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1
INTRODUCTION

1.1. BACKGROUND

The world today is now facing the adverse effects of the unprecedented human influence on the
climate system. Many countries are now transforming their electricity sector with a focus on
wind power to meet their climate targets. The International Renewable Energy Agency (IRENA)
predicts onshore and offshore wind combined, would generate 35% of the global electricity de-
mand by 2050 [1]. To reach this target IRENA forecasts around 1000 GW of offshore capacity
and 5044 GW of onshore capacity to be installed in the world by 2050 [1]. By 2019, 22.1 GW of
offshore wind has been installed in Europe and the European Commission estimates installa-
tion of 450 GW of offshore wind capacity by 2050 in the European countries [2]. With this surge
in installation of new Offshore Wind Farm (OWF) and due to the ageing fleet of currently op-
erating OWF, the number of OWF required to be decommissioned will increase in the coming
years. Figure 1.1 represents the number of offshore wind turbines that will reach the 20-year
operational lifetime each year in Europe. 22 offshore turbines in 2020, 80 turbines in 2022 and
123 turbines in 2023 will reach the planned lifetime of 20 years and will require decommission-
ing [3]. Decommissioning can be defined as “All the measures performed to return a site close
to its original state as is reasonably practicable, after the projects lifecycle reaches to an end" [4].
As the offshore wind industry is relatively young, there is only a limited amount of practical
experiences in decommissioning and disposing the OWF.

Figure 1.1: Number of offshore wind turbines reaching the 20-year lifetime annually in Europe [5]
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Yttre Stengrund wind farm installed in Sweden was the first commercial

The table 1.1 shows the list of decommissioned OWF in the world. Yttre Stengrund wind farm
installed in Sweden was the first commercial offshore wind farm that was decommissioned in
2015. After 15 years of its operation, Vattenfall decommissioned the OWF. Vindeby (Denmark)
was the world’s first OWF installed back in 1991 and it was finally decommissioned in 2016 after
26 years of its operation. The decommissioning plan of the Beatrice Demo with Jacket founda-
tions was approved in 2019 and it is expected that the turbines will be fully decommissioned
between 2024 and 2027 [6].

Table 1.1: List of the decommissioned Offshore Wind Farms till date. Table based on the data from [5].
The OWF are arranged according to their year of decommissioning

Wind farm Country
Capacity and no.

of WTs (MW)
Foundation

type
Years of

operation
Decommissioned

year

Yttre Stengrund Sweden 10 (5 x 2MW) Monopiles 15 (2001-2015) 2015
Lely Netherlands 2 (4 x 0.5MW) Monopiles 20 (1994-2014) 2016
Vindeby Denmark 4.95 (11 x 0.45MW) Gravity-Base 26 (1991-2017) 2017
Utgrunden Sweden 10.5 (7 x 1.5MW) Monopiles 18 (2000-2018) 2018
Blyth UK 4 (2 x 2MW) Monopiles 13 (2000-2013) 2019
Beatrice Demo UK 10 (2 x 5MW) Jacket 8 (2007-2015) 2024-2027

Decommissioning is the last phase in a projects lifecycle and it involves several steps. Initially,
the pre-decommissioning preparations of submission of the decommissioning plan and get-
ting the approval from the concerned authority is done. A detailed plan of the process with
the availability of required equipment is made. Later the actual decommissioning operations
involving the removal of structures is carried out. The wind farm is initially de-energised and
isolated from the grid before the removal process. The structures are removed by carrying out
processes reverse of installation. The process of turbine removal depends on the size of the tur-
bine and vessel and crane being used to decommission. The foundations are either removed
completely or are cut at seabed and the rest is left in situ depending on regulations and en-
vironmental impact. Different techniques to cut the structures that are implemented are di-
amond wire cutting, water jet cutting and use of controlled explosives. In the end, the Post-
decommissioning stage corresponds to the disposal and maintenance of the decommissioned
site. A survey after decommissioning is done to see the impact of the whole process and ensure
that the site is brought close to its original condition.

Although the typical basic steps in the decommissioning process are same, the decommission-
ing plan changes with every OWF due to reasons like differences in governing regulations, loca-
tions of the site, type of structures and scale of decommissioning. Thus, the decommissioning
process is found to be highly uncertain and is analyzed for each OWF in consideration.

After decommissioning, the components and different materials from an OWF need to be dis-
posed of efficiently. Proper disposal of the components and the materials can generate mon-
etary benefits and also reduce the overall environmental impact of the OWF. To harness this
potential it is necessary to analyze the materials used in various components of an OWF. Dif-
ferent materials present their unique difficulties and key potentials when handled effectively.
Furthermore, effective handling of the materials and components increases the overall sustain-
ability image of wind turbines as a whole. The decommissioned turbine contains a mixture of
various materials in its components that needs to be handled differently. Thus a study of the
properties of these materials and the affecting parameters is necessary to optimally deal with
the waste after decommissioning the OWF.
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1.2. MATERIALS AND COMPONENTS USED IN OWF
The decommissioned turbine contains a mixture of various materials. The main materials used
in an OWF are cast iron, steel, copper, aluminium, fibreglass, epoxy and neodymium and dys-
prosium magnets. These materials are further analyzed in the undertaken study. The required
data for the analysis is gathered from various possible sources. Majority of the data was col-
lected from the published articles, journals and websites. Qualitative validation of the collected
data and more insights into the topic was done through correspondence with the people work-
ing in the wind industry. At present, there is no database specifying the mass of materials used
in a wind farm according to wind turbine specifications. Thus, the data about the mass is gath-
ered from several published studies. A total of 32 Life Cycle Assessment (LCA) studies were seen
to be relevant with sufficient details in the data of mass of materials that could be used [7, 8,
9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23]. Out of these assessed studies, 15 Vestas
published LCA were used [24]. These LCA studies specify the parameters of the wind farm into
consideration and enlist the mass of materials present in the wind turbine as a bill of material.
Data gathered from these studies was then modelled with curve fitting operations to give the ag-
gregated value of mass of materials used in an OWF depending on its specifications. However,
there are only a very few open source published studies specifying the mass of materials used in
an offshore wind turbine. Hence an important assumption was made in this analysis to con-
sider the offshore wind turbine material content same as the onshore wind turbine. Also, as
the turbine components (Rotor, Tower, Nacelle) in both the turbine types onshore and offshore,
have similar materials and quantities this further makes it a valid assumption. The construc-
tion of foundation which differs for an onshore and offshore turbine was specifically taken into
account. Also, the difference in the cabling network of the wind farm which varies depending
on onshore or offshore location was considered in this analysis. As generally there is a single
offshore substation for an OWF, and the processes and materials of the offshore substation can
be related to the structures of the wind turbine, modelling of the offshore substations was not
considered in this analysis.

The materials used in a turbine were then split into different components namely Rotor, Na-
celle and the Tower based on the LCA studies, as seen from table 1.2. A separate study for the
monopile foundations for the turbines was considered to calculate the amount of steel used in
the monopile foundations [25]. The materials used in inter-array and export cables were calcu-
lated based on the average turbine spacing and distance from the shore.

Table 1.2: Split of materials in a wind turbine into components obtained through the data from LCA
studies. The percentage values of the materials highlighted in same colour add up to 100%

Component Materials Split (%)

Cast Iron 31.3%
Steel 3.3%
Fibre glass 79.4%

Rotor

Epoxy 100%
Tower Steel 76.6%

Aluminium 100%
Copper 100%
Magnet 100%
Steel 20.0%
Cast Iron 68.7%

Nacelle

Fibre glass 20.6%
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1. INTRODUCTION

The curve fit coefficients of the gathered data for the mass of materials are then used to predict
the mass of materials in the considered OWF. As steel is predominantly found in the tower, the
hub height of the turbine is chosen as a governing parameter for the mass of steel used. Cast
iron, copper, magnet and aluminium as mainly used in the nacelle, the turbine capacity (MW)
is the deciding factor while fibreglass and epoxy are used in the blades, thus rotor diameter is
the governing factor to predict the mass of materials. This prediction model gives the mass of
materials split into individual components depending on the specification of the OWF such as
turbine capacity, rotor diameter hub height and distance from shore.

Similar to the mass of materials, other parameters of climate impact, recycling rate, monetary
potential and criticality for the analyzed materials were found from various published studies.

1.3. DECOMMISSIONING ONSHORE AND OFFSHORE WIND FARM COM-
PARISON

There has been much more experience in decommissioning the onshore wind farms when com-
pared to the offshore wind farms. There exist differences in the decommissioning operations of
onshore and offshore wind farms. The governing regulations vary for onshore and offshore lo-
cations. Offshore decommissioning operations are dependent largely on the vessel and crane
availability and are often difficult to perform due to harsh conditions at sea. The environmental
impact is higher due to the need for foundation and cable removal for OWF. Additionally, the
offshore substations need to be decommissioned as well in case of OWF. Compared to onshore
sites, the risk of oil spillage, technical faults harm to the environment is larger while decom-
missioning the OWF. The decommissioned materials and components need to be transported
through vessels to the ports and then disposed of respectively after OWF decommissioning.

Although the decommissioning operations of offshore sites differ and seem to be more difficult
when compared to the onshore wind farms, the post disposal scenario is seen to be the same for
onshore and offshore wind farms. As the materials and components are similar for onshore and
offshore turbines, disposing of the components and materials is handled in a similar manner.
The only difference is in disposing of the different type of foundations and export cables used
in an OWF compared to the onshore wind farm which is considered in this analysis. But due
to the similarities in the construction of turbines, no prominent difference is observed in recy-
cling, reusing and selling of the materials after decommissioning onshore and offshore wind
turbines. Thus the differences with regards to the disposing of the offshore foundations and
cables are addressed in this analysis while disposing of the rest of the materials/components is
similar in case of onshore and offshore wind farms.
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2
MATERIAL DISPOSAL STATUS

Different practices are undertaken to dispose of the materials and the components from the
decommissioned OWF. Initially, the remaining life of the decommissioned components is esti-
mated and if seen useful the components are reused for servicing of the wind turbines. How-
ever, predominantly the focus has been on recycling the materials from the components. A little
thought on refurbishing and remanufacturing the materials and the components is giving by the
industry. The main materials in an OWF are sold as a scrap material to gain monetary potential.

• Steel, Cast iron, Copper, Aluminium : Steel mainly used in the foundations and the tower
sections of the wind turbine form the bulk of the material obtained. Steel and cast iron
recycling industry has been established for many years thus these materials are easily re-
cycled. Similarly, copper and aluminium is mainly recycled as they have a large monetary
value.

• Fibre glass, epoxy : The fibreglass and epoxy resin used in the blades and the hub are of
a primary discussion in the industry. Proper disposal of the fibreglass is one of the most
challenging aspects due to the size of components, recycling complexity and low market
value. The composites in the blades consist of various materials with different properties.
The Glass-Fiber-Reinforced Polymer (GFRP) used is a thermoset composite and in a cur-
ing process, it undergoes an irreversible process which causes difficulty in recycling. Var-
ious European Union (EU) funded projects like ReFibre, Dreamwind, Genvind and LIFE
BRIO focus on the investigation of new processes for proper disposal of blades [26].

At present most of the blades are incinerated as an alternative to landfilling and the en-
ergy from combustion is used for other purposes. The blade sections are combusted at
high temperatures up to 800 °C and the heat is used for energy recovery. However, the
composites in blades have a low heating value thus limited energy recovery and around
60% of the scrap is left as ash which is harmful. Another common practice is to burn the
reinforced plastic in cement kilns for cement production. About 10% of the input fuel is
replaced with blades [27]. The fibreglass can also be treated with fluidised bed gasification
operating at about 450 °C for better energy recovery. Or the pyrolysis technology of heating
the blades in a reactor vessel under pressure in an inert environment can help recover the
fibres for further low-level use. Solvolysis process is used to break the bonds of the carbon
fibre usually at temperatures between 300 °C and 650 °C to recover the fibres with similar
strength. Further research is carried out for viable commercial applications. Heating glass
fibres above the temperature of 250 °C is shown to degrade their mechanical properties,
thus the recovered fibres cannot be used in manufacturing wind turbine blades [28].

• Magnets, Cables : NdFeB (neodymium-iron-boron) magnets are most commonly used
due to its superior performance. These magnets contain about 30% of Rare Earth Ele-
ments (REE) like Neodymium. At present, only a few companies deal with commercially
recycling the magnets. Cables are initially separated into plastics and copper/aluminium,
then the metals are recycled to gain high monetary value.

5



3
MATERIAL RANKING

The importance of the main materials used in an Offshore Wind Farm (OWF) is assessed under
various parameters like mass, recycling rate, monetary value, climate impact, complexity and
criticality. Based on its relevance, ranks from 1 to 5 are given, where 1 signifies highly relevant or
important while 5 indicates the material not so important under that parameter. The values of
materials for the assessed parameters vary with respect to the OWF in consideration depending
on the turbine capacity, number of turbines, type of foundations, etc. In the following section,
the results of the Utgrunden wind farm located on the Swedish east coast are presented as a rep-
resentative case study OWF. The Utgrunden OWF, owned by Vattenfall was decommissioned in
2018 by ZITON. The Utgrunden OWF had Enron Wind 70/1500 wind turbines with monopile
foundations [29]. The OWF operated for 18 years before decommissioning. The figure 3.1 repre-
sents the specifications of the considered OWF. This dialogue box allows the user to model any
OWF by changing these specifications.

Figure 3.1: Dialogue box of the tool to choose the specification of the OWF in consideration. The values
displayed are for Utgrunden OWF collected from [29].

3.1. MASS

The mass of the materials used in Utgrunden OWF was predicted by the developed model. The
total mass of the materials used in the OWF was 2969 tonne. The table 3.1 shows the materials
ranked according to the quantity used in the Utgrunden OWF. Steel being used in the monopile
foundations accounts for half of the whole wind farm mass. Steel is by far the most used material
in the wind farm with 85% of the overall mass of the materials used in the OWF of which 34%
steel is used in the turbine (Rotor, Nacelle, Tower). Thus, steel is highly relevant from the mass
point of view. Cast iron followed by steel is ranked at number 2 and the cable weight with plastic
and copper accounts for 3.4% of the total mass of the OWF. The lowest of the analyzed materials,
with 5th rank was magnets weighing 6.3 tonnes of the whole OWF mass.
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3.2. RECYCLING RATE

Table 3.1: Mass distribution of the materials used in the Utgrunden OWF presented with ranks in
increasing order. The amounts corresponds to Utgrunden OWF with 7, 1.5MW wind turbines and their

foundations and cables (array and export cables combined)

Materials Mass Rank

Foundation 51.1% 1
Steel 33.9% 1
Cast Iron 6.0% 2
Cables 3.4% 3
Fibre glass 3.3% 3
Epoxy 1.3% 4
Copper 0.4% 5
Aluminium 0.3% 5
Magnet 0.2% 5

3.2. RECYCLING RATE

The recycling rate of the materials varies according to the quality of the material, concentration
in a component and available infrastructure. In the case of wind turbines, due to large quanti-
ties of materials in its components, the recycling rates are high compared to the global averages.
The table 3.2 shows the recycling rates of materials in an OWF based on the analysis done in
the report on recycling wind turbines [30]. Copper, Cast iron and aluminium are highly recycled
as the recycling industries have been well established, securing the 1st rank. Similarly, recy-
cling rate of the steel used in turbines is 92%, however during decommissioning, the monopile
foundation below the seabed is kept in situ, thus a 50% recycling rate of steel in foundations
is assumed indicating partial removal. At present, most of the blades are disposed to cement
kilns for incineration, this approach is considered as a recovery and not included as recycling
in this analysis. Thus, 15% of fibreglass and epoxy is assumed to be recycled back into similar
fibre material. The recycling of magnets back into its raw material is not yet well established
thus they have the lowest rank with 5% recycling rate.

Table 3.2: Recycling rates of the materials used in an OWF. Data based on [30] report.

Materials Recycling rate Rank

Copper 98% 1
Cast Iron 98% 1
Aluminium 95% 1
Steel 92% 2
Cables 90% 2
Foundations 50% 3
Fibre glass 15% 4
Epoxy 15% 4
Magnet 5% 5

The aggregated recycling rate for the whole turbine is calculated by the equation 3.1. This por-
trays what part of the wind turbine can be recycled.

Rec ycl i ng potenti al =
∑ (

Rec ycl i ng r ate ∗ mass o f mater i al
)∑

mass o f mater i al
(3.1)
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3. MATERIAL RANKING

The recycling potential of the wind turbine is 84%. This indicates the fraction of the wind
turbine being recycled. With an increase in the recycling of fibreglass and epoxy, higher recy-
clability can be achieved, If the foundations and cables are included, the recycling potential
of the whole Utgrunden OWF is 67%. This reduction in the percentage is mainly due to the
foundation being left below the sea-bed.

3.3. MONETARY VALUE

The table 3.3 shows the monetary value that can be salvaged by the wind farm owner by selling
these materials as scrap on the scrap market to recycling facilities. The values are based on
the data of scrap values taken from the London Metal Exchange. The values of steel, copper and
aluminium are taken from the London Metal Exchange. For fibreglass and epoxy mainly present
in the blades, on average the wind farm owner needs to pay for the disposal of blades which is
around 150 EUR/tonne. This amount primarily highlights the cost of transportation and gate
fees if any [31] and varies depending on regulations of that country. The magnets have valuable
Rare Earth Elements (REE) in them, and a large concentration in a wind turbine results in a
monetary value of between 11-12 USD/kg for magnets [32]. Cable recycling is gaining attention
in Europe, with the scrap value around 2464 EUR/Tonne [33]. This relatively high value is due to
the presence of copper in the cables. The monetary value of the materials that can be salvaged
depends on the percentage of material being collected for recycling. It is calculated as below.

Monet ar y V alue (EU R) = M ass (ton) ∗ Monet ar y value (EU R/ton) ∗ Rec ycl i ng r ate (%)

Table 3.3: Monetary value potential of materials that can be generated by the wind farm owner by selling
the materials to recycling facilities.

Materials Monetary
Value

Rank

Cables 32.1% 1
Steel 30.6% 1
Foundations 25.1% 1
Copper 8.5% 2
Cast iron 4.4% 3
Aluminium 1.7% 4
Magnet 0.5% 4
Epoxy -0.8% 5
Fibre glass -2.1% 5

A total of 704714e can be recovered by selling the materials from Utgrunden OWF. Around 32%
of this monetary potential can be gained by recycling cables, this provides an incentive to re-
move all the cables. However, cable recycling infrastructure and process vary depending on
location, so the monetary value can vary. Steel, even with its low monetary value per ton, due
to the large amount being used in a wind farm, can generate up to 55% of monetary value with
30.6% generated from steel used in a turbine and 25% from steel being used in the monopile
foundations, thus it has a 1st rank. Copper can generate 8.5% monetary value due to its high
scrap value. At present, magnets are not recycled on a large extent, with the assumed 5% recy-
cling rate for magnets, they generate 3225e or 0.5%. However, with a more focus on recycling
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3.4. CLIMATE IMPACT

magnets in the near future by assuming a 90% recycling rate, magnets can salvage 58055ewith
just 6.3 tons being used in the OWF. Disposing of fibreglass and epoxy primarily in blades incur
costs for the wind farm owner. These costs vary depending on the regulations of the countries,
with a cost of 150e/ton, disposing of the blade materials would cost a total of around 3% of the
monetary value (fibreglass and epoxy combined). Thus they are the lowest ranked at 5th as it
costs the wind farm owner money to dispose of the blades at present. Thus new measures to
effectively dispose of these materials should be investigated.

3.4. CLIMATE IMPACT

The different materials used in a wind turbine require energy to produce them. The UNEP
study mentions the energy consumed by the metals in primary and secondary production (from
scrap). Primary production of aluminium is intensive with 190-230 MJ/kg required for every
kilogram of aluminium production. Energy consumption for copper is between 30-90 MJ/kg
and for steel, it is 20-25 MJ/kg [34]. Average Green House Gas (GHG) emissions from the pro-
duction of the materials in a wind turbine are based on the ecoinvent database of Idemat [35].
As production of recycled glassfibres and magnets from recycled materials are still not commer-
cial processes, no data was available. Production of epoxy resin by recycling interestingly emits
more greenhouse gasses in the process due to extra processes to convert it back compared to
virgin production.

The table 3.4 shows the net emissions calculated based on the emissions from primary and
secondary production of materials. The net emissions are calculated as the emissions from
primary production of a material subtracted by the savings in emissions from secondary pro-
duction (recycling) of the same material. Magnets have the highest CO2 − eq emission with
12.51 ton CO2−eq/ton. Production of fibre glass emits 5.8 ton CO2−eq/ton as at present it is
not recycled back into its raw material. Primary production of aluminium emits 7.3 ton CO2 −
eq/ton, however, producing aluminium from scrap (recycling aluminium) produces only 2.5
ton CO2 − eq/ton, thus a higher recycling rate of aluminium reduces its net GHG emissions to
2.8 ton CO2 − eq/ton and is at a 3r d rank. Similarly, steel and cast iron emit more GHG gasses
for their primary production, however, recycling them substitutes the need of virgin (primary)
production hence lowering the CO2 −eq emissions. Thus they are ranked at 5th spot.

Table 3.4: Net GHG emissions considering the primary production and savings from recycling of the
materials. Data based on the ecoinvent database of Idemat [35]

Materials GHG emissions
(ton CO2-eq / ton)

Rank

Magnet 12.51 1
Fibre glass 5.82 2
Epoxy 2.80 3
Aluminium 2.77 3
Copper 2.27 3
Cables 1.68 4
Foundations 1.42 4
Steel 0.67 5
Cast Iron 0.37 5
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The average GHG emission intensity for the turbine is calculated by multiplying the mass and
GHG intensity of that material and dividing by total mass of a turbine as 193 tons. Thus on av-
erage, 1kg of material used in a wind turbine emits 1.15 kg CO2 − eq/kg of GHG. The table 3.4
shows only the climate impact (GHG emissions) of the materials, detailed Life Cycle Assessment
(LCA) analysis of the materials show that different materials have different intensity of environ-
mental impact. The rankings of the materials change if the indicator is water use, toxicity or
resource scarcity.

3.5. COMPLEXITY

The complexity refers to the difficulty of recycling the material. Thus rank 1 indicates a material
difficult to recycle while 5th rank signifies easy recycling of material. At present, there are only a
very few companies who look into commercial scale recycling of magnets as the process of re-
cycling magnets is still difficult, thus it ranks first in the complexity of recycling. Similarly, there
is still research ongoing to develop a commercial process to recycle the glass fibres and epoxy
back into the raw materials. Recycling the blades is the topic of discussion in the wind industry
today and with no clear commercial solution in practice, it also ranks first in the complexity of
material recycling. The cables due to the need for separation of plastic coating and copper is
ranked 2nd . The steel in the monopile foundation as it is submerged under the sea, it first needs
to be scraped of any deformities and then recycled, hence are ranked at a 3r d spot. Recycling
experience of aluminium, copper, steel and cast iron is transferable from other industries and
have been developed since many years. Thus, they are not considered to be a complex process
for recycling and have lower ranks.

Table 3.5: Ranking of materials based on complexity (difficulty of recycling) the materials. Ranks given
based on author’s analysis

Materials Complexity
Rank

Magnet 1
Fibre glass 1
Epoxy 1
Cables 2
Foundations 3
Aluminium 4
Copper 4
Steel 5
Cast Iron 5

3.6. CRITICALITY

The criticality of various materials has been analyzed by the EU. The criticality is a measure
of how a certain material is economically and strategically crucial for the European economy.
Raw materials with high importance to the EU economy and with high risk associated with their
supply are addressed as critical materials. The economic importance is calculated based on the
importance of a given material in the EU economy in terms of end-use applications and the
value added in various sectors. The supply risk represents the disruption of the supply chain of
the materials to EU. It is based on the concentration of the primary supply from countries and
their governance. Availability of substitute materials that can be feasibly replaced for the same
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3.6. CRITICALITY

purposes, and secondary production of raw materials by recycling reduces the criticality of the
material.

Table 3.6: Ranking of criticality of materials with 1 as highly critical and 5 as least critical material.
Ranking is based on the author’s analysis of EU Critical raw materials report [36].

Materials Criticality
Rank

Magnet 1
Steel 2
Cast Iron 2
Aluminium 3
Fibre glass 4
Epoxy 4
Cables 4
Copper 5

The table 3.6 shows the rank of the criticality of materials used in an OWF. The EU report on
critical materials does not rank the critical materials, thus the ranks in the table are author’s
analysis based on the values of supply risk and economic importance in the report [36]. The
NdFeB magnets are the most critical material used in an OWF. China produces almost 95% of
the global REE required for the magnets, thus it poses a huge supply risk. Also, low recycling
of REE at present further adds to the criticality. Extensive use of cast iron and steel in all the
sectors in EU makes them the 2nd critical material. The synthetically produced fibres and resins
can be produced anywhere, thus they are at a lower 4th rank. Whereas, a low supply risk in
manufacturing copper makes it the last ranked critical material under consideration.

This chapter shows how the prominence of materials change under different comparing param-
eters. This analysis depicts the need to focus on multiple materials and continue the research to
increase the usability, monetary value and sustainability of the materials used in an OWF. The
next chapter highlights the important conclusions and recommendations for better handling of
the materials from decommissioned OWF.
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4
CONCLUSION AND

RECOMMENDATIONS

As seen from the previous discussion, different materials were highly ranked under different
parameters like mass, recycling rate, monetary value, climate impact, complexity and criticality.
Steel is important due to the quantity used and monetary potential. Cables are important from
monetary perspective. Magnets are highly critical and have high climate impact. Blades are cru-
cial due to their volume and complexity in effective disposal. These important materials should
be on focus to maximize the benefits. Also, further research on finding substitutes of these ma-
terials to limit the dependency should be carried out. Hence a wind farm owner should have
special attention on steel, cables, magnets and wind turbine blades.

At present the main focus is on finding ways to recycle the material, however there is an opportu-
nity to apply the principles of Circular Economy (CE) in disposing of the materials/components
from the decommissioned OWF. The goal of the CE principle is to make sure that the products
or materials re-enter the system at the highest possible quality. The figure 4.1 shows the pre-
ferred approach according to the CE principles in disposing of the components. The prevention
of resources from being consumed is the most preferred option compared to disposing of the
waste.

Figure 4.1: Waste hierarchy according to CE principles for sustainable waste management. Source:
image taken from [37]

In the case of wind turbines, the primary focus should be on to reduce the amount of waste
being generated, this can be achieved by a mass reduction in the components and minimize
the waste during production. During the operation phase, the wind turbine should be duly
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maintained and required repairs should be done to increase its lifetime. When further repair
work turns unfeasible, the working components can be reused directly for other wind turbines.
Remanufacturing should be done if some major components need replacements, functional
parts from other turbines can be used to rebuild a working wind turbine. Also, the components
after some processes can even be repurposed for applications other than a wind turbine. If the
component as a whole cannot have a functional use, the materials in it are recycled to obtain
raw material. If the recycling is not feasible, the energy from the component can be harnessed
to utilize for other processes by incinerating the material. Lastly, landfilling of the material or
incinerating without any recovery is least favoured when disposing of waste.

Thus, the decommissioned components should be assessed for other operations than directly
recycling, to increase monetary benefits and sustainability and adhere to the CE principles. The
following are the recommendations that can be implemented while disposing the components
from the decommissioned OWF.

Tower : The tower sections should be checked for any cracks and the sections can be used
in remanufacturing a wind turbine tower or can be used as a supporting structure for other
applications. Also, substituting the steel with other sustainable materials is also gaining traction.
Recently in May 2020, Modvion a Swedish company installed a 30m wooden tower [38].

Nacelle : The Nacelle of a wind turbine contains several materials, thus it is difficult to dis-
mantle and segregate. The electronic components should be tested and if possible repaired or
refurbished to use for other applications. The permanent magnets from the generator should
be separated and the usable magnets can be reused after the magnetization process.

Blades : Reusing the blades for wind turbines is limited due to the deterioration in the qual-
ity after their lifetime. However, the blades present ways to remanufacture and re-purpose for
other applications. The blades can be used to build bridges, public benches, house roofs, play-
grounds, noise insulation barriers, precast concrete material and bike sheds.

Foundation : The whole foundation if possible can be reused as a base for upcoming technolo-
gies like Airborne Wind energy systems which are lighter in weight hence the reuse of founda-
tions could be feasible for these technologies.

Cables : If repowering is considered, the same cables might be used due to their long lifetime,
however technical feasibility should be assessed. Further research into increasing the recycling
efficiency of cables should be done.

Overall there is still limited experience in decommissioning of the OWF. There is an urgent need
to introduce improvements in handling the decommissioned OWF to further increase the sus-
tainability and monetary gains from the wind farms. This offers opportunities for applying new
concepts like CE for effective decommissioning and disposal of materials. To implement this,
analysis of the materials used in the OWF is crucial and to find the prominence of materials
under different parameters.
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