processing and recycling of thermosetting polymers are
emerging (to be discussed in the next section).

The category of the most immediate concern is that of Economic EOL. When a wind
farm is repowered, and its older turbines are removed (in part or in whole), there is a
tremendous time pressure to remove and dispose of the turbine parts (including the blades)
as soon as possible. Wind farm owners typically enter into a contract with decommissioning
contractors to “get rid of the turbines” in a short time and, in the past, have often not paid
close attention to the details of where the blade material eventually ends up.

3. Estimating the Current and Future Amount of Wind Blade Waste

Many authors have provided estimates of the amount of wind blade waste that
has been or will be generated in the future. However, it is very important to note that
when comparing different estimates (or future predictions), the methods used to make
these predictions can vary by orders of magnitude since the methods used to make these
predictions can vary by multiples of each other due to the following factors.

3.1. The Time Horizon for Which End-of-Life Predictions Are Made

The target year for which EOL predictions are made varies depending on the study.
Some studies calculate future blade material up to a target date based on the existing wind
farm installations (referred to as “Method 1” herein). In this method, only the existing wind
farms are included, and an assumed lifespan (usually of 20 to 25 years) is used to calculate
the annual or cumulative blade material up to the target date. For example, if the baseline
data include wind farm installations up to the end of 2019, then the expected target year
for all the blades to decommission would be 2039, based on a 20-year service life [37]. This
method does not consider the material that future wind farm installations contribute to
the calculations.

Other studies may estimate material predictions using both the current material used
in wind blades based on industry or official databases of existing wind farms (e.g., USGS,
Wood Mackenzie and The Wind Power) and predict the future blade material used based
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on numerical or financial models of future wind farm installations acquired from industry
or official predictions of future wind power growth (e.g., GWEC, IEA, AWEA (now ACP)
and EWEA (now WindEurope) (referred to as “Method 2” herein). The current count and
future predictions are added to give the total capacity of installed power, and hence, the
number of blades produced or to be produced, which will eventually become waste by a
target year. A common target year used for blade waste predictions is the year 2050. Given
the prediction chosen, the scenario (typically high, medium or low growth) and the year
the prediction was made, the future estimates can vary significantly.

Andersen et al. [38] estimates EOL blade material up to 2050 based on a 20-year
lifespan and material predictions up to 2030. Liu and Barlow [18] estimate blade material
across the four major wind energy markets (China, US, EU and the rest of the world) and
calculate blade waste for onshore wind farms installed from 1998 to 2015, plus the material
from future installations of wind turbines up to 2050. They forecast blade material up to
2050 while accounting for three lifetime scenarios (18, 20 and 25 years). Similar to this,
Lichtenegger et al. [39] calculate blade material predictions in Europe up to 2050 based on
current installations up to 2017 and future estimations up to 2050. Their study accounts
for offshore and onshore blade waste and uses a stochastic lifespan. Cooperman et al. [40]
conducted a US study and estimated blade waste up to 2050 based on a 20-year lifespan.
They then examined the sensitivity of their predictions to alternative lifetime scenarios
(20, 25 and 30 years). They also considered the potential volume contribution of blade
waste in relation to landfill capacities, adding further complexities to EOL management.
The volume of blade material, and not only the weight (mass), has a significant impact on
landfill and transportation logistics.

Liu and Barlow [18], Lichtenegger et al. [39] and Cooperman et al. [40] also include in
their estimates the material used to manufacture the blades (which is not primarily compos-
ite materials), the material used in the operation and maintenance (O&M) phase (including
repairs or replacements due to damage) as well as the blades that are decommissioned
annually. The additional waste material is typically taken as a percentage of the blade mass.
The annual decommissioned quantity is typically taken as 1/20 (5%) of the annual number
of blades installed [38].

Finally, some studies make blade waste material predictions for a target date based on
a prediction of wind power at the target date (e.g., [41]) (referred to as “Method 3" herein).
The predictions using this method will be higher compared to the previous methods since
it is a count of all blades in existence at the target date, even though many blades will have
already been decommissioned or will only become waste after the target date.

3.2. The Mass Conversion Factors

In addition to the uncertainty of how the waste prediction is made as described above,
there is additional uncertainty on how to convert the installed capacity into mass of material
(Table 1). The rated power output from a wind turbine is related to the rotor diameter,
and therefore, blade material quantities are calculated using a mass-to-capacity ratio of
tonnes per Megawatt (t/MW). Most authors assume that the total mass of the blade is
considered as waste material. Albers et al. [42] estimate that approximately 1 MW of
installed capacity equates to a mass of 10 tonnes of blade material, and that globally, there
will be approximately 200 thousand tonnes annually in 2033. Andersen et al. [38] adopt
this model; however, they estimate that there will be approximately 400 thousand tonnes
annually between 2029 and 2033, increasing to nearly 800 thousand tonnes per year by 2050
based on future wind farm installations. The higher prediction compared to Albers is likely
to result from the updated data on actual wind farm installations compared to the lower
prediction of future installations from older papers.

Another study attempted to account for the development of wind turbine blades
over the years and developed a varying model ranging from 8.43 to 13.41 t/MW [18].
Their study reveals that there will be approximately 500 thousand tonnes per year in
2029, increasing to two million tonnes per year by 2050 with a cumulative total of around



Sustainability 2023, 15, 12557

6 of 19

43.4 million tonnes. The work by Bank et al. [41] is in relatively close agreement with Liu
and Barlow’s study, with predictions of 39.8 million tonnes by 2050 based on a 10 t/MW
ratio and using the Global Wind Energy Council (GWEC)’s future “moderate growth
scenario” estimates of wind power installations (Method 3). Under the “advanced growth
scenario” the cumulative global total would reach as much as 60 million tonnes by 2050 [43].
Another study by Jensen and Skelton [44] estimated the lower and upper limits of composite
waste from blades using an estimate of 12 to 15 t/MW. Lichtenegger et al. [39] calculated
12.42 t/MW and estimated a total of 325 thousand tonnes by 2050 in Europe, with the
majority coming from Germany.

To date, only a few studies have investigated blade material forecasts at a national
scale [45]. Arias [46] developed a mass-to-capacity model of 11.3 t/MW (9.57 t/MW of
composite material only) using the top 11 wind power states in the US and applied it to
the remaining 39 states. Cooperman et al. [40] also conducted a country-level forecast for
EOL blade material based on the US. Their study adopted the model of 8.43-13.41 from Liu
and Barlow’s study and estimated a cumulative total of around 2.2 million tonnes by 2050
and 3.3 million tonnes when accounting for manufacturing and replacement waste. An
EPRI report adopted a 12.5 t/MW model and estimated the cumulative EOL blade waste
material in 2050 to be around 2.1 million tonnes based on a 20-year service life [47]. In 2020,
the EPRI presented additional blade waste projections for the US [5]. Based on Liu and
Barlow’s moderate case scenario, they estimated that blade material will reach a cumulative
total of 4 million tonnes by 2050 (including manufacturing and in-service waste). Delaney
et al. [37] conducted a study based on the Island of Ireland, predicting material quantities
using specific masses for each turbine model. Where blade information could not be found,
a model of 10.33 t/MW was determined and used to estimate the remaining masses. A
total of 53,400 tonnes is expected by 2039 on the island. Rotor blade waste is quantified for
Germany up to 2040 using a regression model based on the German wind turbine stock
combined with a power-class-based estimation for missing data [48]. The study highlights
the importance of characterising blade material by distinguishing between glass-fibre-
reinforced plastics (GFRP) and glass with carbon-fibre-reinforced plastics (GFRP/CFRP),
which require different recycling strategies.

These studies demonstrate how the mass-to-capacity ratio varies between different
geographical regions and how it can affect estimates and predictions. It should also be noted
that while blade mass is given in metric tons (1 tonne = 1000 kg = 2200 1b) throughout the
world, in the US, the mass (or weight) of waste is given in US (short) tons (1 ton = 2000 Ib),
a 10% difference that is not insignificant.

Table 1. Summary of the existing literature for blade estimation models.

Lifetime Geographical Future Installation
Site (Years) gcarl)e Method (/MW) Installations Data Target Year  Citation
Pleas (Y/N) Years
Onshore 20 Global, 10 Y Up to 2006 2034 [42]
Germany
Both 20 Global 10 Y 2009-2013 2050 [38]
Both 20 Sweden N 2034 [45]
11.3
Onshore 20 Us (9.57 composite Y 2000-2015 2055 [46]
material only
Both 18, 20, 25 Global, U.S’ 8.43-13.41 Y 1998-2014 2050 [18]
Europe, China
Both 20 Global 10 Y 2001-2016 2050 [41]
20 Europe 12-15 N 2030 [44]
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Table 1. Cont.
Lifetime Geographical Future Installation
Site (Years) gcall)e Method (t/MW) Installations Data Target Year  Citation
Pleas (Y/N) Years
Global, Europe,
Both 25 Asia, US 10 Y 2010-2025 2050 [49]
Onshore 20 Us 12.5 Y 2050 [47]
Both 16-18 Europe 12.42 Y 1995-2017 2050 [39]
Onshore 20 Ireland 10.33 N 1992-2019 2039 [37]
Both 15, 20, 25, 30 Us 8.43-13.41 Y 1981-2020 2050 [40]
Both 20 Germany N 1995-2020 2040 [48]

3.3. Geographical Locations

The geographical region or location in which a wind turbine reaches its EOL stage will
impact the decommissioning process. Each country or region will have different policies,
laws, incentives, availability of recycling technologies and economic factors which enable,
restrict or encourage different processes for the management of FRP composite material
waste. In the US, the landfilling of FRP composite materials is still permitted in most states;
however, in the EU, pressures from directives and legislation encouraging more sustainable
approaches to EOL blade management are taking effect. This has led to some nations such
as Germany, the Netherlands, Austria and Finland to already prohibit the landfilling of
composite waste materials [50-52]. Not much is known about policies regarding blade
waste disposal in the rest of the world.

In places such as Ireland, lifetime extension exercises have taken place to encourage
wind farm operation past 20 years, with some evidence of wind farms operating up to
30 years [37]. Some early wind farm developments were given interminable consent, and
therefore, operators may decide to continue operating existing wind turbines and postpone
repowering, as repowering would require seeking planning approval, which might not be
forthcoming. Lifetime extension programmes have also been encouraged in some European
regions such as Germany, Spain, Denmark and the UK [13].

3.4. Knowledge of How Many Blades Have Actually Been Decommissioned

The decommissioning of wind farms is still relatively new with limited data available
in databases on how many wind farms have actually been decommissioned worldwide
and what has happened with their blades. There are some well-known examples of
where onshore wind farms have already been decommissioned and their blades landfilled,
incinerated or even stockpiled [8]. To date, seven offshore wind farms are known to have
been decommissioned [53].

4. Recycling Technologies and Potential Material That Can Be ‘Reused’

A circular economy strategy for blade management involves the reuse of blade material
in a new product. Before a waste management strategy is needed, the blades should be
used and reused for as long as possible [1]. The reuse potential of wind blades depends on
what reuse strategy is chosen as methods yield different amounts of reusable material [18].

The different EOL options for wind turbines blades can be assessed in terms of sus-
tainability using the waste hierarchy. At the top of the hierarchy is the lifetime extension
or reuse of the turbines at another site (see Section 2). Next on the waste hierarchy is
blade repurposing, which involves the reuse of full blades or large sections of the blade in
new industrial or architectural applications. Some examples of repurposing applications
include pedestrian bridges (e.g., Blade Bridge along the Midleton-Youghal Greenway in
County Cork, Ireland) [22,54,55], power transmission lines [56], children’s playgrounds
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(e.g., Wikado playground, Rotterdam) [57], bicycle shelters (e.g., Aalborg Harbour) [58],
affordable housing [41], among others [59]. Full blade repurposing implies that the entire
blade will be reused in one or more applications and will therefore yield a 100% reuse
potential. In this scenario, different sections of the blade (root, tip or mid-span) could be
reused in different applications [60]. Several start-up companies have been launched to
commercialize blade repurposing (e.g., Anmet (Szprotawa, Poland), BladeMade (Rotter-
dam, Netherlands), and BladeBridge (Cork, Ireland)). In some cases, if the second life
application requires little processing, testing and fabrication, the blades may be cut and
prepared directly on site before being transported to their new location [60].

After reuse and repurposing come material-scale recycling methods. There are three
key types of recycling methods based on mechanical, chemical or thermal processes. Me-
chanical recycling refers to the shredding, cutting or grinding of the blade material, reducing
it in size. This material may then be used as a replacement filler for concrete or as a re-
inforcement in plastics and other products [61-63]. Only 70-75% of the FRP composite
material (15% is already discounted since it is not FRP material) can be reclaimed in this
grinding process [64—66]. In some cases, the blades may be cut and shredded on site to
reduce transportation costs [40]. This may be completed using a mobile waste grinding unit.

The fibres may be recovered through thermal or chemical recycling processes. In
the case of thermal recycling such as pyrolysis or Fluidised Bed Combustion (FBC), high
temperatures and pressures and vacuum may be used to recover the fibre materials. In the
case of chemical recycling, the fibre materials are recovered from the resins using chemical
solvents leaving behind the fibres. Co-processing, a form of material recycling, involves
the substitution of blade material to replace virgin-mined materials such as clay, sand
and limestone used to manufacture cement in a cement kiln. The polymeric materials in
the blades provide energy recovery. This process yields a 50% recycling potential since
only the fibre portion is recycled [12,67]. The energy recovered from burning the polymer
is not considered material recycling however, it may contribute to life cycle assessment
(LCA) benefits since many cement kilns are coal- or lignite-fired. While the European
Composites Industry Association (EuCIA) encourages the co-processing of blade waste,
not all countries have the ability to recycle using this method. There are very little data on
which cement kilns are involved, except for a single Holicim plant in Lagerdorf, Germany
and a single unidentified plant in Missouri, USA working in conjunction with Veolia [68,69].
This means that for companies in places such as the United Kingdom (UK) blades have to
be transported, which can be expensive and energy-intensive [70].

Qureshi [71] provides an up-to-date review of the EOL options for FRP composite
materials, including the strengths and limitations of each process in terms of energy
demand and costs. The study shows that landfill and incineration are the most common
and cheapest strategies for dealing with composite waste material; however, it is recognised
that the composites industry needs to find more sustainable and circular practices such as
reuse, repurposing and recycling. Beauson et al. [11] provide a review of the legislative and
technical challenges of EOL blade management and composite material recycling. Coughlin
et al. [5] and Fitzgerald et al. [72] provide estimates of costs and market potential of EOL
processes. These factors further contribute to the uncertainties of EOL blade management.
More recently, blade material passports [73] have been developed to document the material
composition of specific blades with the aim to develop a standardised approach for blade
disposal and aid potential recycling processes (e.g., Vestas (Arrhus, Denmark), Siemens
Gamesa (Zamudio, Spain) and LM Wind Power (Kolding, Denmark)).

5. Methods and Data

This section aims to show how several key factors influence EOL blade material
forecasts. To do this, the upper and lower bounds for the mass-to-capacity models (10 t/ MW
and 15 t/MW) are assessed against the varying wind turbine lifespans (15, 20 and 30 years).
A global wind farm database containing wind farm data, number of turbines, installed
capacity, turbine types and commission years was obtained from Wood Mackenzie [74].
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At the time of analysis, 2022 was the last full year of data and is used as the cut-off year.
The objective of this work is to demonstrate how each of the different factors influence
the EOL blade predictions—the actual quantities are based on Method 1 (i.e., no future
predictions of new wind farms were made). Quantities of blade material were assessed
with breakdowns of each sub-region, including Europe (including the United Kingdom),
the United States (US) and China. The global results include the three sub-regions noted
above as well as the rest of the world.

Low, common and high scenarios are compared to show the extreme difference be-
tween the models. The low scenario refers to the blade mass model of 10 t/MW and the
longest blade lifespan of 30 years. The common scenario refers to the 10 t/MW and 20-year
lifespan, and the high scenario refers to the highest blade model of 15 t/MW and the
shortest lifespan of 15 years.

The amount of material that can be diverted from landfill through reuse strategies are
then assessed and compared for the following categories:

Full repurposing: This scenario is based on the full blade being reused in secondary
applications (this may include the full blade being reused in one application or sections
of the blade being reused in multiple applications), therefore yielding a 100% reuse of the
total blade material since the mass of metals, copper and core materials (totalling 15% of
the total blade mass) do not need to be removed.

Particles and Filler (mechanical recycling): This scenario yields a 70% reuse of the FRP
composite material (which constitutes 85% of the reported total blade mass).

Fibre reuse (co-processing, solvolysis or pyrolysis): This scenario refers to the recovery
of the fibre material in the blades. This scenario yields around a 50% reuse of the FRP
composite material as only the fibre content in the blade is reused. In the case of the
co-processing scenario, only the fibre content in the blade is reused in the cement kiln.

6. Results and Discussion

Based on the data from the Wood Mackenzie [74] database, the Global installed
capacity of wind energy reached 864 GW by the end of 2022 (Figure 1). Small wind energy
projects began as far back as the 1970s; however, it is likely that many of these were from
experimental turbines funded as part of governmental programmes that took place in
countries such as the US, Sweden, Germany and the UK due to the increasing oil prices [75].
Wind power began to take off in the 1980s, and at this time, wind farms were being installed
in California as part of financial support schemes [75]. The development of commercial
wind farm projects continued throughout the 1990s with Europe contributing to the largest
proportions of wind farm installations followed by the US. In 2010, China surpassed the US
as the single largest contributor to wind farm installations, and in 2016, overtook Europe,
becoming the greatest contributor to wind energy installations globally.

Based on the ‘common scenario” of 10 t/MW and a 20-year service life, an estimate of
around 8.6 million tonnes of blade material will be expected by 2042 globally. Out of this,
China contributes to around 40% of the total EOL blade material, followed by the EU at
24%, the US with 18% and the remaining 19% from the rest of the world (Figure 1).

By the end of 2022, around 313 thousand tonnes of blade material are expected to have
decommissioned with nearly 74% of this coming from Europe (Figure 2). Between 2023 and
2027, almost 627 thousand tonnes of blade material are expected to be decommission with
Europe contributing to the largest proportion. Between 2028 and 2032, around 1.9 million
tonnes of blade material are expected. Between 2033 and 2037, nearly 2.4 million tonnes
will be generated globally with the largest portion of this coming from China at 36%. In
the final decommissioning phase between 2038 and 2042, just almost 3.4 million tonnes of
blade material will be expected. During this phase, China contributes to nearly half this
material at 48%.
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Based on a 20-year service life scenario, between 313 and nearly 470 thousand tonnes
of blade material are expected to have already decommissioned by the end of 2022 globally
(Figure 3a,b). The annual EOL blade material continues to increase up to 2033, where it
then experiences a reduction in blade material. This is likely to reflect the market where
fewer wind farms were installed in 2013 compared to previous years [76]. The year 2041
will experience the highest EOL material quantities, followed closely by 2040. Again, this
is likely to reflect the strong wind power market, with China contributing to the largest
proportion of installations during these years.
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Figure 3. Global annual blade EOL material quantities with breakdowns for sub-regions (EU, US and
China) based on a 20-year service life. (a) Based on 10 t/MW; (b) based on a 15 t/MW model (Data
source: Wood Mackenzie [74]).

The sensitivities of the cumulative EOL blade material quantities for global, the EU,
US and China are compared for the low (10 t/MW) and high (15 t/MW) mass models while
also accounting for constant 15-, 20- and 30-year lifespans (Figure 4a—d). These graphs
enable the extreme case scenarios to be compared to show the large scale of uncertainty
between the different blade modelling methods. Under the highest scenario (15-year,
15 t/MW), globally, all blades installed up to the end of 2022 will be expecting to have
decommissioned by the end of 2037, contributing to nearly 13 million tonnes (Figure 4a).
Under the lowest scenario (30-year, 10 t/MW), blades will not expect to decommission
until around 2052 and will contribute to 8.6 million tonnes.

Using the common scenario, an assessment of the potential material that can be
diverted from landfill is provided for Global material including breakdowns for the EU,
US and China (Figure 5a—d). If all material is disposed of through landfill or incineration
processes, a 0% reuse potential for the FRP composite material will be achieved. If all
material is repurposed in a second-life application, the full 8.6 million tonnes of blade
material can be diverted from landfill globally, compared to just under 6 million diverted
through mechanical recycling (particles and filler) and 4.3 million tonnes from fibre reuse.

It is also important to gain an understanding not only of the amount of blade material
by weight but also the actual number of turbines (and associated blades). Table 2 provides
a summary of the cumulative number of blades for each service life with breakdowns for
the sub-regions. Based on a 20-year service life, nearly 168 thousand blades (29 thousand
turbines) globally should have reached their EOL stage by the end of 2022, with 98 thousand
from the EU, just under 43.5 thousand from the US and just under 2500 from China.
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Figure 4. Sensitivities of EOL blade material predictions for the high, common and low scenario for
(a) global, (b) EU, (c) US and (d) China based on blades installed up to the end of 2022 (Data source:
Wood Mackenzie [74]).

Table 2. Cumulative number of blades that would be decommissioned for each service life with
breakdowns for global and sub-regions (EU, US and China) (Data source: Wood Mackenzie [74]).
(Based on the assumption that turbines have three blades).

Decommissioning Year Lifespan Known. to. Have Been
15 20 25 30 Decommissioned by 2022
Global (Inc. EU, US and China)

Up to 2022 310,907 167,793 80,340 42,939
2027 660,222 310,907 167,793 80,340
2032 975,656 660,222 310,907 167,793
2037 1,285,668 975,656 660,222 310,907 55,765
2042 1,285,668 975,656 660,222
2047 1,285,668 975,656
2052 1,285,668
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Table 2. Cont.

Decommissioning Year Lifespan Known‘ to. Have Been
15 20 25 30 Decommissioned by 2022
EU (inc. UK)

Up to 2022 166,370 98,055 35,616 13,311
2027 241,518 166,370 98,055 35,616
2032 297,247 241,518 166,370 98,055
2037 332,371 297,247 241,518 166,370 23,755
2042 332,371 297,247 241,518
2047 332,371 297,247
2052 332,371

uUs

Up to 2022 67,293 43,533 31,671 29,352
2027 139,824 67,293 43,533 31,671
2032 182,340 139,824 67,293 43,533
2037 246,755 182,340 139,824 67,293 29,637
2042 246,755 182,340 139,824
2047 246,755 182,340
2052 246,755

China

Up to 2022 18,441 2484 990 93
2027 160,890 18,441 2484 990
2032 295,383 160,890 18,441 2484
2037 442918 295,383 160,890 18,441 1062
2042 442,918 295,383 160,890
2047 442,918 295,383
2052 442,918

By the end of 2022, around 55,765 blades are known to have been decommissioned
as reported in the Wood Mackenzie database, which is significantly less than expected
based on the common scenario. Based on the data reported it appears that blades that have
already been decommissioned (up to 2022) have been in service between 25 and 30 years.
The accuracy of this prediction, however, is still unclear due the lack of detailed data on
decommissioning and other cases resulting from some wind farms being run-to-fail and
others being abandoned. No data is available on the breakdown in quantities (up to 2022)
sent either for disposal (landfill or incineration) or to the different recycling categories
shown in Figure 5, and therefore, no comparisons with predictions can be made.

Additional uncertainties may also impact EOL material forecasting. CFRP has been
used to a limited extent in blades with the aim to reduce weight while maintaining the
strength [77]. Carbon fibre has a higher commercial value compared to glass fibre and,
therefore, recycling strategies which separate the fibres from the matrix are preferred for
carbon fibre [78].
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Figure 5. The quantities of blade material that can be diverted from landfill through repurposing and
recycling scenarios based on the common scenario for (a) global, (b) EU (including UK), (c) US and
(d) China. Global values include the EU, US and China (Data source: Wood Mackenzie [74]).

It has been found in previous research studies that when comparing and cross-
referencing different data sources, there are often discrepancies between some of the
data [37]. Any uncertainties caused by inaccurately entered data will therefore propagate
into the results of the analysis. Better quality data will support good decisions for end-of-
life wind turbine blades. There is a clear need for the sharing of data in a controlled way
to enable better EOL predictions to be made for the planning and development of EOL
management strategies. As mentioned previously, each country will face different laws,
regulations, costs and incentives which will impact the EOL blade predictions and man-
agement practices. This study has demonstrated how the different methods highlighted
in the literature contribute to uncertainties in blade waste predictions. Moving forward,
the authors suggest that ‘method 2" provides a good indication for estimating future EOL
blade material. The authors believe that this method should be modified to only include
EOL blade waste material rather than manufacturing and in-service waste. To gain a more
accurate understanding of the EOL blade landscape, it is also necessary to develop an
up-to-date accurate country-level Geographical Information Systems (GIS)-based model.
This would enable a more detailed local level decommissioning plan to be established,
accounting for the different parameters that impact each country or region. There is a
need to develop a parameterised life cycle model considering technical, temporal and
geographical factors, which can be tailored for project specific wind turbine characteristics
for the assessment of environmental performance and carbon footprints [79].

Overall, the sustained development in wind energy over the last few decades has
largely been driven by the need to reduce greenhouse gas emissions to help achieve
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climate targets. This global growth in wind farms is continuing to contribute towards the
United Nations (UN) Sustainable Development Goal (SDG) 7, which encourages access
to sustainable energy for all as well as SDG 13 which aims to address climate change
and its impacts [80]. As many of the wind farms from the first installations proceed
towards their EOL stage, the wind industry is faced with a major challenge regarding blade
decommissioning and waste disposal. There is a clear need to develop circular management
practices for blades to ensure wind energy remains as sustainable as possible. Circular
practices such as reuse and recycling provide an opportunity to reduce waste as well as
the demand for raw materials. The development of these strategies for EOL blades also
contributes toward SDG 12, which encourages responsible consumption and production.
Management plans will need to be in place by the time a farm reaches its EOL to ensure
blade removal is not delayed, particularly in cases where farms are being repowered. The
repowering of a site at the EOL provides an opportunity to not only maximise energy
production through the installation of more efficient turbines but also prevents the loss
of installed capacity from the decommissioning process. Understanding the EOL blade
landscape can help policy makers, local governments and the wind industry to develop
plans accordingly.

7. Conclusions

Gaining an accurate depiction of the EOL blade landscape is a critical aspect for policy
makers, local governments, the wind industry and the waste processing industry for plan-
ning and preparing waste management strategies. This paper identifies and discusses the
factors that contribute to significant uncertainty when forecasting EOL blade waste mate-
rial. First, an understanding of what is meant by “end-of-life” is presented with different
scenarios impacting the wind turbine lifespan (e.g., lifetime extension, blade damage or
breakage, relocation through the second-hand market, early repowering, stockpiling or
abandoning). While a typical wind turbine lifespan is assumed to be around 20 years, these
factors result in sensitivities ranging from 15 to 30 years.

Various methods for estimating current and future quantities of EOL blade material
are then discussed, including the timeframes for which blade material predictions are
made, the mass conversion factors, the geographical location in which the turbine reaches
its EOL and the lack of data on how many blades have actually been decommissioned.
A review of the existing literature suggests that there is no clear agreement on the best
approach to take. Some studies determine future material quantities based on the current
wind farm installations and a set lifespan. Other studies account for EOL blade material
based on current installations as well as predictions based on future installations up to
2050 and/or the consideration of additional waste material from blade manufacturing
and in-services activities. Typically, blade material quantities are calculated based on a
mass-to-capacity conversion factor; however, estimates vary from around 10 t/MW to
15 t/MW. The variations between the different lifespans, timeframes and conversation
models all contribute to levels of uncertainty in blade material predictions.

There are a lack of data and publications on how many wind blades have actually
been decommissioned, with little known about what has happened to them. Evidence
from the media suggests that many have been sent to landfill sites or are stockpiled in
the US; this, however, is unlikely to remain a viable pathway in the future. The strong
reuse potential and the increasing emphasis of circular economy strategies are all likely to
encourage alternative management practices.

The different EOL management strategies such as repurposing, recycling, recovery
and landfill are all discussed in terms of how much material can be “reused” and according
to their position in the waste hierarchy. Using the Wood Mackenzie (2023) database of wind
farm installations up to the end of 2022, this paper provides an analysis of the global blade
material with breakdowns for the key wind energy markets including the EU, US and China.
The sensitivities of the blade material predictions to the different blade models (10 t/ MW
and 15 t/MW) and the different blade lifespans (15, 20 and 30) are compared to demonstrate
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the wide range of uncertainty. The amount of material that can be diverted from landfill
and reused through repurposing (100%) or recycling applications such as particles and filler
(70%) and fibre reuse (50%) are also analysed. The results reveal a wide range of uncertainty
between all scenarios and highlights the need for more accurate models to be developed.
Under the common scenario, it is expected that nearly 168 thousand blades should have
been decommissioned by the end of 2022, contributing to just over 313 thousand tonnes of
FRP material. The reality of this, however, is unknown. This research highlights the lack of
standards across the industry for recording and preparing for EOL blade management.

Overall, it is clear that there is a high level of uncertainty when predicting EOL blade
material. Understanding the EOL blade landscape will become a critical part for the devel-
opment of management plans, highlighting the need to track, understand and accurately
predict EOL blade material. To do this, a country-wide, high-resolution Geographical
Information System (GIS)-based standardised model could be developed, incorporating
local plans for blade decommissioning.
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