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ABSTRACT 

The global market for wind energy is expanding rapidly, and in the last decade, Sweden has 

constructed thousands of wind turbines. The high installation pace suggests that a similarly rapid 

decommissioning rate is to be anticipated in the near future, notwithstanding the small number of turbines 

that have been retired thus far. There will be serious questions about the viability of wind power as a clean 

energy option if the decommissioned material by unfunctional turbines is not managed in a proper manner. 

The purpose of this research is to provide the distribution of Swedish installed wind turbine with 

the aspect of age, brand & model, hub height & rotor diameter, and nameplate capacity and also a reliable 

estimate of the total amount of decommissioned material that will be produced by wind turbines in Sweden 

over the next two decades. The results will represent to current characteristic of an industry to benefit the 

operation & maintenance activity and wind industry market research. Moreover, this will also help the 

waste management sector prepare for the inevitable increase in decommissioned material.  

The estimates are based on the installation dates, rotor diameter and other pertinent data included 

in vbk.lansstyrelsen.se, a Swedish national wind turbine map service. Applying the available data set with 

logarithmic function of rotor diameter and material fraction technique, the quantity of steel, iron, 

copper,aluminium, blade material, and electronics were generated. The material of each turbine is 

considered to be dismantled as wastes at 20 years after the installation date due to the industry 

average and comparison with empirical facts. 

As the results, the distributions show that most of Swedish wind turbines were installed 

between 2007 and 2016 and the most popular rated capacity ranged between 2 MW to 3 MW. 

Furthermore, the biggest market share belonged to Vestas, Enercon, and Siemens, respectively.                    

The forecasted numbers reveal a large increase in decommissioned material weights year by year, 

and the blade material end-of-life management is the key concern when comparing the estimated 

number to Sweden's waste management capacity.  

Limitations associated with the suggested methodology and adopting data set are presented and 

discussed. 

Keywords: decommissioning, end-of-life wind turbine, blade material, decommissioned material 
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NOMENCLATURE 
 

°C  Celsius 

AB  Limited company or Aktiebolag (in Swedish) 

AVG.  Average 

COD  Commercial operation date 

COVID-19  Coronavirus disease  

CRP  Carbon reinforced plastics  

DCR  Data coverage rate  

DDSG  Direct drive synchronous generator 

DFIG  Doubly-fed induction generator  

GRP  Glass-reinforced plastic 

GW  Gigawatts 

kg  Kilograms 

km  Kilometers 

kW  Kilowatts 

m  Meters 

MAX.     Maximum 

MIN.  Minimum 

US   The United States of America 

WEEE  Waste electrical and electronic equipment registration of European Union 
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CHAPTER 1. INTRODUCTION 

According to the International Energy Agency, worldwide energy generation from wind 

power will increase to 3,317 terawatt-hours or more by the beginning of 2030, which is twice as much 

as in 2019 (IEA, 2019). This is fantastic news for the overall picture of sustainability. It implies that 

numerous investments will be made in the sustainable sector. Furthermore, as energy demand shifts 

away from fossil fuels and toward renewables, the latter will begin to decline. However, there is a 

downside to this positive and sustainable development. As a result, it is critical that the whole life 

cycle of the components involved be managed as effectively as possible, from production and 

installation to operation and decommissioning and removal. 

Wind power is one of the fastest growing energy sources in the world, according to BP (2022), 

and the Swedish market is certainly following that trend, with over 3,000 turbines installed over the 

last decade and annual electricity generation from wind power plants increasing more than tenfold 

from around 6.1 TWh in 2011 to around 27.1 TWh by 2021 (Energimyndigheten, 2022). Concurrently, 

according to vbk.lansstyrelsen.se (2022), a Swedish national wind turbine map service, more than 

75% of currently running wind turbines in Sweden were installed between 2010 and 2022, totalling 

3,729 out of 4,942 turbines. 

Assume that the most common assumption of the life span of a wind turbine is 20 years 

(Dolan & Heath, 2012). Merugula et al. (2012) also mentioned that modern turbines are rated on 

average for 20 years of operation due to improvements in material and aerodynamic design. 

Therefore, the obvious inference that can be drawn from this information is that the number of wind 

turbines that are decommissioned each year is going to significantly increase over the course of the 

next few decades. 

Thus the specific data of each existing wind turbine, including its date of construction, rotor 

diameter, and nameplate capacity, must be recognized in order to ensure that all waste from the wind 

power industry is managed in an appropriate way.  In order to ensure that there is sufficient capacity 

available, this is essential to estimate the amounts of waste to forecast from the various types of 

materials and to predict when the number of decommissioning incidents will increase. 
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Most of research within this topic was mainly based on qualitative method where the 

process of wind turbine decommission are developed;  Ortegon et al. (2013) performed how to prepare 

for the end of service life of wind turbines, Perez and Rickardsson (2008) observed wind turbine

decommissioning and the economic consequences, Mishnaevsky (2021) studied in the overview of 

current and coming solutions of sustainable end-of-life management of wind turbine blades, and Chen 

et al. (2019) focused on recycling and reuse of composite materials for wind turbine blades. 

In addition, Caduff et al. (2012) used the quantitative method to construct the relationship

between wind turbine rotor diameter length and the weight of decommissioning material and verified 

the assembled equations by comparing the forecasted weights with actual weights data from 
manufacturers’ life cycle assessment reports.  

However, this has left a gap to present the volume of coming decommissioned material from 

Swedish wind power industry, and the capability to manage those materials. Moreover, to conduct 

this thesis, the numerical data must be compiled and organized from all wind turbines installed and 

operating in Sweden. Therefore, it is a good opportunity to also utilize and organize such information 

to present the overall picture of Swedish wind industry via the distribution of the key aspects. 

In order to express the specification data of existing wind turbine in Sweden. The commons 

statistical methods have been used over Microsoft Excel program, including data categorization and

average value. Then a methodology for calculation of turbine weight and waste component weight 

was delivered by a logarithmic function and Material fraction technique. 

Research Questions 

The questions this thesis aims to answer are as follows: 

1. What is the character of installed wind turbines in Sweden? (including the data distribution

in the aspects of age, brand & model, hub height & rotor diameter, and nameplate capacity.

2. In the next 20 years, how much waste material will be generated from wind turbine

decommission? Additionally, in comparison to Sweden's dismantled material handling

capability, would such a predicted volume be a cause for concern?

This distribution data of installed wind turbines in Sweden would not only benefit to the area of

wind turbine decommissioning but also helpful to the area of operation and maintenance as well. In 

addition, the expected quantities of waste that will be produced as a consequence of 
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the decommission of wind power in Sweden will presumably be utilized in the planning for the future 

management of waste. Due to the fact that the appropriate system can be implemented in a reasonable 

timeframe, this could minimize the disposal of material that is capable of being recycled, reused, or 

having its energy recovered. By logical extension, this should prevent the wasteful loss of energy as 

well as the deleterious impact wind power has on the environment. 

Thesis outline 

The background of the data set, basic data on tower weight estimation, volume estimation of 

various materials of wind turbines, and wind turbine decommissioned information are described in 

the literature review section. After that, the methods used in this thesis include data processing, data 

distribution, logarithmic function of rotor diameter, material fraction technique are explained in the 

materials and methods section. In the results summary and discussion section, the distribution of 

currently installed wind turbines in Sweden and the material weight estimation of decommissioned 

wind turbines in the next 20 years are presented and discussed. Lastly, the final chapter will 

summarize all of the contents of this thesis. 

Limitation 

The scope of this thesis is limited to the wind energy market in Sweden. The database that 

was used was from vbk.lansstyrelsen.se (2022). Since accurate data for each installed wind power 

plant is not published in the database that was utilized, certain information had to be extrapolated 

and factored in order to enable projections.  

The lifetime of the turbine that was calculated represents the amount of years that a plant is 

operational. Whereas, the lifetime of individual parts may not necessarily be the same as the lifetime 

of the turbine. During this time, it's possible that some items will be repaired or replaced. Failure of 

the gearbox is an example of a problem that frequently occurs in wind power plants that use a geared 

generator design. According to the findings of a study that was conducted by Jantara Junior et al. 

(2020), the typical lifespan of a gearbox is between eight to ten years. To put it in other words, over 

the length of the turbine's lifetime, the gearbox will likely require either complete replacement or 

major repair at least once. Since the rotor blades are subjected to intense forces and challenging 

environments, they require routine maintenance to ensure they continue to function properly. If there 

are cracks or other damage to the blade, either a section of the blade needs to be repaired or the 

entire blade needs to be replaced. There is a 0.54% chance that a blade on a commercial wind turbine 
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that is operating may suffer significant damage every single year (Mishnaevsky & Thomsen, 2020). 

However, this thesis direction will mainly focus on the waste materials in the decommissioning 

process. This is because the decommissioned materials' weight is substantially greater than those 

generated during operation and maintenance activities. 

Due to data availability constraints, only DFIG and DDSG gearbox types are used to classify 

wind turbines in order to calculate weight. A turbine with hybrid gearbox, other gearbox types, or 

unidentifiable gearbox will be considered as DFIG types due to the dominant majority of DFIG 

models in the wind turbine industry (Schreiber et al., 2019). 

The estimation in this thesis does not classify the materials used to assemble wind turbine 

blades. The qualitative calculation is using the overall representation as “blade materials”. The detail 

of sub-components in blade material are explained in the literature review chapter. Moreover, 

recyclable wind turbine blades is excluded in this thesis assumption because this is a new technology 

and has not been used commercially (Jani et al., 2022). 

Grid connections, transformers, and other infrastructure are not included in the analysis because 

it is expected that they and their material are usually reused for new turbines or other projects (Peng 

et al., 2015). Turbines less than 50 kW are not available in the data set utilized and hence are 

excluded in this analysis, nor are turbines that are not of the modern turbine platform (three-blades 

horizontal axis design). 

The weight and pattern design of the tower foundation are affected by the surrounding 

environment, and no such information is available in the data which is utilized in this thesis or 

anywhere else. It is also significantly variable how much of foundation material that must be removed 

from the site after decommissioning because it is frequently buried underground (Hau, 2013). Because 

of this, the weight of the foundation as well as any materials that are included within it have been 

completely removed from the estimation results in this thesis. 

SWEA (2020) pointed out that at the end of 2020, the installed capacity in all kinds of wind 

farms in Sweden is at 10.6 GW, and, there were 7 offshore farms in operation in Sweden with a total 

capacity of 900 MW. Expressly, offshore wind power accounts for such a small proportion of total 

installed power in Sweden. Furthermore, the question concerning how much must be removed 

applies here as well, as no specific standard has been implemented for these turbines. This 

forecasted waste material in this thesis also excludes the decommissioned material from offshore 

wind turbine. 
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CHAPTER 2. LITERATURE REVIEW 

Introduction 

This chapter will explain the literature review and principles of the datasets which are used 

in this thesis, tower weight estimation equation, the difference in wind turbines gearbox systems that 

affects the weight estimation, the process of weight volume estimation of wind turbine end-of-life 

materials, wind turbine decommissions including process and regulations, and the methods of 

handling each specific type of waste materials in Sweden together with their handling capacity.  

Data set background 

Difference aspects are used to group the datasets of wind turbines in Sweden.  Depending on 

the usage purpose, different indicators can be used to analyse and monitor of Swedish wind power 

industry.  The whole picture of wind industry landscape could possibly be represented with the 

combination of a turbine specification aspect together with an installed capacity aspect (Peters et al., 

2017).  Data over installed wind power in Sweden has been gathered from vbk.lansstyrelsen.se data 

file and cross-checked with other databases as the Swedish Energy Agency and Swedish Wind 

Energy Association to reconcile in overall capacity at year-end, new install capacity, and the total 

number of turbine. 

However due to the data limitation of each turbine specification in Sweden from vbk. 

lansstyrelsen. se ( 2022) , the best specific available data which can benefit to forecasting the weight 

of wind turbine decommission material is only the data in the aspects of installation year, brand & 

model, hub height & rotor diameter, and nameplate capacity. 

This paragraph will focus only on different indicators used to classify the datasets of 

Swedish wind turbines in to each aspect. Noted several indicators exist on the data set from 

vbk.lansstyrelsen.se, but this thesis will only look at the 6 key indicators.  
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Their brief definitions are as follows (vbk.lansstyrelsen.se, 2022). 

I. Erected Date of construction of the wind turbine 

II. Make Name of the wind power plant's make 

III. Model Name of the wind turbine model 

IV. Hub height (m) Hub height for the wind turbine 

V. Rotor diameter (m) Rotor diameter for the wind turbine 

VI. Nameplate capacity (MW) Applied or Installed maximum power for the wind turbine

Tower weight estimation 

Wind turbines may be broken down into three basic parts, excluding the foundation:  tower, 

nacelle, and rotor.  According to Serrano- González and Lacal- Arántegui ( 2016b) , the material 

specifications for all three pieces are vastly different, and their mass should be evaluated 

independently.  Caduff et al.  ( 2012)  presented an empirical study that analyzes a group of different 

turbines and gives a logarithmic function for calculating the mass of wind turbine parts based on the 

rotor diameter of the turbine. The following equation is shown: 

log(y) = log(a) + b.log(x) (1) 

where: 

y = Calculated mass of turbine part (kg) 

x = Rotor diameter (m) 

log(a) = Intercept value 

b = Scaling factor 

Besides the equation, there is a set of a and b values that can be used to compute the mass of 

the nacelle, tower, or rotor. In order to solve for y and redefine variables results in the following equation: 

mpart = 10adb (2) 

where: 

mpart = Calculated mass of turbine part (kg) 

d = Rotor diameter (m) 

a = Intercept value 

b = Scaling factor 
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The difference between Direct drive synchronous generator and 

Doubly-fed induction generator 

According to Polinder et al. (2006), the direct drive synchronous generator (DDSG) and the 

doubly-fed induction generator (DFIG) are the two primary types of generator designs, and they 

have significantly different construction and also different material weights, as shown in Figure 1.  

Figure 1: Different construction between DFIG turbine and DDSG turbine (Serrano-González & 

Lacal-Arántegui, 2016b) 

As a consequence, there is a significant difference between these two types of turbines in 

terms of both the nacelle mass and the material composition. In order to take into account this 

difference in the computations, the value of intercept factor and scaling factor for both DFIG and 

DDSG turbine were computed by analyzing a set of turbine and reconciling with their material 

specification  (Caduff et al., 2012).  
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Figure 2: The material amount for each component 

are then broken down into separate classification  

(Zimmermann et al., 2013). 

Material Specification in Wind Turbine Parts 

The amount of material consumed in a single wind power plant might vary depending on 

capacity, design, manufacturer, and location.  A single wind power plant can weigh up to several 

hundred tons.  More than 97% of the plants erected in Sweden are located on land, and almost all of 

them employ a three-bladed design (SWEA, 2020). 

 The Vestas V90 is the most popular model of wind turbine in Sweden, with 592 turbines 

having been registered, followed by the Vestas V136 with 415 turbines, and then the Enercon E82 

with 259 turbines out of the total of 4,942 turbines having been registered (vbk.lansstyrelsen.se, 2022). 

In this section, descriptions of the various turbine parts and the materials they are made of 

are presented, while the concept of material weight of each component was explained. By 

investigating life cycle assessment reports, the overall picture of material amount for each 

component are then broken down into separate classification, as shown in Figure 2.  
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I. Foundation 

A foundation that is strong enough to withstand the intense momentum created by forces 

caused by wind and rotation of the blades is required, unless the land at the location is solid rock, in 

which case the tower may be anchored straight to the ground. At onshore sites, Hau (2013) has stated 

that the gravity foundation that is deployed the large majority of the time has the shape of a massive 

concrete ring that is sunk in the ground and contains a steel construction in the middle for the purpose of 

anchoring the tower, as shown in Figure 3.  

Because the purpose of this design is to employ gravitational forces to compete with the 

momentum produced by the turbine, it is always the heaviest component, accounting for between 60% 

to 90% of the overall weight of onshore turbines (Koulatsou et al., 2020). The proportion of steel in 

the material used ranges from 3% to 6%, while the remaining is concrete (Chen et al., 2021). As 

stated in the limitation earlier, the estimation in this thesis does not take into account the material 

these were the parts of foundation due to the variety of foundation structure and size, as in Figure 4. 

Figure 3: Construction of foundation for onshore wind turbine  (Krabbenhoft, 2021) 
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II. Tower

Tower construction, typically consisting of a welded steel tube that is attached to the 

foundation, is applied to raise the nacelle to the level of hub height.  This is accomplished for the 

double purpose of achieving higher wind speeds and enabling a larger rotor diameter ( Hau, 2013) . 

When the weight of the foundation is not taken into account, the tower is the heaviest turbine 

component which accounts for around 60% to 70% of the overall weight of the turbine (Way & van 

Zijl, 2015) .  Park ( 2018) has mentioned that steel accounts for 95% to 100% of the tower material, 

while aluminium and copper each make up around 0% to 2% and glass-reinforced polymer account 

for 0% to 4%. A tubular steel which is constructed to be a tower wind turbine is as in Figure 5. 

Figure 4: Different foundation types of onshore wind turbine (Austin & Jerath, 2017) 

Figure 5: A tubular steel which is constructed to be a tower wind turbine (Walesonline, 2022).  
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III. Nacelle

The nacelle is a component of the wind turbine that is positioned atop the tower.  It is the 

location of the mechanical components that are responsible for converting the kinetic energy from the 

rotor blades into electrical power.  In the modern wind turbines, glass- reinforced plastic ( GRP) , 

is generally used to construct the housing's cover whereas metal frame serves as the structure's primary 

support (Hau, 2013). 

The gearbox, generator, yaw rotation system, pitch system, and control system are the key 

components that can be found in the nacelle.  The nacelle materials are composed from of steel, 

copper, aluminium, iron, GRP, and minor quantities of electronics and lubricants (Jantara Junior et 

al., 2020).  As was previously noted, DDSG and DFIG are the two most common primary types of 

generator utilized in wind turbines.  With a gearbox that transforms the blades' slow rotation into 

faster speeds, the DFIG idea is intended to operate at a fixed speed.  The idea behind DDSG, on the 

other hand, is to adopt a gearless design that rotates at a variable speed and is directly connected to 

the rotation of the blades. As a result, the DDSG design eliminates the requirement for a gearbox and 

instead requires for a bigger generator. Therefore, the nacelle with the DDSG generator is often 

heavier and also has greater quantities of copper than the nacelle with the DFIG (K.S et al., 2022). 

IV. Rotor

The rotor is responsible for converting the kinetic wind energy present in a certain swept 

area into rotational energy. This is accomplished in a horizontal axis wind farm when the wind 

strikes the blades at an angle that creates lift.  The sole difference is that on an airplane wing, the 

lifting force is used to rotate the blades rather than canceling out gravity forces (Tony Burton, 2011). 

The aerodynamic design that is most effective is reached at a particular thickness along the length of 

the blade. The material utilized must be strong, flexible, and lightweight since the rotor blades must 

be durable and remain in the certain form under extreme pressure (Hau, 2013). 

GRP (based on polyester or epoxy) is the material most commonly used in turbine blades because 

it combines all the above-mentioned properties with a low cost. Otherwise, more costly alternative to GRP 

is carbon reinforced plastics (CRP) , which is considerably stronger and allows for the construction of 

structures with even lower weights (Steigmann et al., 2016). 
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In observed from life cycle assessment reports, GRP ( 80% to 95%)  , CRP ( 0 %  to 10%) , 

plastics (0% to 15%), steel (2% to 9%), and aluminium (0% to 1%) are the materials most 

frequently found in blades ( Rønde, 2013; Zimmermann et al. , 2013) .  Figure 6 and Figure 7 present 

the cross sections of typical wind turbine rotor blades.  In this thesis, the hub is also considered to be 

a part of the rotor.  This structure acts as the connection between the rotor blades and the main shaft, 

which is then coupled to the generator/ gearbox (Vries, 2012).  D’ Souza et al. (2011) also mentioned 

that a rotor is often constructed from cast iron and covered in GRP or built inside the nacelle cover. 

Figure 7: Typical parts of a wind turbine’s blade (Vries, 2012).  

Figure 6: Materials used in the different parts of a wind turbine’s blade (Steigmann et al., 2016). 
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Calculation of the mass of each material type in separated turbine parts 

The Material fraction technique which is a statistic interpolation has been used to calculate 

the mass of each material specification in each turbine part as the equation (3) and (4). The average 

mass of a certain material utilized in an unnamed wind turbine could be calculated using the 

following equation: 

mm,t = xm,rotor.mrotor + xm,tower.mtower + xm,nacelle.mnacelle (3) 

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 

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: 

Proof of this, Caduff et al. (2012) have demonstrated that equations (1), (2), (3), and (4) are 

practical by comparing the exact weight data of wind turbines in the sample group from their life 

cycle assessment reports and calculated data. The sample group consists of 8 turbines Vestas, 

Enercon, and other brands (four of them are DDSG design). The result shows that the plotted curve 

for rotor, tower and nacelle weight shows definite correlation with the exact weight data and 

calculated weight from this concept, as shown in Figure 8.  

Noted, the life cycle assessment reports of popular turbine models are often published by 

turbine manufacturers.  Potential environmental consequences are assessed for each turbine 

component based on the specific material grade of the part, manufacturing procedures, country of 

origin, part maintenance, and specific disposal and recycling measures at the end of the component's 

life. This is a thorough analysis of the environmental impact of wind turbines (Rønde, 2013). 

 (4) 
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The nacelle's total mass is broken down into DFIG and DDSG.  There are the bars standard 

error in the lighter regions (Caduff et al., 2012). 

 Figure 8: Comparison of the measured mass of actual turbines with the estimated mass of 

those  parts based on equation (1), (2), (3) and (4). 
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Turbine Installation period 

The period from the start of the wind energy project to the Commercial Operation Date; COD. 

In the earliest possible case, it takes approximately 24 months.  The project timeline is depending on 

the complexity of location, wind turbine size, foundation, and the degree of social acceptance, as 

shown in Figure 9.  Most of the time will be spent in the planning phase, documentation, and 

contacting for a permission ( Renewablesfirst, 2022) . As a result, the shortest time it takes to install 

the wind turbine from permission granted to COD is approximately 7 months. SWEA ( 2020) also 

mention that  a physical installation time of wind turbine can vary from 3 months to 24 months 

depending on wind turbine size, foundation structure, logistic plan and infrastructure, even the 

season and weather of the installation period. 

Figure 9: The best case scenario of wind power project timeline (Renewablesfirst, 2022). 
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Turbine Life Time 

There are two forms of aging that can affect a wind turbine: the first is physical wear and tear, 

and the second is relative aging in relation to the most recent technology available on the market. 

Every turbine will, at some point, either be removed from the site because it will no longer be 

economical to maintain it or it will be replaced with technology that is both more recent and advanced 

( Dolan & Heath, 2012) .  Staffell and Green ( 2014)  examined the performance of aging wind power 

plants and found that there is a constant decline trend throughout turbine generations. This finding suggests 

that newer turbines age at the same rate as older ones, approximately 20 years.  Because of this, it is 

presumed that the typical amount of time that passes between a plant's commissioning and its 

decommissioning will be the same number of years, irrespective of when the facility was built. 

Decommissioning Regulations of Wind Turbine in Sweden 

The proposed number of wind turbines and the total height of all proposed wind turbines in 

a Swedish wind farms determine the regulations that apply to the project. A combination of permits 

and notifications may indeed be the requirements (Nilbecker, 2014). Developers are obligated to 

apply for the permission under the Planning and Building Act if the proposed wind farm 

specification falls within the orange zone as shown in Figure 10. Furthermore, an environmental 

notice is mandated under the Environmental Code.  The municipal council has a duty to inspect 

both of these documentation. If the wind farm's specifications match the criteria of the red zone, as 

the majority of proposed utility-scale wind farms are doing now, a permit under the Environmental 

Act is essential. In these circumstances, the Swedish Country Administrative Board (Länsstyrelse) 

will evaluate wind farm authorization through environmental assessment delegations. As part of this 

procedure, municipalities must offer their permission in addition to the Länsstyrelse permit 

(M., 2011).  
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Figure 10: The categorization of wind farms in Sweden in perspective of licensing permission 

regulations, Number of turbines in the X axis and Total height in the Y axis (M., 2011). 

In Sweden, the wind farm developer is in charge of removing the wind turbines and 

restoring the surrounding land once the project's lifecycle has been completed. Security bonds are 

compulsory for wind farms that require a permit under the Environmental Act to pay for expenses 

for deconstruction and restoration operations. This is an amount of cash reserved for insurance 

matter. The requirement for a security bond originated as a result of insecurities that the developer 

would be unable to fulfill its obligations.  When it is confirmed that the wind farm can neither longer 

be used, the operator is obligated to take care for the facility after the operational life has ended.  If 

the operator fails to meet its obligations, the expense will most likely be carried by the landowner. If 

neither entity can provide the sufficient capital, society is likely to cover the burden of 

decommissioning. As a result, the security bond ensures that decommissioning obligations are 

accomplished, relieving the landlords and society of potential concerns. The developer is expected to 

provide a proposal for the amount of funds necessary for decommissioning wind turbines and land 

rehabilitation as part of the permit application procedure (Aldén et al., 2014). 
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Decommission process 

According to Nilbecker ( 2014)  there were some suggestions that have been made for the 

standard operating procedures that is included in the permits for wind farms, as a part of the 

decommissioning phase, as follows: 

I.  Dismantling and removal of the blades, rotor, and tower 

II. Uptake and removal of internal cables

III. Excavation of foundations and exterior cables

IV. Recycling should be carried out to the greatest degree feasible in accordance with landfill

being the last option scenario.

As shown in Figure 11, Perez and Rickardsson ( 2008) also stated the similar decommission 

concept in their article "What goes up must come down - Modelling economic consequences of wind 

turbine decommissioning".  Both of them start to remove each component from top to bottom.  All of 

mentioned processes are separated by turbine’s components including turbine, cable, and foundation. 

Moreover, waste material is also classified as metal, concrete, blade material and electronic 

component. 

Figure 11: The identified activities and sub-activities of wind turbine decommission (Perez & Rickardsson, 2008) 



19 

End-of-life treatment 

When a turbine has arrived at the end of its productive life, all remaining components of the 

turbine are required to be removed from the location.  This may be done to create space for new 

turbines or just to recover the environment to its previous condition.  According to sections 2 

and chapter 10 of the Swedish Environmental Code, the owner and operator of the turbine or 

wind farm in Sweden are the ones who always have the first and main obligation to guarantee that the 

rehabilitation is accomplished in the appropriate manner (Sveriges, 2000). According to Aldén et al. 

( 2014) , if an accountable individual cannot be discovered, the duty will initially fall on the owner of 

the lands, and then it will be passed on to society. However, the degree of restoration must be described 

according to the particular decommission plan that was filed in order to get the environmental permit. 

The composite from discarded parts and dismantled windmills should be managed in 

accordance with the waste hierarchy outlined in the European Waste Framework Directive ( H. - G, 

2008). This will ensure that the adverse impact on the environment is minimized to the greatest 

extent practicable. 

The EU Waste Framework Directive aims to prevent and decrease negative consequences 

caused by waste production and management and enhance resource efficiency. Directive defines a 

'hierarchy' of EU waste management. Waste prevention and re-use are recommended before 

recycling (including composting) and landfill disposal. The EU waste legislation sets particular aims 

to enhance the recycling of electronic equipment, automobiles, batteries, construction, demolition, 

municipal, and packaging waste, and to minimize biodegradable waste landfilling (H. - G, 2008). 

According to Ortegon et al. (2013), when turbines reach the end of their service life, their 

components are recycled or reused as much as possible, perhaps after remanufacturing or 

refurbishing. In all other cases, they are disposed of in accordance with the waste hierarchy that was 

outlined before. The following classification of concerns has been suggested by the directive and the 

flow chart is shown in Figure 12:

I. Avoid or minimize wastage (e.g. by using parts with longer in the quality of life time).

II. Reuse the components in their current form or modify them in the possible case.

III. Reuse and repurpose the material.

IV. Extract the available energy from the substance (e.g. by incineration).

V. Dispose of the waste material (e.g. by landfill).
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Figure 12: Flow chart that illustrates the wind turbine decommissioning procedure (Ortegon et al., 2013) 
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Material in turbine components 

A report that was carried out by Rapp ( 2018) and SWEA ( 2020) resulted in the conclusion 

that there is no regular market for second-hand equipment in place, and that the technological 

improvements are starting to happen so speedily that it is challenging to find use for old components 

in new projects. Both of these findings were presented in the report. Since rotor blades are subjected 

to massive quantities of wear and tear over the duration of their lifespan, they are often not suitable 

for reusing unless the plant in consideration is replaced before the expiry of its technical lifetime 

( Cherrington et al. , 2012) .  As a result, there are huge of unrecyclable parts due to technical and 

financial feasibility.   Andersen et al. (2016) also has been shown that around 80% of a wind turbine 

would be recycled, excluding turbine foundation; the majority of the material that cannot be recycled 

is located in the rotor blades.  

I. Metal 

As recycling purposes, steel, aluminium, and copper are the typical types of the metals that 

are traded as scrap.  The Swedish steel industry is responsible for recycling around 1. 5 million tons 

of scrap iron and steel each year, and it also exports approximately 1.0 to 1.3 million tons of this 

material to nations that have higher re-forge capacity.  The recyclability of iron and steel is close to 

90%, and the recycled product is indistinguishable from brand new.  

On the other hand, Sweden recycles around 60,000 tons of aluminium and 65,000 tons of 

copper every year.  In a similar pattern to that of steel and iron, aluminium recycling does not 

actually degrade the material quality, and the recyclability of the content is high at the level of 92% 

(Andersson et al.,2017).  

II. Blade material

As an alternative to landfilling, plastics and biological waste from turbine blade might be 

incinerated in a Combined Heat and Power plant to recapture the energy as heat and power (Chen & 

Eder, 2020). However, as nowadays, recycling composites has proved difficult (Mishnaevsky et al., 

2017; Mishnaevsky & Thomsen, 2020). Treatment options as of the year 2022 are listed in Table 1. 
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Table 1: Treatment options for decommissioned wind turbine blade. 

Treatment options Detail 

Grinding or 

Mechanical-

recycling 

The blades are first chopped into smaller pieces, which are then crushed, shredded, and milled until the 

resultant material can be separated into fibers and resins.  Then the copper particles may be sorted out. 

The technique is time-consuming and harmful to the fibers.  As a result, recycled materials are often 

employed as filler in artificial wood, cement, or asphalt, rather than as a supplement for new turbine 

blade manufacture (Mishnaevsky, 2021).  

Presently, Sweden does not participate in the recycling program.  The blade is partially cut to be in the 

proper dimension to transport before export to the specific factories (Upadhyayula et al., 2022). Zajons 

Logistik Entsorgungsgesellschaft mbH, the collection and disposal management company in Melbeck, 

Germany, is the top destination of scrap blade material.  In 2020 the company reprocessed more than 

500 tons of material per month (Bloomberg, 2021). 

Incineration After being cut to manageable proportions, the composite material is combined with municipal garbage 

and burnt to provide usable heat.  Glass fiber is noncombustible, hence the calorific value comes from 

the polymers and other flammable particles. After incineration, a large amount of ash remains that 

must be handled by being dumped in a landfill) (Sakellariou, 2017). 

Although this method is not financially feasible when comparing the cost of heating the particle, cost 

of grinding the blades, transporting and depositing the ash with the value of generated heat, it is still 

widely used in Sweden.  Because it is illegal in the European Union to bury wind turbine blades the 

ground (Rahnama, 2011). 
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Treatment options Detail 

Pyrolysis Under anaerobic circumstances, composites are heated to between 450 and 700 °C, causing the 

polymeric resin to be transformed into gas, leaving the fibres intact and reusable, unlike when the 

material is crushed. The gas generated may subsequently be used in cogeneration power plants, and the 

fibers can be treated and utilized as brand new raw material (Jani et al., 2022).  

Jani et al.  (  2022) and Åkesson et al.  (  2013) stated their experiments of recovering glass fibers using 

microwave pyrolysis, resulting in an insignificant loss of strength compared to the original material. 

However, since this is not a completely established method that is widely accessible, it remains highly 

costly (Mishnaevsky, 2021). 

Landfill The landfill is the cheapest alternative, but given that organic content in rotor blades is roughly 30% 

and the rest is petroleum- base content, it is prohibited in European nations according to the waste 

hierarchy  (Rahnama, 2011).  

Sweden's environmental protection agency rules that transporting blades which is longer than 50 m in 

length over the distance of 300 km has to be permitted in order to prevent illegal landfill (Øvereng, 2018). 

Repurpose usage Repurpose usage is to take advantage of the decommissioned structure of wind turbine blade by 

balancing the cost of refurbishing and the benefits of new applications. At present, this is used in a 

narrow group such as refurbishing as a substitute sheet for roof, structures or surfaces.  Although such 

methods will be a creative way with high benefit and low operation cost, it is still not unpopular as it is 

unable to handle the huge amount of waste generated by scraped wind turbine blade every year (Chen 

et al., 2019). 

Katsikopoulou ( 2021) reported that the Danish government has given the recycling assignment to the 

contestants, several of whom have devised inventive concepts for reusing the massive wind turbine 

blade constructions.  One of the chosen teams is the re-wind project, which proposes to convert wind 

turbines into bicycle sheds or footbridges, as shown in Figure 13. 
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Figure 13: Repurpose usage of an expired wind turbine blade to be a bicycle shelter 

(Katsikopoulou, 2021) 

III. Electronics

Electronic equipment in wind turbine consists of electronic circuit boards, control panels, 

instrumentation devices and wires. Wind turbines are considered as industrial electronic equipmentห.

According to Cherrington et al.  ( 2012)  waste electrical and electronic equipment 

registration of European Union ( WEEE)  is the regulation outlines eight essential requirements that 

manufacturers of electrical and electronic products must implement: 

I. According to the WEEE framework directive, all manufacturers of these items are required 

to inform the Swedish Environmental Protection Agency of their existence. 

II. A system is established for the collecting of used electrical and electronic equipment.

III. End-of-life electrical and electronic equipment must be disposed of properly, according

to the regulations. 

IV. There are financial guarantees available for home disposal equipment.

V.  Information regarding where to find and how to use used electrical and electronic 

equipment must always be provided to recyclers. 
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VI. Sufficient information and specifics on how and where users' unwanted electrical and

electronic equipment may well be disposed of must be supplied. 

VII. Products that are covered by the ordinance shall be labeled accordingly.

VIII. Local governments must take part in the system for the restoration and collection

of wastage electrical and electronic equipment. 

According to Avfall Sverige AB (2018), in Sweden, there was electronic waste including 

cooling units with the quantity of 132,160 tons in 2018, increased with the rate of 1. 5% with 3 year 

compound annual growth rate. 

 After decommission and classification, all of electronic equipment are sent to a recycling 

firm, where they are separated into their constituent parts:  metals in order to be recycled, plastics in 

order to be recovered for energy), and hazardous chemicals ( to be disposed of) ( Aldén et al. , 2014; 

Ortegon et al., 2013).  
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CHAPTER 3.  MATERIALS AND METHODS 

Introduction 

This chapter will describe the methods which have been used to produce the character of 

installed wind turbine in Sweden with the data distribution in the aspects of age, brand & model, hub 

height & rotor diameter, and nameplate capacity and also forecast the amount of waste material from 

wind turbine decommission, in next 20 years. Data from vbk.lansstyrelsen.se (2022), a Swedish 

national wind turbine map service as well as life cycle assessment reports from Vestas and other 

wind turbines’ brands are used for those purposes. A simplified approach is developed based on 

normal grouping process and the weight of turbines are calculated based on logarithmic function of 

rotor diameter and material fraction technique in order to estimate the weight of each waste material 

amount. 

Methodology 

The methodology uses the 5 major steps. It consists of cleaning and filtering raw data of each 

turbine specification as the first step, the distribution of age, brand & model, hub height & rotor 

diameter, and nameplate capacity are determined based on normal grouping process via pivot table 

function on Microsoft Excel. Then logarithmic function of rotor diameter is used to estimate the 

weight of turbine. Next, material fraction technique is processed in order to estimate the weight of 

each waste material amount of decommissioned turbine. Finally, the result of wind turbine 

specification distribution and forecast of waste material amount are presented in Chapter 4. 

A simplified flow chart of the proposed methodology is illustrated in Figure 14, and it’s 

composed of the following five main steps: 

i. Data Processing 

ii. Distribution

iii. Logarithmic function of rotor diameter

iv. Material fraction technique
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Figure 14: Flow chart of the proposed methodology 

Data processing 

I. Data cleaning 

The raw data collected includes irrelevant, inaccurate, and missing data that affects the 

calculation's accuracy. The first step's purpose is to generate a clean dataset containing 

information about turbine specification during a given period of time, 1980 to March 2022.  The 

following filters are applied to the raw data. Removal of rows with missing hub height or rotor 

diameter data (unavailable data); Identification and removal of data rows with missing installation 

date, identification and duplicated turbine identification number (unavailable data). Moreover, 

the datasets with negative numbers on the measurement value include negative hub height, 

negative hub height, and negative rotor diameter (error data). All above listed conditions are 

applied and missing data is excluded in further calculations.  

A data coverage rate (DCR), defined as the proportion of cleaned data to raw data, is computed 

to represent the quantity of accessible clean data. As an example, a DCR of 81% for the total data 
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straightforwardly means that the clean data covers around 81 data sets out of the total of 100 

data sets (Yingying et al., 2018). As a result, this processed data was given the level of 95% that 

was more than 90% which is the acceptable accuracy range for the datasets over 1,000 samples, 

according to Yingying et al. (2018). This step mainly consists of deleting only unavailable data, 

and not erroneous data such as negative hub height, in this case, it is obviously the untrue data. 

Unavailable data are not taken into account for the turbine grouping classification.

II. Determination of the scope of data groups dataset (data filtering)

Based on the definition of decommissioning process from Ortegon et al. (2013), “to remove 

unwanted wind turbine from service”, both of the wind turbine which already has been removed 

or has never been installed cannot be able to be decommissioned. Hence, the data is removed, if 

the wind turbine is not in the “installed” status. In this case according to the limitation, as stated 

in Chapter 1, of the following filtering conditions are applied to the previously cleaned dataset 

from the first step. the “Offshore” turbines are stripped out.  

III. Data modification

Check and Collect the proper spelling to avoid the misleading data that will be used as 

grouping keywords, especially the spacebar or “ ”. For example, “Vesta s” should be collected 

to be “Vesta s”.  “V-11 2”, “V -112”, and “V - 112” should be edited to “V-112” because they 

all represent to the same model.  

After that the modification of data is performed, the COD of each turbine is added by 

assuming all of the turbines would start to COD after 12 months by the date of construction of 

the wind turbine. As mentioned in literature review chapter, the assumption of a physical 

installation period of wind turbine was estimated at 12 months. Then the current age of each 

turbine is measured from its COD to 9th September 2022.  

Next the another modification is conducted, the specification of turbine gearbox from wind-

turbine-models.com (2022) database has been used to classify all of the turbines by 2 group, 

DFIG and DDSG, with their brand and model in order to increase the accuracy of turbine weight 

calculation. Noted for limitation, unknown models and other types of turbine further than DFIG 

and DDSG, all of them were calculated the weight as DFIG due to the dominant majority of 

DFIG model in wind turbine industry, according to Schreiber et al. (2019). 
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Data distribution 

The distribution of number of installed wind turbine are classified based by pivot table 

function on Microsoft Excel. Data is classified into five main categories: age, brand & model, 

hub height & rotor diameter, and nameplate capacity. For age is composed of integer number 

from 1 to 41 year, all of the age that are less than 12 months is roughed down to 0 months. For 

example, a turbine with the age of 3 years and 10 months is classified as a 3 years old turbine. 

All of turbine are clarified with brand & model and an unknown turbine is identified as “not 

indicated”. Hub height & rotor diameter are classified with the intervals of 20 m, Instantly, a 

turbine with 75 m rotor diameter is classified as in an interval of 60 m - 80 m diameter length. 

Noted that the intervals are only used for the data distribution process, whereas the original 

values are used for calculation.  While all of the turbine are grouped by nameplate capacity 

with the intervals of 1 MW.   

Logarithmic function of rotor diameter 

Each turbine weight is calculated separately in the parts of tower, rotor, and nacelle according 

to logarithmic function of rotor diameter, as equation (2). Actual rotor diameter of each turbine 

is came directly from vbk. lansstyrelsen. se ( 2022) data.  Then, as mentioned in the literature 

review chapter, the intercept values and scaling factors are combined with rotor diameter in 

equation (2) to produce mass estimations in this thesis for each turbine part. 

The intercept values and scaling factors are presented in Table 2, below. All of these 

intercept values and scaling factors were derived from the top 12 popular wind turbine models 

including VESTAS model:  V52, V66, V80, V82, V90, V112 and ENERCON model, E40, E44, 

E66, E70, E82, E112 (Andersen et al., 2016). All of them are the representative model in 

Sweden, estimably at 29% of total installed turbine or 1,416 turbines out of 4,942 turbines ( vbk. 

lansstyrelsen. se, 2022). The detail of and the specification of those turbines model is as Table 3 

in the next page. 

Finally, the additional 4 results of calculated values including; rotor weight, tower weight, 

nacelle weight and entire turbine weight, are added to each turbine data set in order to calculate 

material specific calculation in next step. 
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Table 2: Intercept and scaling factors which are used in Equation (2) to calculate the mass of turbine 

in different parts (Andersen et al., 2016). 

 

Turbine Part Intercept Factor Scaling Factor 

Rotor 0.30 2.22 

Tower 1.70 1.90 

Nacelle (DFIG) 0.64 2.19 

Nacelle (DDSG) 0.20 2.58 



31 

Table 3: The specific information which is used to calculate the intercept and scaling factors in equation (2) 

Vestas 

model: 

Height 

(m) 

Rotor 

diameter 

(m) 

Hub 

height 

(m) 

Nameplate 

capacity 

(MW) 

Steel 

(Tons) 

Iron 

( Tons ) 

Aluminium 

( Tons ) 

Copper 

( Tons ) 

Blade 

material 

(Tons ) 

Electronic 

( Tons ) 
Reference 

V52 91 52 65 0.85 76 11 1.2 1.2 8.0 0.1  (Xie et al., 2020) 

V66 111 66 78 1.50 168 26 2.9 3.0 19.0 0.3 (Xie et al., 2020) 

V80 120 80 80 1.50 236 21 1.7 2.8 25.0 0.3 (Rønde, 2011) 

V82 120 82 80 1.50 186 29 3.1 2.9 30.0 0.3 (Schmidt, 2006) 

V90 140 90 95 2.00 204 40 4.2 1.7 37.0 0.4  (Rønde, 2013) 

V112 168 112 112 3.00 245 66 3.4 4.9 49.0 1.0 
(Garrett & Rønde, 

2012) 

Enercon 

model: 

Height 

(m) 

Rotor 

diameter 

(m) 

Hub 

height 

(m) 

Nameplate 

capacity 

(MW) 

Steel 

(Tons) 

Iron 

( Tons ) 

Aluminium 

( Tons ) 

Copper 

( Tons ) 

Blade 

material 

(Tons ) 

Electronic 

( Tons ) 
Reference 

E40 85 40 65 0.50 59 9.3 0.2 2.7 1.7 0.0 (Wädenswi, 2015) 

E44 87 44 65 0.60 72 10 0.2 2.8 7.0 0.0 (Wädenswi, 2015) 

E66 98 66 65 1.50 247 21 0.2 9.3 18.0 0.1 (Gueder, 2004) 

E70 100 70 65 2.00 359 46 6.9 10.0 23.0 0.1  (Wädenswi, 2015) 

E82 140 82 100 2.30 246 73 1.3 11.0 29.0 0.2 

(Zimmermann & 

Gößling-Reisemann, 

2012) 

E112 180 112 124 4.50 642 100 0.9 44.0 68.0 0.6 
 (Zimmermann et al., 

2013) 
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For example, given a turbine has 100 m of rotor diameter, a rotor, tower and nacelle are 

calculated separately by equation (2) to estimate their weight. Then the entire weight of a turbine 

will be combined with the weight of a rotor, a tower, and a nacelle (with the calculation 

according to it type of gearbox system). As shown in Table 4, a turbine with 100-m rotor diameter 

has estimated weight at 476 tons approximately, in case of DFIG and 600 tons in case of DDSG. 

Table 4:  An example of equation (2) calculation of a turbine with 100-meters rotor diameter 

Turbine Part Weight Equation Value (kg) 

Rotor = 100.30 x 1002.22 54,954 

Tower = 101.70 x 1001.90 316,228 

Nacelle (DFIG) = 100.64 x 1002.19 104,713 

Nacelle (DDSG) = 100.20 x 1002.58 229,087 

Entire of DFIG Rotor + Tower + Nacelle (DFIG) 475,895 

Entire of DDSG Rotor + Tower + Nacelle (DDSG) 600,269 

Material fraction technique 

After the weight calculation of tower, rotor, nacelle, and entire turbine, the weight of 

separated materials, consisting of steel, iron, aluminium, copper, blade material, and electronic, 

are computed by equation (3) and (4). After dividing the datasets into DSIG and DDSG, the 

input of estimated weights from equation (2) are processed with Material specification fraction 

Table 5.  In order to perceive the range of possible waste load, three basic scenarios of estimated 

weights are generated (modest, base case, and aggressive) according to the values of material 

specification fraction which have been used in the equation (3) and (4) (minimum, average, and 

maximum). Noted that the Material specification fraction of each turbine part was calculated 

from Table 3. 
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Table 5: Material specification fraction of each turbine part shown as average, min and max 

percentage. 

DFIG Hub and rotor Tower Nacelle 

MIN. AVG. MAX. MIN. AVG. MAX. MIN. AVG. MAX. 

Steel 0% 7% 14% 96% 98% 100% 41% 49% 54% 

Iron 13% 27% 41% 0% 0% 0% 36% 40% 47% 

Aluminium 0% 0% 0% 0% 1% 2% 0% 1% 3% 

Copper 0% 0% 0% 0% 0% 1% 2% 4% 8% 

Blade material 58% 66% 87% 0% 1% 2% 5% 6% 8% 

Electronic 0% 0% 0% 0% 0% 0% 0.6% 0.6% 0.6% 

DDSG Hub and rotor Tower Nacelle 

MIN. AVG. MAX. MIN. AVG. MAX. MIN. AVG. MAX. 

Steel 0% 5% 10% 95% 98% 100% 39% 48% 56% 

Iron 0% 0% 0% 0% 0% 0% 30% 40% 53% 

Aluminium 0% 0% 0% 0% 0% 2% 1% 1% 1% 

Copper 0% 0% 0% 0% 0% 1% 7% 10% 13% 

Blade material 89% 94% 100% 0% 1% 5% 0% 2% 5% 

Electronic 0% 0% 0% 0% 0% 0% 0.1% 0.1% 0.2% 

Continuously from the example of 100-m-rotor diameter turbine above, the weight of each 

material in the rotor, tower and nacelle is calculated separately by the equation (3) and (4) with 

the calculation according to the type of gearbox system. After that the weights of all turbine 

components were summed up to the total weight of the turbine. As a result, a turbine with a rotor 

diameter of 100 m weighs the heaviest material is steel which estimate at around 364 tons in the 

case of DFIG and 424 tons in the case of DDSG, as the base case scenario. The further details of 

other material weights are shown in Table 6. 
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Table 6: An example of equation (3) and (4) results of material weights estimation for a turbine 

with 100-meters rotor diameter (Base case scenario) 

Turbine Part 

Weight 

Estimated 

Weight (kg) 

Forecasted weight of specific material (kg) 

Steel Iron Aluminium Copper 
Blade 

material 
Electronic 

DFIG 

Rotor 54,954 3,847 14,838 - - 36,270 - 

Tower 316,228 309,903 - 3,162 - 3,162 - 

Nacelle 104,713 50,681 41,885 1,047 4,189 6,283 628 

Entire turbine 475,895 364,431 56,723 4,209 4,189 45,715 628 

DDSG 

Rotor 54,954 2,748 - - - 51,657 - 

Tower 316,228 309,903 - - - 3,162 - 

Nacelle 229,087 111,154 91,635 2,291 22,909 4,582 229 

Entire turbine 600,269 423,805 91,635 2,291 22,909 59,401 229 

Next, the new 6 results of the specific material weights including steel, iron, aluminium, 

copper, blade material, and electronic are added to each turbine data set. Then all datasets are 

considered in terms of age distribution by using the recently added "Age" data in the "Data 

modification" stage in order to deliver the forecasted weights of each specific material of 

decommissioned wind turbine in next 20 years. There are 386 turbines that age more than 20 

years or 8% of the total, therefore all of them are assumed to be decommissioned in this year 

(2022).  
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CHAPTER 4.  RESULTS SUMMARY AND 

DISCUSSION 

Introduction 

The main objective of this study is to understand the overall picture of current wind 

turbines in Sweden via the distribution of age, brand & model, rotor diameter, and nameplate 

capacity together with the estimation of waste material amount that will be generated from 

wind turbine decommission in next 20 years and also comparing those forecasted weights of 

dismantled material with Swedish waste management capacity. These perceptive will give the 

brief overall picture of Swedish wind power industry and assist to understand the area of wind 

turbine operation and maintenance as well as end-of-life material management. 

Distribution of currently installed wind turbine in Sweden 

The results show the distribution of existing wind turbines in Sweden according to age, 

manufacturer and model, rotor diameter, and nameplate capacity, starting from 1980 to 1st quarter 

of  2022. To make it easier to understand, the results will divide into two parts. The first part presents 

with an aspect of “installed year” distribution of the wind turbine in order to visualize the 

development of the wind power industry in Sweden Subsequently, the second part will present the 

distribution according to various variables with focusing on understanding the current situation of 

the Swedish wind turbine situation. 

I. Distribution by installed year 

As shown in Figure 15 below, Swedish wind power industry has super impressive growth. 

Based on data from vbk.lansstyrelsen.se (2022), in the period between 1980 to 1991, less than 

10 wind turbines were installed and recorded in the database each year. Most wind turbines 

were not marked with a manufacturer's brand. It states that two Vestas wind turbines were 

installed each year in 1990 and 1991. 
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From 1992 to 2006, wind turbine installations began to grow. During this period, 

approximately 20 to 60 new wind turbines were installed per year. The most popular brands 

were Vestas and Enercon, with the market share of 44% and 20% respectively. In 2007, there 

was the first year in Sweden that more than 100 wind turbines were installed. Between 2007 

and 2016, it was a big golden period of Swedish wind energy market with an average of 260 

installations per year. Although Vestas and Enercon retain their 41% and 17% market share, a 

number of new manufacturers had started to enter the market, including GE Wind Energy, 

Nordex, and Siemens.   

Between the period of 2017 to the end of March 2022, although in 2017 installations were 

reduced to 52 turbines, it has since recovered significantly to 243 turbines in 2018 and 447 

plants in 2019 turbines. In 2020, there was a drop in installations to the level of 255 turbines. 

After that the installations recovered and hit to a record high in 2021 at 498 turbines.                        

In 1st quarter 2022, 101 turbines were installed. The last information shows that from 2017 to 

March 2022 Vestas still had the biggest market share at 46%, followed by GE Wind Energy 

16%, Nordex at 14%, and Enercon at 11%. 

Figure 15: Brand distribution of wind turbine installation in Sweden. 
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Since 1980, the wind energy industry has not only experienced an impressive growth in 

the number of wind turbine installations, but also there is growing in size of generation capacity 

as the bigger average nameplate capacity of wind turbines installed each year, as shown in Figure 

16. That number had increased from 0.1 MW to 5.3 MW, 1980 to 1st quarter 2022. As presented

in Figure 17, the growth of average rotor diameter and average hub height of installed turbines 

also increased in the same direction and magnitude with average nameplate capacity of installed 

turbines. 

Figure 16: Average value of wind turbine nameplate capacity by installed year. 
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Figure 17: Average value of wind turbine hub height and rotor diameter by installed year. 

II. Distribution by key factors

Based on data from vbk.lansstyrelsen.se (2022), as of the end of Q1 2022, in Sweden, 

wind turbines which have been installed and are still in operation, are at the total of 4,942 

turbines, with most of them being installed after 2009. Of these, 44%, or 2,155, are Vestas, 

followed by Enercon (738 turbines or 15%), and Siemens (502 turbines or 10%).  The top 

popular models of Vestas are v90, V136, and V112 while Enercon is E82, and Siemens 

SW101 and SW113, as Figure 18 & Figure 19. 
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Figure 19: Swedish wind turbine distribution by model Vestas, Enercon, and Siemens, respectively  

(Brand, Number of turbine, and Percentage). 

Figure 18: Swedish wind turbine distribution by brand (Brand, Number of turbine, and  Percentage). 
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In terms of distribution by age, nameplate capacity, hub height and rotor diameter. The results 

of key statistical data including maximum, minimum, mean, standard deviation. and mode, which are 

the value or the range of value that appears most often in a set of data values, are shown in Table 7.  

Table 7: Key statistical data of operating Swedish wind turbine. 
 

Distribution Min Max Mode  
% of population  

at mode 
Mean SD 

Age (year) 0 41 0 12% 8.33 6.85 

Nameplate capacity (MW) 0.01 6.20 The range of 2 MW to 3 MW 33% 2.58 1.27 

Rotor diameter (m) 4 170 The range of 100 m to 120 m 32% 99.81 34.45 

Hub height (m) 12 155 The range of 100 m to 120 m 25% 99.28 28.72 

 

The further detail and distribution charts are as following. 

I. Age distribution, it can be seen that the majority of wind turbines at 92% of total, age equal or 

less than 20-years. Moreover, 599 turbines or 12% of operation turbine are the newly installed 

wind turbines which have the age of under 1-year-old, as shown in Figure 20. 

II. The distribution of wind turbine nameplate capacity will be divided into intervals of 1 MW 

each and from less than 1 MW until the maximum range for wind turbines with a capacity of more 

than 5 MW. The result shows that 83% of wind turbines having a capacity of more than 1mw and 

approximately 45% of total wind turbines having a capacity of more than 3 MW. However, only 

145 (or 3% of total) wind turbines have a capacity greater than 5 MW, as shown in Figure 21. 

III. Wind turbines’ rotor diameter distribution will be divided into intervals of 20 m and from the 

interval under 20 m and up to the maximum interval for wind turbines with a turbine diameter 

greater than 140 m. As a result, approximately 80% of wind turbines having a rotor diameter 

greater than 80 m. And, there are 438 wind turbines, or 9% of total, with a diameter greater than 

140 m, as shown in Figure 22. 

IV. Similar to rotor diameter distribution, wind turbines’ hub height distribution will be divided 

into intervals of 20 m. As a result, approximately 78% of wind turbines having a hub height greater 

than 80 m. And, there are 348 wind turbines, or 7% of total, with a hub height of the level over 

140 m, as shown in Figure 23. 
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Figure 20: Swedish wind turbine distribution by age. 

Figure 21: Swedish wind turbine distribution by nameplate capacity. 
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Figure 22: Swedish wind turbine distribution by rotor diameter. 

 

 

 

Figure 23: Swedish wind turbine distribution by hub height. 
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Forecasted of wind turbine decommissioned material in Sweden 

As mentioned in the literature review, the decommissioned material are including steel, 

iron, copper, aluminium, blade material, and electronics. These results would show the 

forecasted amount of material weighs of decommissioned wind turbines starting from 2022 to 

2041. All of 3 scenarios were derived from 3 different material specification fraction values 

(minimum, average and maximum), as explained in chapter 3.  

As stated in Figure 24, the base case scenario of total weight of decommissioned material 

in 2022 will be around 37,000 tons. However, if excluding the material weight of 386 cumulative 

mature wind turbines, the weight of all materials will be below 10,000 tons. Note that we assume 

that all of 386 cumulative mature wind turbines, which already ages over 20 years old, will be 

demolished within 2022 year. Significant weight growth will occur after 2029, increasing from 

37,000 tons at the end of 2029 to 190,000 tons by 2036, or 123% per year. Following by a sudden 

drop in 2038, before sharply raising the total to 409,000 tons in 2041, approximately. In the case 

of modest, base case, and aggressive scenarios, the forecasted chart line will have the similar 

pattern with over the next 20 years. The only difference is that the weight growth will have an 

insignificantly different magnitude as their 20-years compound annual growth rates are 12.1%, 

12.2%, and 12.9%, respectively. 

Figure 24: Estimated weight of total decommissioned material. 
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Overalls, separated weight estimation of all types of material has the similar incremental 

pattern with the forecasted chart line of total weights, as shown in Figure 25.  

For estimating the scrap weight of steel and iron in all cases will have an increase rate in 

the same level, at an average of 12% per year for 20 years. In 2041, there will be weights of the 

waste material of modest, base case, and aggressive scenarios approximately at 300,000 tons, 

350,000 tons, and 420,000 tons, respectively. 

Concurrently, the scrap weight of aluminium will be at 0 ton over a 20-years in the 

modest scenario. Whereas, in the base case and the aggressive scenario, the increase in weight 

estimates will be at an average of 13% and 16% per year for 20 years. In 2041, in both scenarios, 

the estimated weight of the wasted aluminium will be at 2,100 tons and 7,300 tons, respectively. 

In the copper weight prediction, the estimation in the modest scenario is very low. It will 

increase from 100 tons in 2022 to approximately 1700 tons by 2041. In the base case, and 

aggressive scenarios, 2041 tonnage estimates will be around 9,000 tons and 21000 tons, or 

equivalent to increased by an average of 13% and 16% per year, respectively. 

For blade material, in all cases, the average annual growth rate will be at 13%, and in 

2041 the estimation of decommissioned material weights be around 30,400 tons, 49,000 tons and 

50,800 tons, respectively. 

Even, there will be different estimates of growth in electronic material weight, the 

estimated weight of all cases are low and insignificant. With 2041 the estimates being around 

200 tons, 300 tons, and 500 tons, respectively.  

The further comparisons of each decommissioned material with Swedish waste 

management capacity as recently available data will be discussed in the next paragraph. 
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Figure 25: Estimated weight of each separated decommissioned material. 
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As Table 8, the further comparisons of estimated waste weights in the aggressive 

scenario and recently available capacity in Sweden (as stated in the literature review). Steel and 

iron waste from wind power is expected to reach 23% of present recycled levels in Sweden 

during the next two decades. Aluminium and copper are less often utilized and, according to 

these estimates, will only reach roughly 14 % of present recycled quantities, while electronics 

trash will likely reach less than 1% of total recycled amounts. Blade material is largely 

constructed of composites, which are rarely recycled nowadays, and the yearly waste volumes 

generated are projected to be at the significant level.  

Table 8: Swedish waste management capacity and forecasted Vs decommissioned material. 

Material 

(Aggressive 

scenario) 

Swedish handling 

capacity 

(Tons) 

Estimated waste 

2031 (Tons) 

Percentage of 

2031 vs handling 

capacity 

Estimated waste 

2041 (Tons) 

Percentage of 2041 

vs handling 

capacity 

Steel & Iron 1,500,000 97,057 6.5% 348,214 23.2%

Aluminium 60,000 2,030 3.4% 7,303 12.2% 

Copper 65,000 2,440 3.8% 9,195 14.1% 

Blade material No data available 13,100 N/A 50,838 N/A 

Electronics 130,000 132 0.1% 512 0.4%
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Results Summary and Discussion 

Overalls, several conclusions can be drawn regarding the distribution of specific aspect of 

Swedish wind turbine and the next 20 years estimated number of turbines decommissioned 

material weights.  

The results of a comprehensive study of wind turbines distribution in Sweden show that 

the average installed capacity of turbines is 2.6 MW and the average of new installed capacity in 

2022 is 5.2 MW. It is crystal clear that the size of rated capacity of installed wind turbine was 

growing up year by year. Moreover, in the past 10 years, an average of 298 new wind turbines 

had been installed annually. Previous studies by Serrano-González and Lacal-Arántegui (2016a) 

and Dolff (2020) shows that in Europe, the average installed capacity of wind turbines had 

continued to grow from 1.5 MW in 2005 to 2.5 MW in 2014  while, the average installed 

capacity of wind turbines in Sweden was also in the similar direction. 

From the analysis of the distribution results, 2007 was a major turning point to golden 

period of Swedish wind industry resulted by the issuance of supportive policies for renewable 

energy developers (SWEA, 2020). The availability of wind turbine technology was also a tailwind 

for the industry growing as well because in the early 2000s, high performance models of wind 

turbines, with a capacity of 2 MW, began to commercial release, especially Vestas V90 and 

Enercon E70 (Rønde, 2013; Yusta & Lacal-Arántegui, 2020). The growth of the wind energy 

industry has resulted in an increase in the number of wind turbine installations, the variety of 

manufacturers and wind turbine models. However, the number of new installations of wind 

turbines have dropped two significant times in 2017 and 2020. In 2017, the global renewable 

energy industry stalled in US President Donald Trump significantly shifting stance on clean 

energy support (Chohen, 2017). Whereas in 2020, global business activities were affected by 

COVID- 19 pandemic (Hartwell & Devinney, 2021). With the combination of growth in the 

number of installs and the increasing of size of the wind turbine will cause the significant growth 

of the waste material from end of life wind turbines over the next 20 years, as in the next 

paragraph. 
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Based on the wasted material analysis, the total quantity of total decommissioned 

weights in the base case scenario is expected to rise virtually linearly, at 2% per year on average

between 2022 and 2028 (or 26% annually incensement; if excluding the cumulative mature

turbines that currently already ages more than 20 years), and then more quickly, at 123% per 

year on average between 2029 and 2037. As a result of deep decrease of wind turbine installation 

in 2017, the amount of decommissioned material is forecasted to reduce to the low level.  

However, that weight estimate has recovered rapidly to 2041, bringing overall annually growth 

between 2022 and 2041 to 13% and 20% if not including cumulative mature turbines.

Over the following 20 years, the estimated chart line of total wasted material weight will 

follow the same trend as is shown in the base case scenario, regardless of whether the scenarios 

are modest or aggressive. The only variation will be in the minor difference in the rate of increment 

that occurs over time.  

For estimation of each individual material over a 20-years period, all metals and the

blade material will have an average annual growth of 12% to 16%. In 2041, the estimated total 

scrap all metals weights will be between 300,000 tons to 450,000 tons and 30,000 tons to 51,000 

tons in case of decommissioned blade material.  Whereas, the estimated weight of electronic 

material is very low at an insignificance level. 

When comparing the weights estimation in 2031 and 2041 of each specific wasted material 

with current Swedish recycling management capacity, there is no concernment for metal and 

electronic materials. While, the increasing amount of blade material volume remains at odds with 

the situation in Sweden where such waste is still not commercially managed. 

According to Upadhyayula et al. (2022), in Sweden, after the end of service wind turbine 

blades, almost all blades are cut to the proper size for transport before being exported to a specific 

factory abroad. A major operator who is managing this type of waste is Zajons Logistik 

Entsorgungsgesellschaft mbH in Melbeck, Germany, which by 2020 the company has a 

promising blade material handling capacity of 7,000 tons per year (Bloomberg, 2021). Therefore,

there is a concern when comparing an increase in the forecasted number of expired wind turbines

with its waste handling capability. Due to the limitation of data, Zagon Logistiks' capacity is 

used to represent the current quantity of blade material recycled capacity in Sweden. 
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Further research analyzing the estimated end-of-life material after factor in the effect of 

increased usage of new inventions, such as modified plywood as material for the towers and 

blades should be developed. This is because recycling composite material in rotor blades is 

discovered in the foreseeable future, an alternative means of reducing waste would be to switch 

to a more recyclable material (Ørsted, 2021). Thus the waste from wind power would not only 

decrease, but also the environmental effect of manufacturing and disposal would be reduced if 

metals or blade material were replaced with renewable resources such as wood (Jani et al., 2022).

In addition, the application of the European Waste Framework Directive and Swedish 

Environmental Code should encourage wind project developers to perceive the forecasted total 

amount of disposed material of the entire wind energy industry together with the total waste 

handling capacity, instead of focusing on only their own projects. This will make the planning of 

decommission and material disposal more efficient, more accurate, and more realistic in terms of 

cost estimation

As Papież et al. (2019), the new growth of the Swedish wind industry will focus on the 

expansion of offshore wind turbines, the process of dismantling and managing the end of life 

material of such wind turbines should be monitored to develop further from this thesis 

methodology.

Finally, in the process of wind park designing, the aspect of end of life material 

management should be taken as a consideration with technical feasibility, financial feasibility and 

regulation as well. Turbine model and capacity selection would be the method to optimize 

decommissioned material. For instant, a turbine can have increased capacity and increased 

productivity by increasing the hub height of the tower where increase of other materials than steel 

was not required, especially, the blade material which is a concern for managing at the end of its 

life. Another example is that all the materials used to manufacture of 3 of 1.5 MW wind turbines 

weight more than the materials used in the production of a 4.5 MW wind turbine. So, it is clear 

that the one big turbine is better than many small turbines, in term of material consumption per 

nameplate capacity.   
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CHAPTER 5. CONCLUSIONS 

In this thesis, a methodology for the calculation of turbine weight and waste component

weight was developed based on simplified a logarithmic function and Material fraction

technique. The developed methodology was applied for calculating the weight of every types of

waste material that generated from decommissioned turbine in next two decades by using the 

modified data from vbk.lansstyrelsen.se (2022). 

 Before the calculation process, distribution data of installed wind turbine in Sweden are 

derived in certain aspects including, age, brand & model, hub height & rotor diameter, and 

nameplate capacity. It was including the identification of available and unavailable data, 

collection of the typo for turbine brand & model, identifying-adding the gearbox types, and

identifying-adding the current ages of each turbine. After that the Distribution of number of 

installed wind turbines are classified into focused categories via the pivot table function on

Microsoft Excel. Then all of the turbines are classified by 2 groups, DFIG and DDSG for

calculating the turbine weights by logarithmic function of rotor diameter and decommissioned 

material weights by material fraction technique. 

In order to understand and answer the research questions of this thesis, the developed 

methodology was applied to three different scenarios of decommissioned material weights: modest 

case, base case, and aggressive case depending on the material specification fraction values 

(minimum, average, and maximum) which had been used in the material fraction technique 

process. The three investigated scenarios helped to understand the momentum of material that will 

be coming in the next 20 years. Then the aggressive scenario was compared with the Swedish 

recycling capability to analyse the situation of waste material management in the coming decades. 

In an overview, distribution of data on important aspects of wind turbines in Sweden 

allows us to understand the growth of the industry, the overall of current situation. Moreover, the 

important statistical value of the specification, brand & model, and age of wind turbines are not 

only useful in estimating the weight of materials at the end of lifespan, but it will also be able to 

utilize in other fields such as operation & maintenance, second-hand & spare part market 

opportunity assessment, and landscape industry trend analysis. 
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The calculation results indicate a significant increase in the material weight of dismantling 

end-of-life wind turbines over the next 20 years. In the modest case, the total weight of the 

dismantled material in 2041 is estimated at 260,000 tons, or at least 10 times the weight of the 

material that will be dismantled in 2022. The results also show a trend in all of material weight 

gain will accelerate after 2029 as many wind turbines installed after 2008 begin to gradually expire. 

In addition, in the case of estimating aggressive weights by material type, including steel, iron, 

aluminium, copper, blade material, and electronics, the results show that the estimated weights of 

each material have the same patterns as total weights. The comparisons of 2041 decommissioned 

weight estimates and current Swedish waste management capacity show that most of the materials 

amounts are still within the handling capacity, except for the blade material. 

Presently blade materials’ waste management is no commercial arrangement in Sweden. 

After dismantling, the cut blades are exported to a specialized factory aboard to start recycling 

process (Upadhyayula et al., 2022). The estimated weight of dismantled blade material in 2041 is 

between 30,000 tons to 50,000 tons (minimum to maximum), compared to reference waste 

handling capacity at 7,000 tons. Thus blade material end-of-life management will be an issue of 

concern in the near future. 

Various limitations were identified in this thesis, resulting in a slighter precise analysis. 

From a data perspective, even though the use of exact rotor diameter data of all turbines may 

help to reduce the deviation of estimation, it remains an important limitation in terms of gearbox 

classification, foundation material estimation as well as offshore wind farm decommissions.  

Another limitation is the lack of data in the area of commercial-scale recyclable or reusable 

material. From a methodology perspective, the suggested methodology is a simplified version for 

calculating weights of specific decommissioned material and unconsidered the availability of the 

material that can be recycled or reused. 

Additional investigations in future works can be conducted using the same developed 

methodology and applying it to the database that factored and reflected the results of using 

recyclable material or environmental friendly material. This will grant a more in-depth analysis of 

wind turbine end of life material management. 
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