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Abstract: A circular economy involves managing and reducing the environmental and social impacts
of products and materials throughout their entire lifecycle, from production to end of life, including
clean energy technologies. The remarkable growth of wind turbine (WT) deployment in Australia,
as a clean energy source, is promising, with over 10 gigawatts (GW) installed by 2023. Responsible
management of wind turbines throughout the entire supply chain, including their end of life, is
crucial to prevent potential environmental issues caused by significant waste volumes and to identify
opportunities for resource recovery. This study offers a comprehensive overview of current and
future WT waste through material flow analysis (MFA) under five national wind energy deployment
scenarios, considering various wind turbine technologies. The results indicate that the projected
cumulative WT installation capacity will range from 13 to 38 GW by 2041. Consequently, the
cumulative WT waste volume is expected to range between 6.69 and 19.76 million tonnes in 2060,
depending on the scenario, with the “slow change” scenario producing the least waste and the “step
change” scenario generating the most. The estimated waste stream will see a rapid increase from
about 2028, encompassing a variety of materials, primarily concrete at 10.20 million tonnes, followed
by 3.21 million tonnes of steel and 35.41 kt of copper by 2060. Additionally, valuable materials
such as rare earth elements (REEs) and composites, despite their smaller quantities, have significant
environmental, economic, and supply chain security implications. This substantial waste material
presents an opportunity for resource recovery and underscores the importance of adopting a circular
economy approach for wind energy systems.

Keywords: circular economy; systems thinking; end-of-life recycling; wind turbine technologies;
waste management; material flow analysis

1. Introduction

In recent decades, a combination of factors, including high oil prices, reduced costs
of some renewable energy technologies (due to the emergence of large-scale manufactur-
ing), and climate and energy policy innovation, has resulted in increasing deployment of
renewable energy technologies, especially photovoltaic panels and wind turbines (WTs) [1].
There are currently more than 26,383 wind farms with a capacity of 2019.1 GW (as of
October 2023) across the world [2]. The International Renewable Energy Agency (IRENA)
has anticipated that by 2050, onshore and offshore wind turbine installations will reach
5044 GW and 1000 GW, respectively [3].

Although the generation of energy from wind supports a clean energy transition with a
relatively low carbon emission footprint [4] and low cost [5], there are further opportunities
to improve the environmental impact considering the entire technology lifecycle and supply
chain, specifically the management of wind turbine waste at the end of life (EoL) [6].

Considering the major growth in wind energy around the world and the limited
useful lifetime of about 20–30 years [7–10], understanding future wind turbine waste
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streams [11,12] is very important to avoid adverse environmental impacts [13,14] and
economic opportunities for resource recovery [15–17]. Accordingly, scholars have started
to estimate the wind turbine waste volumes in different parts of the world, which are
summarized in Table 1.

Table 1. Summary of the critical analysis of the previous review articles.

Author/Year Journal Geographical Area Research Focus

Andersen et al., 2016 [17] Energies Sweden Wind turbine waste estimation until 2034
by MFA

Liu and Barlow, 2017 [11] Waste Management Worldwide Wind turbine blade waste estimation until 2050

Tazi et al., 2019 [18] Resources, Conservation
& Recycling French

Waste estimation of installed wind turbines
until 2020 considering maintenance activities

and waste

Lefeuvre, A., 2019 [12] Resources, Conservation
and Recycling Worldwide Wind turbine blade waste estimation until 2050

Tota-Maharaj and
McMahon, 2020 [19]

Waste Disposal &
Sustainable Energy UK Wind turbine waste estimation until 2039

by MFA

Lichtenegger et al., 2020 [20] Waste Management Europe Wind turbine blade waste estimation until 2050
based on the regional growth rate

Chen et al., 2021 [21] Resources, Conservation
and Recycling China Wind turbine waste estimation until 2050

Heng et al., 2021 [22] Waste Management Canada Wind turbine blade waste estimation until 2050

Cooperman et al., 2021 [23] Resources, Conservation
& Recycling USA Wind turbine blade waste estimation until 2050

Delaney et al., 2021 [24] Resources, Conservation
& Recycling Ireland

Wind turbine blade waste estimation until 2040
coupled with an integrated Geographical

Information System (GIS) model

At the end of life, wind turbines present a diverse mix of materials, each requiring
specific treatments to recover valuable resources. While steel and other ferrous components
can typically be recycled, the challenge lies in recycling the fiberglass blades due to their
complex composite structure. Efforts are underway to develop innovative techniques to
repurpose or recycle fiberglass for alternative applications. Concrete used in the foundation
can be crushed and reused, contributing to sustainable construction practices [25]. Overall,
the treatment of materials in wind turbines at the end of their life varies based on recy-
clability, local capabilities, and ongoing efforts to develop more sustainable disposal and
recycling methods within the renewable energy industry.

One of the most challenging components at EoL are the blades which are manufac-
tured from carbon or glass fiber composites. Recycling technology remains undeveloped
for blades and secondary materials are significantly higher in cost compared with primary
products. In other words, currently producing composites from recycled carbon or glass
fiber is more expensive than production from origin fibers. Although manufacturing recy-
clable blades is an emerging technology [26], it is often assumed that composite materials
will be landfilled with limited options for recycling [27,28]. Therefore, some scholars have
focused on estimating the volume of composite waste. For example, Arias and Bank [29]
estimated the total amount of composite waste from installed wind turbines until 2015
and predicted the yearly magnitude of composite waste generation from the wind energy
sector until 2055 in the United States. Also, a comprehensive study by Liu and Barlow [11]
estimated the overall amount of composite (blade) waste produced worldwide. Examining
methods to handle blade waste with regard to their economic and environmental conse-
quences is a crucial subject of study. As illustrated by recent (2023) studies for example
Gennitsaris et al. [30] and Diez-Cañamero et al. [31] there is also growing attention to
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studying and critiquing regulative structures and strategies for incentivizing EoL blade
composite management [32].

With nearly one percent of the global wind energy capacity as of late September
2023, Australia is the seventh country in the world in terms of generating electricity via
wind turbines. According to the latest data, in 2022, Australia’s wind farms produced
32 percent of the overall clean energy in the country and provided 11% of Australia’s
overall electricity by around 10.18 GW [33]. The data indicates that the wind power market
in Australia is growing rapidly. The Australian Clean Energy Council, in the absence of
any formal policy or legislation, suggests that wind farm owners should be responsible
for decommissioning wind farms after their operational lifetime [34]. However, we are
not aware of any established approaches to decommissioning wind farms. Hence, if not
correctly managed, this could result in a large new waste stream with potentially adverse
environmental impacts and a missed opportunities for resource recovery [17]. Therefore,
in alignment with the researchers who study other renewable energy wastes in Australia,
such as solar panels [35,36], this paper aims to characterize waste volumes of WTs by a new
methodology for the case study of Australia for the first time.

In previous studies conducted globally, estimating materials within wind turbines
relied on assumptions about the installed turbine models. Acknowledging the critical
role that turbine type and model play in material identification, this study delves into the
precise identification of each installed turbine model in the case study of Australia. By
doing so we enhance the accuracy and reliability of waste estimation, providing a more
detailed and dependable assessment of the materials involved in these turbines. Finally,
the effect of repowering on waste generation was also investigated.

The study offers valuable insights for both government and industry in addressing
the anticipated waste management challenge and minimizing impacts on the natural
environment.

The structure of this paper is as follows: (1) a comprehensive database of Australian
operational wind farms is presented, (2) next we introduce forecasts for wind energy
development in Australia until 2041, (3) this is used to quantify the material composition
considering generator technology, and finally (4) we undertake an MFA to estimate the
waste flows including a detailed breakdown by material until 2060.

2. Materials and Methods

There are many different wind turbines with various features including size, capacity,
and gear technology, and this impacts our estimation of waste volumes. The authors
took into account the entire wind turbine, consisting of the tower, nacelle, rotor, and
foundation, for estimating waste volumes. Some relatively minor waste streams (compared
with EoL volumes) associated with the production process and maintenance were not
considered [21]. This article only estimates the waste generated by onshore wind farms
and does not include offshore wind turbines since there are currently no offshore wind
farms in Australia. However, this might change in the future, resulting in some differences
in the forecasting data. Figure 1 provides a graphical description of the research workflow
and scenario settings. The green blocks demonstrate the waste generation model for the
installed wind turbines until 2021, and the orange section presents the waste generation
model for future installations after 2021 according to the projection scenarios.



Energies 2024, 17, 914 4 of 18Energies 2024, 17, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. Flowchart of the research framework of this study. 

2.1. Wind Turbine Generator Technology 
There are two main wind turbine generator technologies, known as gearbox (GB) and 

direct drive (DD). These two types have different designs and performance and there are 
also different considerations at EoL. For example, DD technology is newer and commonly 
uses permanent magnets that contain rare earth elements instead of gearboxes, resulting 
in different needs for EoL management to recover these valuable materials. In general, the 
materials embedded in wind turbines include concrete, steel, plastic, glass/carbon compo-
sites, aluminum, boron, copper, iron, manganese, nickel, zinc, and rare earth elements. 
The most common types of DD generators are high-temperature superconductors (HTSs), 
electrically excited synchronous generators (EESGs), and permanent magnet synchronous 
generators (PMSGs). Also, GB generator types include the electrically excited synchro-
nous generator (EESG), permanent magnet synchronous generator (PMSG), double-fed 
induction generator (DFIG), single-fed induction generator with full converter (SFIG), 
squirrel cage induction generator (SCIG) without full converter, squirrel cage induction 
generator (SCIG) with full converter, and wound rotor induction generator (WRIG) [37]. 

2.2. Wind Energy Development in Australia 
Starting with only 2.02 MW capacity in 1993, Australia�s wind turbine installation has 

now reached more than 10 GW. There are 138 onshore wind farms in the country as of 
2023. In this study, as the first step, we developed a comprehensive database including 
size, location, WT generator type, and the number of wind turbines installed in the wind 

Figure 1. Flowchart of the research framework of this study.

2.1. Wind Turbine Generator Technology

There are two main wind turbine generator technologies, known as gearbox (GB) and
direct drive (DD). These two types have different designs and performance and there are
also different considerations at EoL. For example, DD technology is newer and commonly
uses permanent magnets that contain rare earth elements instead of gearboxes, resulting in
different needs for EoL management to recover these valuable materials. In general, the
materials embedded in wind turbines include concrete, steel, plastic, glass/carbon com-
posites, aluminum, boron, copper, iron, manganese, nickel, zinc, and rare earth elements.
The most common types of DD generators are high-temperature superconductors (HTSs),
electrically excited synchronous generators (EESGs), and permanent magnet synchronous
generators (PMSGs). Also, GB generator types include the electrically excited synchronous
generator (EESG), permanent magnet synchronous generator (PMSG), double-fed induc-
tion generator (DFIG), single-fed induction generator with full converter (SFIG), squirrel
cage induction generator (SCIG) without full converter, squirrel cage induction generator
(SCIG) with full converter, and wound rotor induction generator (WRIG) [37].

2.2. Wind Energy Development in Australia

Starting with only 2.02 MW capacity in 1993, Australia’s wind turbine installation has
now reached more than 10 GW. There are 138 onshore wind farms in the country as of
2023. In this study, as the first step, we developed a comprehensive database including size,
location, WT generator type, and the number of wind turbines installed in the wind farms.
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This data was compiled from TheWindPower [2], which is an online database providing
statistics on wind farms, windfarm official websites, IRENA wind energy reports [3], and
wind turbine manufacturer publications. Table 2 presents an example of the data available
on this database.

Table 2. The first ten rows of the Australian wind farms database (data extracted from [2,3] and WT
official websites).

Name Area Power
(MW)

Number of
Turbines

Hub
Height

(m)

Turbine
Manufac-

turer

Commissioning
Year

Wind
Turbine
Model

Wind
Turbine
Power
(kW)

Blade
Diameter

(m)

Wind
Turbine

Technology

Ten Mile
Lagoon

Western
Australia 2.025 9 - Vestas 1993 Vestas

V27/225 225 27 GB-WRIG

Denham Western
Australia 0.46 2 - Enercon 1997 Enercon 230 - DD-EESG

Thursday
Island Queensland 0.45 2 - - 1997 - 225 -

Denham Western
Australia 0.23 1 - Enercon 1998 Enercon 230 - DD-EESG

Huxley
Hill Tasmania 0.75 3 - Nordex 1998 Nordex

N29/250 250 29 GB-SCIG

Crookwell New South
Wales 4.8 8 45 Vestas 1998 Vestas

V44/600 600 44 GB-WRIG

Windy Hill Queensland 12 20 46 Enercon 2000 Enercon
E44/600 600 44 DD-EESG

Portland
Wind Farm Victoria 18.2 14 50 Bonus 2001 Bonus

B62/1300 1300 62 GB-SCIG

Albany Western
Australia 21.6 12 65 Enercon 2001 Enercon

E66/1800 1800 66 DD-EESG

2.3. Wind Energy Forecast up to 2041

Australia is transitioning from generating most of its energy from burning coal to using
a variety of renewable energy sources. In 2020, the Australian Energy Market Operator
(AEMO) [38] projected future wind energy development in Australia by introducing five
scenarios based on three key factors: (1) the extent of distributed energy resource (DER)
uptake including small-scale energy resources such as rooftop solar panels and battery
storage, (2) the growth rate of energy demand, and (3) the extent of variable renewable
energy (VRE) uptake including wind and solar energy at large scale. These five AEMO
forecasting scenarios are “Step Change”, “High DER”, “Fast Change”, “Central”, and
“Slow Change”. “Slow Change” is the most conservative, and “Step Change” is the most
optimistic scenario. Figure 2 presents these five scenarios in a graphical view.
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2.4. Wind Turbine Lifetime

To calculate the waste generated from EoL wind farms, it is necessary to know the
useful lifetime of wind turbines after commissioning. Previous studies assume various
fixed lifetimes; for example, Tazi et al. [18] have considered 15 years for French wind farms,
while Cooperman et al. [23] and Delaney et al. [24] assumed a life span of 20 years. In
this study we modeled three different lifetime scenarios of 15, 20, and 25 years to provide
a range of possible estimations. However, a 20-year lifetime was chosen for the MFA
calculations based on its more common usage in the literature and wind turbine producers’
documents referring to it as an average lifespan [39].

2.5. Material Flow Analysis

Material flow analysis (MFA) quantifies the flows and stocks of materials for a defined
system in space [18] for a specific duration. There are numerous examples of MFAs applied
to evaluate waste flows for wind turbines. For example, Tota-Maharaj et al. [19] and Chen
et al. [21] assessed waste from discarded wind turbines over a period using MFA in the UK
and Guangdong in China, respectively.

The approach can be described according to Equation (1), which shows how a mass
balance is established considering materials stocks (fs), outputs from the system (fo), and
input (fi) flows to the system [18].

∑ fi = ∑ fo + ∑ fs (1)

In this study, we employ the MFA method for measuring the amount of waste gener-
ated from Australian wind turbines installed in 1993–2021 and projected future installations
until 2041. By utilizing a 20-year lifetime, the Australian wind turbines will be decommis-
sioned from 2003–2060.

The mass of wind turbine components and their material breakdown were utilized to
estimate the overall waste volumes. The methodology developed in this study is as follows:

1. Initially, the generator technology (different types of DD and GB generators) of each
installed wind turbine in Australia was identified based on Section 2.2.

2. Total wind energy capacity in Australia until 2041 was categorized according to the
available WT generator technologies.

3. The authors assumed that these turbines will be discarded after 20 years (discussed in
Section 2.4), resulting in the annual and cumulative waste of Australian WTs in terms
of MW until 2060.

4. Finally, a new formulation was developed to calculate the EoL wind turbine weight
until 2060 according to Equation (1) and a technical report published by Carrara
et al. [37] which provided essential information regarding the material composition
of wind turbines. Hence, the total weight of the waste (Wwaste) is calculated from
the following:

Wwaste = ∑
i

∑
j

(
W
C

)
i,j
× (C)i i = 1, . . . , 5 & j = 1, . . . , 14 (2)

In this equation, W stands for the weight (tonne), C stands for the wind turbine
capacity (GW), i is the number of gear technology types, and j is the number of materials
contained in wind turbines.

(
W
C

)
i,j

is obtained from [37], and (C)i is obtained from the

collected database (Section 2.2). There are five major wind turbine types, namely DD-EESG,
DD-PMSG, GB-SFIG, GB-DFIG, and GB-WRIG, in Australia, which will be considered
in Equation (2) (i = 5). Also, 14 different materials (j = 14) constitute different parts of a
wind turbine, namely concrete, steel, plastic, glass or carbon fiber composites, aluminum,
boron, chromium, copper, rare earth elements (dysprosium, neodymium, praseodymium,
terbium), iron, manganese, molybdenum, nickel, and zinc.
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3. Results
3.1. WT Deployment Outlook in Australia until 2022

The annual and cumulative installations in Australia over 29 years (from 1993 to 2022)
are presented in Figure 3. Although the yearly installation capacity has fluctuated over the
years, it grew considerably, reaching more than 1000 MW in 2018. The cumulative result
shows continual growth in the WT installation deployment from just over 2 MW in 1993 to
over 10,000 MW in 2022.
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Figure 3. Annual and cumulative WT deployment in Australia by 2022.

WT deployment varies in Australia. Using the data collected from all wind farms
in Australia (Section 2), Victoria has the highest installed capacity, with 31% (2620 MW)
of the total national capacity. South Australia and New South Wales have 25% and 21%,
respectively. While Western Australia and Queensland were pioneers with some of the
first installations in Australia, WT turbine deployment in these states has lagged over the
past two decades compared to other jurisdictions. Presently, there is no WT capacity in the
Northern Territory (Figure 4).
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Figure 4. Nationwide distribution of WT deployment in the states and territories of Australia as
of 2022.

3.2. Wind Energy Projection in Australia from 2022 to 2041

The wind energy market is expected to grow between 54% (4500 GW) and 355%
(30,000 GW) over the next two decades based on different scenarios in Australia elucidated
below. Figure 5 indicates the overall outlook of the current and projected cumulative WT
installation rate according to five AEMO forecasting scenarios. The cumulative installed
capacity shows actual installations until 2021, then the cumulative capacity will continue
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based on the projection scenarios. With the exception of the “Slow Change” scenario the
installation rate in Australia is predicted to increase rapidly compared to the last two
decades under all the scenarios.
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Figure 5. Historical and projected cumulative WT capacity in Australia based on forecasting scenarios.

3.3. WT Classification

To identify the generator technology of the wind turbines, they were categorized by
model and manufacturer. This helped in finding the generator technology of the wind
turbines. The type of generator technology for installed wind turbines from 1993–2021
is shown in Figure 6 based on the year of wind turbine installation. Furthermore, the
cumulative market share of each type of wind turbine technology is depicted in Figure 5.
The authors used these data to compute the material inventory. As can be seen, GB-
DFIG, a kind of gearbox wind turbine, had a 40% market share of the total installed wind
turbines; however, in recent years, the GB-SFIG, another high-tech gearbox wind turbine,
has increased in dominance. Also, DD-PMSG, a direct-drive technology wind turbine, has
seen significant deployment after 2012. Direct-drive PMSG generators are lighter than
gearbox ones because of the permanent magnet technology. This has resulted in an overall
wind turbine weight reduction [37]. On the other hand, rare earth material consumption
will increase, representing a relative increase in the potential resource value of the waste.
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Figure 6. Technology-wise distribution of installed wind turbines in Australia in kW.

As shown in Figure 7, GB-DFIG has achieved the highest market share, 42%, among
other available technologies. GB-SFIG follows with a 23% market share. Next, GB-WRIG
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and DD-PMSG technologies have a 15% market share. GB-SCIG and DD-EESG have a
small stake in the Australian market, with a market share of 3% and 2%, respectively. These
technologies have been superseded by other technologies in recent years.
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Figure 7. The cumulative market share of deployed WT power capacity in Australia based on the
utilized technologies.

3.4. WT Waste Projection from 2013 to 2060

Similar to other technologies, as wind turbines age, their performance declines. At
some point in their life, the costs of running the turbine (e.g., repair and/or replacement
of failed parts) outweigh its benefits. This is the point when the turbine reaches its end
of life [17]. Wind turbines display a range of lifetime between 15 and 25 years [12,17,18].
The most critical variable in estimating EoL waste is the lifetime. The mass quantity of
discarded wind turbines is calculated using the method explained in Section 2.5 and the
historical WT installation data (discussed in Section 3.1) considering three fixed lifetime
scenarios: 15, 20, and 25 years.

As shown in Figure 8, waste generation starts to accelerate between 2016 and 2026,
depending on the assumed lifetime. It is then projected to increase rapidly (exponentially)
over the next decade, exceeding 4 million tonnes of waste between 2036 and 2046. De-
spite this variability, for the rest of the analysis in this paper, a fixed lifetime of 20 years
(average lifetime) was considered consistent with the majority of the scientific papers
reviewed [17,19,23,29]. The chosen lifetime is used to estimate the possible wind turbine
waste generation stream in Australia until 2060 based on the historical and projected de-
ployment of wind turbines nationwide. It should be noted that it is normal that some
wind turbines would have a longer lifetime than 20 years owing to, for example, lifetime
extension; however, the assumed fixed lifetime still allows for a detailed analysis of future
EoL waste volumes.
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As discussed earlier, the waste estimation has been carried out for different types of
wind turbines based on the gear technologies. Figure 9 shows the cumulative decommis-
sioned WT in million tonnes (Mt) for the various WTs between 2013 and 2041. GB-DFIG
has the highest share compared to other technologies, reaching about 1.8 Mt of waste by
2041. GB-SFIG, at about 1.0 Mt, contributes to the second major waste flow.
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Figure 9. WT waste generation based on various WT technologies between 2013 and 2041.

DD-PMSG wind turbine installations are growing slowly, resulting in around 0.5 Mt
waste as of 2041. This reveals that the direct-drive wind turbines will have less impact on
the waste flow than the gearbox WTs over the next two decades. This means there is a
lower amount of rare earth materials in the waste stream, which has potential implications
for the value of the recovered materials.

To assess waste generation from future deployments the WT waste stream in Aus-
tralia from 2042 to 2060 was forecasted according to the method discussed in Section 2.
Therefore, while the total waste until 2041 related to the installed WTs until 2021 waste
projections beyond this point are based on the projected wind energy deployment scenarios
(Figure 10). The waste projections are influenced by a variety of factors, including waste
policy, renewable energy and climate policy, and economic conditions, that will influence
WT deployment in Australia until 2041. While all these five scenarios present an increasing
trend for twenty years, the volume of the waste is 6.69 Mt for the Slow Change scenario as
the lowest amount, followed by 12.99, 14.55, and 15.81 Mt for the scenarios of High DER,
Central, and Fast Change, respectively. Step Change showed the highest volume of waste
generation at 19.76 Mt.
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Figure 10. Total waste based on the installed wind turbines in Australia and projection of future WT
waste flow in a million tonnes based on AEMO forecasting scenarios.
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These findings provide critical insight for decision-makers in developing and im-
plementing new legislation ensuring the effective and sustainable management of WTs.
Also, the results are helpful for businesses aiming to invest in recycling wind turbine
waste in terms of informing resource assessments, cost–benefit analyses, and economic
feasibility assessments.

3.5. WT Material Waste Streams and Economic Value

The waste generation projections were used to estimate the inventory of the waste
materials for the duration of the analysis. The principal composition of waste materials
in decommissioned WTs up to 2060 is shown in Figure 11 based on the Central scenario.
Concrete contributes the largest share by mass with a cumulative 10.20 Mt by 2060, followed
by steel at 3.21 Mt, with a much lower growth rate from about 2020. Iron and composites
(CF/GF) are other important parts of WT waste flow, representing 518.78 kt and 262.93 kt,
respectively. The other materials have a smaller quantity which can be seen more clearly in
Figure 12.
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Figure 11. The cumulative waste generation for concrete, steel, composites, and iron out of EoL WTs
in Australia until 2060.
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Figure 12. The cumulative waste generation for other materials out of EoL WTs in Australia until 2060.

The cumulative volume of these materials by 2060 includes 38.11 kt of aluminum,
35.41 kt of copper, 117.33 kt of plastic, 97.52 kt of zinc, 13.88 kt of manganese, 6.71 kt of
nickel, and 1279.96 tonnes of rare earth elements (including dysprosium (Dy), neodymium
(Nd), praseodymium (Pr), terbium (Tb)). Even though the volume of rare earth elements
is the lowest compared to the other materials, they have the highest value; for example,
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according to [40], the value of one kilogram of iron, steel, aluminum, zinc, nickel, and
Neodymium (Nd as a rare earth metal) is USD 0.1357, USD 0.64, USD 2.514, USD 3.5815,
USD 25.581, and USD 179.12 in June 2022, respectively. In other words, the value of
REEs used in the Australian wind farms until 2060 could be worth USD 229 million,
representing one-third of the value of iron estimated at USD 700 million and almost ten
times more than the value of aluminum at USD 24 million. The authors note that this simple
comparison is based on the value of the refined metals and does not factor in the costs
associated with collection and recycling that are expected to vary for the different metals.
Nonetheless, this highlights the need for recycling solutions that can recover the broad
range of metals including low-volume and high-value metals as well as the lower-value
and high-volume metals.

By categorizing all materials in WT waste into five broad categories, it is observed
that there will be 10,205 kt of concrete, 3928 kt of metals, 263 kt of composites, 117 kt of
plastics, and 1 kt of rare earth materials in 2060 (Figure 13a). Furthermore, valuable details
on metal variety are presented in Figure 13b. The results indicate that steel has the highest
share among all metal waste in the EoL WT stream, over 81%, followed by iron at just over
13% (Figure 13b).
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Figure 13. (a) Classification of the mass share of materials contained in the WT waste until 2060 and
(b) mass share of the metals in the WT waste until 2060.

For a better understanding of the economic value of this amount of waste, the total
price of all waste from the wind energy industry until 2060 is shown in Figure 14.
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The most valuable materials, in terms of price, are steel, glass/carbon composites, and
rare earth elements, while rare earth materials and composites do not constitute a large
part of the chart in Figure 13. This confirms the significance of the EoL management of
these materials.

3.6. Repowering

Repowering refers to the process of renovating wind turbines, which can include
installing newer, more powerful and efficient models while keeping the cables and trans-
mission lines (full repowering) or replacing the turbine while keeping the existing tower,
foundation, and cables (partial repowering) [41]. This can be done because these parts of
the wind farms can be utilized for more than 20–25 years [42]. The ultimate choice relies on
the wind farm owner’s assessment of which option is both economically advantageous and
environmentally superior among the available alternatives [43]. If the first option is chosen,
the entire wind turbine undergoes dismantling and disposal. In contrast, opting for the
second choice allows for the reuse of the tower and foundation for an additional twenty
years, extending their lifespan and reducing the need for new materials and construction.
This subject, which can have an impact on the waste generated by decommissioned wind
turbines, has been investigated in this study. According to the calculations (Figure 15),
reusing the foundation and tower (partial repowering) can considerably reduce concrete
and steel waste streams by around 72% and 60%, respectively, until 2060. Although, these
structures go to disposal in the end, the decommissioning date will be significantly delayed.
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Figure 15. The impact of partial repowering on the waste produced by decommissioned wind
turbines up to 2060.

4. Discussion

An increase in waste material from discarded WTs is anticipated. Specifically, a grad-
ual increase in annual WT waste material growth is expected from 2028 and onwards
because of the accelerated deployment of WTs in Australia over the last decade. Based on
our findings, it is projected that approximately 470,000 tonnes of waste will be generated
annually after 2030 to Australia’s existing waste streams due to decommissioned wind
turbines (Figures 11 and 12). The good news is that these waste materials are not immedi-
ately hazardous, which outlines the possibility of short-term sorting without significant
issues until the capacity and volume of waste meet the requirements of sustainable and
economically profitable recycling industries. On the other hand, Australia used to export a
significant amount of its waste to China for recycling purposes. However, this changed
when China implemented a ban on the import of certain types of solid waste in 2018. This
ban disrupted the waste export patterns, leading to challenges in finding alternative desti-
nations and managing recyclable materials domestically in Australia [44]. Also, according
to the National Waste Policy Action Plan 2019, setting targets to enhance recycling rates up
to 80% on average for all waste flows necessitates more attention to domestic recycling [45].
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A holistic strategy is vital to ensure the future sustainable management of these growing
waste flows in line with circular economy objectives.

To gain insight into the existing capacities and strategies for diverse waste sources,
this section provides an overview of waste management practices concerning discarded
WT materials in Australia. Concrete is the major material segment of EoL WTs by mass
that needs to be addressed properly. Although some countries like Japan are pioneers in
recycling discarded concrete and using it in secondary markets, in Australia, only about
half of the concrete scrap is recycled [46]. Metals are also the second major and valuable
segment of the WT waste stream that requires a suitable treatment strategy for sustainable
management. In Australia, most of the metal waste (about 90%) is recycled and then
combined with the origin metal in related industries to produce new products [47]. The
core components of WT, such as the hub, nacelle, tower, and generator, are made from
metals like aluminum, copper, and steel. More than 80% of the steel scrap belongs to wind
turbine towers and foundations and is easy to recycle compared to the steel embedded in
the nacelle and rotor [39]. According to [48], about 97% of structural steel waste and 83%
of other steel scraps are recycled in Australia. In contrast, over 95% of aluminum scrap is
exported overseas for recycling [49]. In addition, about 70% of all discarded copper and
40 percent of zinc scrap are currently recycled in Australia [50]. Although metal recycling
is mature and well developed in Australia, the recycling capacity, transport, and other
important factors for processing the materials available from EoL WTs will need to be
considered. Plastics in the EoL wind turbine represent a minor portion (1%) of the waste
stream but still need to be managed responsibly as they are very bulky and durable in
the environment. Furthermore, exporting unsorted and unprocessed plastic waste has
been banned in Australia since 2021 [51]. Therefore, recycling plastics and reusing them
in packaging, construction, and automotive industries [52] is a potential solution, as most
of those used in WTs are some kind of thermoplastic [53]. Finally, rare earth elements
and composites are two challenging materials. Reusing composites in buildings [54,55],
solar collectors [56], electrical transmission towers [57], and civic infrastructures [58] and
employing innovative recycling methods including thermal recycling, solvolysis, and
mechanical recycling [59–62] to produce carbon or glass fibers are some of the potential
options for composite waste management. However, all of these proposed pathways are
quite niche and not well established specifically in Australia. Currently, the most possible
way of recycling composites in Australia is mechanical recycling; however, the output has
less value than that of other recycling procedures like thermal recycling [63]. Recovered
glass or carbon fibers produced in mechanical recycling can be used as supplementary
cementitious materials. They can be used in concrete alongside cement to enhance their
properties or reduce environmental impact [64]. Australian researchers are dedicated to
advancing end-of-life disposal techniques for composites, potentially revolutionizing their
future management. In a recent study, Wei and Hadigheh [53], at the University of Sydney,
innovated an improved hybrid thermo-chemical recycling method that maintains up to
90% of the composite strength of the original composite. Therefore, fostering collaboration
and knowledge sharing will help to develop innovative solutions for sustainable waste
treatment and circular economy practices.

Although the amount of currently existing EoL wind turbine blade waste is small,
the wind turbine waste volumes in the future will be significant that will allow economies
of scale to be exploited. Effective policies and regulations will be important to support
the development of recycling systems for EoL wind turbine blades. REEs are also low in
volume; however, the potential economic value is high. Currently the recovery of REEs
is challenging because they are not easily separated from a complex mixture of other
elements [7]. Currently, electronic waste in Australia, including REEs, goes to landfilling,
meaning there are no benefits from these expensive and high-supply-risk materials [65,66].

While there has been considerable effort to accurately forecast waste, there are some
concerns. The first one is potential shifts in weight standards due to future advancements
in wind turbine technology. In projecting the materials embedded in wind turbines to
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be installed between 2022 and 2041, the authors have utilized the average material usage
from the most modern wind turbines in the past three years. The aim was to focus on
the most advanced wind turbine technology available to mitigate uncertainties regarding
future advancements. However, it is important to acknowledge that there are inherent
uncertainties beyond our control. The second one is the change in wind energy deployment
scenarios over time as government policies and strategies are developing. It is important
to note that our work encompasses a projection that considers multiple scenarios and
potential changes in national energy markets and policies. This approach allows us to
provide a comprehensive understanding of potential futures, even in light of uncertainties.

Briefly, Australia will face a considerable growth of EoL wind turbines in the coming
decades. It is vital to implement an approach to ensure the sustainable management of this
waste stream, avoid adverse impacts, and exploit a potential resource recovery opportunity.
This study is a critical step toward this aim by providing an in-depth evaluation of the
current and future waste stream of wind turbines in Australia over the next four decades.

5. Conclusions

With the wind power market growing rapidly, this study aimed to evaluate and
predict the amount of end-of-life wind turbine waste flows generated from 2013 to 2060,
utilizing an MFA approach and considering the different types of turbine generator tech-
nologies to evaluate the resource recovery potential. Understanding the waste flows can
aid governments and industries in planning for and managing future WT waste.

The results revealed that the cumulative WT waste stream by 2060 varies between
12 Mt and 37 Mt based on different WT deployment scenarios. This is a large waste
inventory for Australia which urges the development of a holistic strategy to avoid adverse
environmental impacts and capture resource recovery opportunities. Further analysis of
waste material streams indicates that concrete, steel, and composites make up the bulk
of waste materials, with rare earth elements holding significant value despite their lower
volume. The potential value of rare earth elements in the wind turbine waste stream
highlights the economic importance of recycling solutions. Repowering options present
opportunities for reducing concrete and steel waste streams, emphasizing the importance of
considering environmental and economic factors in the wind turbine life cycle management.
For a better view of the current potential of WT waste management in Australia, the authors
discussed disposal options and regulations nationally for these materials.

There are a variety of waste materials that can be utilized in different secondary
markets. At a very high level, this would support the country in various aspects, such
as lowering the country’s overall environmental impacts, creating new job opportunities,
supporting the economy, and reducing the demand for imported embedded WT materials.
Policymakers and scholars will find this study informative for the holistic development of
sustainable WT resource recovery directives and waste management strategies.

After determining the quantity of WT waste in Australia, the next stages of this
study will involve examining how to manage this waste through recycling solutions and
potential environmental impacts. Additionally, the authors aim to develop a reverse
logistics mathematical model designed for the collecting and recycling infrastructures
specific to the Australian wind energy sector.
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Abbreviations

AEMO Australian Energy Market Operator
DD Direct drive
DER Distributed energy resource
DFIG Double-fed induction generator
EESG Electrically excited synchronous generator
EoL End of Life
GB Gearbox
GIS Geographical Information System
GW Gigawatts
HTS High-temperature superconductor
IRENA International Renewable Energy Agency
kt Kilo tonnes
MFA Material flow analysis
Mt Million tonnes
PMSG Permanent magnet synchronous generator
REEs Rare earth elements
SCIG Squirrel cage induction generator
VRE Variable renewable energy
WPSs Waste processing systems
WRIG Wound rotor induction generator
WT Wind turbine
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