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Abstract: Globally, wind power is growing fast and in Sweden alone more than 3000 turbines have
been installed since the mid-1990s. Although the number of decommissioned turbines so far is
few, the high installation rate suggests that a similarly high decommissioning rate can be expected
at some point in the future. If the waste material from these turbines is not handled sustainably
the whole concept of wind power as a clean energy alternative is challenged. This study presents
a generally applicable method and quantification based on statistics of the waste amounts from
wind turbines in Sweden. The expected annual mean growth is 12% until 2026, followed by a mean
increase of 41% until 2034. By then, annual waste amounts are estimated to 240,000 tonnes steel and
iron (16% of currently recycled materials), 2300 tonnes aluminium (4%), 3300 tonnes copper (5%),
340 tonnes electronics (<1%) and 28,000 tonnes blade materials (barely recycled today). Three studied
scenarios suggest that a well-functioning market for re-use may postpone the effects of these waste
amounts until improved recycling systems are in place.

Keywords: wind turbine; end-of-life; waste; materials; recycling; steel; iron; copper; electronics;
plastic; composites; decommission; Sweden

1. Introduction

1.1. Background

During the last decades increased awareness of environmental issues linked to the use of fossil
fuels has been a driver in the development of renewable energy resources with lower environmental
impact such as hydro, solar, and wind power. Nevertheless, all types of energy supply evaluations
need to take the whole life cycle and linked environmental impacts into account to be comparable.
If renewable energy resources are to remain sustainable alternatives, it is important that the materials
and components involved be optimally managed from production and installation, through operation
until decommissioning, and finally removal.

Wind power is one of the fastest growing energy sources in the world [1] and the market in
Sweden is certainly following that trend, as more than 3000 turbines are installed and the annual
electricity generation from wind power plants has increased from 0.9 TWh in 2004 to 11.5 TWh in
2014 [2,3].

The lifespan of a wind turbine is commonly assumed to be 20 years [4]. The expansion of
wind power in Sweden and many other countries started some 25 years ago, which implies that
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wind turbines are currently being decommissioned and that the number will increase vastly. Thus,
it is important to know what waste amounts to expect of each specific material to ensure sufficient
recycling capacity.

Exactly how decommissioned wind turbines will be managed in the future is unclear. For parts
that are worn out or weakened in strength, material recycling or energy recovery will probably be
the most likely option. However, some parts could possibly be re-used directly or, after possible
refurbishment, indirectly in other turbines or for other purposes. The mean recyclability of a modern
wind turbine’s mass (excluding the foundations) has been estimated to 80% [5]. Studies of waste
management of wind turbines are scarce, but apparently the turbine blades, which are made of
composite materials, pose a challenge for waste management [6].

A literature search (ScienceDirect®, http://www.sciencedirect.com/) was conducted using ‘wind
turbine’ as the main search term in combination with one or more of the following: end of life, life cycle
assessment (LCA), materials, recycling. The search results were mostly related to design, optimization,
and construction of wind turbines [7–10], health effects [11–13], economical aspects (price/cost) [14,15],
or how wind power fits into current and future energy systems [16–18].

Several LCAs of wind turbines that include end-of-life issues have been conducted [5,19–35] and
cover various regions, (e.g., China, Spain, and Mexico). Notably, waste management is often considered
through assumptions disregarding the possibilities for recycling. Waste materials are often specified
and subject to a mix of recycling, landfill disposal, and incineration. These studies cover a wide range
of turbines from 300 W to 3 MW and the life expectancy is often set at 20 years, if mentioned at all.
Common to all studies is the fact that they refer to a single turbine or plant, or a wind farm. No study
was found which addresses annual waste amounts or waste management capacity for current or future
situations on a national level. This problem of addressing the increasing volumes and extended time
scales for emerging energy technologies with product-oriented LCA methodology has previously been
explored [36–38].

A review of different LCAs of wind turbines concludes that end-of-life is rarely assessed
in detail and that future waste management practices for rotor blades are largely unknown [39].
Additionally, ‘assessments using the avoided burden method are often lacking in transparency and may
be inconsistent’. This calls for more research on the end-of-life stage and estimations of future amounts
specified in material types is vital to accurately assess credible waste management of wind turbines.

A recent paper deals with issues related to extended service life, i.e., longer life time [40]. Pros and
cons of different degrees of re-use, such as retrofitting, repowering, and rebuilding are discussed,
but quantitative data and calculations are lacking. One of the most relevant studies on end of service
life for wind turbines has both a qualitative and a quantitative approach [41] and discusses different
challenges, remanufacturing, recycling, reverse supply chain issues, and also economic challenges
associated with remanufacturing and recycling of wind turbines. One of the key findings is that
logistics are often neglected, irrespective of remanufacturing, repowering, or recycling. Therefore,
calculating the amounts of waste will, in combination with information on locations and treatment
capacities provide crucial information for assessments.

1.2. Problem

The waste generated from aging wind turbines has to be managed in a sustainable way if wind
energy is to remain as an energy source with relatively modest environmental impact. The market
has expanded rapidly and there is a risk of a fast increase in waste material from decommissioned
turbines, which will prove difficult to handle unless the industry is prepared.

There seem to be few end-of-life studies on wind turbines focusing on waste amounts from the
wind power industry, neither as total amounts, nor characterised with regard to types of materials.
Previous studies on LCA investigate single turbines or wind farms but use simplifications for
end-of-life. Furthermore, studies on a national level are lacking.

http://www.sciencedirect.com/
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1.3. Aims and Objective

The aims of this study are:

(1) To develop and describe a generally applicable method for quantification of future waste amounts
from wind turbines on a national level.

(2) To apply the method to Sweden as a case and present and discuss the resulting amounts of waste
material that will be generated from wind turbines in Sweden during the coming decades.

This will illustrate the method’s applicability as well as pinpoint important issues related to
decommissioning of wind turbines. The objective is to highlight the importance of wind turbine waste
flows. Knowledge regarding the amounts of waste generated from Swedish wind power will hopefully
be used in planning for future waste management. This could avoid disposal of material that can be
re-used, recycled or energy recovered since the proper system can be introduced in time. By extension
this should prevent unnecessary energy losses and environmental impact from wind power.

1.4. Significance

With the proposed method this study completes other qualitative arguments used to assess waste
and recycling potentials for wind turbines. The present study is not tied to a specific manufacturers
or sites; instead the total wind turbine waste amount for a country is calculated, including current
recycling capacity which makes the study unique. This is novel as no similar study seems to been
performed previously, at least not in a scientific paper. The long-lasting gain of the study is that the
method for waste amount estimations can be adapted and applied in various countries world-wide.
This will in turn provide information on waste amounts, material types, and when these amounts
are to be expected as well as constitute a basis to life cycle inventory as part of LCA of wind turbine
waste management.

1.5. System Boundaries

This study excludes grid connections, transformers, and similar infrastructures because it is
assumed that they are often re-used for new turbines or for other projects. Turbines with less than
50 kW capacity, as well as turbines designed with a three bladed horizontal axis, are not included as
data are not available in the Swedish database used [42]. Some materials are left out as they are used
in minor amounts, or present only in specific models by certain manufacturers.

The mass and design of the tower foundation is dependent on the surrounding environment,
and no such information is available in any of the examined databases. It is also unclear how much
of it, if any, that has to be removed from the site after decommissioning since it is often largely hidden
underground. Therefore, the foundation mass, and material included within it, has been completely
excluded from the estimation results. So far, offshore wind power constitutes a minor fraction of the
total installed power in Sweden. Even if offshore wind power is expected to grow in the future, the total
share will still be limited. The uncertainty about how much of the structure under the sea surface
that has to be removed applies also here and has thus been omitted. The relatively new technology
of permanent magnet generators has not been taken into account as it is difficult to predict how the
market for these will develop.

2. Materials and Methods

The material generated from decommissioned turbines is found through analysing the material
in currently installed turbines and estimating when these will reach end-of-life. A prognosis of future
development is also made to estimate the amount of components that will need replacement each
year and the corresponding amount of waste material this generates. Both these amounts are then
combined into an estimate of the total amount of annual waste from installed wind turbines. A graphic
representation of the workflow is shown in Figure 1.
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Figure 1. The workflow for estimating material generated from wind turbines. Materials from
decommissioned turbines and material from replaced components are calculated separately and
then combined into total material amounts.

For the results in this study, VindStat’s annual report [43], presenting installation date and other
relevant data for most installed turbines in Sweden, has been used as the base for the calculations.
Information on material composition in different types and sizes of wind turbines has been extracted
from various LCAs [44–51], and by using the available parameters in the data base [42] each turbine
has been assigned a specific amount of steel, iron, copper, aluminium, blade material and electronics.
Precise data for each installed wind power plant is not available in the data bases used, hence some
information has to be extrapolated and factored to enable projections

A life time of 20 years was assumed, based on prior research [4,52] and a comparison with
empirical data for the material of each turbine. To calculate the amount of waste material from
replacing faulty components, empirical data for replacement rates in further developed markets [53,54]
has been combined with a prognosis over future development of installed wind capacity in Sweden
based on a method described in prior research [55].

2.1. Material in Decommissioned Turbines

The specific mass and material specification of many turbine models is available online, either
straight from the manufacturer or in published LCAs. If the turbine manufacturer and model is
known then the most accurate material masses can then be acquired directly from these sources. In the
Swedish wind turbine database, for example, specific material masses are available for more than half
of the turbines presented. See Appendix A for a list of models with assigned masses [44–49]. For other
turbines, either lacking properties in the data base or accessible material specification, the mass has
to be estimated. The method presented below can be used as long as there is a database of installed
turbines where at least rotor diameter and installation date is known.

2.1.1. Estimating the Mass of Installed Turbines

Excluding the foundation, a wind turbine can roughly be divided into three main parts: The tower
(the structure building height to the wind turbine), nacelle (the machine housing and its casing),
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and the rotor (the rotor blades and rotor hub). The material specification for these three parts is vastly
different [44–51], and their mass is therefore estimated separately.

An empirical study published in Environmental Science and Technology [56] analyses 12 different
turbines and presents a logarithmic function for estimating the mass of wind turbine parts based on
the turbines rotor diameter. The following equation is presented:

logy = loga + blogx (1)

where:

y = Calculated mass of turbine part (kg)
x = Rotor diameter (m)
log a = Intercept value
b = Scaling factor

Presented along with the equation is a set of values for a and b that can be used to calculate the mass
of the nacelle, tower or rotor. Solving for y and redefining variables results in the following equation:

mpart = 10a·db (2)

where:

mpart = Calculated mass of turbine part (kg)
d = Rotor diameter (m)
a = Intercept value
b = Scaling factor

The intercept values and scaling factors used to produce mass estimations for each turbine part is
presented in Table 1. The two main types of generator designs, direct drive synchronous generator
(DDSG) and doubly-fed induction generator (DFIG) have significantly different construction [57].
As a result, both the nacelle mass and material content vary largely between the two. To account for
this in the calculations, the separate values in the table was found through analysing a set of turbines of
known design, mass, and material specification [44–48,58–60] and using the least squares method [61]
to fit Equation (2) to this data. A graphic representation of this process is found in Appendix B,
along with a description on how the growth patterns of DFIG and DDSG turbines were separated.

Table 1. Intercept and scaling factors used in Equation (2) to calculate the mass of different turbine
parts. Standard error (SE) is presented to show the precision of each calculation. DFIG: Doubly-fed
induction generator; DDSG: Direct drive synchronous generator.

Turbine Part Intercept Factor Scaling Factor SE

Rotor 0.30 2.22 0.17
Nacelle (DFIG) 0.64 2.19 0.15
Nacelle (DDSG) 1 0.20 2.58 -

Notes: 1 These values are not taken from the mentioned study, but rather extrapolated based on turbines
observed during research (see Appendix B).

2.1.2. Material Specification in Wind Turbine Parts

As the mass of each turbine part has been calculated, the material specification for each part is
converted into separate materials. LCAs and similar documentation of eight turbines [44–49] (four of
each generator design) have been examined to find the mean material specification for each part.
The findings are shown in Appendix C. The average mass of a specific material in an unknown wind
turbine is then calculated using the following equation:

mm,t = xm,rotor·mrotor + xm,tower·mtower + xm,nacelle·mnacelle (3)
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where:

mm,t = Calculated total amount of a specific material in a wind turbine (kg)
xm,part = Average fraction of a specific material in a turbine part (Appendix C)
mpart = Calculated mass of the specific turbine part (kg)

The total amount of a specific material in all installed turbines for a certain year is then summarized:

mm,ins,tot,year =
n

∑
i=1

mm,t1 + mm,t2 + mm,t3 + . . . + mm,tn (4)

2.1.3. Turbine Life Time

A wind turbine is exposed to two forms of aging: loss of performance as a result of physical
wear and tear, and relative aging compared to the newest technology on the market. Sooner or later
every plant will either be taken down since it is no longer worth repairing, or simply be replaced
with newer more efficient technology. Staffell and Green [52] have studied the performance of aging
wind power plants and found that the trend of decline is consistent for different turbine generations,
meaning newer turbines age in a similar rate as old ones. The average time between commission and
decommission is therefore assumed to be the same, regardless of when the plant was installed.

Dolan and Heath [4] reviewed available LCAs and compiled a table of methods and assumptions
used. A life time of 20 years is by far the most common used for all types of wind power plants.
As the wind power technology is still relatively young, few countries have markets that have been
well developed for more than 20 years, and hence there is not yet much empirical data on turbine life
time. A comparison between actual and expected decommissionings in early adopting countries is
presented in Appendix D, which indicates that it is at least an acceptable generalisation.

2.2. Material in Replaced Components

A common issue with wind power plants using a geared generator design is failure of the gear
box. A report published by Elforsk [62] concludes that the average lifetime is 8–10 years, meaning the
gear box typically has to be replaced or extensively repaired at least once during the plants’ lifetime.
The rotor blades have to endure strong forces and harsh conditions and therefore needs to be regularly
serviced. If there are cracks or damages, the blade has to be repaired or replaced to prevent decreasing
efficiency or in worst case catastrophic accidents [63]. The third main component that has a relatively
high risk to fail is the generator. It contains both moving parts and electrical components that can
malfunction for many various reasons, for example continuous wear and tear or faulty wiring [64].

2.2.1. Wind Power Development

To be able to quantify the amount of replaced components, a prognosis over the future wind power
development is required. A study at Uppsala University [55] proposes an equation for a logistic growth
curve for wind power capacity that fit historical growth patterns for similar energy technologies:

P (t) =
A

1 + e−k(t−t0)
(5)

where:

P = Installed capacity
A = The capacity at which the market is saturated
k = Steepness factor for the growth curve
t0 = The year when growth rate reaches its maximum

Assuming the market saturation and the year with the highest market growth rate can be
reasonably predicted, the output can be used as a base point for calculating the total mass of all
installed rotors and nacelles.
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2.2.2. Mass of Installed Parts

The generator and gear box are part of the nacelle and the rotor blades are part of the rotor. If the
rotor and nacelle mass is known, the mass of these components can be calculated as a fraction of
each part.

The power output from a wind turbine is dependent on the size of the swept area, which by
extension means that the installed power is proportional to the rotor diameter. Considering that
Equation (2) can be used to calculate the mass of a single turbine part based on the turbines rotor
diameter, a similar proportionality should then exist between total installed power and total weight.

Rotor- and nacelle weight for Swedish turbines [43] in 1992–2010 have been calculated through
the equations above, after which least squares method has been applied on Equation (2) (where d has
been replaced with P) to find the following relationship between weight and power:

mrotor,year.tot = 60.4·P0.88 (6)

mnacelle,year.tot = 92.5·P0.83 (7)

where:

mrotor,year,tot = Calculated total mass of all installed rotors in a specific year (kg)
mnacelle,year,tot = Calculated total mass of all installed nacelles in a specific year (kg)

P = Installed power a specific year (W)

Combining Equations (5) with (6) and (7) then produces an estimate of total nacelle- and rotor
mass in operation each year.

2.2.3. Components’ Mass, Material Specification and Replacement Rate

The mean percentage of the nacelle mass deriving from the generator and the gear box as
well as the percentage of the rotor mass deriving from rotor blades has been calculated through
quantitative analysis of LCAs. Furthermore, these LCAs can be used to find the mean material content
in the components. The result of examining three different LCAs [47,50,51] is shown in Appendix E.
In Appendix E empirical data on replacement rates for these components is presented. Assuming that
these rates are similar for the coming generations of turbines, the material generated annually from
replaced components can be calculated through the following equation:

mm,part,year,rc = rc·xc·mpart,year,tot·xm,c (8)

where:

mm,part,year,rc = Total mass of material generated from replaced components a specific year (kg)
mpart,year,tot = Calculated total mass of installed nacelles/rotors in a specific year (kg)
rc = Components replacement rate (Appendix E)
xc = Components mass fraction of nacelle or rotor (Appendix E)
xm,c = Material fraction of component mass (Appendix E)

By adding the material generated from replacement of each component, the annual total mass of
a specific material generated from replacing components can be calculated:

mm,rc,tot,year = mm,generator,tot,year + mm,gearbox,tot,year + mm,rotorblade,tot,year (9)

where:

mm,rc,tot,year = Total amount of a specific material in replaced components (kg)
mm,generator,tot,year = The amount of a specific material in replaced generators (kg)
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mm,gearbox,tot,year = The amount of a specific material in replaced gear boxes (kg)

mm,rotorblade,tot,year = The amount of a specific material in replaced rotor blades (kg)

2.3. Material Generated from Wind Turbines

The total amount of waste material for a specific year is then calculated by adding the waste from
decommissioned turbines and replaced components:

mm,tot,year = mm,ins,tot,year + mm,rc,tot,year (10)

where:

mm,tot,year = Calculated amount of waste of a specific material from wind turbines (kg)
mm,ins,tot,year = Total amount of material in installed turbines 20 years earlier (kg)

mm,rc,tot,year = Total amount of material in replaced components (kg)

3. Results

The general method described above has been applied to the Swedish case, using the most
relevant data published. First the total mass of installed turbines is presented, referring to the second
red box from top in Figure 1. Next, prognoses of the Swedish wind power development (top blue box
in Figure 1) and mass of replaced components (blue box 3 from top) are presented. Then the amount of
waste material released in the future (black box in Figure 1) is displayed both in total numbers and
specified in material categories. Finally results for applying three different scenarios for re-use of old
wind turbines are presented.

3.1. Calculated Mass of Installed Turbines

Based on the data presented in VindStat’s annual report [43], each turbine has been assigned
a specific mass. For about half the turbines model-specific data has been found (see list of turbines
in Appendix A), and the other half is assigned a mass through Equation (2). These masses are then
allocated to the year they are installed. Not all installed wind turbines in Sweden are listed in VindStat’s
data base. The method used to fill these data gaps is shown in Appendix F. The result, total mass of
installed turbines each year, can be seen in Figure 2.

Energies 2016, 9, 999 8 of 24 

 

, , = , , , + , , , (10)

where: 
mm,tot,year = Calculated amount of waste of a specific material from wind turbines (kg) 
mm,ins,tot,year = Total amount of material in installed turbines 20 years earlier (kg) 
mm,rc,tot,year = Total amount of material in replaced components (kg) 

3. Results 

The general method described above has been applied to the Swedish case, using the most 
relevant data published. First the total mass of installed turbines is presented, referring to the second 
red box from top in Figure 1. Next, prognoses of the Swedish wind power development (top blue box 
in Figure 1) and mass of replaced components (blue box 3 from top) are presented. Then the amount 
of waste material released in the future (black box in Figure 1) is displayed both in total numbers and 
specified in material categories. Finally results for applying three different scenarios for re-use of old 
wind turbines are presented. 

3.1. Calculated Mass of Installed Turbines 

Based on the data presented in VindStat’s annual report [43], each turbine has been assigned a 
specific mass. For about half the turbines model-specific data has been found (see list of turbines in 
Appendix A), and the other half is assigned a mass through Equation (2). These masses are then 
allocated to the year they are installed. Not all installed wind turbines in Sweden are listed in 
VindStat’s data base. The method used to fill these data gaps is shown in Appendix F. The result, 
total mass of installed turbines each year, can be seen in Figure 2. 

 
Figure 2. Estimated mass of all turbines installed in Sweden between 1994 and 2014, based on 
collected data from LCA’s (red bars) and calculated by Equation (2) (grey bars). 

From 2006 the installation rate has been rapid. The massive increase comes from large numbers 
of turbines installed in combination with the fact that new turbines are larger than previous models. 
The sudden drop in 2013 suggests that more plants, or at least with higher mass, were 
decommissioned than installed this year. 

3.2. Prognosis of the Swedish Wind Power Development 

How much wind power can be used in the Swedish energy system is a debated issue [65], 
however it is likely that at some point the system will become saturated. A study from Royal Institute 
of Technology (KTH), Stockholm, Sweden [66] shows that 30 TWh wind power should not have 
dramatic effects on the need for regulating power, and this is also the national goal for 2020 [67]. This 
converts into roughly 14.3 GW of installed capacity, which is assumed to be the saturation capacity 

0

50,000

100,000

150,000

200,000

250,000

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

[Tonne] Based on model-specific data Based on weight estimation

Figure 2. Estimated mass of all turbines installed in Sweden between 1994 and 2014, based on collected
data from LCA’s (red bars) and calculated by Equation (2) (grey bars).

From 2006 the installation rate has been rapid. The massive increase comes from large numbers
of turbines installed in combination with the fact that new turbines are larger than previous models.
The sudden drop in 2013 suggests that more plants, or at least with higher mass, were decommissioned
than installed this year.
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3.2. Prognosis of the Swedish Wind Power Development

How much wind power can be used in the Swedish energy system is a debated issue [65],
however it is likely that at some point the system will become saturated. A study from Royal Institute
of Technology (KTH), Stockholm, Sweden [66] shows that 30 TWh wind power should not have
dramatic effects on the need for regulating power, and this is also the national goal for 2020 [67].
This converts into roughly 14.3 GW of installed capacity, which is assumed to be the saturation capacity
in Sweden (see conversion method in Appendix G). The prognosis seen in Figure 3 has been generated
by applying Equation (5) and fitting the variables to existing development.
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Figure 3. Prognosis of wind power development in Sweden between 1982 and 2034, as calculated by
Equation (5). Historic data over installed capacity between 1982 and 2014 (used to assume suitable
intercept- and scaling factors) is shown as blue dots.

3.3. Mass of Replaced Components

Using the prognosis above as a baseline and combining it with Equations (6) and (7), the mass of
all installed nacelles and rotors in Sweden each year have been calculated in line with Equation (8).
These masses have then been converted into the mass of generators, rotors and gear boxes using the
data presented in Appendix E. Combining this with the mean replacement rates of these components
(Appendix E), gives an estimate of the total amount of material generated from replaced components
each year, as shown in Figure 4.
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Figure 4. The predicted total mass of replaced generators, rotor blades and gear boxes on the Swedish
wind power market between 2014 and 2034.

From Figure 4 it can be observed that the amount of replaced parts will more than double in the
future, compared to 2014, reaching a saturated value in 2028. The differentiation between generators,
rotor blades and gear boxes is assumed to be constant.
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3.4. Total Amount of Waste Material

The total amount of waste from decommissioned turbines and replaced components is calculated
through Equation (10) and shown in Figure 5.

Total amount of generated waste is estimated to increase almost linearly, with an average of 12%
per year between 2014 and 2026, and then increase more rapidly at an average of 41% per year between
2026 and 2034. The trend has similarities with Figure 2 albeit with a 20 year delay (the sudden drop in
2013 in Figure 2 is reflected as a similar drop in 2033 above). As the market is supposed to become
saturated in 2034 (Figure 3) waste amounts will continue to increase from 2034 to 2054. However,
calculated amounts in a long term future are associated with high uncertainties while the figures have
been set to display trends until 2034.
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Figure 5. Estimated amount of waste material from Swedish wind turbines between 2014 and 2034.
The combined mass of material from both replaced components (blue area) and decommissioned
turbines (red area).

3.5. Estimated Waste Material Separated into Categories

Metals are categorised into steel, iron, copper and aluminium since these are the ones most
commonly present. Steel corresponds to all forms of alloys, while iron refers to “pure” iron. All plastics
and composite materials are summed up as blade material (although it is not only found in rotor
blades). The reasoning behind this is that these materials are often either presented as glass reinforced
plastics (GRP) [44] or separated as polymers, resins and fibres [45] in the given data, either way making
it difficult to separate plastics and composites. Furthermore, these materials are often integrated with
each other and it is therefore assumed they have to be treated by the same company. The final category
is electronics which includes cables and electronic equipment found in the nacelle.

The material specifications shown in Appendixs C and E have been used to separate the
anonymous masses of components and turbines into the masses of material of each category.
The estimated annual waste amount from the Swedish wind power industry for each material category
is presented in Figures 6 and 7.

The amount of blade material in wind power waste is expected to surpass the currently recycled
amounts at the only available industrial scale recycling facility in 2026–2027. Currently, the only
industrial scale recycling of blade material is performed by Zagons Logistik in Melbeck, Germany.
They use the mechanical recycling approach and produce a material that works well as a filler in
cement production. This material is then sent off to the Holcims cement plant Lägerdorf for further
processing into a fully functional product. In 2012 the company reprocessed about 400–500 tonnes of
material per month, i.e., 5000–6000 tonnes per year [60]. Further comparisons with waste treatment
capacities in 2014 made for all categories are presented in Table 2.

Steel and iron waste from wind turbines is estimated to reach about 10%–20% of the current
recycled amounts in Sweden within two decades. Aluminium and copper are not as prominently
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used, and will, based on these estimations, only reach around 4%–5% of the current recycled amounts,
and the amount of electronics waste will likely reach less than 1% of the total recycled amount. Blade
material is mostly made out of composite materials which are rarely recycled today, and the annually
waste amounts produced are likely to quickly surpass the currently reprocessed amounts.
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Figure 6. Estimated amounts of steel and iron waste generated from the Swedish wind power industry
between 2014 and 2034. The solid line is the result of using the mean material specification and the
area shows the range between applying the minimum and maximum values found.
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Figure 7. Estimated waste amounts of blade material-, copper-, aluminium-, and electronic generated
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maximum values found.

Table 2. Estimated waste from wind power plants in 2024 and 2034 and total recycled amount of
material in Sweden 2014 [68,69]. Percentages of estimated generated waste compared to total recycled
amounts in 2014 are shown in parenthesis.

Materials (Tonne) Recycled Amounts in 2014
Estimated Material Waste from Wind Turbines

2024 2034

Steel & iron 1,500,000 16,009 (1%) 236,656 (16%)
Aluminum 60,000 116 (0%) 2290 (4%)

Copper 65,000 891 (1%) 3333 (5%)
Blade material 1 6000 3274 (55%) 28,060 (468%)

Electronics 79,000 11 (0.01%) 343 (0.4%)

Note: 1 Amounts reprocessed by Zagons Logistik are used as reference value, not the amount of blade material
recycled in Sweden in 2014.
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3.6. Re-Use Scenarios

The waste estimations presented above do not take into consideration the possible re-use of
parts or turbines. Current data regarding the second hand market for these items in Sweden is poor.
Three different scenarios have been selected to examine how generated waste amounts may differ
from the estimated amounts.

(1) Scenario A

50% of all decommissioned turbines and their parts are sold for second hand use in Sweden.
They have 15 years renewed lifetime and are fully decommissioned 35 years after installation.

(2) Scenario B

50% of all decommissioned turbines are sold for second hand use abroad. They are never seen as
fully decommissioned as the waste material is generated outside Sweden.

(3) Scenario C

All small turbines (<1 MW), 50% of all medium sized (larger than 1 MW and smaller than 3 MW)
turbines and 75% of all large turbines (>3 MW) are sold for second hand use. The re-used turbines are
never seen as decommissioned in Sweden in this scenario, as they are assumed to be sent abroad.

The results from the three scenarios are shown in Figure 8 below. The grey area shows the total
estimated decommissioned capacity each year without any re-use of turbines, i.e., the value used for
mass estimations, while the red lines represent the different scenarios and shows the decommissioned
capacity each year with second hand markets in place.
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that would turn into waste each year according to three different second hand scenarios (red lines):
(a) Through 2014–2024; and (b) Through 2024–2034. As scenarios A and B are almost identical the
difference between the two is presented as a red area.

Both scenarios A and B would result in almost precisely 50% amount of waste produced in the
next 20 years compared to the reference scenario (Figure 8a, year 2024), but after 35 years (year 2049,
outside graph) the A and B scenarios would be slightly different. The small difference is related to
the final decommissioning of second hand equipment used in Sweden. Scenario C would result in
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considerably lower waste amounts than predicted amounts in 2014–2024 (Figure 8a), but get closer to
75% of predicted amounts in the decade after (Figure 8b, year 2034) as increasingly large turbines are
decommissioned in Sweden.

4. Discussion

Construction of a general method for quantification and characterisation of waste from
decommissioned wind power plants applicable worldwide is a complicated task, mainly due to
varying data availability. This study illustrates a method adapted to Swedish data bases, thereby also
representing Swedish conditions. It shows that it is possible to make projections even if data are scarce.
The method should be categorized as explorative being one of the first scientifically published. One of
the advantages is that it builds on a national database, meaning that the results can be updated just as
the database. Another advantage is that it is transparent in the sense that it can be replicated by others
and adapted to available data. A big disadvantage is however the uncertainty, see Section 4.4. Several
assumptions and simplifications have been made which have to be further scrutinized and dealt with
more properly.

4.1. Future Waste Amounts in Sweden

The sudden increase in estimated annual waste material growth seen from 2026 and onward is
due to the accelerated installation of turbines in Sweden around 2006. As shown when comparing
the assumed average life time of 20 years with empiric data in Figure D1 (Appendix D) the predicted
decommissions could likely be offset several years in either direction. Since the material is not
immediately hazardous, short term storing should not be a large problem. This along with the fact that
some decommissioning most likely can be postponed if necessary, the specific material amount each
year is probably less interesting than the overall growth pattern and approximate the total amounts.
These seem to be relatively on point, at least when comparing to the small data samples available.

Even though generated steel and iron scrap is estimated to reach large magnitudes relative to
the current total recycling values, these materials are perhaps not the most problematic ones. This is
because the recycling industry for the metals found in wind turbines is well developed and it can
adapt to the expected gradual increase in annual waste amounts. Electronic waste could be slightly
more critical as quantities of toxic material may be present, however the annual amount of electronic
waste is estimated to be very low compared to the annual recycled amount also in 20 years. Further
studies on the possible issues with toxic material from electronic components in wind turbines are
encouraged as this is not covered in this study.

4.2. Recycling Capacity

The amount of blade material waste generated annually is estimated to surpass the yearly
reprocessed amounts around 2028. Even if the needed capacity were in place (completely disregarding
their own need to process waste), the location (Melbeck) is more than 500 km from most Swedish wind
farms. Capacity building is therefore of utmost importance, either by expanding existing facilities or
by locating new recycling facilities at an optimum distance from current and future locations for wind
power plants. Another option is the introduction of producer responsibility, meaning that the plants
are rented from the manufacturers who will take total or partial responsibility for design, construction,
assembly, maintenance and take-back. Such a development could have a positive effect on life lengths,
design for disassembly and such. However, while developing “recycling-ready” wind power plants,
methods for disassembly of current power plants have to be improved to reduce recycling costs. Long
series of turbine models prepares the ground for more automatization and more accurate methods for
diagnosis of tear and wear could possibly mean that recycling to some extent would be characterised
as re-use. Detecting components which contain hazardous substances is of course also vital and should
hopefully also work as incentive to reduce the use of such materials. Such a development is necessary
in order to move the wind power industry in a more sustainable direction towards a circular economy.
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4.3. Climbing the Waste Hierarchy—from Recycling to Re-Use by Second Hand Markets

A well-functioning second hand market for components, parts and whole turbines could be one
solution to decrease waste amounts without changing the installed capacity of wind power. Early
decommissioned small turbines have so far been sold mainly to domestic customers, and the amount
of waste generated from these is therefore delayed as long as the turbines are kept in operation.
Re-use scenarios A and B show that reusing turbines is a way to reduce or postpone waste amounts
in the coming decades, even if they are re-used in Sweden with lower life time than new turbines.
If sold abroad, final decommissioning and waste treatment is expected to take place outside Sweden,
which has been neglected in this study.

As Swedish electricity certificates are given only for the first 15 years of operation, and will not be
renewed when the turbine is moved for second hand use [34], they may be a hindrance for a second
hand market to develop, especially when it comes to larger turbines. Re-used turbines could be seen
as a riskier investment to begin with, and the loss of electricity certificates may push investors towards
new turbines.

Another aspect difficult to predict is how the market would react to large amounts of turbines
that would be decommissioned simultaneously. It could potentially drop the prices in a way that there
is higher scrap value in the material than in the reusable components. The future development of
second hand markets is one of the biggest factors of uncertainty in this study, and further studies on
this subject is encouraged.

The longer each turbine (as well as its parts and components) is in operation, the lower the
amounts of waste in the near future. As most of the turbines that will be decommissioned during the
two coming decades are already installed, using other materials and more durable components is not
a solution to the short term problems. Having a second hand market as a “buffer”, extending turbine
lifetime and keeping a lot of the material in use for another lifecycle, is however one way to postpone
some of the generated waste until improved waste management is in place.

4.4. Uncertainties

The estimated amount of material from replaced components is more unreliable than estimations
based on installed turbines, mainly due to the uncertainty of future wind power development. It is
impossible to exactly predict what capacity will be reached before the market is saturated, and the
rate of installations may be different from the suggested development. The forecast made is based
on previous development rates in Germany and USA in combination with national production goals
proposed by the government. Low electricity prices, public opposition and other factors may of course
lead to a slower development rate than what is suggested. Furthermore, the number of replaced parts
in the Swedish market, and for newer turbines, might not be within the same interval as the historic
data, and the material in the components will likely change in future turbines.

Precise data for each installed wind power plant is not available in the data bases used, and hence
some information has to be extrapolated and factored to enable projections. Copper is mainly found in
the generator [23], a component that is expected to be replaced in some turbines, and therefore the
annual amount of waste copper is largely based on replaced components leading to very uncertain
predictions. This is also reflected in the resulting chart, as the range between minimum and maximum
values is wide. Another uncertain parameter in the calculations relates to calculation of steel mass
which is based on a small sample size. Similar simplifications will likely be required in other regions,
which may influence the accuracy of the results.

4.5. Future Studies

The issue with rare earth metals found in new models using permanent magnets, which are
hazardous to produce and complicated to recycle [24] has not been addressed in this study since the
technology is relatively new and the future development hard to predict. However, it would be good to
have in future studies. A proper investigation of the waste amounts of these materials is recommended
to make sure it can be properly managed.
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Another important material to study further is concrete. It has been completely left out of this
study, but is found in very large amounts in the turbine foundation. A method to calculate the
foundation mass based on location or an empirical study is needed to estimate the concrete amounts,
as well as research on how often the material is left on location instead of removed.

If no adequate method of fully recycling composite waste in rotor blades is developed in the
more distant future, another way to reduce the waste would be to use another material with better
recyclability. As an example, there are ongoing development projects within the steel industry with
materials that potentially could be more easily recycled than composites [70]. However, further
research is encouraged to be able to assess the applicability in the wind power industry.

Further studies regarding the possible impact of increasing use of new innovations, such as
using wood as material for the towers [71–73] are welcomed. Replacing metals (which have a high
environmental impact when produced) with renewable materials such as wood (which can be re-used,
recycled and energy recover from it) would not only impact the waste from wind power, but also the
environmental impact from production and end-of-life activities.

5. Conclusions

A more or less generally applicable calculation method for estimation of future waste amounts
from wind turbines on a national level has been developed and described. Waste materials that will
be generated from decommissioned wind turbines in Sweden during the coming decades have been
quantified by using this method and the results have been discussed in relation to several aspects.

The materials commonly present in wind turbines, and by extension in any generated waste,
are steel, iron, aluminium, copper, electronic components and blade material such as glass or carbon
reinforced plastics and polyvinyl chloride (PVC). The annual waste amounts from wind power in
Sweden by 2034 is estimated to reach 240,000 tonnes steel and iron (16% of currently recycled amounts),
3300 tonnes copper (5%), 2300 tonnes aluminium (4%), and 340 tonnes electronics (<1%). Blade material
waste generated annually is estimated to be 28,000 tonnes in 2034, more than four times the currently
reprocessed amounts at the only full scale reprocessing industry for these materials available today.
The amount of annual waste for all material is estimated to increase at around 12% per year until
around 2026, and then more than three faster during the decade after that due to a quick acceleration
in installed turbines around 2006.

The study shows that significant waste amounts will arise in the future. Planning of future waste
management concerns: (1) building the treatment capacity (results show current treatment capacity to
be insufficient) and (2) development of dismantling methods where valuable material resources can be
recirculated and hazardous waste can be reduced or avoided.

As all major types of metal present in wind turbines are already recycled on a large scale, they are
assumed to be less problematic than the most commonly used blade materials for which no industrial
scale recycling alternative is currently available. Development of such an industry is important to be
able to handle these materials in a sustainable way. Furthermore, switching to a more easily recyclable
material could be part of a long term solution.

All waste estimations are based on the assumption that no turbines or parts are re-used after
decommissioning, which is unlikely. Three scenarios explored show that a well-functioning second
hand market could be an efficient way to reduce the amount of wind power waste in the short term,
although more extensive research on market mechanisms as well as environmental impact is needed.
Extending the service life length of different parts is also crucial. To reduce future waste problems from
wind power and make it into an even more clean energy alternative, a waste management perspective
has to be considered already in the development phase of new wind turbines, including the selection
of materials.
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Appendix A. Material Specification of Specific Models

LCAs for some of the most common wind turbines used in Sweden has been analysed to extract
the data presented in Table A1.

Table A1. Material amount for specific turbines common in Sweden collected from various life cycle
assessments (LCAs) [44–49].

Model
Height Steel Iron 1 Al. 2 Copper BM 3 El. 4

m Tonne Tonne Tonne Tonne Tonne Tonne

Enercon

E40 44 59 9.3 0.2 2.7 1.7 0.0
E44 55 72 10 0.2 2.8 7.0 0.0
E66 98 247 21 0.2 9.3 18 0.1
E70 100 359 46 6.9 10 23 0.1
E82 107 246 73 1.3 11 29 0.2

E112 120 642 100 0.9 44 68 0.6

Vestas

V52 50 76 11 1.2 1.2 8.0 0.1
V66 67 168 26 2.9 3.0 19 0.3
V80 78 236 21 1.7 2.8 25 0.3
V82 78 186 29 3.1 2.9 30 0.3
V90 80 204 40 4.2 1.7 37 0.4

V112 84 245 66 3.4 4.9 49 1.0

Notes: 1 Iron or cast iron; 2 Aluminium; 3 Blade material—A combination of plastics glass reinforced plastics
(GRP), carbon reinforced plastics (CRP) and core materials; 4 Electronics and cables.

Appendix B. Turbine Parts’ Mass vs. Rotor Diameter

Figures B1 and B2 show graphic representations of the equation presented in the study [56] along
with the standard error also presented. Also plotted in the charts is the mass from turbines observed
during research [44–48,58–60]. The plotted turbines vary between charts as not all data are available
for each turbine.

To better fit the growth of DDSG nacelles, separate intercept- and scaling factors have been
generated by fitting the curve to nacelle masses of known turbines.
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assessments (LCAs) [44–49]. 

Model 
Height Steel Iron 1 Al. 2 Copper BM 3 El. 4 

m Tonne Tonne Tonne Tonne Tonne Tonne 
Enercon  

E40 44 59 9.3 0.2 2.7 1.7 0.0 
E44 55 72 10 0.2 2.8 7.0 0.0 
E66 98 247 21 0.2 9.3 18 0.1 
E70 100 359 46 6.9 10 23 0.1 
E82 107 246 73 1.3 11 29 0.2 

E112 120 642 100 0.9 44 68 0.6 
Vestas  

V52 50 76 11 1.2 1.2 8.0 0.1 
V66 67 168 26 2.9 3.0 19 0.3 
V80 78 236 21 1.7 2.8 25 0.3 
V82 78 186 29 3.1 2.9 30 0.3 
V90 80 204 40 4.2 1.7 37 0.4 

V112 84 245 66 3.4 4.9 49 1.0 
Notes: 1 Iron or cast iron; 2Aluminium; 3 Blade material—A combination of plastics glass reinforced 
plastics (GRP), carbon reinforced plastics (CRP) and core materials; 4 Electronics and cables. 

Appendix B. Turbine Parts’ Mass vs. Rotor Diameter 

Figures B1 and B2 show graphic representations of the equation presented in the study [56] along 
with the standard error also presented. Also plotted in the charts is the mass from turbines observed 
during research [44–48,58–60]. The plotted turbines vary between charts as not all data are available 
for each turbine. 

To better fit the growth of DDSG nacelles, separate intercept- and scaling factors have been 
generated by fitting the curve to nacelle masses of known turbines. 
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Figure B1. Rotor mass vs. rotor diameter. The grey line represents the output from Equation (2),
and the grey and red markers show actual rotor masses gathered from LCA’s.
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Appendix C. Material Specification for Generic Turbines 

Eight turbines [44–49], four with DFIG design and four with DDSG design, have been examined 
to find the typical fractions of steel, iron, aluminium, copper, blade material and electronics for each 
defined part. The resulting values are shown in Table C1. 
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Appendix D. Prognosis of Decommissioned Turbines 

The installed and decommissioned number of plants in Denmark, Germany and Sweden can be 
seen in Figure D1 [68,74–79], along with a prognosis assuming that every plant is decommissioned 
20 years after its installation date. i.e., the estimated number of decommissioned plants in 2014 is the 
same as the number of installed plants in 1994. Apart from the peak in 2002, a result of a repowering 
programme running between 2001 and 2003 [80], the actual fallout follows the predicted trend 
relatively well in Denmark. In Germany the number of decommissioning is growing in the expected 
pattern, even though the development is one or two years later than the prognosis. The data for Sweden 
so far is scarce, and attempting to find a pattern from such a small sample could be misleading. The 
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Figure B2. Nacelle mass vs. rotor diameter. The grey line represents the output from Equation (2)
(using the values in the mentioned study), and the grey and red markers show actual nacelle masses
gathered from LCA’s. The red line shows the output from Equation (2) when using the least square
method to fit the variables to turbines of DDSG design.

Appendix C. Material Specification for Generic Turbines

Eight turbines [44–49], four with DFIG design and four with DDSG design, have been examined
to find the typical fractions of steel, iron, aluminium, copper, blade material and electronics for each
defined part. The resulting values are shown in Table C1.

Table C1. Material specification per turbine part shown as mean percentage [44–49]. Smallest to largest
percentages found are shown in parenthesis.

DFIG Rotor Tower Nacelle

Steel 7% (0–14) 98% (96–100) 49% (41–54)
Iron 27% (13–41) - 40% (36–47)

Aluminium - 1% (0–2) 1% (0–3)
Copper - 0% (0–1) 4% (2–8)

Blade material 66% (58–87) 1% (0–2) 6% (5–8)
Electronics - - 0.6% (-)

DDSG Rotor Tower Nacelle

Steel 5% (0–10) 98% (95–100) 48% (39–56)
Iron - - 40% (30–53)

Aluminium - 0% (0–2) 1% (-)
Copper - 0% (0–1) 10% (7–13)

Blade material 94% (89–100) 1% (0–2) 2% (0–5)
Electronics - - 0.13% (0.1–0.17)

Appendix D. Prognosis of Decommissioned Turbines

The installed and decommissioned number of plants in Denmark, Germany and Sweden can be
seen in Figure D1 [68,74–79], along with a prognosis assuming that every plant is decommissioned
20 years after its installation date. i.e., the estimated number of decommissioned plants in 2014 is the
same as the number of installed plants in 1994. Apart from the peak in 2002, a result of a repowering
programme running between 2001 and 2003 [80], the actual fallout follows the predicted trend relatively
well in Denmark. In Germany the number of decommissioning is growing in the expected pattern,
even though the development is one or two years later than the prognosis. The data for Sweden so far
is scarce, and attempting to find a pattern from such a small sample could be misleading. The initial
substantial decommissioning projects do however appear at the estimated time (around 20 years after
market development starts) and magnitude.
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Figure D1. Actual installed and decommissioned wind turbines compared to expected number
of decommissioning’s assuming an average of 20 years’ life time in: (a) Denmark; (b) Germany;
and (c) Sweden [70,74–79]. Note the difference in magnitude between charts, not allowing for
comparison between countries.
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Apart from the peak in 2002, a result of a repowering programme running between 2001 and
2003 [80], the real scenario follows the predicted trend relatively well in Denmark. In Germany,
the number of decommissioning is growing in the expected pattern, even though the development
is one or two years later than the prognosis. The data for Sweden so far is scarce, and attempting
to find a pattern from such a small sample could be misleading. The first larger decommissioning
projects do however appear at the estimated time (around 20 years after market development starts)
and magnitude.

Appendix E. Component Properties

The percentage of the nacelle mass deriving from the generator and the gear box as well as the
percentage of the rotor mass deriving from rotor blades have been estimated by using the values
presented in three different LCA’s [47,50,51] and assuming the percentages are representative for all
turbines. Material fractions in these different components have also been taken from these studies,
and both are presented in Table E1.

Two empirical studies on different databases from Germany [53] and USA [54] each present mean
replacement rate for gear boxes, generators and rotor blades which can be used as a frame of reference
for what fraction of all these installed components that has to be replaced each year. They are both
presented in Table E2 along with the mean between the two.

Table E1. Mean material specification for commonly replaced components; Generator, gear box and
rotor blades, as well as each component’s mass percentage of main part. [47,50,51] Smallest to largest
percentages found are shown in parenthesis.

Wind Power Plant Parts Percent

Generator

Percentage of nacelle mass 30% (16–44)
Steel 79% (68–90)
Copper 21% (10–32)

Gear box

Percentage of nacelle mass 22% (14–31)
Steel 75% (50–100)
Iron 25% (0–50)

Rotor blades

Percentage of rotor mass 71% (58–84)
Blade material 95% (91–100)
Steel 3% (0–9)
Aluminium 0.3% (0–1)

Table E2. Mean component replacement per year and wind turbine, based on empirical data from
Germany and USA [53,54]. The means between these markets are also shown.

Market Gear box Generator Rotor Blades

USA 2001–2009 5.0% 3.5% 2.0%
Germany 1989–2006 1.2% 2.2% 2.4%

Mean 3.1% 2.9% 2.2%

Appendix F. Scaling up VindStat Data

Not all of the installed wind turbines in Sweden are included in VindStat since registry on the data
base is not mandatory. A comparison between the actual installed power (according to the Swedish
Energy Agency and the Swedish Wind Energy Association [2,3]) and the installed power registered in
VindStat [42] (see Figure F1) shows that there is a significant gap between the two. There seems to
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be a delay of a few years before owners report their plants, which results in this gap growing larger
for more recent years. As can be seen in Figure F1b, however, the mean power of each installed wind
turbine is very similar for both data bases, indicating that the turbines that are present in VindStat is
a decent representation of the average types of turbines installed that year.
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Figure F1. VindStat data base compared to actual installed power: (a) The annually installed wind
power in Sweden in 1982–2014; and (b) The mean power per installed turbine in 1982–2014. The
VindStat data base is compared to the complete data presented by the Swedish Energy Agency and the
Swedish Wind Energy Association [2,3].

To cover the gaps in available data, the difference between all turbines and the ones available in
VindStat have been used to scale up the calculated waste amounts according to the according to the
following equation:

mm,ins,tot,year =
mm,ins,tot,year,VS

xcoverage
(F1)

where:

mm,ins,tot,year = The total mass of a specific material in installed turbines a specific year (kg)

mm,ins,tot,year,VS = The total mass of a specific material in turbines present in VindStat (kg)

xcoverage = VindStat coverage of installed power compared to other statistics (%)

The data for the ten first available years (1982–1992) is very inconsistent and derives from few
data points, and the compensation will therefore only be applied from 1992 and onwards.

Appendix G. Converting Generated Energy to Installed Power

To convert an amount of generated wind power energy into installed power, the capacity factor
(CF) at which this electricity is generated has to be known. The CF describes the actual output as part
of maximum possible output over a period of time [81] (a year in this case), and is calculated according
to this equation:

CF =
E

365 × 24 × P
(G1)

where:

E = Generated energy in a year (Wh)
P = Total installed power that year (W)

CF in the entire Swedish wind power sector has been calculated according to Equation (G1) for
1982–2014 [2,3], and the result is presented in Figure G1.



Energies 2016, 9, 999 21 of 24

In Figure G1, a trend line has been added based on data over the latest 20 years (as the technology
seems to have stabilized somewhat in this period), which is described by this equation:

y = 0.0024x − 4.61 (G2)

where:

y = Capacity factor (%)
x = Year

This gives a capacity factor around 24% in 2020. Combining this with Equation (G1) converts the
goal of 30 TWh into installed capacity at around 14.3 GW.
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