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Abstract 
A rapid scaling from 1 TW to more than 10 TW of wind capacity is necessary until 2050 
for the transformation of the energy system. As the installation of the required wind 
turbines will demand a significant input of materials and resources, the transition to a 
circular economy is seen as a promising approach to contribute to a sustainable and 
resilient scaling of supply chains in the wind industry. Despite, this recognition, re-
search on circular supply chain management (CSCM) for the wind industry is rare, 
particularly for second lifecycle pathways of decommissioned wind turbines. In addi-
tion, understanding the circular economy pathways for rotor blades is critical to helping 
the industry build the recycling infrastructure for composites, which has yet to be es-
tablished on an industrial scale. 

The study takes a first step towards understanding CSCM and circular supply chains 
for second lifecycle pathways through the implementation of a mixed methods re-
search design and by exploring the mature onshore wind markets Denmark and Ger-
many from a multi-stakeholder perspective. A systemic and multi-level conceptual 
framework for CSCM in the wind industry is developed that details the circular flows of 
wind turbines, components and materials. Furthermore, interviews are conducted with 
industry experts and the results of the analysis reveal that a second lifecycle for de-
commissioned onshore wind turbines is common in Denmark and Germany. Additional 
insights are provided into the complex decision-making processes of the decision to 
decommission an onshore wind turbine and the choice of the subsequent circular 
economy pathway. To support capacity planning of supply chain actors and investment 
decisions in new infrastructure (e.g. blade recycling facility), new turbine, component 
and material flow models are developed and applied to the installed onshore wind tur-
bine fleet in Denmark and Germany. Based on the newly derived empirical findings 
and comprehensive market data, annual estimates of decommissioning, second-lifecy-
cle and recycling quantities are provided. It is therefore the first study to introduce an-
nual second-lifecycle flows and to systematically include it into the estimation of recy-
cling flows. The results reveal that the thresholds for a new blade recycling facility of 
5,000-15,000 tonnes per year are not met in any of the scenarios provided for Den-
mark. For Germany, however, it is estimated that the minimum tonnage requirement 
will be exceeded within the next five years, provided that at least 30 % of the decom-
missioned onshore wind turbines are retained for recycling. 

In conclusion, the findings of this study offer valuable insights which can inform the 
planning of circular supply chains in the wind industry. The study contributes to improv-
ing the decision-making basis for policy makers and companies to achieve sustainable 
resource use along the entire circular value chain. 

Key words:  Circular economy, circular supply chain management, wind industry, 
second lifecycle, component and material flow forecasts, sustainability
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Kurzfassung 
Für die Transformation des Energiesystems ist bis 2050 eine schnelle Skalierung von 
1 TW auf mehr als 10 TW Windkapazität erforderlich. Da der Ausbau einen erheblichen 
Material- und Ressourceneinsatz erfordert, wird der Übergang zu einer Kreislaufwirt-
schaft als vielversprechender Ansatz angesehen, um zu einer nachhaltigen und resili-
enten Skalierung der Lieferketten in der Windindustrie beizutragen. Trotz dieser Er-
kenntnis gibt es nur wenige Forschungsarbeiten zum Circular Supply Chain Manage-
ment (CSCM) für die Windindustrie, insbesondere für die zweite Lebenszyklusphase 
rückgebauter Windkraftanlagen. Um zudem die Industrie beim Aufbau der Recyclin-
ginfrastruktur für Verbundwerkstoffe im industriellen Maßstab zu unterstützen, ist ein 
Verständnis über die zirkulären Materialflüsse für Rotorblätter von Bedeutung. 

Die Studie leistet einen Beitrag zum Verständnis von CSCM und zirkulären Lieferket-
ten für den zweiten Lebenszyklus durch die Untersuchung der etablierten Onshore-
Windmärkte in Dänemark und Deutschland aus der Perspektive verschiedener Ak-
teure. Es wird ein konzeptioneller Rahmen für CSCM in der Windindustrie entwickelt, 
der die zirkulären Ströme von Windturbinen, Komponenten und Materialien detailliert 
aufzeigt. Zudem erfolgt eine empirische Untersuchung auf Basis von Experteninter-
views, dessen Analyse zeigt, dass ein zweiter Lebenszyklus für rückgebaute Onshore-
Windkraftanlagen in Dänemark und Deutschland üblich ist. Es werden Einflussfaktoren 
der komplexen Entscheidungsprozesse in Bezug auf die Stilllegung einer Onshore-
Windkraftanlage und die Wahl des anschließenden Kreislaufwirtschaftspfads aufge-
zeigt und untersucht. Um darauf aufbauend die Kapazitätsplanung der Akteure in der 
Lieferkette und Investitionsentscheidungen in neue Infrastruktur (z. B. Recyclinganla-
gen für Rotorblätter) zu unterstützen, werden Modelle für die Komponenten- und Ma-
terialströme entwickelt und auf die installierte Onshore-Windkraftanlagenflotte in Dä-
nemark und Deutschland angewendet. Es ist die erste Studie, die den zweiten Lebens-
zyklus systematisch integriert und demnach jährliche Prognosen der Rückbau-, Zweit-
lebenszyklus- und Recyclingmengen aufzeigt. Die Ergebnisse zeigen, dass die 
Schwellenwerte für eine neue Recyclinganlage für Rotorblätter von 5.000-15.000 Ton-
nen pro Jahr in keinem Prognoseszenario für Dänemark erreicht werden. Für Deutsch-
land wird erwartet, dass die 5.000 Tonnen pro Jahr bereits innerhalb der nächsten fünf 
Jahren überschritten werden, sofern mindestens 30 % des erwarteten Rückbaus für 
das Recycling bestimmt sind.  

Die in der vorliegenden Studie gewonnenen Erkenntnisse können folglich in die Pla-
nung von zirkulären Lieferketten in der Windindustrie einfließen. Die Studie kann somit 
einen Beitrag dazu leisten, die Entscheidungsgrundlage für die Politik und Industrie zu 
verbessern, um eine nachhaltige Ressourcennutzung entlang der gesamten zirkulären 
Wertschöpfungskette zu erreichen. 

Schlüsselbegriffe: Kreislaufwirtschaft, Circular Supply Chain Management, Windin-
dustrie, zweiter Lebenszyklus, Komponenten- und Materialfluss-
prognosen, Nachhaltigkeit
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1 Introduction 

1.1 Problem definition 

In the light of the current triple planetary crises – biodiversity loss, climate change, 
pollution – caused mainly by the immense extraction and processing of material re-
sources by humans, there is an urgent need to return to planetary boundaries (Rich-
ardson et al., 2023, pp. 1; United Nations Environment Programme [UNEP], 2024, pp. 
2). The three planetary crises are closely interlinked, and one of the global and legally 
binding targets is to keep the increase in the global average temperature to ideally 1.5 
degree Celsius (°C) above pre-industrial levels (UNEP, 2024, pp. 3; Paris Agreement, 
2015, p. 5). This target is globally-wide endorsed across different stakeholder groups 
(e.g. Andre et al., 2024, pp. 2; Paris Agreement, 2015, p. 5) and has led, for instance, 
in the European Union (EU) to the legal-binding target of climate neutrality by 2050 
(European Climate Law, 2021, p. 2). To remain the average temperature trendline 
within a 1.5 °C increase, a rapid transformation of all operating systems (e.g. energy, 
mobility, housing) is therefore required (International Energy Agency [IEA], 2023b, pp. 
42). In this context, the transition of the energy system is especially time critical as the 
transition of other systems (e.g. mobility) rely on the electrification with renewable en-
ergy (The European Green Deal, 2019, pp. 6; IEA, 2023b, p. 102). This means phasing 
out fossil-based energy and instead deploying renewable energy and energy efficiency 
measurements (IEA, 2023b, pp. 26, 47; International Renewable Energy Agency 
[IRENA], 2023, pp. 21-26).  

Consequently, an immense deployment of renewable energy technologies is required 
until 2050, in particular of onshore wind, offshore wind and photovoltaic, as those tech-
nologies are mature, cost-efficient and scalable (IEA, 2024a, pp. 7-9; Roser, 2020). In 
total, the annual average investment in power generation capacity over the period 
2023-2050 will need to be 1.38 trillion per year (IRENA, 2023, p. 148). By 2050, ~7.82 
terawatts (TW) of onshore wind capacity, ~2.5 TW of offshore wind capacity and ~18.2 
TW of photovoltaic capacity are required to meet the 1.5 °C target (IRENA, 2023, p. 
78). In the EU, the target for 2030 is an increase to 500 gigawatts (GW) of installed 
onshore and offshore wind capacity and around 600 GW of photovoltaic capacity (RE-
PowerEU Plan, 2022, p. 6; European Wind Power Action Plan, 2023, p. 1).  

Thanks to the fact that renewable energy technologies are the cheapest available en-
ergy technologies in most countries globally, exponential growth of renewable technol-
ogies has been already materialised in some countries (e.g. Denmark) and is expected 
to continue (IEA, 2023b, pp. 75, 2024a, p. 7; Lenton et al., 2022, p. 5). However, the 
realisation of the deployment targets will lead to a large extraction and consumption of 
virgin materials, in absolute terms particularly for onshore wind energy and photovol-
taic (Carrara et al., 2020, p. 3; Energy Transitions Commission [ETC], 2023, pp. 9-10). 
This thesis focuses on onshore wind energy as it has a large material footprint of ~640 
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tonnes of material per megawatt (MW) (Global Wind Energy Council [GWEC], 2022, 
p. 38). The expected high absolute quantities of materials required and the required 
speed of the scale-up underline the importance of ensuring sustainable production and 
consumption of resources in the wind industry. This is further emphasised as follows: 

▪ Levelized cost of energy (LCOE): The majority of the LCOE lies in the capital ex-
penditures (CAPEX) and is hence sensitive to changes in material prices, financing 
costs and inflation (GWEC, 2023c, pp. 18-21; IEA, 2023b, pp. 60).  

▪ Environmental footprint: The already shallow environmental footprint needs to be 
further reduced in alignment with zero greenhouse gas emissions (United Nations 
Economic Commission for Europe, 2021, p. 7). Approximately 78.5 % of the emis-
sions during an onshore wind turbine’s life are linked to the material extraction and 
processing (Bonou et al., 2016, p. 333).  

▪ Dependencies in sourcing and supply chain bottlenecks: For Europe there are 
heavy dependencies for some materials (e.g. rare earth materials, copper) and 
components (e.g. gearbox, blades) on just a few countries (e.g. China) (Carrara et 
al., 2020, pp. 26-30; GWEC & Boston Consulting Group [BCG], 2023, pp. 27-35; 
Rystad Energy, 2023, pp. 27, 44). Moreover, production bottlenecks are foreseen 
for the manufacturing of wind turbines and their components from 2026 onwards in 
Europe (GWEC, 2023c, p. 26; Rystad Energy, 2023, pp. 6). 

▪ Emerging decommissioning: In the near-term high absolute volumes of decommis-
sioning from wind turbines are expected, in particular in Europe, as countries like 
Denmark and Germany were early movers in installing onshore wind capacity 
(GWEC, 2023b; Schaffarczyk, 2023, p. 49). This leads to the need to establish 
supply chains for the handling of decommissioned wind turbines, including blade 
composite, for which there is currently no economically viable and sustainable re-
cycling solution (Andersen et al., 2016, p. 10; Beauson et al., 2022, pp. 4; Deeney 
et al., 2021, p. 2; Graulich et al., 2021, pp. 49).  

Accordingly, a sustainable production and consumption of resources could facilitate a 
reduction in costs, emissions and supply chain dependencies, given that a significant 
proportion of these factors is related to the utilisation of resources. It is therefore es-
sential to decouple the wind energy system from resource use, initially relatively and 
in the long term absolutely (UNEP, 2024, p. 8). This could be achieved through a tran-
sition from a linear economy to a circular economy, that researchers, practitioners and 
policy makers widely acknowledge across the wind industry, other industries and re-
gions (Barrie et al., 2024, p. 11; ETIPWind, 2023, p. 6; IRENA, 2023, p. 62; UNEP, 
2024, p. 7). In a linear economy, the resource flows end after a first use phase with 
waste disposal (Kara et al., 2022, p. 505). In contrast, a circular economy aims for a 
system-wide change that decouples from virgin material use and reduces waste to a 
minimum by narrowing, slowing and closing resource flows for sustainable develop-
ment (Bocken et al., 2016, p. 309; Schröder et al., 2019, p. 89; A. P. Velenturf & Pur-
nell, 2021, pp. 1444). In this light, circular supply chains (CSC) enable the cascading 
flow of the product, its components and its materials along the entire value chain (Kara 
et al., 2022, pp. 512). 
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Despite the recognition of the potential benefits of a circular economy, implementation 
is still marginal, with only 7.2 % of all materials currently being reused globally, as the 
Circular Gap Report 2024 reveals for 2023 (Fraser et al., 2024, p. 8). This emphasises 
that circular supply chains still need to be developed and further scaled. Progress in 
the EU is also lagging behind, despite a slightly higher rate of 11.5 % in 2022 (Eurostat, 
2024). Evidence-based decision-making and empirical investigations are required to 
gather practical and industry-specific knowledge and to overcome that the concept is 
known across sustainability professionals, but not fully recognised in the mainstream 
discourse yet (Ayati et al., 2022, p. 16; Kirchherr et al., 2018, pp. 270; Kramer & 
Schmidt, 2023, p. 90; UNEP, 2024, p. 9). More empirical research has been particularly 
called by researchers in regard to circular strategies that foresee to slowdown the re-
source use of products, e.g. lifetime extension and reuse (Bakker et al., 2021, p. 6; 
Bals et al., 2022, pp. 183-184). 

Moreover, for the development and scaling of circular supply chains, reliable infor-
mation on actual and expected component and material flows along the value chain 
are crucial (Mathur et al., 2023, p. 4). Also, for the wind industry, the development of 
circular supply chains has only been rarely researched and it is widely unknown how 
sustainable and resilient circular supply chains are developed along the entire lifecycle 
of wind turbines (ETIPWind, 2023, pp. 6, 9; Kramer & Schmidt, 2023, p. 90). In partic-
ular circular strategies that foresee to retain the structural value of wind turbines and 
their components have received little attention by researchers to date (e.g. Graulich et 
al., 2021, p. 50). Therefore, the motivation of this thesis is to contribute to closing this 
knowledge gap. 

1.2 Motivation 

The thesis has the overarching aim to contribute to an understanding of how sustain-
able and resilient circular supply chains can be developed along the entire lifecycle of 
an onshore wind turbine by fulfilling the following three research objectives. 

To overcome a lack of implementation of circular strategies in supply chain manage-
ment (SCM), researchers have called for more industry-specific and systemic research 
(Farooque et al., 2019, p. 895). However, a systemic conceptual understanding of cir-
cular supply chains in the wind industry is still missing (research gap 1, see 2.4.1). 
Therefore, the first research objective (RO1) of the thesis is to provide a conceptual 
understanding of circular supply chain management (CSCM) in the wind industry. 

 
Moreover, empirical investigations are crucial to promote the practical implementation 
of a circular economy (Ayati et al., 2022, p. 16), that is highlighted to be in particular 

Contribute to the emerging theoretical understanding of circular supply 
chain management in the wind industry.RO1
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lacking for strategies in regard to retaining the structural value (Bakker et al., 2021, p. 
6; Bals et al., 2022, pp. 183-184). The strategies associated to the slowdown of re-
source flows are applied after an initial use phase and involve the planning and man-
agement of supply chain processes (e.g. logistics, refurbish, reinstallation) that enable 
circular resource flows (e.g. direct reuse, reuse after refurbishment) (Batista et al., 
2018, p. 441; Farooque et al., 2019, p. 885). Also, in the wind industry a second lifecy-
cle of the onshore wind turbine and their components (e.g. rotor blades) has only rarely 
been researched (research gap 2, see 2.4.2). The significance of this subject is further 
reinforced by the growing number of onshore wind turbines that are approaching the 
end of their first operational phase (see 2.2 and 6.2.1). 

For the development and operation of circular supply chains, it is crucial to understand 
the necessary processes of the different actors in the supply chains and how they are 
interconnected, as it outlines the possible directions of resource flows. Building on this, 
to make informed decisions regarding capacity planning and investments in new facil-
ities, it is therefore essential for supply chain actors to have sufficient data on circular 
resource flows (Bressanelli et al., 2019, p. 7405; Kirchherr et al., 2018, p. 267; Schmitt 
et al., 2023, pp. 42-44). An empirical understanding and data about the flow of wind 
turbines, their components and their materials after their initial operating phase are 
however widely missing (see 2.4.2). It is unclear what pathways were taken after the 
decommissioning of onshore wind turbines and whether a second lifecycle is common.  

This leads to the second research objective (RO2) of the thesis and hence the objec-
tive to empirically explore second lifecycle pathways in the wind industry from the per-
spective of multiple stakeholders. 

 
The aforementioned research gaps have led to uncertainties of the expected turbine, 
component and material quantities for the supply chains after decommissioning wind 
turbines, as current forecasts are usually based on static assumptions (e.g. time of 
decommissioning after 20 years, neglect a second lifecycle). Therefore, there is a lack 
of reliable component and material flow forecasts along the circular value chain (see 
6.1.1, research gap 3). The newly derived conceptual and empirical understanding, 
along with the accompanying data on circular resource flows of decommissioned on-
shore wind turbines (RO1 & RO2), can be used to address this research gap. Accord-
ingly, the third research objective (RO3) of the thesis is to quantify the expected inflows 
for decommissioning companies, actors within second-lifecycle supply chains, and the 
recycling chain. 

 

Explore second lifecycle pathways in the wind industry from a multi-
stakeholder perspective.RO2

Quantify expected turbine, component and material flows to establish 
circular supply chains for further lifecycles (e.g. refurbishment) and end-of-
life pathways (e.g. recycling).

RO3
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All in all, with fulfilling the three research objectives, this thesis strives for the introduc-
tion of a systemic perspective on the design, establishment and scaling of circular sup-
ply chains in the wind industry, grounded in a theoretical conceptualisation and multi-
stakeholder investigations of existing circular supply chains. Consequently, a compre-
hensive understanding of circular flows from decommissioned onshore wind turbines 
is established, a central basis for the long-term capacity planning of various stakehold-
ers and the planning of the geographical distribution of facilities (e.g. refurbishment, 
recycling). The provided foresights on expected resource flows from decommissioned 
onshore wind turbines, thus support the stakeholders to manage complexity and un-
certainties in their supply chain effectively. In light of the above, the thesis contributes 
to the establishment of circular supply chains for the purpose of slowing and closing 
resource flows from decommissioned onshore wind turbines. This, in turn, supports 
the development and industrialisation of sustainable and resilient circular supply chains 
within the wind industry. 
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2 Scope of Research 
This chapter explains the scope of research, i.e. circular supply chain management in 
the onshore wind industry. Onshore wind turbines are selected because they are more 
resource intensive than offshore wind turbines and a higher absolute number of on-
shore wind turbines will be required by 2050 (GWEC, 2022, p. 38, p. 111; IRENA, 
2023, p. 78). In addition, the onshore wind industry has a long track record and there-
fore, in principle, empirical data is available along the entire value chain. 

In order to provide deeper empirical insights into component and material flows, the 
scope of the research objectives RO2 and RO3 is further refined. Accordingly, the fo-
cus is set to the circular supply chains of decommissioned onshore wind turbines and 
their blades in the mature wind markets of Denmark (DNK) and Germany (GER). 
Blades are of particular interest as their continuous increase in size leads to complex 
logistics and moreover recycling supply chains for composites are yet to be established 
in Europe (Andersen et al., 2016, p. 10; Beauson et al., 2022, pp. 4; Deeney et al., 
2021, p. 2; Graulich et al., 2021, pp. 49). Denmark and Germany are being analysed 
in more detail as they have a long and extensive track record of installing onshore wind 
turbines and are pioneers in the wind industry, hence, other countries could likely follow 
practices (Schaffarczyk, 2023, p. 49). In this regard, it is of interest to compare the 
practices of both countries.  

The reasons for the chosen scope of the research are explained in more detail in the 
following subsections, together with a thorough description of the research topic (see 
Figure 1). In chapter 2.1, key characteristics of onshore wind turbines and their blades 
are introduced, followed by a description of the Danish and German wind markets in 
the European and global context (2.2). Thereafter, chapter 2.3 defines a circular econ-
omy and finally chapter 2.4 gives and overview of the ongoing research on CSCM in 
the wind industry. 

 
Figure 1. Scope of research in this thesis.  

 

 

Scope of research

Onshore wind turbines 
and their rotor blades 

(chapter 2.1)

Wind markets in 
Denmark and Germany 

(chapter 2.2)

Circular economy and CSCM 
(chapter 2.3)

Current research on CSCM in the wind industry (chapter 2.4)
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2.1 Design of onshore wind turbines and their blades 

A horizontal-axis onshore wind turbine with three blades is illustrated in Figure 2 and 
is the most common installed wind turbine and the standard design in the industry 
(Hau, 2016, pp. 71). Alternative structures like vertical-axis onshore wind turbines, hor-
izontal-axis turbines with one or two blades, floating offshore turbines, fixed-bottom 
offshore wind turbines and small-scale turbines are out of scope for this thesis (Man-
well et al., 2009, pp. 4, 463, 520). 

 

Overview of weights, costs and carbon emission of onshore wind turbines 

An onshore wind turbine with its foundation weights approx. 390-590 tonnes per MW 
and mostly comprises of concrete (~62-70 %) and steel (~22-27 %), followed by iron 
(~3.5-4.6 %) and composite materials (~1.4-2 %), as illustrated in Figure 2 (Carrara et 
al., 2020, p. 21). Most of the mass is accounted to the foundation (~75 %), followed by 
the turbine (~23 %) and site cables (~2 %). The weight of the turbine is spread across 
the tower (~59 %), the nacelle (~22 %) and the rotor blades (19 %). Moreover, ~55.4 % 
of total CAPEX are associated with the turbine costs and ~41 % when looking at the 
LCOE, based on utility-scale projects (Stehly et al., 2023). Most capital intensive are 
the nacelle with its several systems (~24.2 %), the rotor (~17.1 %) and the tower 
(~14 %). The shallow lifecycle greenhouse gas emissions of wind energy show a sim-
ilar distribution, ~78.5 % are associated with the material extraction and processing for 
the onshore turbine, in particular for the tower (~24.9 %), foundation (~18 %), nacelle 
(~12.25 %) and the blades (~11.7 %) (Bonou et al., 2016).  

 

Technical lifetime of onshore wind turbines  

The design lifetime of an onshore wind turbine equals to a minimum of 20 years (Inter-
national Electrotechnical Commission [IEC], 2019), although newer turbines begin to 
be designed with longer lifetimes such as 25 years (Schaffarczyk, 2023, p. 291). Actual 
lifetimes vary and can go beyond 20 years. For instance, components are designed for 
loads according to wind conditions defined in three classes (I, II, III) and class S for 
special cases (IEC, 2019; Manwell et al., 2009, p. 328). Hence, if the actual load is 
lower than the planned load, it can result in a longer lifetime. On this note, the mainte-
nance efforts also play an important role, that correlate with failure rates: The electron-
ics, control system, blades, hub and pitch system tend to fail most often and the gear-
box, generator, blade and hub incline to be the failure with the longest downtime (Dao 
et al., 2019, pp. 1861). Moreover, a trend towards an increasing failure frequency for 
larger wind turbines is mentioned in literature (Dao et al., 2019, p. 1862; Ribrant & 
Bertling, 2007, pp. 167). 
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Design of onshore wind turbines 

An onshore wind turbine commonly consists of a foundation, a tower, a rotor hub and 
three areo-dynamic designed blades that are attached to a nacelle (see Figure 2) 
(Manwell et al., 2009, pp. 3). Inside of a nacelle, a drive train system (typically a gear-
box and generator), a control system and a braking system are located. The pivoting 
system, also called yaw system, is situated between the tower and the nacelle and has 
the function to rotate the turbine into the wind. The transformer commonly located at 
the base of the tower, transforms the electrical output to the required voltage level of 
the electrical grid. 

 
Figure 2. Horizontal-axis onshore wind turbine with its main components and materials, based on 

Năstase (2017), Carrara et al. (2020). 

Over time the hub height of the turbine and blade length have increased significantly, 
from ~100 kW installed capacity and 20 meter of rotor diameter of an onshore wind 
turbine in 1985 (Burton et al., 2011, p. 368) to 7.2 MW installed capacity, 172 meter of 
rotor diameter and up to 199 m hub height, announced in 2022 (Vestas Wind Systems 
A/S [Vestas], 2022). Furthermore, different designs of components occurred over time 
across original equipment manufacturers (OEM). Table 1 summarises common design 
concepts of key components.  

For the foundation, depending on the site conditions and the height of the turbine, ei-
ther shallow or deep foundations with a steel structure and concrete are used (Schaf-
farczyk, 2023, pp. 309). A criterion for differentiating design concepts of a tower is, 
next to the height, the main used materials that are either concrete, steel, a hybrid form 
(steel & concrete), other materials such as wood (Hau, 2016, pp. 516) or glass fibre 
reinforced plastic (Schaffarczyk, 2023, p. 307). Modular steel towers are most com-
mon, particularly for hub heights of up to 100 m (Schaffarczyk, 2023, pp. 305). With 
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hub heights beyond 100 m, hybrid structures with concrete elements below and steel 
above are becoming the standard. 

Table 1. Design concepts of key components of horizontal-axis onshore wind turbines, based on Marwell 
et al. (2009), Schaffarczyk (2023), Hau (2016), Burton et al. (2011). 

Component Different designs 

Foundation Shallow Deep 
Tower Concrete Concrete & Steel Steel Other materials 

Drive train   
system  

Constant speed Variable speed 

Synchronous 
generator with 

gearbox 

Doubly-fed induc-
tion generators, 
commonly with 

gearbox 

Permanent magnet 
synchronous gen-
erator, with or with-

out gearbox 

Direct drive gener-
ators without gear-

box 

Control system Passive stall Active stall Passive pitch Active pitch Yaw 
Blades Non-composite materials GFRP GFRP/CFRP 

The drive train system is responsible to transform the wind to electrical energy through 
the mechanical system, the transmission system, and the electrical system, hence the 
generator (Burton et al., 2011, pp. 367; Hau, 2016, pp. 337; Manwell et al., 2009, pp. 
5, 221, 235). A distinction can be made between constant and variable speed opera-
tion. For constant wind speed, synchronous generators with a gearbox are commonly 
used, e.g. a fixed speed induction generator (FSIG) with a gearbox. For variable speed 
operation, doubly-fed induction generators (DFIG), permanent magnet synchronous 
generator (PMSG), and a direct drive generator (without a gearbox) are standard de-
signs. FSIG have been used in wind turbine designs around 1985-1995 for turbines 
until 1.5 MW, but have problems in meeting grid code requirements for large wind 
farms (Burton et al., 2011, p. 368). DFIG became common around 2000 and PMNG 
and direct drive generators started to be introduced. In total, a conventional drive sys-
tem with a gearbox is mostly used as the global market share of ~64 % as of 2022 
indicates (GWEC, 2023a, p. 31). Moreover, for a control system five designs exist: 
passive stall control, active stall control, passive pitch control, active pitch control, and 
yaw control system (Burton et al., 2011, pp. 475). Nowadays, most commonly an active 
pitch system and yaw system are jointly used to optimise the energy capture (Hau, 
2016, pp. 117, 166). In contrast, for example a passive stall control system cannot 
react to varying wind conditions during operation, making it less suitable for variable 
wind speeds and to feed into electricity grids with high penetration of variable energy 
sources (Burton et al., 2011, pp. 425; Hau, 2016, pp. 166). Rotor blades that differ in 
their areodynamic and structural optimised designs (Schaffarczyk, 2023, pp. 181, 197), 
also vary regarding the use of materials (Mishnaevsky et al., 2017; Schaffarczyk, 2023, 
pp. 193). The cross-section of a rotor blade and the common used materials are illus-
trated in Figure 3. 
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Figure 3. Wind turbine blade and possible material compositions, based on Mishnaevsky et al. (2017), 

Mølholt Jensen & Branner (2013, p. 6). 

The figure shows that blades are usually build with a sandwich structure, consisting of 
two layers of composites (made with fibre and resin), that surround the core material, 
e.g. balsa wood, PVC or PET (Mishnaevsky, 2021; Schaffarczyk, 2023, p. 193). Com-
monly the composites are made with glass fibre and epoxy resin (Schaffarczyk, 2023, 
p. 188). These materials are also expected to be primary decommissioned in the next 
10 years, for instance in Germany (Volk et al., 2021). However, to reinforce some parts, 
carbon fibre is more increasingly being used (Schaffarczyk, 2023, p. 188). In addition, 
to overcome the challenges of recycling composites in existing turbines, new compo-
sites are being developed and tested for new-to-be installed wind turbines and new 
recycling technologies are developed (Beauson et al., 2022; Mishnaevsky, 2021). 

 

Summary 

In summary, a horizontal-axis onshore wind turbine with three rotor blades and a tech-
nical design life of 20-25 years is the common wind turbine design, while the actual 
lifetime of a wind turbine may differ from the design life. The high proportion of costs 
and emissions associated with the turbine, underlines the potential for increasing eco-
logical and economic sustainability and supply chain resilience when decoupling from 
virgin materials. It should be noted that the overall material composition, costs and 
associated emissions vary across turbine types and corresponding design choices. 
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2.2 Onshore wind markets in Denmark and Germany 

To ease the transferability of the research to other markets, the historical development 
of wind turbine installations in Denmark and Germany are described and put in a Eu-
ropean and global context.  

 

The Danish and German wind turbine fleet in a European and global context 

Denmark and Germany are both part of the European electricity market, but differ in 
regards to their energy mix: In 2022, the majority of Denmark’s electricity generation 
came from wind (54.0 %), biofuels (17.9 %) and coal (12.7 %) (IEA, 2024b). In Ger-
many, it is coal (32.8 %), wind (21.3 %), natural gas (15.6 %) and solar (10.3 %) (IEA, 
2024b). In the same year, Denmark’s electricity generation came largely from renew-
ables (81.1 %) and in Germany that share accounted to 43.0 % (IEA, 2022). Going 
forward, Denmark has set the target to quadruple current levels of onshore wind and 
solar capacity by 2030, however without quantifying the share of onshore wind (IEA, 
2023a, p. 10). Moreover, offshore wind is targeted to increase from 2.3 GW to 18 GW 
by 2030 and 35 GW by 2050. Germany has defined a legal binding target of 115 GW 
onshore wind capacity by 2030, 160 GW until 2040 and the continuation of this installed 
capacity after 2040 (EEG 2023, 2014/2023, § 4). The target for offshore wind capacity 
is set to 30 GW by 2030 and 70 GW by 2045 (Windenergie-auf-See-Gesetz (Wind-
SeeG), 2017/2023, § 1). The EU’ target equals to 500 GW onshore and offshore wind 
capacity by 2030 (European Wind Power Action Plan, 2023, p. 1) and the global on-
shore wind target amounts to ~3.04 TW by 2030 according to IRENA’s 1.5° scenario 
(IRENA, 2023, p. 78).  

Denmark and Germany have pioneered the wind industry with long-established do-
mestic wind markets and an industry of global players, e.g. Vestas, LM Wind, Ørsted 
in Denmark and Enercon, Nordex, SGRE, RWE in Germany (Schaffarczyk, 2023, p. 
49). Roughly ~33,000 jobs in Denmark (as of 2020) and ~124,000 jobs in Germany (as 
of 2022) are associated to the wind industry (Bundesministerium für Wirtschaft und 
Klimaschutz [BMWK], 2023, p. 1; Damvad Analytics A/S & Wind Denmark, 2021, p. 3).  

To put Denmark’s and Germany’s historical installations of wind turbines in a global 
perspective, Figure 4 shows on the left side the cumulative installed capacity of on-
shore wind turbines per country and moreover, on the right side the decommissioned 
capacity from 2006-2022 (GWEC, 2023b). The left side of Figure 4 outlines that various 
countries have installed onshore wind turbines with a total capacity of ~841.9 GW, of 
which 26.7 % was installed in Europe. The red-marked countries installed more than 
15 GW with the largest deployment in China (334.0 GW), the USA (144.2 GW) and 
Germany (58.9 GW). The share of Denmark’s and Germany’s markets equals to 7.6 % 
of the global and 28.4 % of the European wind market. 
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Figure 4. Overview of onshore wind energy per country by (a) cumulative installed capacity in MW as of 

2022, and (b) total decommissioned capacity in MW between 2006-2022, based on data from 
GWEC (2023b). 

Furthermore, some wind turbines have already been decommissioned, as displayed 
on the right side of Figure 4. From 2006 to 2022, wind capacity of ~8.7 GW was world-
wide decommissioned from predominately onshore wind turbines (~99.2 %). The ma-
jority of this took place in Germany (~3.3 GW), the USA (~1.9 GW), China (~1.1 GW) 
and Denmark (~0.7 GW). China’s decommissioning is fully accounted to the year 2022. 
Denmark’s and Germany’s share of global decommissioning accounts to 45.5 % and 
to 73.6 % in Europe; however, it should be noted that Germany and Denmark have 
decommissioned prior to 2006 and as such the share is likely larger. 

 

The onshore wind turbine fleet in Denmark and Germany 

The following details the development of the onshore wind turbine fleet in Denmark 
and Germany. The analysis bases on publicly available market data: For Denmark as 
of 31/01/2022 (Danish Energy Agency [DEA], 2022) and for Germany as of 30/06/2023 
(Bundesnetzagentur, 2023). Further details about the selection, assessment and prep-
aration of the market data are provided in chapter 6.1.2 and Kramer et al. (2024). 

Figure 5 illustrates the annually installed onshore wind turbine fleet in Denmark (red 
bars) and in the geographically larger Germany (grey bars), on the left in terms of the 
number of turbines and on the right in the form of the installed capacity in MW. 
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Figure 5. Development of annual installation rates of onshore wind turbines in Denmark and Germany 

by a) number of turbines and b) installed capacity. Based on data from DEA (2022), Bundes-
netzagentur (2023). 

As of 31/01/2022 (DEA, 2022), Denmark installed 7,381 turbines over the last decades, 
of which 4,186 onshore wind turbines with an installed capacity of 4,711.9 MW are in 
operation. As Figure 5 shows, the number of turbines installed and capacity per instal-
lation year fluctuates considerably, rising steadily for the most part until 2000, plumping 
one year later and forming a plateau until 2007. The highest installation rate was 
achieved in 2002 with around 700 turbines (600 MW), from which around 650 turbines 
(545 MW) are in operation according to the market register. In contrast, the lowest level 
of installations is recorded in 2004 (7 turbines) and 2007 (6 turbines). Since 2008, the 
installation rates have unveiled a gradual increase, albeit at levels that are lower than 
previously observed. However, when examining the installed capacity, it becomes ev-
ident that similar levels have been achieved, given the steady increase in the size of 
turbines over time (see chapter 2.1). It should be noted that Denmark has already de-
commissioned 3,195 onshore turbines (826.4 MW) since 1998 (based on data of DEA, 
2022). However, 85.1 % of the overall installed capacity is still in operation with an 
average age of 20.9 years. Noticeable is that 73.5 % of the turbines – or 39.7 % when 
based on installed capacity – are being operated with an age of 20 years or beyond 
and hence surpass the 20-year design lifetime (IEC, 2019).  

Also shown in Figure 5, as of 30/06/2023 (Bundesnetzagentur, 2023), Germany is op-
erating an onshore wind turbine fleet of 28,611 turbines with an installed capacity of 
59,231.0 MW. This is significantly larger than the Danish onshore fleet. Also, in Ger-
many annual rates per installation year vary strongly with one turbine in 1983 and 1987 
to around 1,900 turbines in 2002 and 2017. When comparing the development of the 
annual number of turbines (left side of Figure 5) to the annual installed capacity (right 
side of Figure 5), it also becomes evident that turbines have increased in size over the 
years. For instance, in comparison to the year 2002, almost the same number of tur-
bines in 2017 corresponds to twice as much installed capacity. Furthermore, decom-
missioning totals around 4,500 turbines with an installed capacity of ~3,600 MW 
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(Deutsche WindGuard, 2023) since around 2000, when assuming 0.8 MW per turbine. 
As such, still a significant fraction of the overall installed onshore wind turbines is in 
operation with an average of 14.5 years. However, a large fraction has already sur-
passed an age of 20 years: 29.4 % and 14.8 % based on the number of turbines and 
installed capacity respectively. Compared to the Danish onshore fleet, the German 
fleet is still younger in average thanks to high installation rates in the last 10-15 years. 

 

Summary 

In summary, Denmark and Germany pioneered in onshore wind with a long history of 
installing onshore wind turbines and an increasingly aging fleet. The annual installation 
rates have significantly fluctuated in the past and as such also the age of the current 
operating fleet varies greatly. At the time of decommissioning, the currently 32,797 
operational onshore turbines with 63.9 GW of installed capacity will require handling. 
This provides the rationale for the prioritisation of this thesis on circular supply chain 
processes for decommissioned onshore wind turbines from Denmark and Germany. 

2.3 Circular economy 

Definition of a circular economy 

A circular economy has been defined in various different ways (Alhawari et al., 2021, 
pp. 1-2; Kirchherr et al., 2017, p. 221; Kirchherr et al., 2023, p. 7). In the following, an 
overview of common definitions are given, hence the definitions by Kirchherr et al. 
(2017; 2023), Ellen MacArthur Foundation (2019), and the European Parliament 
(2023) are introduced. Moreover, the understanding by Bocken et al. (2016) and Ve-
lenturf & Purnell (2021) as well as the newly published ISO-norm are presented (Inter-
national Organization for Standardization [ISO], 2024). 

Kirchherr et al. (2017, pp. 224-225) aim at establishing a complete definition through 
analysing 114 different definitions and propose the following: “A circular economy de-
scribes an economic system that is based on business models which replace the ‘end-
of-life’ concept with reducing, alternatively reusing, recycling and recovering materials 
in production/distribution and consumption processes, thus operating at the micro level 
(products, companies, consumers), meso level (eco-industrial parks) and macro level 
(city, region, nation and beyond), with the aim to accomplish sustainable development, 
which implies creating environmental quality, economic prosperity and social equity, to 
the benefit of current and future generations”. In 2023, they published an update of 
their original paper, providing an analysis of 221 definitions, but this did not lead to a 
revision of their definition (Kirchherr et al., 2023, p. 2). Instead, they highlight that most 
scholars acknowledge the need for a systemic shift and that a circular economy is not 
an end in itself, but foresees a contribution to sustainable development.  
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The definition by the Ellen MacArthur Foundation is also commonly used and accord-
ing to Kramer and Schmidt (2022, p. 62) reflects some of the mentioned aspects of 
Kirchherr et al. (2017). They define a circular economy as “[…] a systems-level ap-
proach to economic development designed to benefit businesses, society, and the en-
vironment. A circular economy aims to decouple economic growth from the consump-
tion of finite resources and build economic, natural, and social capital. […] It is built on 
three principles: Design out waste and pollution, keep products and materials in use, 
regenerate natural systems” (Ellen MacArthur Foundation, 2019, p. 19).  

A further definition is the one from the European Parliament (2023), which reads as 
follows: “The circular economy is a model of production and consumption, which in-
volves sharing, leasing, reusing, repairing, refurbishing and recycling existing materials 
and products as long as possible. In this way, the life cycle of products is extended. In 
practice, it implies reducing waste to a minimum. When a product reaches the end of 
its life, its materials are kept within the economy wherever possible thanks to recycling”.  

Bocken et al. (2016, pp. 308-309, 316) do not provide a short definition, but outline that 
a circular economy aims for a shift from a linear model to a circular one and emphasise 
the need for circular business models and a circular product design that narrow, slow 
and close resource flows.  

Velenturf & Purnell (2021) underpin the need to have a circular economy that is not 
understood as an end to itself and instead is clearly linked to sustainable development. 
In this context, they provide 10 principles that guide the system transition from a linear 
economy to a sustainable circular economy, amongst others an open, multi-dimen-
sional, whole system approach, reduction and decoupling of resource use, and design 
for circularity. Moreover, they highlight that circular strategies in their cascading nature 
can be used to guide a whole system approach and mention that it can help to derive 
“the best option for a supply chain in a given context” (A. P. Velenturf & Purnell, 2021, 
p. 1449). 

The ISO norm 59004:2024 aims to harmonize the various understandings of a circular 
economy by defining vocabulary and principles as well as by providing guidance for its 
implementation (ISO, 2024). Accordingly, the term ‘circular economy’ is defined as an 
“economic system […] that uses a systemic approach to maintain a circular flow of 
resources […], by recovering, retaining or adding to their value […], while contributing 
to sustainable development […]”. It is further noted that resources “can be considered 
concerning both stocks and flows” and that the “inflow of virgin resources […] is kept 
as low as possible, and the circular flow of resources is kept as closed as possible to 
minimize waste […], losses […] and releases […] from the economic system” (ISO, 
2024). 

In summary, as Kirchherr et al. (2017, pp. 224-225) acknowledge with their definition, 
a systemic shift, the cascading order of narrowing, slowing and closing resource flows, 
the multiple levels of a system and the necessary contribution to a sustainable devel-
opment, this definition is considered in this study. Their definition emphasises the need 
for circular business models, but does not simultaneously stress the need for a circular 
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product design and circular supply chains. Despite, the understanding used in this the-
sis is based on the premise that the design and implementation of circular business 
models, circular products and circular supply chains and their interconnection is con-
sidered a crucial aspect of a circular economy and is hence following Velenturf & Pur-
nell (2021, p. 1447). Moreover, in line with the just named authors, this thesis recog-
nises that there is not one circular economy, but multiple approaches are possible for 
the implementation, depending on the context (e.g. locally different possibilities of in-
dustrial symbiosis exist). 

 

Overview of R-principles 

The following paragraph further zooms into the various circular strategies, also called 
R-principles. Kirchherr et al. (2017), Ellen MacArthur Foundation (2019), Velenturf & 
Purnell (2021, p. 1449), Bocken et al. (2016, p. 309), and the European Parliament 
(2023) mention the cascading nature of circular strategies in their definitions and con-
ceptual understanding. The cascading order of R-principles is organised in models 
such as the 4R-model, 6R-model and 9R-model (Directive 2008/98/EC, 2008; Jawahir 
& Bradley, 2016, p. 105; Potting et al., 2017, p. 15). For instance, Kirchherr et al. (2017, 
pp. 224-225) refer to Reduce, Reuse, Recycle and Recover (4R-model). Also, the EU 
Waste Framework Directive has implemented the cascading management of the waste 
by first prevention, followed by reuse, recycling, recovery, and as a last resort disposal 
(Directive 2008/98/EC, 2008). Furthermore, the 9R-model proposed by Potting et al. 
(2017, p. 15) is frequently referenced in literature and is used in this thesis. The 9R-
model is considered as it offers a more comprehensive overview of potential circular 
strategies than the 4R-model or the 6R-model. Table 2 summarises the ten strategies, 
ranking the R-principle with the highest priority at the top (R0) and the one with the 
lowest priority at the bottom of the table (R9), also referred to as the ‘R-ladder’ (Potting 
et al., 2017, p. 15). The strategies that are in the scope of this thesis are highlighted in 
grey, namely R3-R9, as those are associated to slowing and closing resource flows 
after a first lifecycle of an onshore wind turbine (Kramer et al., 2024, p. 81). 

Table 2. Overview of the 9R-model by Potting et al. with outline of definitions for R0-R2 from Potting et 
al. (2017, p. 15) and R3-R9 according to Kramer et al. (2024, p. 81). 

R-principle Definitions 

R0-Refuse Make product redundant by abandoning its function or by offering the same 
function with a radically different product (Potting et al., 2017, p. 15). 

R1-Rethink Make product use more intensive (e.g. through sharing products, or by putting 
multi-functional products on the market) (Potting et al., 2017, p. 15). 

R2-Reduce Increase efficiency in product manufacture or use by consuming fewer natural 
resources and materials (Potting et al., 2017, p. 15). 

R3-Reuse 

Direct reuse of products for the same function (Directive 2008/98/EC, 2008, p. 
5). This may include inspecting, cleaning and repairing parts to enable reuse 
(Defra, 2011, p. 3), but it does not foresee overall refurbishment or remanufac-
turing. 
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R-principle Definitions 

R4-Repair Extend lifetime of products (Reike et al., 2018, p. 255) by restoring them after 
decay or damage to a usable state (Bocken et al., 2016, p. 311). 

R5-Refurbish A multi-component product is updated by replacing or repairing some compo-
nents (Potting et al., 2017, p. 15; Reike et al., 2018, pp. 255-256). 

R6-Remanufacture 

Through a fully documented standard industrial process, the product’s function 
is brought up to at least the originally manufactured quality (International Re-
source Panel [IRP], 2018, p. 46). This includes disassembly, checking, clean-
ing and, if required, replacing or repairing parts and providing a product war-
ranty (DIN SPEC 91472, 2023, pp. 7-8; Reike et al., 2018, p. 256). 

R7-Repurpose Structural reuse of products or components, but for a different function (A. P. 
M. Velenturf, 2021, p. 16). 

R8-Recycle Reprocessing waste “into products, materials or substances whether for the 
original or other purposes” (Directive 2008/98/EC, 2008, p. 5). 

R9-Recover “energy recovery and the reprocessing into materials that are to be used as 
fuels or other means to generate energy” (Directive 2008/98/EC, 2008, p. 5). 

Definition of circular supply chain management 

This thesis focuses on circular supply chains as a crucial part of a fundamental sys-
temic change to a circular economy, as also other scholars increasingly acknowledge 
(Kirchherr et al., 2023, p. 2). Similar to the diverse understanding of a circular economy, 
also various definitions exist for CSCM (Alhawari et al., 2021; Corvellec et al., 2021; 
Kirchherr et al., 2017; Lengyel et al., 2021). Farooque et al. (2019, p. 88) argue that a 
comprehensive definition was lacking and therefore propose the following: “Circular 
supply chain management is the integration of circular thinking into the management 
of the supply chain and its surrounding industrial and natural ecosystems. It systemat-
ically restores technical materials and regenerates biological materials toward a zero-
waste vision through system-wide innovation in business models and supply chain 
functions from product/service design to end-of-life and waste management, involving 
all stakeholder in a product/service lifecycle including parts/product manufacturers, 
service providers, consumers, and users”. In short, a CSCM is understood in this thesis 
as a "multi-level and multi-objective system that embeds circular thinking in SCM" (Kra-
mer & Schmidt, 2022, p. 63); whereby SCM encompasses the design, management 
and execution of material, information and financial flows along the value chain net-
work (The Supply Chain Council, 2017, pp. 4-5, 16). Further elaborations are outlined 
in Part A of the thesis. 

 

Summary 

To summarise, in this thesis the holistic definition of a circular economy by Kirchherr 
et al. (2017, pp. 224-225) and the principles for a sustainable circular economy by 
Velenturf and Purnell (2021, p. 1447) are considered. Moreover, the 9R-model by Pot-
ting et al. (2017, p. 15) is used when referring to circular strategies. CSCM is under-
stood in accordance to the definition by Farooque et al. (2019, p. 88). 



18  Scope of Research 

 

 

2.4 Current research on CSCM in wind turbine supply 
chains 

In this chapter, an overview of ongoing research on CSCM in the wind industry is pre-
sented to provide a better understanding of the research topic and associated research 
gaps. The scope of the thesis lies at the intersection of SCM, circular economy and 
wind energy, and therefore a literature review of existing research in each discipline 
and at the interfaces is conducted to provide an overview. Accordingly, Figure 6 shows 
the results of a Scopus search for each discipline and at the intersections in a Venn 
diagram (as of 21/04/2022, analysis published in Kramer & Schmidt, 2022). 

 
Figure 6. Publications from Scopus on SCM, circular economy and wind energy and their intersections. 

Based on Kramer & Schmidt (2022). 

At the intersection of the disciplines SCM, circular economy and wind energy only 21 
publications are identified. Consequently, despite the importance of the topic (see 
chapter 1), it seems that wind energy has rarely been researched from a CSCM per-
spective. In addition, it can be noted that wind energy (42,919 publications), SCM 
(42,664 publications), and circular economy (15,207 publications) are well researched 
disciplines. When looking at the development over time, Kramer & Schmidt (2022, p. 
64) outline that circular economy has received a lot attention recently, and SCM and 
wind energy are long-established areas of research. 

In the following subsections, the current research is described in more detail in relation 
to the research objectives of this thesis. Thus, the state of the art on (circular) SCM in 
the wind industry (2.4.1) and on circular strategies for decommissioned onshore wind 
turbines and their blades (2.4.2) is presented. 
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2.4.1 CSCM for wind turbines and their blades 
Systematic CSCM overview in the wind industry 

To further understand the current research in regard to the RO1 and thus the theoret-
ical understanding of CSCM in the wind industry, Table 3 provides an overview of iden-
tified publications that present a more holistic overview (Kramer & Schmidt, 2023). 

Table 3. Classification of existing research. Based on Kramer & Schmidt (2023). 

Source SCM CE Onshore wind Offshore wind SLR 

Beauson et al. (2022) (x) (x) (x) (x) (x) 
Franco et al. (2021) x x   x 
Jensen et al. (2019)  x x x  
Jensen et al. (2020)  x  x  
Koumoulos et al. (2019) (x) x (x) (x)  
Lapko et al. (2019) (x) (x) (x) (x)  
Mendoza et al. (2022)  x (x) (x)  
Nagle et al. (2022) (x) (x) (x)   
Rentizelas et al. (2022) (x) (x) (x)   
Velenturf (2021)  x (x) x x 

Beauson et al. (2022), Koumoulos et al. (2019), Nagle et al. (2022), and Rentizelas et 
al. (2022) have in common that they address circular economy and supply chain as-
pects, but focus on wind turbine blades. Beauson et al. (2022) give an overview of the 
process chain that takes place after the decommissioning of wind turbines and discuss 
economic, technical, legal and environmental aspects in this context. Koumoulos et al. 
(2019) focus on supply chains for composites and draw a strategic roadmap. Nagle et 
al. (2022) provide an overview of repurposing possibilities for blades from onshore 
wind turbines in Ireland. Rentizelas et al. (2022) outline a potential network design of 
recycling facilities of decommissioned wind turbine blades in Europe. Lapko et al. 
(2019) focus on the material level and outline influencing factors that enable the closing 
of the supply chain for critical materials from photovoltaic panels and wind turbines. 
Franco et al. (2021) is the only study that provides a systematic literature review (SLR) 
on circular supply chains, but instead of covering wind turbines, they look at the pho-
tovoltaic industry. The remaining four publications in Table 3, are placed at the inter-
section of wind energy and circular economy. Jensen et al. (2019) focus on remanu-
facturing (R-principle R6) and present three case studies of which one is from a wind 
turbine manufacturer. Jensen et al. (2020) highlight the need for embedding circular 
thinking in clean energy infrastructure by using the example of offshore wind in the 
United Kingdom (UK). Mendoza et al. (2022) present circular economy business mod-
els and technology management strategies in the wind industry based on a literature 
review. Finally, Velenturf (2021) developed a conceptual framework on a sustainable 
circular economy for the offshore wind energy industry and mentions that this could 
eventually be transferred to the onshore wind industry.  
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In summary, none of these publications provide a systemic overview on wind turbine 
supply chains that embeds circular thinking. Consequently, a systematic overview of 
existing research in relation to (circular) SCM is provided in the following.  

 

SCM in wind turbine supply chains 

For a comprehensive understanding of the current (circular) SCM research for wind 
turbines and their blades, the supply chain (i.e. turbine, components, materials) and 
the corresponding supply chain processes and circular strategies are presented. 

The SLR process bases on Tranfield et al. (2003) and was carried out from 21/03/2022 
to 12/05/2022 in Scopus and Web of Science (Martín-Martín et al., 2018). The majority 
of the results and methodology is published in Kramer & Schmidt (2023). The search 
string reads as follows and was applied to titles, abstracts and keywords of scientific 
literature in German and English: ("supply chain*" OR "value chain*") AND ("wind") 
AND NOT ("pv" OR "solar" OR "photovoltaic*" OR "biomass" OR "biofuel" OR "biogas" 
OR "hydro"). The string uses the approach of Franco et al. (2021, p. 5), but instead for 
photovoltaics for wind. By broadening the scope to the term ‘supply chain’ and ‘value 
chain’, the risk of overseeing important publications is reduced, as the term circular 
economy seems not yet well embedded in the research field. This has led to 392 pub-
lications in Scopus and 838 publications in Web of Science. After checking if these 
papers focus on aspects of the wind turbine supply chain, only 148 publications in 
Scopus and 68 publications in Web of Science remained. After removing duplicates 
between the two databases, the final sample dealing with the supply or value chain in 
wind energy research amounts to 163 scientific papers.  

As illustrated in Figure 7, the absolute number of identified articles makes it evident 
that the research topic is a niche, but papers have been published since 2007 with a 
steadily increase since 2014. Surprisingly, only 8.6 % of these papers address onshore 
wind specifically, 36.2 % offshore wind and the remainder (55.2 %) did not differentiate 
or deals with both (onshore and offshore wind).  

 
Figure 7. Scientific articles clustered by annual number of publications, type of wind technology and 

level of investigation. Based on Kramer & Schmidt (2023). 

When further detailing the level of investigation, as shown on the right of Figure 7, it 
becomes apparent that 65.6 % focus on the wind turbine/farm level, 27.6 % on the 
component level, and 6.7 % on materials (Kramer & Schmidt, 2023, p. 89). The 
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component which is mostly dealt with in the sample are the rotor blades, followed by 
the generator and foundation; the latter only in regards to offshore wind. Moreover, 
several papers have multiple components in their research scope, for example regard-
ing spare parts management. The papers that were clustered to the material level deal 
with rare earth materials from permanent magnet generators. 

Finally, to understand which parts of the circular supply chain are being addressed by 
research, it is useful to group the research identified into the main supply chain pro-
cesses. Accordingly, the sample was analysed and clustered into the supply chain 
processes according to the adapted SCOR-model by Vegter et al. (2020). The results 
are shown in Figure 8 and display that the processes Plan (31.5%) and Enable (29.7%) 
were mostly covered (Kramer & Schmidt, 2023, p. 89). The remaining processes are 
less present in the sample, with Deliver (5.0 %), Recover (5.0 %) and Return (2.7 %) 
the least. Hence, in particular the planning and enabling processes within SCM receive 
attention, while supply chain processes such as delivery, return logistics, and recovery 
of wind turbines as well as their components and materials are only rarely addressed. 

 
Figure 8. Final sample of scientific articles clustered by supply chain processes according to Vegter et 

al. (2020). Based on Kramer & Schmidt (2023). 

When moreover, examining the titles of the sample on whether specific circular strate-
gies, recovery processes, reverse logistics or similar aspects associated to a circular 
economy are addressed, only 14 publications are identified. As the following reveals, 
not all circular strategies are covered throughout the different supply chains along the 
turbine’s value chain. In most cases, supply chain processes of remanufacturing and 
recycling are the focus of the papers.  

Five studies are on remanufacturing (R6) of components and onshore wind turbines. 
Dahane et al. (2017, p. 1547) introduce a multi-agent model in order to assess how 
gearbox remanufacturing impacts the operation and maintenance performance of off-
shore wind turbines. They show that the use of a remanufactured gearbox is more 
attractive than the use of a new one; under the assumption that the remanufactured 
spare part is 10 % less in costs and in carbon emissions than the new gearbox. Dulman 
& Gupta (2018, pp. 147-148) show that the installation of sensors for condition moni-
toring of wind turbines can benefit the maintenance and remanufacturing strategy. Jen-
sen et al. (2019, pp. 307, 311), as shown in Table 3, outline remanufacturing process 
chains of three cases and propose that for immobile products such as wind turbines, 
‘on-site’ remanufacturing could be more suitable. Moreover, Ortegon et al. (2012, pp. 
155-159) sketch economic and environmental benefits of remanufactured wind tur-
bines, while also mentioning challenges in reverse logistics. This is followed by a more 
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detailed overview and a discussion in comparison to recycling (R8), amongst others, 
an overview of the forward and reverse logistics is given (Ortegon et al., 2013, p. 197).  

Further five studies address recycling (R8) of rare earth materials in permanent mag-
nets (e.g. Bonfante et al., 2021; Cheramin et al., 2021) and one study explores the 
reverse supply chain design for recycling of blades (Rentizelas et al., 2022). Hence 
half of the CSCM papers deal with recycling. Also, repurposing (R7) of blades is cov-
ered by one study which provides a life cycle assessment (LCA) of three repurposing 
routes (R7) and one cement co-processing route (R9) after decommissioning an on-
shore turbine (e.g. including transport) in Ireland (Nagle et al., 2022, p. 8).  

The remaining two studies address the reuse (R3) of packaging for large-scale com-
ponents by exploring a reverse supply chain (Paul & Smyers, 2010) and the other study 
deals with decommissioning of an offshore wind farms. Devoy et al. (2018, pp. 7-8) 
provide a model suite for optimising logistics and financials during installation, opera-
tion and decommissioning. The decommissioning module allows for partial or full de-
commissioning with reflecting different destination ports, waste-handling facilities and 
the resale of components. 

 

Conclusion 

In summary, research within the scope of this thesis, CSCM for onshore wind turbines 
and their blades, is rare. No systemic overview of a (circular) value chain network in 
the wind industry exists to date. The SLR shows that wind industry-specific SCM re-
search represents a research niche, particularly for onshore wind turbine supply chains 
and the supply chain processes after the initial use phase of turbines, components and 
materials. The researchers who address circular supply chains in more depth have 
focused on the recycling supply chain for permanent magnets and blades. Research 
on the development of supply chains for the second lifecycle of wind turbines and their 
blades is widely missing; with Ortegon et al. (2012, 2013) being the only relevant re-
search, however they predominantly address the United States of America (USA). In 
summary, the literature review emphasises that the research area of the dissertation 
represents a research gap, and that the fulfilment of the research objectives therefore 
contributes to closing this gap. 

2.4.2 Circular strategies for decommissioned onshore wind turbines 
and their blades 

This section outlines existing research on circular strategies of decommissioned on-
shore wind turbines by distinguishing the research according to their focus on either 
the turbine, blade or blade materials. Hence, the following further details existing liter-
ature on second-lifecycle strategies for wind turbines and their blades as well as recy-
cling options for blade materials, especially of composites.  
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Second-lifecycle strategies of wind turbines 

The review of current research reveals that only a limited number of studies have been 
conducted that address circular strategies designed to retain the structural value of the 
entire turbine (R3-R6), thereby slowing down the resource flows. 

Velenturf (2021, pp. 15-20) outlines that the repair (R4) and maintenance of compo-
nents is commonly applied and leads to a longer lifetime of the wind turbine. Further 
second-lifecycle strategies are mentioned for the component level, where it is outlined 
that research is still emerging and only a few studies were identified on component 
reuse (R3), refurbishment (R5), remanufacturing (R6) and repurposing (R7) of offshore 
components. She further expresses that the application of these strategies could result 
in a lifetime extension of the wind turbine beyond the design lifetime, while further de-
tails on a potential impact for a second lifecycle of an entire wind turbine are not men-
tioned. Also, Jensen et al. (2020, pp. 275-278) stress for offshore wind that circular 
strategies beyond recycling and energy recovery have not received sufficient attention 
in the strategic decommissioning planning by operators in the UK.  

For onshore wind turbines, the scope of this thesis, Woo and Whale (2022, pp. 1734-
1735) outline that reuse of the entire decommissioned turbine exists and that it obtains 
the highest value of the decommissioned wind farm. However, they state that most 
decommissioning would enter the waste stream, despite also expressing that they ex-
pect an increase of second-lifecycle practices for components as spare parts. Mar-
tinez-Marquez et al. (2022, p. 16) explore circular strategies for wind turbine blades, 
but still acknowledge the possibility of refurbishment and remanufacturing of the entire 
decommissioned turbine. Ortegon et al. (2012, 2013) focus on the potential of reman-
ufacturing onshore wind turbines, as already outlined in the SLR in 2.4.1. Another study 
on remanufacturing by Ortegon et al. (2014) apply system dynamics and reveals that 
functional and technological obsolescence could increase remanufacturing costs and 
hence would result in a less attractive business case for remanufacturing turbines. 
They note that functional obsolescence might be reduced through predictive mainte-
nance and technological obsolescence is triggered by technological change. 

Finally, studies on future waste volumes state that explorations on second-lifecycle 
strategies regarding the turbines and components are necessary to understand poten-
tial implications for recycling flows (e.g. Andersen et al., 2016, p. 14; Kühne et al., 
2022, p. 122; Pehlken et al., 2017, p. 259). 

In summary, the literature review reveals that, besides the studies by Ortegon et al. on 
remanufacturing, no comprehensive explorations dedicated to second-lifecycle strate-
gies for the wind turbine in its entirely exists. 
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Second-lifecycle strategies of blades 

For retaining the structural value of wind turbine blades, only 27 studies are identified 
by Kramer & Beauson (2023, pp. 7-8), which mostly address repurposing (R7). The 
following is an outline of the identified research on blades and the application of sec-
ond-lifecycle strategies, where blades remain with the same function (R3-R6) and with 
a different function (R7). 

In a search by Kramer & Beauson (2023, pp. 7-8), 27 papers are found on second-
lifecycle strategies for wind turbine blades, which the paper’s authors label to reuse 
(20 papers), repurpose (10 papers), and remanufacturing (4 papers). After analysing 
their content, it however appears that 23 papers address repurposing, two on modu-
larisation, and two on volume predictions. The inconsistent use of the terms indicates 
that these strategies are not yet well embedded in the research field. Only Kaczmarek 
et al. (2016) address a potential second lifecycle of a blade or its modules by exploring 
possibilities for structural modularisation. In regard to the technical feasibility of a sec-
ond lifecycle, Mishnaevsky (2021, p. 18) assumes a technical lifetime of up to 50 years 
for blades, but Beauson et al. (2022, p. 7) note that this might decrease, as OEMs aim 
at matching the blade design closer to the design lifetime, e.g. 20 years for onshore 
wind turbines (IEC, 2019). Both of them recognise the importance of reusing blades 
from a circular economy perspective, but Kwon et al. (2019, p. 1) neglect it due to 
safety concerns, which they do not further elaborate. Joustra et al. (2021, p. 1) also 
rule it out as unsuitable because, according to them, the blades cannot be easily rein-
stalled on another turbine and Martinez-Marquez et al. (2022, p. 16) outline that a fur-
ther increase in size of the rotor blades will result in difficulties for reusing blades. Also, 
Beauson et al. (2022, p. 7) expect that larger blades will result in complex and high-
cost intensive transportation that could hinder a second lifecycle and overall, conclude 
that further research is needed on the development of economics and quantities on 
the second-hand market. Besides, Mishnaevsky (2021, p. 18) hints at research on re-
pair during the operation of a turbine to derive knowledge for repairing blades after 
decommissioning and concludes that repair and reuse has a technical readiness level 
(TRL) of 9. In this context, the review by Martinez-Marquez et al. (2022, p. 16) however 
finds that procedures for structural repair still require further developments. In regards 
to refurbishment/remanufacturing, they outline a TRL of 10 and also Ortegon et al. 
(2012, p. 2) outline the possibilities of remanufacturing a blade, but without further de-
tailing it. In contrast, the definition in 2.3 states that remanufacturing involves the dis-
assembly and inspection of each part of the product, but the disassembly of composite-
based blades is technically difficult to carry out without effecting the structural proper-
ties and would require new blade designs (Beauson et al., 2022, p. 13). Due to the few 
available research papers and details in the available research papers as well as the 
different understanding of the terms in the respective research papers, the overview of 
the state of the art is still limited and cannot always be clearly assigned to one of the 
second-lifecycle strategies, R3-R6. On the subject of repurposing (R7), i.e. structural 
reuse with a different function, various examples such as playgrounds, bridges or bus 
shelters are cited in research (Kwon et al., 2019). 
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Recycling of blade materials 

Following the cascading nature of a circular economy, if structural reuse (R3-R7) is not 
suitable anymore, circular strategies on the material level should be considered, 
namely recycling (R8), followed by energy recovery (R9). 

In contrast to second-lifecycle strategies, Kramer & Beauson (2023, pp. 9-10) identified 
a higher research coverage on recycling materials from wind turbine blades, as 112 
scientific papers appeared relevant. 77 % of these papers address the recycling of 
composites, some limited to materials of composites (e.g. resin or fibre) and only 3 
publications each to PET and balsa wood. Also, comprehensive reviews were identi-
fied that provide an overview of the current state of the art on recycling (Beauson et 
al., 2022; Khalid et al., 2023; Mishnaevsky, 2021; Rathore & Panwar, 2023). The re-
search can be divided into investigations on new materials and corresponding recy-
cling technologies that are applicable to new blades and research on the development 
of recycling technologies for existing blades that are currently in operation. Alternative 
fibres and resins for new blades that are being researched are biocomposites, thermo-
plastic matrices, and modified epoxies (Beauson et al., 2022, pp. 6-7). Various recy-
cling methods for existing and new blades are investigated and can be grouped into 
mechanical recycling (e.g. shredding), thermal recycling (e.g. pyrolysis), and chemical 
recycling (e.g. solvolysis) (Beauson et al., 2022, pp. 8-9; Mishnaevsky, 2021, p. 6). 
The high interest in recycling of composite material is justified by the fact that currently 
no high-quality recycling has yet been developed on an industrial scale, so that cement 
co-processing, a process for energy recovery, is currently the only existing solution 
that is economically viable (Beauson et al., 2022, p. 9). In this context, Nagle et al. 
(2020, p. 9) note that cement co-processing has a lower environmental impact than 
long-term landfilling of blades. Moreover, the European industry has called for a landfill 
ban in the EU, which would further promote the development of recycling and energy 
recovery strategies (WindEurope, 2020).  

A further common research topic is the prediction of end-of-life waste volumes (e.g. 
Andersen et al., 2016; Sommer et al., 2020). Here, a wide-spread assumption is that 
blade recycling could occur directly after decommissioning and no further circular strat-
egies that further slowdown the resource use, are considered (e.g. Kühne et al., 2022; 
Lichtenegger et al., 2020). However, this is not known, as actual data on the applied 
circular strategy after decommissioning are not yet existing, e.g. as outlined by Grau-
lich et al. (2021, p. 52) for the EU. 

 

Summary 

In summary, research on circular strategies that keep the structural value of the turbine 
and their blades is rare and mostly conducted on the blade level with a focus on repur-
posing. As such, explorations of second-lifecycle turbines and blades are still a re-
search gap. Among others, there is currently a lack of further studies on the technical 
and economic feasibility and, as a result, on the expected market developments. This 
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could indicate why SCM-related research is currently limited. At the moment, research 
concentrates on the recycling of composites and aims at closing the resource flow 
through developing high-quality recycling solutions at industrial scale. In this light, it is 
unknown to which extend a second lifecycle of the turbine and its blades impacts the 
planning of recycling capacity. 

 

Overall conclusion of chapter 

Chapter 2.4 outlines that CSCM research for the wind industry is rare and a systemic 
view is lacking, thus justifying the first research objective of the thesis. Moreover, cir-
cular strategies for decommissioned onshore wind turbines and their blades have been 
addressed in research, however a second lifecycle of the turbines or their blades has 
not received sufficient attention. Therefore, proving the rationale for the scope of the 
research objectives 2 and 3. In this context, empirical investigations on the actual flows 
of decommissioned onshore wind turbines are currently not existing and are hence not 
reflected in expected flows of wind turbines, components and materials. This is how-
ever the key basis for capacity planning of various stakeholders in order to develop 
and scale circular supply chains. As such, it fulfils the demand of several researchers 
who are calling for further studies in this area (e.g. Beauson et al., 2022, p. 7; Kühne 
et al., 2022, p. 122).  
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2.5 Research questions and structure of the thesis 

Following the outlined motivation for the scope of research and the identified research 
gaps, several research questions (RQ) are formulated to fulfil the overarching aim and 
the three research objectives. As illustrated in Figure 9, the three research objectives 
are linked to five research questions of the thesis. 

 
Figure 9. Research objectives and research questions of the thesis. 

The first objective is addressed through RQ1 and RQ2. RQ1 “How does a circular 
supply chain management framework in the wind industry look like?” enables a theo-
retical understanding of the entire system. RQ2 zooms into the level of supply chain 
processes by asking “What are the circular supply chain processes along the lifecycle 
of a wind turbine and its blades?”. Therefore, providing a conceptual understanding of 
circular supply chain development for wind turbines and their blades by illustrating the 
product, component and material flows along the value chain. 

For the reduction of the complexity of the subject under investigation, the subsequent 
research questions focus on onshore wind turbines and their blades, with an exemplary 
investigation of the mature markets of Denmark and Germany. The second objective 
foresees the exploration of second lifecycle pathways of onshore wind turbines from a 
multi-stakeholder perspective and is addressed through RQ3 and RQ4. RQ3 asks 
“Which paths are taken for onshore wind turbines and their blades after decommis-
sioning in Denmark and Germany? Is a second lifecycle common or not?”. Accordingly, 

Overarching aim of the thesis: Contribute to an understanding of how sustainable and resilient 
circular supply chains can be developed along the entire lifecycle of a wind turbine.

Research objectives Research questions Part

A

B

C

RQ1: How does a circular supply chain management 
framework in the wind industry look like?

RQ5: Which turbine, component and material flows 
are expected for decommissioning, second lifecycle 
pathways and domestic recycling in Denmark and 
Germany?

RQ2: What are the circular supply chain processes 
along the lifecycle of a wind turbine and its blades?

RQ3: Which paths are taken for onshore wind turbines 
and their blades after decommissioning in Denmark 
and Germany? Is a second lifecycle common or not?

RQ4: What is influencing the development of second-
lifecycle supply chains for onshore wind turbines from 
Denmark and Germany? 

Objective 1:
Contribute to the emerging 
theoretical understanding of 
circular supply chain 
management in the wind 
industry.

Objective 2:
Explore second lifecycle 
pathways in the wind industry 
from a multi-stakeholder 
perspective.

Objective 3:
Quantify expected turbine, 
component and material flows to 
establish circular supply chains 
for further lifecycles and end-of-
life pathways.



28  Scope of Research 

 

 

current circular supply processes are examined and compared to the conceptual un-
derstanding. After quantifying whether a second lifecycle is common or not, the existing 
circular economy pathways are qualitatively explored as reflected in RQ4 “What is in-
fluencing the development of second-lifecycle supply chains for onshore wind turbines 
from Denmark and Germany?”. Therefore, it offers insights into the factors that may 
have influenced the decision-making process regarding the choice between a second 
lifecycle pathway and an end-of-life pathway. Finally, the last objective, the quantifica-
tion of expected turbine, component and material flows for multiple stakeholders is 
addressed by RQ5: “Which turbine, component and material flows are expected for 
decommissioning, second lifecycle pathways and domestic recycling in Denmark and 
Germany?”. This creates the basis for long-term capacity planning for the various ac-
tors and thus for the development of circular supply chains in the wind industry. 

The thesis consists of nine chapters as displayed in Figure 10. The previous chapters 
have presented the problem definition, motivation and the scope of research. In chap-
ter 3 the general research approach and chosen methodology is described. The meth-
odology is step-wise evolving, hence reflecting findings from previous steps and is 
therefore detailed in the main parts of the thesis, Part A-C. 

 
Figure 10. Structure of the thesis. 

Part A, represented by chapter 4, deals with RQ1 and RQ2. Hence, it proposes a 
methodology for deriving a conceptual understanding (4.1) and presents the concep-
tual understanding for CSCM and its resulting circular economy pathways (4.2). The 
chapter ends with an interim conclusion (4.3) that summarizes the key findings.  

Part B, represented by chapter 5, addresses RQ3 and RQ4. 5.1 outlines the method-
ology of the data collection and analysis, followed by 5.2 that presents the results. 
Finally, the results are discussed (5.3) and interim conclusions (5.4) are drawn.  
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Part C, represented by chapter 6, aims at answering RQ5. The related methodology 
(6.1) for turbine, component and material flow forecasts for multiple stakeholders of 
circular economy pathways is introduced. The results are presented (6.2) and dis-
cussed (6.3).  

To put the contributions of the thesis into perspective, chapter 7 provides a compre-
hensive discussion of the results and research design in regard to the fulfilment of the 
overall research objective. Finally, chapter 8 summarises (8.1) and critically reflects 
the findings (8.2) and concludes with a future research agenda (8.3). 
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3 General Research Approach 
Research methodology and methods 

Supply chains and their interlinkages with the environment are in principle considered 
to be complex systems (Herrmann, 2010, pp. 1, 62; Werner, 2020, p. 34) that is also 
the case for the globally-spread supply chains in the wind industry: Different stakehold-
ers are interacting to fulfil different processes (e.g. manufacture, transport, service, 
refurbish) for a product consisting of approx. 30,000 parts (Vestas, 2023, p. 4). This 
involves the complex flow of materials, information, and resources in the value chain 
network (The Supply Chain Council, 2017, pp. 4-5, 16). Complexity of the system is 
further increased by integrating the concept of a circular economy into SCM (F. R. 
Nilsson, 2019, p. 694).  

Hence, to acknowledge the complexity and dynamic of the object under research, the 
research does not follow widely-spread assumptions of rationality, context-independ-
ent behaviour and objectivity in SCM (Nair & Reed‐Tsochas, 2019, p. 80; F. Nilsson & 
Gammelgaard, 2012, p. 767). Instead, the system is viewed more through the lens of 
“sense making of situations” and recognises that uncertainties exist in the emergence 
of transition paths (F. Nilsson & Gammelgaard, 2012, p. 772; F. R. Nilsson, 2019, p. 
685). To underpin, as defined in 2.3, the choice of circular economy pathways is not 
made uniform but need to reflect the specific context. In addition, in the process of 
generating knowledge, the researcher’s “basic set of beliefs” guide action (Guba, 1990, 
p. 17). 

As deduced from the previous chapters, the scope of the thesis is on circular supply 
chain development for onshore wind turbines and their blades in Denmark and Ger-
many with an emphasize on second lifecycle pathways. The objectives are to contrib-
ute to the existing conceptual understanding (RO1), to explore second lifecycle path-
ways (RO2) and to quantify turbine, component and material flow forecasting for mul-
tiple stakeholders (RO3). The object of research is situated at the intersection of the 
disciplines of wind energy, SCM and circular economy and is defined as a relatively 
new and emerging research field with limited empirical investigations (see 1.2 and 2.4). 
The research is therefore of qualitative nature (Creswell & Poth, 2018, pp. 42; Golicic 
et al., 2005, p. 22) and focuses, within the cycle of empirical scientific inquiry – con-
sisting of observation, induction, deduction, testing and evaluation – on the first two 
phases by exploring and developing a theory (Groot & J. A. A., 1969, pp. 27). It aims 
to observe and provide extensive insights of phenomena and to illustrate a range of 
possible future developments. Hence, the explorative research follows a bottom-up 
approach and uses inductive reasoning to step-wise develop a theory.  

Mixed methods approach 

In accordance with the above, the general research approach for the phenomena of 
the complex system under exploration is qualitative, interdisciplinary, exploratory and 
empirical. Taking this into account, a mixed methods approach is a suitable methodol-
ogy (Golicic & Davis, 2012, pp. 726; Golicic et al., 2005, pp. 19). Golicic & Davis (2012) 
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underpin for SCM that mixed methods research can enrich the understanding of phe-
nomena in a dynamic business environment and increase the robustness of the expla-
nations. In this light, it enables a wider exploration as different kind of research ques-
tions can be answered (Golicic & Davis, 2012, p. 727). Hence, it can support to grasp 
multiple aspects in CSCM in the wind industry and to extensively understand the cir-
cular supply chain process of decommissioned onshore wind turbines. In addition, the 
methodology can produce “research that makes a higher-level contribution to mana-
gerial practice” as it allows for bringing “key stakeholders more directly into the re-
search” (Grant et al., 2023, p. 190). Therefore, it is supporting a multi-stakeholder per-
spective (see chapter 5.1.1). Consequently, a mixed methods approach in the core 
design of “exploratory” (Grant et al., 2023, p. 180), initiated with a “qualitative path” 
(Golicic & Davis, 2012, pp. 732) is chosen for this research.  

As Figure 11 shows, the research purpose of the methodology is “development” (Gol-
icic & Davis, 2012, pp. 734), hence the research methods are built in a sequence: the 
results of the previous step inform the method of the next step. It suits this research, a 
step-by-step and inductive development of theory, well. The methodology foresees to 
report results of each method separately (see Part A-C), “followed by a general dis-
cussion that ties them together by comparing and contrasting findings” (Golicic & Da-
vis, 2012, p. 734). 

 
Figure 11. The research methodology of the thesis is a mixed methods approach, initiated with a quali-

tative path. Inspired by Golicic & Davis (2012). 

Part A of the mixed methods approach 

Part A uses a qualitative research approach and develops a literature-based concep-
tual framework to answer RQ1 and RQ2. This is argued in the widely agreed fact, that 
rigorous research foresees to review and reflect on existing research when developing 
a conceptual framework (Saunders et al., 2019, pp. 51-52; Seuring et al., 2005, p. 92). 
Further details on the methodology of Part A are given in chapter 4.1.  

Method 1:
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Method Set 2:
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Part B of the mixed methods approach 

With the derived conceptual understanding of circular supply chains in the wind indus-
try from Part A, it is possible to systematically explore second lifecycle practices from 
a multi-stakeholder perspective in Part B. To explore and quantify the chosen path-
ways of decommissioned turbines and their blades in Germany and Denmark (refer to 
RQ3 and RQ4), the qualitative method of semi-structured interviews with industry ex-
perts is applied. The method is selected due to its particular suitability for an emerging 
field of research that is currently lacking in empirical studies (F. R. Nilsson, 2019, p. 
687; Saunders et al., 2019, pp. 444). A semi-structured design guides the experts with 
the derived conceptual understanding from Part A, making the interviews more com-
parable between each other, but still allowing the emergence of new aspects (Döring 
& Bortz, 2016, pp. 372; Gläser & Laudel, 2010, pp. 37, 42; Saunders et al., 2019, pp. 
437, 444). Disadvantages of this method could be that bias – interviewer, interviewee 
or participation bias – could occur and the number of interviews conducted could be 
small, which is argued to reduce transferability (Saunders et al., 2019, pp. 447). How-
ever, some of these potential shortcomings also apply to other qualitative research 
methods (e.g. observations, surveys, secondary data collection) and techniques have 
been developed to address them, which are considered in this thesis as detailed in 
chapter 5.1.1 (Döring & Bortz, 2016, pp. 321; Lincoln & Guba, 1985, pp. 289; Saunders 
et al., 2019, pp. 213). The collected data is quantitatively analysed to quantify which 
pathways have been chosen in Denmark and Germany and qualitatively analysed with 
a qualitative content analysis according to Mayring (2022). The method of Mayring 
allows to analyse large amounts of text data with a step-wise, structured and inductive 
approach to identify categories and patterns in the data (Mayring, 2010, pp. 603, 661; 
Seuring et al., 2005, pp. 94). It is therefore suitable for answering RQ4 as the method 
is used to identify categories and patterns, but it is not foreseen to quantify the fre-
quencies of the derived codes. Hence, overcoming critique that the context is lost, in 
particular if text is reduced to frequencies of each derived category (Gläser & Laudel, 
2010, pp. 198). The methods for data collection and data analysis are further detailed 
in chapter 5.1. 

Part C of the mixed methods approach 

In Part C, a quantitative method to forecast the turbine, component and material flows 
of different scenarios for multiple stakeholders in Denmark and Germany is developed 
(RQ5). The empirical data from Part B and already available market data are used as 
inputs of the forecasts. The method choice is justified on the awareness, that data-
based modelling and extensive supply chain data are seen to be important for the de-
cision-making of multiple stakeholders in sustainable resource management (Potočnik 
& Teixeira, 2023, pp. 7, 40; Wieland et al., 2016, p. 208). With providing different sce-
narios, informed by Part A and B, it does not eliminate the irrationality of the system 
but helps to make the decision-making more objective (Wieland et al., 2016, p. 208). 
The methodology and methods of Part C are further explained in chapter 6.1. 
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Evaluation criteria of research 

The nature of the thesis’s research is qualitative and as such criteria to assess the 
quality of qualitative research are guiding the assessment. However, as a mixed meth-
ods approach is taken, some elements are of quantitative nature and hence are as-
sessed as those. The data sources and methods are described and evaluated through-
out the respective chapters, 4.1, 5.1 and 6.1. That said, depending on the nature of the 
applied method, either qualitative techniques (e.g. triangulation) or quantitative tech-
niques (e.g. testing through replication) are used for ensuring rigorous and systematic 
research (Lincoln & Guba, 1985, pp. 292).  

To evaluate qualitative research, Lincoln and Guba (1985) argue that trustworthiness 
should be assessed with the evaluation criteria of credibility, transferability, dependa-
bility and confirmability. These criteria are internationally widely established (Döring & 
Bortz, 2016, pp. 108). In quantitative research, the counterpart is internal validity, ex-
ternal validity, reliability and objectivity (Döring & Bortz, 2016, pp. 109-110; Lincoln & 
Guba, 1985, p. 290). Table 4 provides a description of each evaluation criteria in regard 
to qualitative and quantitative research. 

Table 4. Evaluation criteria of qualitative and quantitative research. Based on Lincoln & Guba (1985, p. 
290), Döring & Borth (2016, pp. 109-110). 

Qualitative evaluation criteria Quantitative evaluation criteria 

Credibility  
Is about showing that the researcher has “repre-
sented those multiple constructions adequately” 
(Lincoln & Guba, 1985, p. 296). Hence, the in-
quiry should be carried “in such a way that the 
probability that the findings will be found to be 
credible is enhanced and, second, to demon-
strate the credibility of the findings by having 
them approved by the constructors of the multi-
ple realities being studied” (Lincoln & Guba, 
1985, p. 296).  

Internal validity  
Is the “extend to which variations in an outcome 
(dependent) variable can be attributed to con-
trolled variation in an independent variable” (Lin-
coln & Guba, 1985, p. 290). 

Transferability  
Ensures that the research can be applied to 
other applications with contextual similarity (Lin-
coln & Guba, 1985, pp. 291, 296). 

External validity  
Approximates to which extend the findings can 
be generalised to other contexts (Lincoln & 
Guba, 1985, p. 290). 

Dependability  
Ensures that justifiable assumptions were made 
along the inquiry process that leads to coherent 
findings (Lincoln & Guba, 1985, pp. 298).  

Reliability  
Means that results are “consistent, dependable, 
and predictable” and is seen “as a precondition 
for validity” (Lincoln & Guba, 1985, p. 292). 

Confirmability  
Examines the objectivity of the data and the re-
searcher or in other words the intersubjective 
agreement of a number of individuals (Lincoln & 
Guba, 1985, pp. 299). 

Objectivity  
“Refers to what a number of subjects or judges 
experience” (Lincoln & Guba, 1985, p. 292). 
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Several techniques are applied to ensure the trustworthiness of qualitative research, 
amongst others triangulation (Döring & Bortz, 2016, p. 109; Lincoln & Guba, 1985, pp. 
301; Schou et al., 2012, p. 2090). Triangulation is achieved in this thesis through 
choosing a mixed methods approach (see Figure 11), multiple methods (e.g. literature 
review, expert interviews) and multiple data sources (e.g. cases of Denmark and Ger-
many). The design of the mixed methods approach enables trustworthiness of the re-
sults as a balance is struck between the advantages and limitations of the respective 
research methods (Golicic & Davis, 2012, p. 727). Moreover, through the step-by-step 
evolving research approach and the overarching discussion that also addresses the 
transferability to other industries (e.g. offshore wind, photovoltaic) and countries, it en-
hances the trustworthiness (Lincoln & Guba, 1985, pp. 301).  

Next to triangulation, the assessment of “truth value” (Lincoln & Guba, 1985, p. 290) is 
moreover enabled through an extensive explanation of the purpose (chapter 1), the 
research process and the general and specific choice of methods (chapters 2.5, 4.1, 
5.1, 6.1) (Schou et al., 2012, p. 2090). To assure that the methods suit the purpose of 
the thesis, the objectives and the scope of research is described prior to choosing the 
methodology and corresponding methods. By providing a ‘thick description’ of the con-
text of the thesis’s investigations, a person who wants to apply it to a different context 
is able to sufficiently assess the applicability (Lincoln & Guba, 1985, p. 316). Hence, a 
‘thick description’ of the object under research and the research process is provided. 
For instance, by outlining the characteristics of the German and Danish wind turbine 
fleet (see chapters 2.2 and 6.2.1), other researchers can assess the applicability to 
other countries.  

The consistency of research can, next to triangulation, be assessed through ‘audits’, 
e.g. in a peer-reviewed publication process (Lincoln & Guba, 1985, pp. 317). The re-
search design of the thesis is partially being audited as some results and the corre-
sponding research process – in particular aspects of RQ1, RQ2, RQ3 and RQ5 – are 
published in peer-reviewed conference proceedings and in a journal (Kramer et al., 
2024; Kramer & Beauson, 2023; Kramer & Schmidt, 2022, 2023). It is further opera-
tionalised by considering external feedback on the research design (or parts) from ac-
ademic researchers (e.g. doctoral supervisors, senior researchers), practitioners (e.g. 
wind turbine manufacturer, decommissioning company, operator) and industry associ-
ations (e.g. GWEC, VDMA). Further comprehensive notes are taken on the re-
searcher’s thinking process for developing the research design of this thesis.  

Finally, the confirmability is operationalised in the thesis, next to triangulation with mul-
tiple data sources, by presenting the perspective of multiple stakeholders and two 
countries as well as considering feedback from the experts. Further, by outlining dif-
ferent arguments and linking it to theories a degree of objectivity to the findings can be 
obtained. However, the object of investigation is complex and dynamic and as such 
uncertainties have to be accepted. Nevertheless, to further enhance confirmability, 
Denmark and Germany are chosen as pioneers in onshore wind energy. This in-
creases the likelihood of access to comprehensive data and market research, and thus 
the ability to assess the trustworthiness (Saunders et al., 2019, pp. 448-449). 
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4 Part A: Conceptual Framework of CSCM in the 
Wind Industry 

Part A of this thesis has the objective to contribute to the emerging theoretical under-
standing of circular supply chain management in the wind industry (research objective 
1) by answering RQ1 and RQ2. Consequently, a conceptual framework of CSCM in 
the wind industry is developed and presented (RQ1), followed by detailing the theoret-
ical understanding of circular supply chain processes along the lifecycle of a wind tur-
bine and its blades (RQ2). It therefore addresses the identified research gap concern-
ing the lack of systematic integration of circular thinking into SCM in the wind industry 
(see 2.4). 

The chapter is divided into three subchapters, beginning with outlining the methodol-
ogy in chapter 4.1. The results of the conceptual framework of CSCM in the wind in-
dustry are presented in 4.2. The last chapter, chapter 4.3, outlines the interim conclu-
sions and leads over to Part B of the thesis, given the step-by-step evolving research 
methodology of the thesis. 

4.1 Methodology 

The methodology of Part A is set to develop a conceptual framework of CSCM in the 
wind industry by following the process outlined in Figure 12. 

 
Figure 12. Part A’s methodology of developing a conceptual framework of CSCM in the wind industry, 

inspired by Kramer & Schmidt (2022). 

The first step is the identification and selection of scientific literature for the definition 
of the structure and content of the conceptual framework for CSCM in the wind indus-
try. As a CSCM framework for the wind industry is not yet existing, as chapter 2.4.1 
outlines, the structure of the CSCM framework is defined on the basis of an existing 
industry-neutral CSCM framework. In addition, wind-specific CE frameworks are iden-
tified and analysed for applicability to the development of a CSCM framework for the 
wind industry. Finally, scientific research on CSCM in the wind industry is selected, 
hence the research presented in chapter 2 is considered. 
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According to Figure 12, the second step of the methodology is the presentation of the 
results, which takes place in the next chapter 4.2. It particularly details the supply chain 
processes level of the CSCM framework to ensure an in-depths view on possible cir-
cular economy pathways by wind turbines and their blades. The evaluation is subse-
quently conducted in Part B. 

 

Selection of an industry-neutral CSCM framework 

To promote an easier transferability to other industries, the development of a wind-
specific CSCM framework is based on an industry-neutral CSCM framework. Accord-
ingly, a research search conducted in 2022 identified existing CSCM frameworks (Kra-
mer & Schmidt, 2022, p. 65). In total, only four comprehensive frameworks were iden-
tified and further assed in regard to whether these address core aspects of a circular 
economy. The analysis is required as a circular economy and CSCM can be defined 
in various ways and a common understanding is not yet established (see 2.3). There-
fore, the analysis reviews whether circular thinking has been sufficiently embedded in 
the proposed CSCM frameworks, as outlined in the following. 

Batista et al. (2018) develop a conceptual understanding of circular supply chains by 
reviewing existing literature from sustainable supply chains narratives such as reverse 
logistics or close-loop supply chains. They assess to which extent the existing literature 
acknowledges the management of restorative and regenerative processes in supply 
chain design. As a result, they provide an archetype of a circular supply chain, in which 
they distinguish between primary, secondary and recovered flows of materials and 
products (Batista et al., 2018, p. 447). It is emphasised that these flows can occur in 
both closed and open loops. This acknowledges that the product may not necessarily 
be returned to the original manufacturer, but could alternatively involve a forward sup-
ply chain. 

Farooque et al. (2019) provide a literature-based overview of circular supply chain 
management by introducing a definition which foresees the integration of circular think-
ing into SCM (see 2.3). The definition is in accordance with the understanding of Ba-
tista et al. (2018, pp. 446-447), although they outline that a more comprehensive inte-
gration of circular thinking and a zero-waste economy is required. Their conceptual 
understanding emphasises the necessity for a system-wide transformation of business 
models and supply chain functions. This is required in order to facilitate the restoration 
of technical materials and the regeneration of biological materials, thereby ensuring 
sustainable development. Accordingly, they provide an overview at a broad SCM level, 
of individual supply chain functions, business models and the role of technology 
(Farooque et al., 2019, p. 887). In this regard, the supply chain functions design, pro-
curement, production, logistics, consumption and end-of-life (EoL)/waste management 
are addressed. 

González-Sánchez et al. (2020) present a conceptual understanding of circular supply 
chains based on a literature review that highlights four dimensions for the design and 
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implementation of circular supply chains: relational, technological, environmental, lo-
gistical and organisational. Accordingly, the relational dimension consists of a greater 
interaction with suppliers, customers and institutions, while the technological dimen-
sions foresees the use of smart technologies (González-Sánchez et al., 2020, p. 15). 
Moreover, the environmental dimension accounts for sufficient legal requirements, fis-
cal tools and a new cultural framework. And finally, the logistics and organisational 
dimension outlines reverse logistics, industrial symbiosis and circular business mod-
els. Collectively, these dimensions impact the environmental and economic perfor-
mance of a circular supply chain. 

Montag et al. (2021) introduce a conceptual framework of circular supply chain maturity 
based on a systematic literature review. They outline a three-dimensional concept that 
integrates six archetypal elements of a circular economy, thereby embedding holistic 
systems thinking and linking it to overarching goal of sustainable development (Montag 
et al., 2021, p. 21). The three dimensions are organisation (strategic), products (tacti-
cal) and processes (operational), with further subdimensions for each: 

▪ Organisational dimension: Management and information and technology 
▪ Products dimension: Beginning-of-life, middle-of-life and end-of-life 
▪ Processes dimension: Plan, source, make, deliver, use, return, recover and enable, 

in accordance to the supply chain processes of the extended SCOR-model by Veg-
ter et al. (2020) 

Montag et al. integrate the necessary paradigm shift towards a circular economy, a 
value focus and the R-principles, as well as restorative and regenerative cycles, in 
these dimensions. After the analysis of the four CSCM frameworks, it can be concluded 
that the CSCM framework by Montag et al. (2021, p. 21) is most suitable as a basis for 
the development of the CSCM framework in the wind industry (Kramer & Schmidt, 
2022, p. 65). This is justified by the fact that it comprehensively integrates circular 
thinking into CSCM while providing practical guidance thanks to a detailed explanation 
of the various dimensions and supply chain processes. However, as an industry-neu-
tral framework, it lacks the consideration of wind-specifics in the structure of the frame-
work, leading to the need to identify and select a wind-specific CE framework. 

 

Selection of wind-specific CE framework  

A review of current literature on circular economy within wind energy research in 2.4 
has introduced a few existing systemic views on circular thinking in the wind industry. 
However, only the study by Velenturf (2021, p. 13) outlines a wind-specific CE frame-
work. She provides a comprehensive multi-level framework on circular strategies for 
offshore wind based on a systematic literature review, expert workshops and feedback 
loops. The framework consists of circular strategies for offshore wind (e.g. design for 
circularity, reuse, lifetime extension) that differ between the infrastructure, components 
and materials level. However, the focus is on offshore wind, although the applicability 
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to onshore wind is mentioned. Therefore, the CE framework by Velenturf (2021, p. 13) 
is considered for the development of the wind-specific CSCM framework.  

 

Summary of the selected research base 

A summary of the selected research base for the development of a CSCM framework 
for the wind industry is given in Figure 13. Accordingly, in addition to the selection 
outlined, the scope of research and overview of current research presented in chapter 
2 is also considered. 

 
Figure 13. Overview of selected research base for the development of a CSCM framework for the on-

shore wind industry. 

4.2 Circular supply chain management 

The conceptual framework on circular supply chain management in the wind industry 
is illustrated in Figure 14 (Kramer & Schmidt, 2022). 

 
Figure 14. Conceptual framework of CSCM in the wind industry. Based on Kramer & Schmidt (2022). 

Inspired by Montag et al. (2021), Vegter et al. (2020), Velenturf (2021). 

Research base for the development of a CSCM framework for the wind industry

Industry-neutral 
CSCM framework 

by Montag et al. (2021)

CE framework 
for offshore wind 

by Velenturf (2021)

Scope of research and current 
research on CSCM in the wind 

industry (chapter 2)

CSCM framework for the wind industry (chapter 4.2)

Holistic system thinking with positively influencing the sustainable development
Guiding Principles

▪ R-principles with its 
cascading

▪ Regenerative & 
restorative cycles

▪ Value focus
▪ Design for circularity

▪ Paradigm shift
ORGANISATION

PRODUCTS

PROCESSES

Management Information/ Technology

Material InfrastructureComponent

Plan

Enable

Source Make

Recover

Deliver Use Return



Part A: Conceptual Framework of CSCM in the Wind Industry 39 

 

The framework embeds the circular thinking into SCM and consists of three levels, the 
organisational, products and processes level. Each level has further subdimensions 
that are interlinked with the different levels.  

This structure considers the multi-level structure of the industry-neutral CSCM frame-
work by Montag et al. (2021) and the subdimensions in the organisational and pro-
cesses levels. The products level is structured in accordance to the wind-specific CE 
framework by Velenturf et al. (2021). In addition, the subdimensions are detailed in 
accordance to the scope of research and current literature of CSCM in the wind indus-
try (see chapter 2) and are described below. 

 

Organisational level 

The organisational level consists of the two subdimensions, management and infor-
mation/technology (Montag et al., 2021, p. 20). It is interconnected with the industry 
and the market, thus involving different stakeholders to enable a paradigm shift in the 
wind industry. Figure 15 outlines the key tasks associated with the two subdimensions 
and also indicates that the level is interlinked with the product and process levels. 

 
Figure 15. Organisational level of the CSCM framework for the wind industry. Based on Kramer & 

Schmidt (2022), inspired by Montag et al. (2021). 

Management 

The key management tasks, shown on the left side of Figure 15, consist of three tasks, 
which are further explained below (Kramer & Schmidt, 2022, p. 70; Montag et al., 2021; 
Sehnem et al., 2019; A. P. M. Velenturf, 2021; Yadav et al., 2020). 

The first management task is to describe, understand and develop the logistics network 
and the stakeholders in the value chain within and outside the wind industry.  

Similar to other production networks, also the manufacturing process of wind turbines 
involves various suppliers in a global network (Kramer & Schmidt, 2022, p. 70; Surana 
et al., 2020, p. 4). Apart from that, it also includes a regional network of stakeholders 
for the installation, operation, maintenance and decommissioning of the wind turbines, 
as those functions are fulfilled at the project site (GWEC, 2022). It requires special 
skills and technical equipment from regional companies, such as trained personnel 
who can work at high altitudes (Poulsen & Lema, 2017). This also accounts for the 
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transportation of the turbine components, e.g. planning transportation routes for large-
scale blades (Bundesverband WindEnergie [BWE]; BWE, 2019). Moreover, depending 
on the taken pathway after decommissioning a wind turbine, the companies could be 
internationally or regional active. For example, the concrete of the foundation could be 
recycled for the use in the construction of new roads in the region or the components 
exported as spare parts (DIN SPEC 4866, 2020; Woo & Whale, 2022, pp. 1734-1735). 
In summary, the key supply chain actors along the value chain of wind turbines are as 
follows (Bonou et al., 2016, p. 4; Dahane et al., 2017, p. 1547; Koschate, 2020, p. 65; 
Surana et al., 2020, p. 4; A. P. M. Velenturf, 2021): 

▪ Suppliers of raw materials and semi-finished products 
▪ Wind turbine manufacturer/OEM 
▪ Specialised installation companies 
▪ Wind farm developer 
▪ Wind farm operators 
▪ Maintenance, repair and overhaul (MRO) companies 
▪ Decommissioning companies 
▪ Logistics companies 
▪ Refurbishment and remanufacturing companies 
▪ Repurposing companies 
▪ Recycling and waste-handling companies 

It should be noted that these different functions do not have to be performed by sepa-
rate companies. In fact, one company often performs several functions in the value 
chain, e.g. an OEM also installs the wind turbine (Koschate, 2020, p. 62).  

Once the key stakeholders have been identified, the existing and necessary economic 
and logistical relationships can be analysed to identify converging and conflicting in-
terests and derive strategic measures (Kramer & Schmidt, 2022, p. 70; Montag et al., 
2021, p. 20). For a CSCM, it is important to establish stakeholder relationships between 
those who manufacture components and service turbines and those involved in the 
post-decommissioning value chain. For example, the coordination of forward and re-
verse supply chains can ensure the availability of spare parts for wind turbine mainte-
nance by sourcing remanufactured components (Dahane et al., 2017, p. 1547). An-
other example is the potential availability of recycled materials for the production of 
new parts and components (Graulich et al., 2021, p. 46). In this context, an important 
field of action is the identification of critical supply within the logistical network, as it 
can also impact the feasible design options of new turbines and their components 
(GWEC & BCG, 2023, p. 47; Kramer & Schmidt, 2022, p. 71). For example, the supply 
of rare earth materials such as neodymium and dysprosium is already considered crit-
ical in the EU (Alves Dias et al., 2020; Graulich et al., 2021, p. 46), encouraging the 
creation of new sourcing channels through recycling and the reduction of material use 
through changes in product design (Bonfante et al., 2021). 
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The second management task is the definition of a CSCM vision and target system 
with performance metrics (Montag et al., 2021, p. 20). Each organisation needs to for-
mulate a long-term vision that embeds circular thinking into SCM and clearly links it to 
a target system (Farooque et al., 2019, p. 88; Kramer & Schmidt, 2022, p. 71).  

In line with the definition of CSCM by Farooque et al. (2019, pp. 884-885), the target 
system proposed in Figure 16 consists of the three sustainability dimensions of eco-
nomic, environmental and social, as well as the differentiation of the restorative and 
regenerative dimensions. Accordingly, the key metrics of the regenerative and restor-
ative dimensions (Circular Economy Indicators Coalition [CEIC], 2023, p. 10) are 
aimed to contribute to the economic sustainability (e.g. increase productivity), environ-
mental sustainability (e.g. decrease carbon footprint) and social sustainability (e.g. so-
cial acceptance of wind turbines) (Farooque et al., 2019, pp. 884-885; Vegter et al., 
2020, p. 8). These metrics need to be measured and their impact on the sustainability 
dimensions assessed, e.g. whether they are aligned or conflicting (Kramer & Schmidt, 
2022, p. 71; Vegter et al., 2020, p. 13). 

 
Figure 16. Overview of key metrics in CSCM. Inspired by CEIC (2023, p. 10), Farooque et al. (2019, pp. 

884-885), Vegter et al. (2020, p. 8). 

In addition, further company-specific indicators may exist and the indicators presented 
could also be further detailed into indicators for specific products and supply chain 
processes. This highlights the interlinkage with the products level and processes level 
of the CSCM framework. It is also closely related to the management task of stake-
holder management mentioned above, as the vision and target system should be 
agreed with key stakeholders to ensure that sub-optimums are not created in the cir-
cular supply chain network. For example, the European wind industry has agreed to 
ban the landfilling of blades by 2025 (WindEurope, 2020), which has led to the an-
nouncement of zero-landfill and recyclability targets for blades by various glass fibre 
manufacturers, blade manufacturers and operators (Kramer & Beauson, 2023, p. 9). 

CSCM’S TARGET SYSTEM WITH KEY PERFORMANCE METRICS
Economic sustainability

▪ Productivity
▪ Adherence to delivery 

dates
▪ Capital lock-up
▪ Etc.

Environmental sustainability

▪ Carbon footprint scope 1-3
▪ Water usage
▪ Energy usage
▪ Biodiversity
▪ Etc.

Regenerative and restorative flows

▪ Increase fractions of product and packaging materials that are (i) non-virgin, (ii) regenerative, 
(iii) restorative and (iv) non-hazardous

▪ Increase fractions of products and packaging designed with circular design criteria
▪ Increase average product use life and utilization
▪ Increase fractions of product’s post-use in cascading order for (i) reuse, (ii) upcycling and (iii) 

downcycling
▪ Reduce absolute amount of waste towards zero and increase the fraction of operational waste 

to circular channels for the remainder

Social sustainability

▪ Number of jobs, job security 
▪ Satisfaction of employees
▪ Social acceptance of wind 

turbines by communities 
▪ Etc.
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The third key management task is the characterisation of the requirements in regard 
to the overall regulatory and competitive conditions (Kramer & Schmidt, 2022, p. 70). 
Hence, the regional, national, European and international laws, guidelines and eco-
nomic market conditions (e.g. subsidy schemes) are to be considered. Where current 
regulatory requirements and competitive conditions inhibit different aspects of CSCM, 
these need to be redefined in consultation with other stakeholders (Vegter et al., 2020, 
p. 8; A. P. M. Velenturf, 2021, p. 20). The example of the landfill ban for rotor blades 
also illustrates this aspect, as the joint agreement improves the competitive conditions 
for the development of blade recycling solutions (Kramer & Beauson, 2023). Another 
example is the German DIN Spec 4866, which sets out agreed industry standards for 
the decommissioning and recycling of wind turbines in Germany and aims to raise the 
bar for more sustainable practices (DIN SPEC 4866, 2020).  

In summary, the management subdimension foresees a move from operating as a 
single organisation in a loosely collaborative network to a symbiotic network of stake-
holders. In the symbiotic network, stakeholders have aligned visions and performance 
metrics and operate within appropriate regulatory and competitive frameworks.  

Information/Technology 

The subdimension of information/technology consists of two main tasks as shown on 
the right side of Figure 15 (Kramer & Schmidt, 2022, pp. 71-72; Montag et al., 2021, p. 
20).  

The first task is to create supply chain transparency and traceability of the product 
flows along the value chain, which can be put into context with the available stake-
holder capacities. The product flows include the quantities of the various stages in 
regard to value creation, value retention and value extension (Montag et al., 2021, pp. 
20-21). In principle, these flows may include (Beauson et al., 2022; Bonou et al., 2016; 
Kramer & Beauson, 2023; Kramer & Schmidt, 2022, p. 71, 2023; Potting et al., 2017, 
p. 15; A. P. M. Velenturf, 2021): 

▪ Raw materials 
▪ Manufactured parts, components and turbines 
▪ Turbines in installation and operation  
▪ Repaired parts, components and turbines 
▪ Decommissioned turbines 
▪ Turbines disassembled into components and parts 
▪ Refurbished parts, components and turbines 
▪ Remanufactured parts, components and turbines 
▪ Reinstalled parts, components and turbines 
▪ Repurposed parts and components 
▪ Recycled materials 

This is further illustrated with the example of product flows of decommissioned wind 
turbines. The flows are organised by cascading R-principles for decommissioned tur-
bines in its entirety, components, parts and materials. In this light, Figure 17 zooms in 
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on the flows of wind turbine blades and the R-principles that apply after the first lifecycle 
of a wind turbine (Kramer et al., 2024, p. 181). 

 
Figure 17. Circular economy pathways after the first lifecycle of a wind turbine blade. Based on Kramer 

et al. (2024, p. 181). Inspired by Kramer and Beauson (2023), Potting et al. (2017), Velenturf 
(2021). 

Accordingly, the blade can undergo several lifecycles in the product’s lifetime, as illus-
trated with the x-axis. In addition, demonstrated with the y-axis, several R-principles 
are applicable to the blade of the decommissioned turbine. As a result, there are a 
number of possible pathways of a wind turbine blade, of which the following three ex-
amples, defined by the R-principle chosen in the second lifecycle, are given for clarity 
(Kramer et al., 2024, p. 181): 

▪ Linear path: In this example, the flow of the blade ends after the first lifecycle with 
landfill 

▪ R5-Circular path: In this example, the blade enters a second lifecycle as refur-
bished spare part (R5) and after its second lifecycle the flow ends with cement co-
processing (R9) 

▪ R3-Circular path: In this example, the entire turbine and thus also the blade has a 
second lifecycle. The entire turbine is reused (R3) for a second lifecycle and then 
the blade is used as a repaired spare part (R4) in its third lifecycle. After the third 
lifecycle, the material is recycled (R8) 

This makes it clear that the quantities of each possible pathway of a wind turbine and 
its blades should be tracked. It can help, for example, to maximise the use life and 
utilisation of the blade (see Figure 16). Accordingly, the transparency of product flows 
and available stakeholder capacities can be achieved through the use of information 
systems and digital technologies (BWE, 2019; Gebhardt et al., 2021; Mendoza et al., 
2022; A. P. M. Velenturf, 2021).  
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In this context, key data sources include: 

▪ Internal data systems such as the enterprise resource system or SCADA data from 
the wind turbines in operation (Dulman & Gupta, 2018, pp. 147-148) 

▪ Product and process data of other companies 
▪ Market registers by the government, e.g. register of master data of energy plants 

in Germany with various information such as the plants location, installed capacity, 
commissioning date and technical data (Bundesnetzagentur, 2022) 

▪ Digital product passes, e.g. the European OEMs have agreed to share the blade 
dimensions and material composition per blade type (DecomBlades, 2023) 

▪ Market data by research institutes, external companies and industry associations 
such as GWEC and WindEurope (GWEC, 2023a, 2023b) 

▪ Geographic information system (Piel et al., 2019; Stetter et al., 2022) 
▪ Unstructured data such as scientific papers, reports, newspaper articles and social 

media, e.g. to identify historical wind turbine accidents (Ertek et al., 2017) 

For the establishment of an information platform, it is necessary for each organisation 
to define the information requirements, the scope of information to be shared and the 
access rights (Kramer & Schmidt, 2022, p. 71). Data sharing between stakeholders 
can be challenging due to confidentiality, e.g. detailed plans of the product design and 
the involved manufacturing processes are usually classified as confidential (Colicchia 
et al., 2019). Hence, stakeholders need be incentivised accordingly and an inde-
pendently operated platform with different access rights used. 

The second task of the subdimension ‘information/technology’ is the data-based logis-
tical planning and control of the value chain network and each organisation (Gebhardt 
et al., 2021; Kramer & Schmidt, 2022, p. 72). The data on product flows, capacities 
and demands of supply chain actors can be used to conduct analyses of historical 
developments and for forecasts. This can lead to more precise demand forecasts for 
each supply chain actor and thus reduces the risk of a bullwhip effect (Gebhardt et al., 
2021; Sahu et al., 2021). It can moreover support the investment decisions of various 
stakeholders in the wind industry in relation to long-term investments such as new 
remanufacturing or recycling facilities (Beauson et al., 2022, p. 13; A. P. M. Velenturf, 
2021, p. 22). Besides organisational decisions, the data can also be used on the prod-
ucts and processes level. For example, predictive maintenance can reduce a turbine 
downtime, a maintenance strategy enabled by sensor data from the operating turbine 
and the use of advanced analytics such as machine learning methods (Dulman & 
Gupta, 2018). Data sharing between the turbine operator, the service company and 
the spare parts supplier therefore contributes to more effective capacity planning and 
thus a potentially higher utilisation of the turbine in operation.  

In summary, the information/technology subdimension aims to support the manage-
ment tasks, the products level and the processes level by establishing a comprehen-
sive information platform for all actors in the value chain network. 
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Products level 

The products level consists of three dimensions, the materials, components and infra-
structure and thus is in accordance with Velenturf (2021, p. 12). The guiding principles 
on the products level is a value focus and the design for circularity (Kramer & Schmidt, 
2022, p. 72; Montag et al., 2021, pp. 20-21). Accordingly, the design of the products 
should enable circular strategies along the entire product life (i.e. beginning of life, 
middle of life and end of life) to ensure value creation, value retention and value exten-
sion for sustainable development.  

In Figure 18, the different dimensions with their main task of design for circularity is 
shown. In this context, the infrastructure is the highest aggregate, followed by compo-
nents, parts and finally materials. For instance, the wind turbine in its entirety is part of 
the infrastructure dimension (right side of Figure 18), which consists of several key 
components such as blades, a gearbox and a generator (middle of Figure 18) (Manwell 
et al., 2009, pp. 3-4). Each of those key components are assembled with various parts 
and those are made with the use of raw materials (Bonou et al., 2016). For instance, 
the blade as a key component is made out of several parts that are joint (see Figure 
3), consisting of materials for the fibre, resin and core (left side of Figure 18) (Mish-
naevsky et al., 2017; Mølholt Jensen & Branner, 2013, p. 6). At each of these product 
stages, design decisions can be made in favour of circularity, with the scope varying 
depending on whether it is a material or a structural product (A. P. M. Velenturf, 2021, 
p. 23). In this sense, the R-principles can only be applied in their cascading order at 
the processes level when products are designed according to circularity criteria, which 
emphasises the interdependency between the products and processes levels (Bocken 
et al., 2016; Montag et al., 2021; A. P. M. Velenturf, 2021, p. 29). In addition, the prod-
ucts level is linked to the organisational level as it involves coordination with other sup-
ply chain actors such as suppliers and customers. 

 
Figure 18. Products level of the CSCM framework for the wind industry. Based on Kramer & Schmidt 

(2022), inspired by Montag et al. (2021), Velenturf (2021). 
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Key design criteria for products are (Bocken et al., 2016; Farooque et al., 2019; Kramer 
& Schmidt, 2022; A. P. M. Velenturf, 2021):  

▪ Materials: 
o No hazardous materials 
o Only regenerative and restorative materials 
o Pure, durable and sustainable materials as well as secondary materials 
o Standardisation across industries  

▪ Structural product: 
o Dematerialisation 
o Structural design that allows for the cascading application of slowing and clos-

ing R-principles, i.e. modularisation, upgradeability, standardisation, durability, 
reliability, distinction between biological/regenerative and technological/restor-
ative cycles 

A wind turbine belongs mainly to the restorative cycles, with only a few regenerative 
materials (e.g. balsa wood) being used. A minimum design threshold is the elimination 
of product designs that can only be landfilled, incinerated or heavily downcycled, re-
sulting in a loss of resources. The design should therefore enable efficient and effective 
repair & maintenance, reuse, refurbishment, remanufacturing, repurposing and recy-
cling (Kramer & Schmidt, 2022; A. P. M. Velenturf, 2021). For example, a design that 
allows an easy access to parts that tend to break first, promotes repairability. The prod-
uct design must therefore ensure that components and parts of an installed turbine can 
be replaced and upgraded, that the turbine can be decommissioned, and that compo-
nents and parts can be disassembled (A. P. M. Velenturf, 2021, p. 19). Furthermore, a 
product design is required that allows for high-quality recycling and the use of second-
ary materials. For example, reducing the use of rare earths in the permanent magnet 
design and moreover using recycled neodymium and dysprosium would help to over-
come the critical supply situation (Alves Dias et al., 2020). Another example are multi-
layer composite structures that are difficult to separate afterwards in a sufficient quality 
with ongoing research to find alternative materials and develop recycling technologies 
(see 2.4.2). 

A product design criterion that benefits the application of various R-principles is mod-
ularisation (Mignacca et al., 2020; A. P. M. Velenturf, 2021, p. 19). According to Mi-
gnacca et al. (2020, p. 8) a modular design allows for decoupling the lifetime of different 
product stages, i.e. the life of the turbine is decoupled from the life of components and 
the life of parts is decoupled from the life of components. It moreover foresees “the 
avoidance of irreversibly joining together different materials and components” (A. P. 
M. Velenturf, 2021, p. 19) and is thus crucial for strategies such as repair, refurbish-
ment, remanufacturing and recycling. For example, a modular design of large-scale 
components (e.g. blades) can reduce transport costs and hence could promote the 
recirculation (Kramer & Beauson, 2023, p. 4). Another design criterion to be mentioned 
in this context is the standardisation and compatibility of product designs (Bocken et 
al., 2016, pp. 310-311; Mignacca et al., 2020, p. 7). Accordingly, a smaller number of 
variants in materials, parts, components and turbine types helps to achieve 



Part A: Conceptual Framework of CSCM in the Wind Industry 47 

 

economically viable thresholds for the quantities required for each R-principle (Bocken 
et al., 2016, p. 310). An example would be the use of a standard type of glass fibre 
across different industries, such as wind energy, automotive and aerospace, as this 
would lead to the possibility of aggregating volumes for a common recycling solution 
(Beauson et al., 2022, p. 13; Kramer & Beauson, 2023, p. 14). 

In general, the design of a wind turbine is optimised by various objectives, e.g. cost-
optimisation, efficiency and considers various conditions, e.g. wind, topography (Dykes 
& Meadows, 2011, p. 15; Schaffarczyk, 2023, pp. 181-197). For example, a different 
foundation design is required depending on whether the project site is on land, offshore 
near the coast or in deep water. As outlined in the organisational level of the CSCM 
framework, the design choices should contribute to an economic, environmental and 
social sustainability. However, some of the design criteria presented may contradict 
each other when considering the different product stages and the embedding in the 
energy system and different industries (A. P. M. Velenturf, 2021, p. 24). For example, 
the design of thinner tower walls results to the use of less materials, while negatively 
impacting the structural stability and thus the durability. This could lead to a shorter 
use life of the entire turbine. This emphasises that there is not one uniform circular 
economy and instead those trade-offs have to be identified and managed in accord-
ance to the given conditions at a given time (A. P. Velenturf & Purnell, 2021, p. 17). 

In summary, product design to narrow, slow and close resource flows for sustainable 
development is the core objective. This requires a systemic perspective to understand 
the interrelationships with different product stages and other products (e.g. the use of 
by-products), while also considering the requirements at the organisational and pro-
cess levels. 

 
Processes level 

The processes level has the key task to design, plan and manage the circular flows of 
products (Kramer & Schmidt, 2022, p. 74; Vegter et al., 2020). In this light, the guiding 
principles for embedding circular thinking into the supply chain processes are the 9R-
ladder and the distinction between regenerative and restorative cycles (Kramer & 
Schmidt, 2022, p. 74; Montag et al., 2021, p. 22; Potting et al., 2017, p. 15). The pro-
cesses level consists of eight core processes that are in accordance to the extended 
SCOR-model by Vegter et al. (2020), as shown in Figure 19. Each of these supply 
chain processes must be designed, planned and managed for each product at the 
material, component and infrastructure levels. It is therefore closely linked to an appro-
priate circular product design at the products level and to the chosen business model 
at the organisational level (Kramer & Schmidt, 2022, p. 74). 

In accordance to Figure 19, the processes consist of plan, source, make, deliver, use, 
return, recover and enable (Vegter et al., 2020, p. 5). The original SCOR-model does 
not consider the processes ‘use’ and ‘recover’ as main processes (The Supply Chain 
Council, 2012), but the extended SCOR-model does, thus promoting circular thinking 
(Vegter et al., 2020, pp. 5-7). 
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Figure 19. Processes level of the CSCM framework for the wind industry. Based on Kramer & Schmidt 

(2022), inspired by Montag et al. (2021), Vegter et al. (2020). 

As the review of current research shows, SCM research for the wind industry has 
mainly focused on the plan processes, while post-use processes of the wind turbine, 
component or material have received the least attention (see Figure 8). 

The main processes are described as follows (Kramer & Schmidt, 2022, p. 74; Montag 
et al., 2021, p. 22; Vegter et al., 2020, pp. 6-8; A. P. M. Velenturf, 2021, p. 13): 

▪ Plan: Supply chain planning and the planning of the other seven main processes 
▪ Source: Procurement of materials, semi-finished and finished parts, components 

and turbines from primary and secondary sources 
▪ Make: Manufacturing of the components and their parts 
▪ Deliver: Delivery of the manufactured components to the project site and then as-

sembly and installation of the wind turbine  
▪ Use: Operation of the turbine and corresponding MRO services 
▪ Return: Source and deliver products after use phase, hence decommissioning, 

disassembly, transport to original manufacturer (closed system) or other companies 
(open system) 

▪ Recover: Reuse, repair, refurbishment, remanufacturing, repurposing, recycling 
and energy recovery 

▪ Enable: Organisation and communication of management in the circular supply 
chain, emphasising the link to the organisational level 

Building on the processes outlined, Figure 20 proposes a circular supply chain design 
for the wind industry. It further details the main process of ‘recover’ in order to introduce 
an understanding of the circular flows of turbines, components, parts and materials in 
the wind industry. 
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Figure 20. Circular supply chain processes in the wind industry. Inspired by Kramer & Beauson (2023), 

Kramer & Schmidt (2022, 2023). 

The processes source, make, deliver, install and use are the forward supply chain pro-
cesses in the wind industry. In comparison to the industry-neutral processes by Vegter 
et al. (2020), the process ‘install’ is added to acknowledge that the components of a 
wind turbine are delivered to the project site, followed by the installation of the wind 
turbine (Koschate, 2020, pp. 65-66). Another common supply chain process in the wind 
industry is the repair loop involving MRO services during the operation of the wind 
turbine (Kramer & Schmidt, 2022). The maintenance and repair of the turbine at the 
project site could be carried out with new, reused, repaired, refurbished or remanufac-
tured spare parts. This can contribute to a higher level of utilisation of the turbine and 
can also ensure an extension of the period of use (Megahed & Goetschalckx, 2018, p. 
287; Ziegler et al., 2018, p. 1267). Furthermore, after an initial use phase, the circular 
supply chain processes that belong to the main processes of ‘return’ and ‘recover’ are 
introduced. Accordingly, Figure 20 visualises the processes of decommissioning, re-
turn, direct reuse, repair, refurbishment, remanufacturing, repurposing and recycling 
(Potting et al., 2017, p. 15). First of all, the turbine is decommissioned and its compo-
nents disassembled, followed by different possible circular strategies (Beauson et al., 
2022, p. 2; Kramer & Beauson, 2023, p. 12; A. P. M. Velenturf, 2021, pp. 19-20). The 
loop at the turbine level foresees a direct reuse of the turbine at a new project site. The 
loop on the components and parts level comprises of a further disassembly or pre-
processing to enable the direct reuse, repair, refurbishment, remanufacturing or repur-
posing of components and parts, also illustrated in Figure 17. And finally, the outer 
loop is on the material level and foresees the recycling at the highest possible quality. 
In this context, the review of current research on circular strategies for decommis-
sioned onshore wind turbines and their blades (see 2.4.2) shows that research on sec-
ond lifecycle pathways is rare. Moreover, in regard to end-of-life pathways, infrastruc-
ture for blades recycling is still to be established. 

The circular flows can take place in a closed or open loop system, considering existing 
and new supply chain actors, as well as other industries in the case of repurposing, 
material recycling and energy recovery (Vegter et al., 2020, p. 12). It should be noted 
that the classification on the R-ladder decreases as the loops become larger (Potting 
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et al., 2017, p. 15). Accordingly, the inner loops are classified higher in the R-ladder 
and can therefore, in principle, contribute to a higher structural value of the product. A 
product can moreover undergo multiple lifecycles, resulting in a cascading flow of a 
product (see Figure 17).  

As supply chain planning, the subtask of the main process ‘plan’, is the first step to-
wards circular flows in a circular supply chain network, this is further detailed below. 
Accordingly, to plan circular supply chains in more detail, the fulfilment of the following 
key tasks is required (Kramer & Schmidt, 2022, p. 75): 

▪ Forecasting future quantities of installations, decommissioning and circular flows 
▪ Design of the circular supply chain network, depending on defined target system  
▪ Long-term capacity and inventory planning of the actors in the circular supply chain 

network. 

The first task is to forecast the demand of the different product levels in their different 
life-phases. On the thesis scope of quantifying the circular flows of decommissioned 
onshore wind turbines in Denmark and Germany, no reliable overview of expected 
quantities is available (see 2.4.2). It should be noted, that a transformation towards a 
circular economy results to different timings of demand, e.g. an extension of the turbine 
lifetime postpones the demand for decommissioning capacities (Kramer & Schmidt, 
2022, p. 75).  

Secondly, a circular supply chain network is designed, detailing the proposed network 
in Figure 20. This takes place on the basis of the forecasted product flows, known 
capabilities and capacities of supply chain actors and the requirements that are deter-
mined by the product design. Depending on this and the defined target system, differ-
ent structures of the supply chain network are possible (Sultan et al., 2018). A network 
design could, for example, involve the establishment of hubs for certain components 
of decommissioned turbines, from which companies providing MRO services could ob-
tain spare parts (Kramer & Schmidt, 2022, p. 75). These returned components can be 
refurbished or remanufactured in the hubs, depending on demand. Furthermore, the 
network for decommissioned turbines can be designed on the basis of currently in-
stalled turbines or additionally on the basis of expected installations. If only installed 
turbines are considered, the product design cannot be changed, whereas for new in-
stallations, new product designs may be used.  

Thirdly, this knowledge is crucial for the capacity and inventory planning of the supply 
chain actors, in particular for long-term investment decisions (e.g. new refurbishment 
facility) (Mendoza et al., 2022; Sultan et al., 2018; A. P. M. Velenturf, 2021, p. 22).  

In summary, the circular supply chain processes aim for the circular flow of turbines, 
components, parts and materials in a network with closed and open loops. There are 
various ways to design, plan and operate a circular supply chain network, which de-
pend on the interrelationships within the processes, but also with the organisational 
and products levels.  
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4.3 Interim conclusions 

Part A of the thesis provides a theoretical understanding by proposing a multi-level 
CSCM framework for the wind industry. The framework was developed on the basis of 
an existing industry-neutral CSCM framework and was detailed and adapted using ex-
isting wind-specific research (see 4.1). The results (see 4.2) lead to a comprehensive 
response to RQ1 and RQ2, as the following two key contributions outline. 

 

Contribution 1: Provision of a multi-level CSCM framework for the wind industry 

 
The developed CSCM framework for the wind industry provides a systemic overview 
of the CSCM tasks in the interrelated dimensions of the organisational, products and 
processes levels (see Figure 14). It thereby emphasises the importance of collaborat-
ing with stakeholders in the circular value chain network to facilitate coordinated ac-
tions aimed at decoupling from resource use to contribute to an economic, environ-
mental and social sustainability. Key aspects of CSCM in the wind industry are: 

▪ Organisational level: Aligned circular business models and visions across stake-
holders within and outside of the wind industry as well as support by infor-
mation/technology to promote a paradigm shift. 

▪ Products level: Circular product design to enable feasibility of R-principles for infra-
structure, wind turbines, components, parts and materials. 

▪ Processes level: Circular supply chain processes that facilitate circular flows of 
wind turbines and their components, parts and materials. This comprises the de-
sign, planning and operation of second-lifecycle supply chains and end-of-life sup-
ply chains. 

Detailing the process level of the CSCM framework leads to the second key contribu-
tion of Part A and consequently the answer to RQ2. 

 

Contribution 2: Outlining circular supply chain processes in the wind industry 

 
The proposed design for a circular supply chain network considers the circular flows 
of wind turbines, components, parts and materials (see Figure 20). It acknowledges 
that the circular flows can occur in closed or open loops and that the aforementioned 
products can undergo various lifecycles, resulting in a cascading flow of the products. 
These potential circular economy pathways are illustrated using a rotor blade from a 

How does a circular supply chain management framework in the 
wind industry look like?RQ1 ✓

What are circular supply chain processes along the lifecycle of a 
wind turbine and their blades?RQ2 ✓
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decommissioned onshore wind turbine (see Figure 17) and show that a rotor blade can 
have a second lifecycle, as follows: 

▪ Turbine level: Reinstallation of the decommissioned turbine with its blades 
▪ Component level: Reuse, repair and refurbishment of blades for reuse in a turbine 

If it is not feasible to retain the structural value of the blade on either the turbine or 
component level, repurposing of structural parts or material recycling are considered.  

In summary, the two key contributions of Part A result to the completion of the first 
research objective of the thesis, as they comprehensively address the research gap 
regarding the conceptual understanding of CSCM in the wind industry. 

 
To further understand the applicability of the developed CSCM framework for supply 
chain actors in the wind industry, the next part of the thesis, Part B, builds on Part A 
and conducts empirical research from a multi-stakeholder perspective. Accordingly, 
the research gap of a lack in empirical investigations of second lifecycle pathways is 
addressed, which moreover enables to evaluate Part A. 

 

Contribute to the emerging theoretical understanding of circular 
supply chain management in the wind industry.RO1 ✓



Part B: Quantifying and Exploring Second Lifecycle Pathways 53 

 

5 Part B: Quantifying and Exploring Second Lifecy-
cle Pathways 

Part B of this thesis has the objective to explore second lifecycle pathways in Den-
mark’s and Germany’s onshore wind markets from a multi-stakeholder perspective (re-
search objective 2). To fulfil the second research objective of this thesis, the chosen 
pathways of the decommissioned turbines and their blades in Germany and Denmark 
are identified and quantified (RQ3), followed by a qualitative exploration of second 
lifecycle supply chain processes and factors influencing the development of second 
lifecycle supply chains (RQ4). This derives practical knowledge on whether second 
lifecycle pathways are common in the exemplary markets Denmark and Germany and 
moreover, which second lifecycle supply chains occur and what is influencing the de-
velopment of them. Moreover, with fulfilling the second research objective, Part A can 
be evaluated by comparing the empirically investigated second lifecycle pathways to 
the theoretical understanding from Part A.  

The chapter consists of four subchapters and begins by outlining the methodology 
(5.1), followed by the results (5.2). The chapter closes with an overall discussion of the 
findings (5.3) and an interim conclusion (5.4). 

5.1 Methodology 

Figure 21 outlines the methodology of Part B that consists of diverse methods for the 
data collection, analysis, visualisation, and evaluation, as also outlined in chapter 3. 

  
Figure 21. Part B’s methodology of semi-structured expert interviews with quantitative and qualitative 

data analysis. Methods based on Gläser & Laudel (2010) and Mayring (2022). 
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The methodology consists of four parts and builds on the derived theoretical under-
standing of Part A that drew a conceptual framework of a CSCM in the wind industry 
and identified several different circular supply chain processes along the lifecycle. Fur-
thermore, the findings of Part B are inputs to Part C (chapter 6). 

The first part of Part B’s methodology is the collection of empirical data through semi-
structured interviews from multiple stakeholders that are involved in the decommis-
sioning of onshore wind turbines in Denmark and Germany. The interview process is 
based on Gläser & Laudel (2010). The second part is the quantitative and qualitative 
data analysis. The quantitative data analysis is structured to answer RQ3, and the 
latter to answer RQ4 which occurs inductively according to Mayring (2022). Third, the 
results of the applied methodology are presented and discussed. This consists of the 
quantified circular economy pathways, the observed circular supply chain processes 
and identified factors influencing the development of circular supply chains. The focus 
is on the second lifecycle supply chain pathways, processes and influencing factors. 
Finally, the overall discussion of the methodology and findings in regards to the fulfil-
ment of the second research objective is carried out. In this light, the findings are com-
pared to Part A and the state of the art of other countries and industries. 

The subsequent chapters further describe the rigorous and systematic process of data 
collection and analysis. Chapter 5.1.1 presents the data collection method of semi-
structured interviews, chapter 5.1.2 outlines the method for the quantitative data anal-
ysis and finally, chapter 5.1.3 details the method for the qualitative data analysis. 

5.1.1 Data collection with semi-structured interviews 
The data collection process of semi-structured interviews consists – in accordance of 
Gläser & Laudel (2010, pp. 111) – of the following steps that are applied in Kramer et 
al. (2024): (i) development of an interview guide and its test, (ii) development of a list 
of potential experts and (iii) enquiry of interest and conducting the interviews (see Fi-
gure 21).  

 

Development of interview guide and its test 

The interview guide for the semi-structured interviews is developed first in English and 
then translated into Danish and German. To enable a theory-led approach, Gläser & 
Laudel (2010, p. 115) foresee to translate the identified need for information derived in 
Part A to topics and questions in the interview guide. Furthermore, to ensure that the 
experts are able to respond according to their knowledge, the questions are phrased 
clearly, simply, openly and neutrally (Gläser & Laudel, 2010, pp. 115, 131-142; Kramer 
et al., 2024, p. 183). Commonly the interview guide begins with basic biographical in-
formation (e.g. name and work title of expert) that supports the interviewer to conduct 
the remaining interview more personally linked to the expert (Döring & Bortz, 2016, p. 
372). Moreover, it makes the expert comfortable in the interview situation (Gläser & 
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Laudel, 2010, p. 148). Table 5 presents the introduction question of the interview guide 
(Kramer et al., 2024). Question 1 and 2 are of biographical nature relating to the expert 
and question 3 aims at understanding the geographical scope of the interviewee’s an-
swers early on. As the study’s scope is on Denmark and/or Germany, a rough split of 
the company’s business across the company’s operating countries is important.  

Table 5. Introduction questions of the interview guide, based on Kramer et al. (2024).  

Question 1 What is your and your company’s name? 

Question 2 What is your current job title? 

Question 3 In which countries does your company operate? 

To assess and ensure the suitability of the expert, the filter questions of Table 6 are 
formulated (Kramer et al., 2024). Question 4 aims at checking if the expert has been 
personally involved in the decommissioning of onshore wind turbines and its handling. 
In case the interviewee is not directly involved, it is asked if he/she has access to the 
information about the historical decommissioning projects or if another person at the 
company should instead be approached. In the latter case, the interview ends. Ques-
tion 5 and 6 are asked to find out if the interviewee qualifies as an expert. If not, the 
interview would also end.  

Table 6. Filter questions of the interview guide, based on Kramer et al. (2024). 

Question 4 What is your personal role in decommissioning wind turbines and waste handling? 

Question 5 How many years of working experience do you have with decommissioning and the 
waste handling of wind turbines? 

Question 6 How many wind turbines onshore and offshore have you decommissioned and han-
dled the waste? All at the same company or at which companies? 

The key questions focus on decommissioned onshore wind turbines from Denmark 
and Germany (excluding small-scale turbine), hence in line with the defined scope of 
this thesis (refer to chapter 2). Typically, general questions of the subject of investiga-
tion are asked, followed by more detailed questions (Döring & Bortz, 2016, p. 372). 
More sensitive questions are asked at the end to higher the likelihood that the inter-
viewee feels comfortable to give a response and to not risk that the interview is stopped 
in a worst case (Döring & Bortz, 2016, p. 372; Gläser & Laudel, 2010, p. 149). There-
fore, specific questions regarding the business model and data requests, that are as-
sumed to be more sensitive, are asked at a later stage in the interview. Even though 
the interviews’ objectives are to account for the knowledge gaps that it is unknown if a 
second lifecycle is common or not (RQ3) and which factors influence its development 
(RQ4), questions are chosen to be as neutral and open as possible and hence address 
the entire scope of circular supply chain processes after an initial use phase of a wind 
turbine (refer to 4.2). With that, the interlinkages within circular supply chains are 
acknowledged. Using a broader scope additionally increases the likelihood that the 
experts can link their experience and knowledge to the asked questions. That is 
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particularly important as the entire scope of CSCM is not yet well embedded in the 
wind energy industry and different understandings might exist (see 2.4). 

First, key questions are formulated to collect information briefly on the company’s busi-
ness model (question 7, without going into detail) and on the handled quantities of 
decommissioned onshore turbines by the company (question 8-11), as summarised in 
Table 7 (Kramer et al., 2024). The questions help to describe the characteristics of the 
company’s historical decommissioning and hence provide context for the exploration 
of the taken pathways. Different degrees of detail and units are considered to higher 
the likelihood for receiving information. At the minimum, a common unit (e.g. blade 
mass, number of turbines, installed capacity) of the different stakeholders is required 
for aggregation at national level for the quantification of the taken pathways per coun-
try. 

Table 7. Key questions of the interview guide on the company’s general handling process, Part 1, based 
on Kramer et al. (2024). 

Question 7 
How many years has the company been active with decommissioning and the waste 
handling of wind turbines? Which role does the company play? E.g. do you take 
down the turbines using your cranes etc. – Please explain. 

Question 8 Is the company usually contracted to take care of the entire turbine or only of parts? 
If only parts, which? Does it differ from client to client? 

Question 9 How many onshore wind turbines has the company decommissioned and handled 
the waste? 

Question 10 How many of which turbine types has your company decommissioned? 

Question 11 

▪ Does the company handle turbines from one or several OEMs? 
▪ Which size of turbines did the company decommission the most, what was the 

smallest and what was the largest? 
▪ Which age had the decommissioned turbines typically? What was the minimum 

and what was the maximum age? How many were below the design life of 20 
years and how many were above 20 years? 

▪ In which year(s) did your company decommission turbines the most? How many 
and which size has your company decommissioned last year?  

▪ How many turbines were decommissioned due to a breakdown/complete failure of 
the turbine? 

Secondly, after the kind and quantities of decommissioned turbines is understood, 
questions focusing on exploring the handling process of the decommissioned turbines 
and the respective decision rationale are placed in the interview guide. Table 9 displays 
these questions (Kramer et al., 2024). Question 12 opens this part of the interview 
guide with an open-designed question. This is to ensure that the experts’ understand-
ing can be captured and that new processes of circular supply chains that might not 
yet be part of the theoretical understanding are identified (see Part A). It also helps the 
interviewer to put the next question into the familiar context of the expert, as question 
13 asks which pathways were taken according to pre-defined pathways (see Appendix 
A1). The pre-defined pathways reflect the conceptual understanding of Part A by dif-
ferentiating between different product levels and circular supply chain processes. The 
product levels (i) whole wind turbine, (ii) key components and (iii) materials of blades 
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are chosen. To ask about every part of a wind turbine and every material would explode 
the length of the interview and is therefore neglected. To ease the thinking process of 
the expert, visuals of a wind turbine and the key components are added (see Appendix 
A1). In the CSCM framework in Part A, circular supply chain processes in accordance 
to the 9R-principles of Potting et al. (2017) were used but, despite this and as high-
lighted by Velenturf (2021, pp. 7-9), Kramer & Beauson (2023, p. 8) and Kramer & 
Schmidt (2023, p. 88), experts could differently define these terms. Additionally, asking 
for each of these processes could extend the expert’s available time for the interview. 
Therefore, to increase the dependability and confirmability of the results, the circular 
supply chain processes are aggregated with still clearly linking to the research ques-
tions, as outlined in Table 8: 

Table 8. Aggregation of circular supply chain processes. 

1. Whole  
turbine level sold as whole system not sold as whole system 

2. Key  
components level 

entire component 
kept by owner 

entire component 
sold 

other waste  
handling unknown 

3. Blade  
material level 

energy recovery / incin-
eration / landfill material recycling others 

Again, to account for the newly emerging of the research field, in case the expert has 
difficulties to answer the question, the expert is asked if pathways are missing. More-
over, for the entire turbine and the blades, the fraction of a second lifecycle is split 
between domestic and export. Question 14 and 15 are further detailing the quantified 
pathways and ask for explanations of these splits. Question 15 focuses on a potential 
influencing factor, the age of turbines, that is often stated in existing literature, i.e. re-
searchers see a 20-year lifetime as a threshold for entering the other-waste handling 
pathway (Andersen et al., 2016, p. 4; Tota-Maharaj & McMahon, 2021, p. 119; Volk et 
al., 2021, p. 4). Follow-up questions are narrowing the questions’ scope to second 
lifecycle practices and to wind turbines and their blades, to increase the depth of the 
data collection. 

Table 9. Key questions of the interview guide on the company’s general handling process, Part 2, based 
on Kramer et al. (2024). 

Question 12 How does the waste handling after decommissioning a wind turbine generally work at 
your company? Could you please briefly describe it? 

Question 13 Referring to the below figure, could you please estimate which paths were chosen for 
the already decommissioned onshore wind turbines at your company? [Figure] 

Question 14 Could you please explain what caused these splits? 

Question 15 
Does the threshold of the design lifetime, thus the age of 20 years, have an influence 
on the choice of the decommissioning path?  
At which age does it become difficult to sell an entire turbine or an entire blade? 

Third, key questions about the company’s business model that address the organisa-
tional level of the CSCM framework (see Figure 14 in chapter 4.2) are formulated, as 
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shown in Table 10 (Kramer et al., 2024). The questions explore organisational aspects, 
e.g. other business areas and the business model of the company (question 16, 17), 
and the client’s role in the decision-making of handling decommissioned turbines 
(question 17-19). 

Table 10. Key questions of the interview guide on the company’s business model, based on Kramer et 
al. (2024). 

Question 16 Are the company or related companies involved in other activities along the end-of-
lifecycle or end-of-life supply chain of wind turbines? 

Question 17 Does the client sell the turbine/parts to you OR does the ownership stay with the cli-
ent? Please explain how it usually works. 

Question 18 Were the waste handling pathways specified by the client? 

Question 19 Did you report back on the taken paths to the client? 

Finally, key questions regarding the outlook are formulated and bring the interview to 
an end, see Table 11 (Kramer et al., 2024). These address future expectations (ques-
tion 20), the track record from previous employers (question 21), additional comments 
(question 22), request for sharing a list of projects (question 23) and recommendations 
for further experts (question 24). 

Table 11. Key questions of the interview guide on the outlook, based on Kramer et al. (2024). 

Question 20 Referring to the figure of question 13, which development do you expect in the next 
10 years in Germany and or Denmark? 

Question 21 

In case the answer to question 6 was that the person handled decommissioning pro-
jects also for other companies: Do you mind if we quickly have a look at your given 
answers and check if they would look different for the company you were previously 
employed by? 

Question 22 Is there anything else you would like to say? 

Question 23 

Do you mind sharing which projects your company has decommissioned so far?  
As mentioned at the beginning of the interview, this would be treated confidentially. If 
we could identify your projects and the ones from the other interviewees, we would 
be able to draw conclusions about the market. The drawn overall market insights will 
be provided to you.  
If yes, could I perhaps leave a list of projects/turbines and ask you to mark the ones 
your company has decommissioned? 

Question 24 Is there anyone else we should speak to? 

All in all, the interview guide consists of 24 questions and is divided into questions 
related to an introduction (intro), assessing the suitability of the interviewee (filter) and 
key questions (key). The interview guide is tested beforehand with an industry expert 
to check if the questions are clear to the expert, as such an understandable language 
was used (Döring & Bortz, 2016, p. 372). Moreover, the trial helps to assess if the order 
of questions is suitable and the planned duration is realistic. These learnings are then 
reflected in the interview guide. For instance, it becomes apparent that the interview 
guide is quite extensive and it can therefore be difficult to keep the planned time of 45-
60 minutes (Gläser & Laudel, 2010, p. 144). This is accepted as it is assumed that the 
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experts could be willing to a maximum duration of 60-120 minutes. Reducing the vari-
ety of topics in the interview guide would contradict the subject of research. Instead, it 
is assumed that the chosen questions enable a lively conversation with the expert and 
guide the interviewer in the complex and not well explored research subject. To mini-
mise the risk that not every expert is able to participate for more than 60 minutes, the 
most critical questions for the research are asked early on (Döring & Bortz, 2016, p. 
375). The final interview guide with a foreword on the interview’s objective, request for 
recording and information on the data usage is filed in Appendix A1. 

 

Develop a list of potential experts 

The choice of interview partners has a significant influence on the kind and quality of 
collected information (Gläser & Laudel, 2010, p. 117). Gläser & Laudel suggest to con-
duct interviews with several interview partners and to determine the suitability of each 
expert. Experts are considered suitable to contribute to the objectives and scope of the 
study if their employer plays a major role in the decommissioning in Denmark and/or 
Germany and the handling of the decommissioned wind turbines. For instance, de-
commissioning companies, operators, service companies, OEMs and recycling com-
panies could be of relevance. Companies are considered to play a major role when 
having an overview of the taken decisions along the decommissioning and handling 
process, e.g. when being responsible for the project management. Complementary, 
the potential expert(s) of each identified company should have completed at least one 
decommissioning project. Experts must be personally involved with the decommission-
ing process of the turbines (e.g. as a project manager) or must have access to the 
historical data of the company’s decommissioning activities (e.g. managing director). 

For Denmark and Germany, the list of potential experts is gathered through an internet 
search and industry networks. For instance, the websites of the Danish wind energy 
association Green Power Denmark, the German decommissioning association 
RDRWind e.V. and www.wind-turbine.com help to identify potential experts. Moreover, 
companies and experts listed as authors of the DIN SPEC 4866, a pre-standard on 
decommissioning wind turbines in Germany, are checked for suitability. After identify-
ing potential companies, a search for the adequate expert is done on the company’s 
website and through the support of other experts and industry associations. To avoid 
a bias when selecting potential experts and ensuring key stakeholders are not over-
looked, experts from industry networks in Denmark and Germany are asked for feed-
back (Saunders et al., 2019, pp. 296). Furthermore, snowballing during the expert in-
terviews is carried out by asking the interviewees for recommendations of further ex-
perts (see question 24 in Table 11) (Gläser & Laudel, 2010, p. 118). A total of 21 ex-
perts were identified for the Danish market and 24 experts were identified for the Ger-
man market, some of whom cover both markets. 
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Enquire interest and conduct interviews 

The experts from the list are contacted via e-mail by introducing the research objective, 
use of data and the involved partners of the study. To increase the chances of reply 
and thus reduce a potential participant bias (Saunders et al., 2019, p. 448), potential 
interviewees are called via telephone (Gläser & Laudel, 2010, pp. 161). Moreover, the 
setting for the interview is kept relatively flexible since the intention is to increase the 
likelihood that an expert agrees to schedule an interview (Döring & Bortz, 2016, pp. 
375). A meeting with the video conference tool Teams is preferred over a telephone 
call as the tool enables the recording, automates the transcription and eases the inter-
view process as also non-verbal communication is possible. Nevertheless, if not oth-
erwise possible, also telephone calls are conducted. Moreover, if invited to the com-
pany’s office, this is preferred, although an automated transcription is not possible. 
However, it is well acknowledged in qualitative research that personal contact can ease 
the comfort of the expert and thus his/her depth of given answers (Gläser & Laudel, 
2010, pp. 153). Typically, interviews of 60-120 minutes with 10-20 persons are con-
ducted (Döring & Bortz, 2016, p. 373), however, the suitable number of interviews de-
pends on the study’s object and the scope of the aimed analysis (Gläser & Laudel, 
2010, pp. 104; Saunders et al., 2019, pp. 315). It should be set to support credibility of 
the findings and avoid inappropriate transferability of collected data (Lincoln & Guba, 
1985, p. 292). For this study, a suitable number of interviews is reached when a signif-
icant market share (~50 %) of the historical decommissioning in the respective coun-
tries is covered by the interviewed experts. A further indication is when additional in-
terviews do not lead to the emergence of new findings for the study’s objectives (Saun-
ders et al., 2019, pp. 315). In total, 18 interviews of in total 29 hours are conducted. 
The intended length is 45-60 minutes and the interviews are either conducted in Ger-
man, Danish or English. The questionnaire guides the interviewer, but the interviewer 
can spontaneously skip questions, change the order of the questions or add further 
questions or themes during the interview to react to the interviewee’s answers and the 
setting of the interview (Döring & Bortz, 2016, p. 372; Gläser & Laudel, 2010, pp. 172). 
In addition, answers or questions can be repeated to assess that the given answers 
are understood by the interviewer. Furthermore, following the interview guide also in-
tends to limit a potential interviewer bias as the questions are neutrally formulated 
(Saunders et al., 2019, pp. 447). Also, an eventually appearing interviewee bias is 
addressed with the chosen type of questions and its order. It cannot be guaranteed 
that each expert shares all his/her observations (e.g. due to confidentiality reasons) 
with the interviewer. This risk is limited through the general research approach of ask-
ing qualitative and quantitative questions to multiple stakeholders, but still considered 
when analysing the data. 

When allowed, the interviews are recorded and automatically transcribed. If not al-
lowed or not possible out of organisational reasons (e.g. personal meeting or telephone 
call), a memo is prepared. The transcript or memo is checked for completeness after 
the interview, if available supported by the video recording (see Appendix E). Moreo-
ver, the transcripts and memos are anonymized by deleting personal information and 
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the transcripts are prepared according to general transcription rules (Dresing & Pehl, 
2018, pp. 20). For instance, stuttering is smoothed out or omitted; half sentences that 
are not completed are marked with a "/" and words signalling active listening (e.g. 
“hmm”, “yes”) are not transcribed.  

5.1.2 Quantitative data analysis to derive second lifecycle fraction 
The quantitative data analysis foresees to answer RQ3 “Which paths are taken for 
onshore wind turbines and their blades after decommissioning in Denmark and Ger-
many? Is a second lifecycle common or not?”. Therefore, the analysis aims to quantify 
the circular economy pathways taken by the decommissioned onshore wind turbines 
in Denmark and Germany by analysing the conducted interviews. As outlined in 5.1.1, 
the pathways are distinguished between (i) second lifecycle of the entire turbine, (ii) 
second lifecycle of the blades as spare parts, and (iii) other-waste handling. 

To assess whether a second lifecycle was common in the countries under investiga-
tion, the pathways taken per interview are to be aggregated to a country level. It is 
further distinguished between a second lifecycle taking place domestically or abroad. 
The method is presented and applied for each market in Kramer et al. (2024) and is 
briefly described as follows. To begin with, as different stakeholders are interviewed, 
the risk of double-counting needs to be addressed. Hence, OEMs, service companies, 
project developers and operators that hired a decommissioning company for turnkey 
projects are excluded from the aggregation, when the contracted decommissioning 
companies were also interviewed or when it is unknown. The shares of pathways taken 
per interviewee in relation to the number of their handled turbines are aggregated per 
country level. Hence, the reported fractions of interviewees with a large number of 
handled turbines impact the country’s fractions more heavily than an interviewee who 
only handled a minor number of turbines in the respective country. The results per 
interviewee and the average fraction are visualised with a scatter chart to ensure that 
the sensitivity of the average fraction to expert’s responses is visible. In this light, as 
the weight of each interview to the average fraction depends on the interview’s market 
share and to warrant anonymity of the experts at the same time, three clusters are 
formed: companies with a market share (i) smaller than 1 %, (ii) 1-10 % and (iii) above 
10 %. Moreover, to visualise the fraction of turbines and blades entering a second 
lifecycle abroad, a Sankey diagram is used. This visualisation method is commonly 
used for component and material flows and is suitable to make the most prominent 
pathways easily identifiable (Brunner & Rechberger, 2004, p. 64).  

Moreover, to grasp whether a second lifecycle was common among the various stake-
holder groups and whether there are differences between the stakeholders, the path-
ways taken by the individual stakeholder groups are determined. In this case, no inter-
view is disregarded for calculating the aggregate per stakeholder group. The aim is not 
to determine representative figures for each stakeholder group – as no information is 
available on the total number of turbines per stakeholder group – but rather to identify 
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initial indicative patterns that are then further assessed throughout the qualitative anal-
ysis (see 5.1.3). Four stakeholder groups are defined according to the core business 
of each company that is represented in the interviews: (i) recycler & dismantler, (ii) 
decommissioning company wind turbines, (iii) project developer & operator or service 
company, and (iv) OEM. The average distribution of the circular economy pathways 
per stakeholder group is calculated by weighting each expert’s response of the respec-
tive stakeholder group according to the handled number of turbines. The results are 
also visualised with a scatter plot, but without disclosing the market shares, as other-
wise the anonymity of the interviews cannot be guaranteed.  

Beyond that the data collection is set-up to ensure the trustworthiness of the research 
(see 5.1.1), the results of the quantitative data analysis are to be evaluated. To ensure 
the internal validity of the quantified pathways per country, the data collection foresees 
to cover a significant share of each market and moreover, the participants of the study 
are asked for feedback on the collected data about their pathways taken. In addition, 
a sensitivity analysis is carried out to assess what impact variations in the share of 
pathways taken by companies that were not part of the interviews would have on the 
aggregated shares (Lincoln & Guba, 1985, p. 290). For instance, in order to quantify 
the potential maximum and minimum of the aggregated reuse fraction being exported 
in Denmark and Germany, it is assumed that the turbines not covered in the interviews 
would all enter a second lifecycle or all the other-waste handling pathway. With this, 
the effect of a potential selection and participant bias is quantified. The external validity 
of the quantitative results is addressed by the research design of two cases (Denmark 
and Germany), which enables an evaluation of a potential transferability of the results. 
Moreover, findings from other sources and studies about other countries and industries 
are discussed in this regard. To ensure that reliable results were generated, the data 
collection and data analysis process is stepwise documented and is audited in the 
review process for publishing the journal article from Kramer et al. (2024). Additionally, 
the research design of exploring two countries, covering a significant market share of 
each country, having a multi-stakeholder perspective, and also conducting a qualitative 
analysis contributes to safeguarding that reliable and objective results are found. 

5.1.3 Qualitative data analysis to explore second lifecycle pathways 
To identify factors that influence the development of second lifecycle supply chains for 
onshore wind turbines from Denmark and Germany (RQ4) a qualitative analysis of the 
conducted interviews is carried out. As reasoned in chapter 3, the qualitative content 
analysis method according to Mayring (2022) is used. In line with the qualitative nature 
of RQ4, the analysis technique is inductive category formation (Mayring, 2014, pp. 79, 
2022, pp. 84). In contrast to a deductive approach, it ensures that aspects that are not 
yet existing in theory can still be identified in the interviews. Hence, it opens up the 
possibility of comparing the theoretical understanding of Part A with the practical ex-
plorations from the interviews. Key element of the method is a process model that 
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enables a structured and dependable way of carrying out the analysis. Figure 22 illus-
trates the process model with seven process steps. 

 
Figure 22. Process model of inductive category development. Method based on Mayring (2022, p. 85).  

 

Define scope, material, objective of analysis, theory 

The first step is to define the scope, material, objective of analysis and link to theory 
(Mayring, 2022, pp. 85). As evolved in Part A, in principle several circular economy 
pathways (see Figure 17) could be taken by a wind turbine and its blades after its initial 
use phase. In this context, the development of second lifecycle supply chains is influ-
enced by several factors of different levels, i.e. market and regulation, organisation, 
product and processes (see Figure 14) that occur at various points along the value 
chain (see Figure 20). Complementing the findings from the quantitative analysis (see 
chapter 5.1.2), the qualitative analysis focuses on second lifecycle pathways and aims 
to investigate which supply chain processes exist in practice and which factors influ-
ence the development of second lifecycle supply chains. Accordingly, the analysis is 
twofold. First, the circular supply chain processes are identified, which enables a com-
parison between the theoretical understanding and the observations from practice. 
Secondly, factors that influence the decision to enter a second lifecycle pathway are 
identified, which allows to answer RQ4.  

The materials for analysis are transcripts and memos of the conducted interviews that 
followed a semi-structured approach with a link to the literature-based conceptual un-
derstanding in Part A (as described in chapter 5.1.1). In principle, all the conducted 
interviews can be used for the analysis and do not need to be filtered out. The analysis 
of the interviews is carried out per country, first Denmark, then Germany and finally 
interviews that address both countries. The interviews are analysed by stakeholder 
group and to acknowledge that transcripts are most suitable for a qualitative content 
analysis, these are analysed prior to the memo-based interviews (Gläser & Laudel, 
2010, pp. 192).  
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Define selection criteria and level of abstraction of the categories 

The second step of the process model is to define the selection criteria of text passages 
and formulate the abstraction level of the categories (Mayring, 2014, p. 80, 2022, p. 
86). Text passages are selected that address second lifecycle processes of decom-
missioned onshore wind turbines and their blades as well as factors influencing this 
pathway taken. To grasp the interlinkages of circular supply chain processes, also text 
passages about the decommissioning of wind turbines and the general handling of 
decommissioned turbines and their key components (e.g. also passages on pathways 
of other-waste handling processes) are extracted. Passages with embellishing or inci-
dental stories are disregarded. For instance, the answer “In the beginning, most of the 
turbines went to Eastern Europe. But in the last ten years, Italy and Ireland have nearly 
taken everything” (I2) is extracted as it is about the export of decommissioned turbines 
in their entirety for a second lifecycle. Another example is that Q1 asked “Should I 
explain the question or?” and I2 responded “Yes, yes.”; here the entire text is not se-
lected as it is outside the selection frame.  

As described in the first step of the process model, categories in this study are circular 
supply chain processes and factors influencing the decision-making. As a variety of 
questions are addressed to multiple experts (see chapter 5.1.1), the experts can talk 
about the decision-making at different levels in CSCM and along different circular sup-
ply chain processes. Depending on what is addressed, different levels of detail are 
considered for the development of categories, i.e. formulation of circular supply chain 
processes and influencing factors. For aspects that belong to the core of the analysis 
objective, categories are developed with a higher level of detail than for aspects out-
side this. The examples in Table 12 further illustrate the approach. 

Table 12. Examples of inductive category development. 

Text passage Circular supply chain processes category 
“In the beginning, most of the turbines went to Eastern Eu-
rope. But in the last ten years, Italy and Ireland have nearly 
taken everything.” (I2) 

Export decommissioned turbine  

“Also Fundamententfernung, Kabelentfernung usw.“ (I11) Remove foundation and restore land 

“we are also doing a recycling of primarily the concrete com-
ing out of foundations. (…)” (I9) Recycling of other components materials 

Text passage Category for influencing factor 
“(…) it was in this repowering program. But you could trans-
fer the power to a new one so. (…)” (I2) Repowering bonus 

“(…) die Anlage wird zu dem Zeitpunkt gerade irgendwie ge-
fragt auf dem Markt, hat man da natürlich Glück (…)“ (I11)  

Availability of a buyer at the time of decommis-
sioning 

“(…) it is more about finding the spare parts” (I6) 
Availability of spare parts for operating second 
lifecycle turbine 
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Work through the material and formulate new categories or subsume 

The third step foresees to work through the material line by line, to formulate new cat-
egories or to subsume to already developed categories (Mayring, 2014, p. 81). Building 
on the examples of Table 12, the following text passage contains two new categories: 
“But actually we do buy wind farms and then decommission and inspect if we can 
refurbish for a second life (…)” (I15). This cannot be subsumed to the derived circular 
supply chain processes categories, but instead would form the new categories “refur-
bish turbine” and “inspection of turbine”. In contrast, the text passage “(…) and then 
depending on what the customer wants, we do take out foundations, piles, in case 
required windfarm cabling, crane stands and bring back to the original status (…)” (I15) 
can be subsumed to the category “Remove foundation and restore land”.  

 

Revision of categories and rules after screening 10-50 % of material 

Then, the fourth step, is to revise the category system after ~10-50 % of the material 
is screened (Mayring, 2014, p. 81) that could lead to restart the process with step 1 or 
2 (refer to Figure 22). In this study, a revision takes place after screening the first two 
interviews and thereafter, whenever a new stakeholder is added as well as when all 
interviews of Denmark are screened.  

 

Final working through the material 

This leads to a final category system that is used to conduct a final screening of the 
material in the fifth step of the process model (Mayring, 2014, p. 81). Hence, after this 
step, the circular supply chain processes, particularly of second lifecycle supply chains, 
and the factors influencing the development of such supply chains are identified. The 
steps 1-5 are first processed for the inductive category development of the circular 
supply chain processes and then carried out for the influencing factors. This makes it 
possible to take the derived circular supply chain processes into account when identi-
fying the influencing factors. Consequently, the factors that influence the occurrence 
of a second lifecycle can be located at the respective point in the process chain. For 
instance, the factor “repowering bonus” promotes the decision to decommission a wind 
turbine. Another example is that “the availability of a buyer at the time of decommis-
sioning” influences the choice of the to-be-taken pathway for the decommissioned tur-
bine.  

 

Building main categories 

Moreover, to further ease the interpretation and analysis of the identified influencing 
factors, main categories are built, as illustrated with the sixth step in Figure 22 (Mayr-
ing, 2022, p. 89). In this study the main categories (i) technical, (ii) legal/regulatory, (iii) 
economical, (iv) market and (v) organisational are applied. This is in line with the de-
veloped CSCM wind framework (Part A) and the following studies that use similar 



66  Part B: Quantifying and Exploring Second Lifecycle Pathways 

 

 

categories: Beauson et al. (2022, p. 3) differentiate between economic, technical fea-
sibility, legislation and environmental impacts for characterising the decision points 
along the end-of-life value chain for wind turbine blades. De Laurentis et al. (2024, p. 
8) associate influencing factors on the decision to decommission a wind turbine in Italy 
to one of the following categories: (i) design lifetime and technical issues, (ii) economic 
and financial, (iii) legislative and regulatory and (iv) business environment. The exem-
plary factor from above, the “repowering bonus”, is linked to the decision to decommis-
sion the turbine and belongs to the main category “economics”.  

 

Final results, interpretation and analysis 

The final category systems and the main categories are shown in the results chapter 
(see 5.2.3). The derived categories are interpreted and analysed in regard to the ques-
tion of analysis, thus looping back to step 1 of the process model (Mayring, 2022, pp. 
85). First, the final category system of the circular supply chain processes that bases 
on all interviews is visualised with a process chart and described. Additionally, the sim-
ilarities and differences across countries and between stakeholder groups are ana-
lysed and interpreted (see 5.2.3.1). Secondly, the influencing factors and the associ-
ated main categories for the decision-making of the handling of decommissioned wind 
turbines are described and interpreted (see 5.2.3.2). It is analysed which of the key 
influencing factors are associated to which process or multiple processes of the drawn 
circular supply chain process model and which interlinkages between them exist. 

 

Evaluation 

It should be noted that not all existing processes or influencing factors are necessarily 
found in every interview or in the entirety of the interviews, as this data may not be 
collected. Reasons could be that the questioner does not specifically ask about the 
aspect or a different focus is set in the interview, also since multiple stakeholders are 
interviewed. Moreover, it could occur that the expert does not raise it either, e.g. due 
to not being aware, being out of scope or not wanting to address it. The nature of the 
research object is the exploration of a complex system with the objective not to identify 
every detail, but rather to contribute to the understanding of the overall system. 

To support the inquiry process, the inquirer keeps a protocol while carrying out each 
step of the process model (Saunders et al., 2019, pp. 450). According to Saunders et 
al. a protocol helps to regular challenge the inquirer’s thinking process and thus con-
tributes to credible and dependable findings, as well as an increase of objectivity. More-
over, participants are asked for feedback when core interview statements appear to be 
not clearly understood. To add to that, triangulating the findings across the interviews 
– thanks to the research design of interviewing multiple stakeholders and covering two 
countries – as well as with the quantitative analysis and assessing further sources 
contributes to revealing trustworthy findings. This is particularly important for 
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contradicting findings across the interviews. The transferability to other regions is ad-
dressed by the research design, as two countries are chosen. 

5.2 Results 

This chapter presents the results of the methodology applied to the onshore wind mar-
ket in Denmark and Germany. First, the 18 semi-structured interviews are described 
(5.2.1), followed by presenting the results of the quantitative analysis (5.2.2) and qual-
itative analysis (5.2.3). 

5.2.1 Description of conducted interviews 
In total, 18 interviews are conducted with 23 experts between 21/09/2023-26/02/2024. 
The experts represent 19 companies that addressed the historical decommissioning 
and handling of the decommissioned onshore wind turbines and their blades in Den-
mark and Germany. The interviews I1-I16 are used in Kramer et al. (2024). Thanks to 
further responses, two additional interviews (I17-I18) took place and I14 provided ad-
ditional information on Denmark. In nine interviews also, another researcher partici-
pated. 13 of the interviews are held with a video conference tool, four by telephone and 
two as an in-person meeting.1 The meetings lasted an average of 90 minutes with a 
range of 40-120 minutes, with the exception of four outliers lasting 15 minutes, 20 
minutes and twice four hours. The in-person meetings were longer than the telephone 
calls and video conferences as it also involved a visit of the facilities. Two telephone 
calls lasted only 15-20 minutes and as such not the entire interview guide was ad-
dressed. In such cases, the focus was put on identifying the number of handled tur-
bines, taken pathways of the decommissioned wind turbines and the role of the expert 
and company. 12 interviews are recorded and transcribed and the remainder is docu-
mented with a memo. Figure 23 shows the distribution of the conducted interviews by 
covered country, stakeholder group and the experts’ position. 

 
Figure 23. Distribution of conducted interviews by country, stakeholder group and expert’s position. 

                                            
1 One interview was split in two meetings, a video conference and a meeting in person. 
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The graph shows that 31.6 % of the interviews address the Danish, 42.1 % the German 
and 21.05 % both markets, represented by multiple stakeholders. The remainder 
(5.25 %) is an OEM that is active in both markets, however not with decommissioning 
or handling of decommissioned turbines and as such is labelled as “N/A”. 31.6 % of 
the interviews are conducted with companies that have their (or their parent com-
pany’s) core business in decommissioning wind turbines. 21.05 % of the interviews are 
represented by companies that offer recycling and dismantling and as such offer the 
decommissioning and handling of wind turbines as part of their business. And finally, 
21.05 % of the interviews represent OEMs and 26.3 % are either project developers 
and operators or service companies. The expert’s position varies across the interviews 
with the majority of experts being a Managing Director (30.4 %), Project Manager 
(13.0 %) or Head of Sustainability (8.7 %). The following gives a brief description of 
each conducted expert interview (also see Table 38 in Appendix A2): 

▪ Interviewee 1 (I1) works in Senior Management2 of a Danish recycling, dismantling 
and demolition company (Company A) that offers amongst others the decommis-
sioning of wind turbines and material handling. They cover approx. 19-22 % of the 
3,195 decommissioned turbines in Denmark (DEA, 2022). 

▪ Interviewee 2 (I2) is an Executive of a decommissioning company for wind turbines 
(Company B). The expert has decommissioned and handled ~25 % of the total de-
commissioned turbines in Denmark. 

▪ Interviewee 3 (I3) is an Executive of a company operating an own wind turbine fleet 
(Company C). The company was involved in less than 1 % of the total decommis-
sioning in Denmark and has hired decommissioning companies to carry out the job. 
In addition, the company is active in project development of new wind energy pro-
jects. 

▪ Interviewee 4 (I4) is an Executive of a decommissioning company for wind turbines 
(Company D) that has handled ~16 % of the decommissioned turbines in Denmark 
and ~11 % of the 4,500 decommissioned turbines in Germany (Deutsche Wind-
Guard, 2023). 

▪ Interviewee 5 (I5) is in Senior Management of an OEM (Company E) that has been 
involved in ~2 % of the Danish decommissioning market and a neglectable share 
in the German market.  

▪ Interviewee 6 (I6) is an Executive of a decommissioning company for wind turbines 
(Company F) that has handled ~3 % of the decommissioned turbines in Denmark. 

▪ Interviewee 7 (I7) is an Executive of a company that develops, operates and de-
commissions wind turbines (Company G) and has handled ~2-3 % of Denmark’s 
total decommissioning. 

▪ The eights interview is conducted with the Senior Managers Interviewee 8A (I8-A), 
Interviewee 8B (I8-B), Interviewee 8C (I8-C) and Interviewee 8D (I8-D) of an OEM 

                                            
2 To ensure anonymity of the experts, the positions were clustered to Executive, Senior Manager and 
Mid Manager. 
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(Company H). They are involved with the handling of < 1 % of Denmark’s market 
and ~3 % from the German market. 

▪ Interviewee 9 (I9) is in Senior Management of a recycling and dismantling company 
(Company I). The company is responsible for handling less than 1 % of the total 
decommissioning in Denmark. 

▪ Interviewee 10 (I10) is an Executive for decommissioning wind turbines in a com-
pany associated to the stakeholder group recycler & dismantler (Company K) as it 
also offers the planning, realisation and operation of waste-handling equipment. 
Prior to that, I10 has decommissioned and handled turbines also for a service com-
pany, Company J. In total, I10’s track record represents ~9 % of the total decom-
missioning in Germany. 

▪ Interviewee 11 (I11) is a Senior Manager in a service company (Company L) that 
handled ~3-4 % of the historical decommissioning in Germany. 

▪ Interviewee 12 (I12) is an Executive of a decommissioning company for wind tur-
bines (Company M) that represents ~3 % of Germany’s decommissioned wind tur-
bines. 

▪ Interviewee 13 (I13) is an Executive of a recycling and dismantling company for 
industrial facilities (Company N) that historically handled a marginal number of de-
commissioning projects of wind turbines (<1 % of Germany’s market). 

▪ Interviewee 14 (I14) is a Senior Manager of a decommissioning company for wind 
turbines (Company O), which has handled ~22 % of the decommissioned wind tur-
bines in Germany. 

▪ Interviewee 15 (I15) is an Executive of a decommissioning company for wind tur-
bines (Company P) that decommissioned ~1-2 % of Denmark’s market and less 
than 1 % in Germany. However, the company has handled a significant number of 
turbines in other countries. 

▪ The sixteenth interview is conducted with Interviewee 16-A (I16-A), Interviewee 16-
B (I16-B) and Interviewee 16-C (I16-C), who are Senior Managers at an OEM 
(Company Q). The company has been involved with the handling of ~12 % of the 
historical decommissioning in Germany. 

▪ Interviewee 17 (I17) is working in Mid Management of an OEM (Company R). The 
company has not been actively involved in the decommissioning of wind turbines 
in Germany or Denmark. However, the expert does provide insights into the com-
pany’s activities related to the handling of decommissioned turbines or components 
(e.g. refurbishment). 

▪ Interviewee 18 (I18) is an Executive of a service company for wind turbines (Com-
pany S) that was involved in ~1 % of the decommissioned turbines in Germany. 
Additionally, the company is active in the development of new wind energy projects. 

As most interviewees have not filed their history sufficiently in a data system or have 
not got the resources to prepare a comprehensive list of their decommissioned pro-
jects, a comparison of the sample to the market developments is only to a limited ex-
tend possible (see 6.2.1). For Denmark, the interviewed experts cover the entire his-
torical time period of decommissioning. Moreover, they mostly decommissioned wind 
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turbines of up to 1 MW and of an average age between 18-30 years; hence in line with 
the overall market developments (see Figure 64 in 6.2.1). For Germany, the experts 
represent the last 12-14 years of history and as such not the entire history of decom-
missioning since 2000 (see Figure 64 and 6.2.1). However, the years not covered by 
the interviews only had marginal annual decommissioning according to Deutsche 
WindGuard (2023, p. 4). The decommissioned turbines of the interviewees have an 
average of 15-20 years and range between 55 kW and 3 MW of installed capacity. 
Moreover, it is possible to check whether a significant market share was covered 
through the interviews. In total, around 5,130-5,430 decommissioned turbines were 
covered through the interviews. The four companies associated to the “Recycler & 
dismantler” stakeholder group addressed ~730-840 turbines, the six companies of the 
group “Decommissioning company wind turbines” ~3,110 turbines, “Project developer 
& operator or service company” stakeholder group with five companies addressed 
~570-660 turbines and the four OEMs covered ~720-820 turbines. The market shares 
of the interviewees vary between less than 1 % to ~25 % for Denmark and less than 
1 % to ~22 % for Germany. It should be noted that the stakeholders cover different 
processes of the value chain and some subcontract for decommissioning and handling, 
leading to the risk of double counting when calculating the overall market coverage 
(Kramer et al., 2024). Hence, not every interview is considered and as such I3, I5, I8, 
I16, I17 and I18 are excluded for the calculation. The remaining 13 companies, result 
to a coverage of 2100-2200 decommissioned turbines for Denmark and 2,200-2,300 
for Germany. Thus, ~66-70 % of the in total decommissioned turbines of 3,195 in Den-
mark and ~49-51 % of the ~4,500 turbines in Germany were covered. Hence, a signif-
icant share of each market is covered by the interviews and consequently the criterium 
for ending the data collection process is fulfilled (see 5.1.1). 

5.2.2 Quantification of second lifecycle pathways 
To answer RQ3, this chapter presents the results of the quantitative analysis on circu-
lar economy pathways taken by the decommissioned onshore wind turbines in Den-
mark and Germany. Some results have been published in Kramer et al. (2024), but the 
data analysis herein is updated with the further collected data (see 5.2.1) and extended 
by further analyses, e.g. regarding the stakeholder groups (see 5.1.2). Kramer et al. 
note that the majority of the Danish experts submitted feedback on their quantified 
pathways, and that all experts from Germany provided feedback. First, the results on 
country level and of the aggregate of both countries are presented, followed by the 
results per stakeholder group. 

As outlined in 5.2.1, 13 companies are considered for the calculation of the aggregated 
country fractions of the taken circular economy pathways, that represent a significant 
market coverage in each country. Figure 24 shows the results for both countries, ag-
gregated and for each country.  
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Figure 24. Fraction of decommissioned turbine blades by a) turbine sold/kept in its entirety, b) sold/kept 
as spare parts, or c) other waste-handling per country. Based on conducted interviews. 

Along the circular economy pathways, a) second lifecycle of entire turbine, b) second 
lifecycle of blade as spare part and c) other-waste handling of composites, it becomes 
visible for both countries that the majority of decommissioned turbines entered the first 
stated pathway (~52.8 %), followed by the other-waste handling pathway (~44.1 %) 
and only a minor fraction of blades being sold/kept as spare parts (~3.1 %). 

First, referring to a) in Figure 24, a second lifecycle of the decommissioned turbines 
has been significant in both countries, but occurred more often in Denmark (~60.1 %) 
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than in Germany (~45.8 %). Responses range from 0 % to 100 % in both countries. 
For Denmark, the ones influencing the average fraction (red point) the most, due to 
their significant market shares (dark grey points), had a reuse fraction for entire tur-
bines of 0 %, ~70 % and ~95 %. In Germany, two companies have a market share of 
more than 10 % (dark grey points), one stating ~10 % and one ~90 %. Overall, it is 
visible that two thirds of the data points are between ~60-100 % and one third between 
~0-20 %. 

Second, a second lifecycle of blades as spare parts is the least followed pathway of 
the decommissioned turbines in Denmark (~2.2 %) and Germany (~3.9 %), accounting 
to ~3.1 % aggregated for both countries (see b) in Figure 24). Hence, Germany has a 
slightly larger share than Denmark, but the data points for Germany have also a slightly 
larger spread with ranging between ~0-17.5 %, in contrast to Denmark which ranges 
between ~0-12.5 %. In total, the data points that represent the interviewed companies 
with the most significant market shares vary between ~0-6 %. For the companies that 
have not sold all wind turbines in its entirety or sent everything into the other-waste 
handling pathway, the split between b) and c) vary from 5-100 % being sold or kept as 
spare parts and consequently 0-95 % entering the other-waste handling pathway. The 
experts that covered a market share of above 10 %, sold or kept 5-20 % of the blades 
as spare parts and hence sent 80-95 % to other-waste handling. To add to this, I11 
quotes that a common rule of thumb is to keep 1-2 sets of blades per blade type as 
spare part.  

Third, as illustrated in c) of Figure 24, the other-waste handling pathway was taken by 
approximately ~50.2 % of Germany’s decommissioned turbine blades and hence more 
frequently than in Denmark, which indicates a fraction of ~37.7 %. Aggregated across 
both countries, ~44.1 % of the turbine blades entered this pathway with data points 
ranging from 0 % to 100 %. The companies with the largest market shares have re-
ported different fractions of their decommissioned turbines. The three Danish compa-
nies with the largest market shares have indicated that ~4 %, ~24 % and ~100 % of 
their business entered the other-waste handling pathway. In Germany, the fractions 
are ~10 % and ~85.5 %. Overall, it is visible that two-thirds of the data points vary 
between ~0-38 % and one-third to ~76-100 %. 

The focus is on blades, nevertheless, depending on the available time of the inter-
viewed person, the experts were also asked if they b) sold or kept other components 
as spare parts or if they were sent into c) other-waste handling (see question 13 of the 
interview guide, Appendix A1). Two experts always sold the entire turbine and moreo-
ver two have sent every component into the other-waste handling pathway. Six experts 
provided an answer, who represent roughly 60 % of the total number of turbines cov-
ered in the interviews. All of these experts reported that the tower normally went to 
other-waste handling. Some experts stated that they sold the entire nacelle (in partic-
ular from small turbines) and if not, then the nacelle cover normally went into the other-
waste handling pathway. Useful components (or parts) inside the nacelle like the gear-
box and generator were stated by several experts to be used as spare parts. For reus-
ing the gearbox and the generator, four experts stated a reuse fraction of 50 % to up 
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to 100 % for the turbines that were not sold/kept in its entirety. To add to this, one 
expert reported 10 % and one did not quantify it for the gearbox, but stated that the 
generator was normally scrapped. For the hub, it was reported that this is normally not 
demanded and would be scrapped, but sometimes being sold together with the blades 
or the entire nacelle. 

As already stated, the interviews cover a significant part of both markets, but not the 
entirety. Hence, an analysis is conducted to assess the sensitivity of the quantified 
pathways per country. Accordingly, it is analysed what would happen if the number of 
turbines not included in the interviews do not correspond to the average. It is assumed 
that those decommissioned onshore wind turbines would all enter only one of the path-
ways. The derived fractions would range as displayed in Table 13. The following read-
ing example (bold-marked cells) provides further guidance: For Denmark roughly 1,000 
of the 3,195 decommissioned onshore wind turbines (~32 %) were not covered by the 
interviews. If those would have all entered the pathway of a) turbine sold/kept in its 
entirety, then the fraction for Denmark would equal to ~72.8 % turbines sold/kept in its 
entirety, ~1.5 % blades sold/kept as spare parts and ~25.7 % other-waste handling. 
The sensitivity analysis shows that the German fractions are more sensitive than the 
Danish fractions, as for Denmark a higher share of the market is covered by the inter-
views. For instance, for Denmark the fraction of entire turbines to be sold/kept would 
vary from 41.0 % to 72.8 % and in Germany from 23.0 % to 72.8 %.  

Table 13. Sensitivity analysis on pathways taken by turbines not covered in the interviews. The bold-
marked cells are the reading example. 

  
How would the quantified paths differ if the turbines in Denmark 
and Germany that were not included in the surveys had all taken 

one of the following paths? 
 
Denmark 

Average 
fraction 

a) Turbine sold/kept 
in its entirety 

b) Blades sold/kept 
as spare parts 

c) Other-waste 
handling 

a) Turbines sold/kept in their entirety 60.1 % 72.8 % 41.0 % 41.0 % 

b) Blades sold/kept as spare parts 2.2 % 1.5 % 33.3 % 1.5 % 

c) Other-waste handling 37.7 % 25.7 % 25.7 % 57.5 % 

Germany     

a) Turbines sold/kept in their entirety 45.8 % 72.8 % 23.0 % 23.0 % 

b) Blades sold/kept as spare parts 4.0 % 2.0 % 51.8 % 2.0 % 

c) Other-waste handling 50.2 % 25.2 % 25.2 % 75.0 % 

Furthermore, to illustrate whether turbines and their blades were exported or remained 
in the country, Figure 25 sows the split of the taken pathways of the decommissioned 
turbines in Denmark and Germany. 
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Figure 25. Pathways of blades from decommissioned onshore wind turbines in Denmark and Germany, 

based on conducted interviews and Kramer et al. (2024). Graphs prepared with www.san-
keyart.com. 

In Denmark, ~61.6 % of the decommissioned onshore wind turbine blades have been 
exported, ~60.1 % as entire turbine and ~1.5 % as spare part. Entire turbines did not 
remain in the domestic markets and were always exported and blades entering a sec-
ond lifecycle as spare parts (~2.2 %) stayed in ~0.7 % of the overall cases in Denmark. 
Most experts that have exported decommissioned wind turbines, stated that they ex-
ported roughly 90-97 % to European countries (preliminary within the EU). In compar-
ison to Denmark, in Germany a slightly lower fraction of turbines and blades was ex-
ported (~48 %), also mostly to European countries. Similar to Denmark, the majority 
was exported as entire turbine (~46 %) and a minor share as spare parts (~2 %). More-
over, if entire turbines were sold or kept, then these were always exported and in the 
case of spare parts only in half of the cases exported. When assuming that the decom-
missioned onshore wind turbines that have not been covered by the interviews, would 
all be exported in its entirety or all remain in the domestic country for other-waste han-
dling, the fraction for a second lifecycle abroad would range for Denmark between ~42-
74 % and for Germany between ~24-74 %. The spread for Germany is larger as the 
market coverage through the interviews is smaller than in Denmark, nevertheless for 
both markets it is above 50 % (see 5.2.1). 

Moreover, Figure 26 shows the taken pathways quantified for the different stakeholder 
groups. 

a) Denmark

b) Germany

Second lifecycle 
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~2% domestic 
spare parts
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Other 
waste handling 
(R7-R9 or landfill)

Wind 
turbine 
blades

~0.7% domestic 
spare parts

~1.5% exported 
spare parts

~60.1% as entire 
turbine exported

~37.7% no second       
lifecycle as blade
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Figure 26. Fraction of decommissioned turbines being a) sold/kept in its entirety, b) sold/kept as spare 

parts, and entering c) the other waste-handling pathway per stakeholder group. Based on 
conducted interviews. 

The visualisation is only used to see whether companies that belong to the same stake-
holder group in this sample tend to make similar decisions on the paths, but not to 
generalise stakeholder groups. It can be noted that variations between the stakeholder 
groups become visible. Most prominent is that the stakeholder group “Recycler & dis-
mantler” reported only a minor fraction entering a second lifecycle and the majority 
(~96.5 %) entering the other-waste handling pathway, which is in contrast to the other 
stakeholder groups. However, it should be noted that two of the experts have only 
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handled a minor number of turbines to date. Also, for the stakeholder group “OEM” 
only two experts reported data points and the other two experts did not know the frac-
tion of the pathways taken. Moreover, Figure 26 shows that for the group “Decommis-
sioning company wind turbines” and “Project developer & operator or service com-
pany” that the spread of the stated fractions is narrower in comparison to the total 
figure, but with a single outlier each (see Figure 24). For instance, the answers of the 
group “Decommissioning company wind turbines” range between ~80-100 % and in 
addition with a data point at ~10 % for decommissioned turbines being sold/kept. More-
over, it can be seen that the group “Project developer & operator or service company” 
have a slightly higher share of second-lifecycle spare parts than the other stakeholder 
groups.  

In summary, RQ3 can be answered as the study’s findings show for both countries that 
a second lifecycle of turbines was common abroad (~53 %), mostly in European coun-
tries. A second lifecycle of blades as spare parts was not that common (~3 %) and 
hence those then normally went to other-waste handling. In total, ~62 % of the turbine 
blades from Denmark entered a second lifecycle abroad and for Germany it was in the 
order of magnitude of ~48 %. In absolute numbers, ~1,921 decommissioned onshore 
wind turbines from Denmark and ~2,062 turbines from Germany were sold in its en-
tirety, when assuming the average fractions of the countries (see Figure 24). Compo-
nents of the remaining ~1,274 turbines in Denmark and ~2,438 turbines in Germany 
either entered the pathway of a second lifecycle as spare parts or the other-waste 
handling pathway. For blades, ~70 sets of blades from Denmark’s decommissioned 
wind turbines were kept/sold and ~1,204 went into other-waste handling. For Germany 
those figures equal to ~177 sets of blades as spare parts and ~2,261 sets sent into 
other-waste handling.  

5.2.3 Exploration of second lifecycle pathways 
To answer RQ4, this chapter presents the results of the qualitative analysis and hence 
explores the supply chain processes (5.2.3.1) and influencing factors regarding the 
handling of decommissioned wind turbines (5.2.3.2) in Denmark and Germany. The 
results are detailed per country and stakeholder group. 

5.2.3.1 Circular supply chain processes in practice 
The circular supply chain processes were inductively derived by analysing the con-
ducted expert interviews. The final model of the observed circular supply chain pro-
cesses is illustrated in Figure 27 (larger format in Appendix B1). 
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Figure 27. Overview of observed circular supply chain processes. Based on conducted interviews.  
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The starting point of the exploration is the first lifecycle of the wind turbine (top left in 
the Figure 27), followed by decommissioning and handling of the decommissioned tur-
bine. In line with the interview guide, the options for handling the decommissioned 
turbine are aggregated to three pathways, (a) keeping/selling the entire turbine, (b) 
keeping/selling components as spare parts and (c) other-waste handling. In other 
words, these pathways differentiate between the handling on turbine level, component 
level or material level. The processes are described in the following and differences as 
well as similarities between countries and stakeholders are highlighted for the second 
lifecycle supply chain processes. 

 

Decommissioning 

According to the conducted interviews, a decommissioning project comprises of the 
decommissioning of the turbine and its handling as well as civil works that include the 
removal of the foundation, crane stands and the cabling. It can also be part of a re-
powering project, requiring a coordination between the works at the site regarding the 
decommissioning of the old turbines and the installation of the new turbines. In the 
interviews, the decommissioning project is either coordinated by the operator/owner or 
through contracting a company for decommissioning and handling the decommis-
sioned turbine. In the latter case, the to-be-decommissioned turbine is either sold or 
the service of handling is remunerated. The contracted companies have different busi-
ness backgrounds, e.g. stem from decommissioning of wind turbines, or have their 
core business in manufacturing, servicing or recycling of wind turbines. The experts 
stated that they normally handle turnkey projects, but often subcontract for some tasks 
(e.g. crane). Next to project management, the observed process chain at the project 
site, applicable for both countries, is the inspection, actual decommissioning of the 
turbine, the disassembly, optional pre-processing and transport for further handling 
(see Figure 28). 

 
Figure 28. Chain of processes for decommissioning onshore wind turbines and handling at site. Based 

on conducted interviews. 

The inspection was not mentioned by each expert, but when it was, they explained that 
they do a visual inspection, hence a site visit during the quotation process and prior to 
carrying out the actual decommissioning. Another form of inspection that was men-
tioned is the inspection of the available documentation, e.g. time of last repair or re-
placement of components. Throughout the interviews, three approaches for the actual 
decommissioning were mentioned: (i) using a crane, (ii) cutting the turbine at the bot-
tom or (iii) exploding. Most commonly the experts used a crane to decommission the 
onshore wind turbine, but were also aware of the other market practices. Only one 
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interviewee used the second approach and explained it by comparing it to the cutting 
of a tree, hence cutting the turbine at the bottom to let it fall.  

After the different components are taken to the ground, these are further disassembled 
on site to enable the transport. Then optional, further pre-processing procedures (e.g. 
cutting, sorting, shredding) for other waste-handling is carried out on site. For instance, 
if the blades are not sold or kept for a second lifecycle, a common pre-processing step 
is to cut the blades into parts of standard transport sizes. If a second lifecycle is fore-
seen, the blades is transported as a whole. Other components might be further disas-
sembled in parts to ease transportation. Finally, the turbine components or pre-pro-
cessed components and materials are transported away from the site.  

 

Second-lifecycle handling of the decommissioned wind turbine in its entirety  

In the case that (a) the entire turbine is kept by the owner or sold, the following process 
chain was identified in both countries by analysing the interviews: optional storage, 
optional refurbishment of turbine, export and transport to new site, reinstallation of tur-
bine at new site, and operation of the turbine for a second lifecycle (see Figure 29). 

 
Figure 29. Chain of processes for decommissioned onshore wind turbines entering the pathway of the 

entire turbine being kept by the owner or sold. Based on conducted interviews. 

Some of the interviewees mentioned the possibility to store the components of an en-
tire turbine, depending on the component either outdoor or inside a warehouse. In case 
the owner of the turbine does not want to keep the turbine anymore or it cannot be sold 
in its entirety by the company which handles the decommissioned turbine, then the 
turbine enters one of the other levels, (b) the components level or (c) the parts and 
materials level (dashed grey arrow in Figure 29). Alternatively, instead of storing, the 
turbine can be directly transported to the new site or to a refurbishment facility. The 
direct transport is the most commonly mentioned process flow in both countries and it 
was acknowledged in all stakeholder groups, either as an own practice or a known 
market practice. Four experts from the stakeholder groups “recycler & dismantler”, “de-
commissioning company wind turbines” and “OEM” reported that they could store en-
tire turbines. For the refurbishment of a turbine, which is done by two experts, broken 
parts are repaired or replaced with new spare parts or second lifecycle spare parts 
from other turbines. Moreover, the experts mentioned the provision of a product 
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guarantee. That said, the decommissioned turbine is either (i) directly transported from 
the original site, (ii) delivered from the storage site or (iii) transported from the refur-
bishment facility to the new project site for reinstallation. Neither for Denmark nor for 
Germany did any expert state that the turbines had remained in the country for a sec-
ond lifecycle, but that they had all been exported, mostly by road transport. Conse-
quently, turbines were exported to various countries (e.g. Ireland, Italy, Kazakhstan, 
Moldavia, Poland) to be reinstalled for a second lifecycle, either as a single turbine or 
as part of a wind park. One expert mentioned that they test the turbine in operation 
prior to handing it over to the new owner. 

 

Second-lifecycle handling of components of the decommissioned wind turbine 

In the case, (b) components of the decommissioned wind turbine are kept by the owner 
or sold as spare parts, the level of observation changes from the turbine level to the 
component level. The following process chain was observed by analysing the inter-
views: optional storage, optional refurbishment/repairment, optional storage, transport 
to site either with or without exporting, reinstall component in turbine, and operation of 
the component for a second lifecycle (see bottom of Figure 30). In addition, the process 
chain observed in Denmark and Germany is similar, while there are differences be-
tween the stakeholders.  

 
Figure 30. Chain of processes for components of decommissioned onshore wind turbines entering the 

pathway of being kept by the owner or sold as spare parts. Based on conducted interviews. 

Similar to the optional storage for selling the components for reinstallation as an entire 
turbine, this also takes place for single components for reinstallation. Some companies 
kept the components for their own service business and hence either for direct 
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reinstallation or storage in their spare parts warehouse, i.e. from the stakeholder 
groups “project developer & operator or service company” and “OEM”. Moreover, most 
of the interviewed companies that sell decommissioned spare parts have a warehouse. 
If the stored components are not needed by the owner at one point or cannot be sold, 
they might enter the parts and materials level and hence (c) the other-waste handling 
pathway (dashed grey arrow in Figure 30). Instead of storing, the components can also 
directly be transported from the site to the new site for replacement, which is also ob-
served in both countries. A further optional process is the refurbishment or repairing of 
components prior to reusing them in a turbine. For the blades, for instance the repair-
ment with leading edge protection was mentioned by one expert. For the gearbox and 
generator, a refurbishment was stated by several experts, e.g. by the OEMs, service 
providers, and companies doing solely wind turbine decommissioning and its handling. 
For the tower, this process step was not observed and instead those normally went 
into the other-waste handling path. Optional after refurbishing or repairing, is again a 
storage. In contrast to the turbine level, a component as spare part is either transported 
to a site in the domestic market (i.e. Denmark or Germany) or exported (e.g. to UK, 
Italy, Netherlands, Poland, Australia). The component is reinstalled in a turbine, either 
(i) to repair a turbine in its first lifecycle (with or without lifetime extension), (ii) to refur-
bish another decommissioned turbine for reinstallation as a second lifecycle or (iii) to 
repair or maintain a turbine in its second lifecycle. In all scenarios, the component is 
given a second lifecycle. 

 

Third-lifecycle handling of turbines and components 

Moreover, two interviewees reported a third lifecycle of the turbine or its components 
(see right side of Figure 27). In one case, after the second lifecycle of a wind turbine 
in a European country, components of this turbine were reimported and refurbished to 
be used as spare parts for repairing a turbine. In the other case, after the second lifecy-
cle of a wind turbine in a European country, the turbine was exported to another Euro-
pean country for a third lifecycle of the entire turbine. However, it should be noted, that 
a third lifecycle or in more general terms, multiple lifecycles were out of scope for this 
study and hence not part of the interview guide. Therefore, it is not known if the other 
interviewed experts also have experienced a third lifecycle. 

 

Handling via the other-waste handling pathway 

In the case that components of the decommissioned wind turbine enter (c) the other-
waste handling pathway, again the level of observation changes, here to the parts and 
materials level (see Figure 31). As the focus of the interviews is on second lifecycle 
supply chains for turbines and blades, a detailed overview of the processes on the 
parts and materials level is not available. However, one expert stated that optional 
storage and further pre-processing at the recycling site can occur prior to the further 
handling. 
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Figure 31. Chain of processes for components and materials of decommissioned onshore wind turbines 

entering the pathway of other-waste handling. Based on conducted interviews. 

Some handling options of the other-waste handling pathway were identified throughout 
the interviews, but should not be understood as a comprehensive listing. For instance, 
for blades and their composite materials, experts have mentioned repurposing, recy-
cling and downcycling, energy recovery and cement co-processing, and landfilling or 
just called it more generally “scrapping”. For other components’ materials, experts 
stated that they sold parts out of key components, repurposed, or recycled or did not 
detail the other-waste handling pathway. For recycling materials, such as metals and 
concrete, it entered recycling pathways that are also used by other industries (e.g. 
construction industry). In addition, none of the experts covering Germany has men-
tioned repurposing for blades or other components, but otherwise the listed options 
are the same in Denmark and Germany. 

 

Conclusion 

Overall, this section provides an understanding of the observed processes of decom-
missioning and handling decommissioned onshore wind turbines in Denmark and Ger-
many from a multi-stakeholder perspective. Experts of both countries and experts of 
each stakeholder group have acknowledged the existence of the three handling path-
ways, i.e. handling the a) entire turbine, b) components and c) parts and materials. 
They have mentioned the three pathways, either as being part of the company’s asso-
ciated processes or known processes in the market. When focussing at the handling 
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pathways which only the expert’s company, their subcontractors or customers con-
sider, also the majority (12 experts) mentioned all three pathways. These observations 
are in line with the quantifications by the experts for entire turbines and blades (see 
Figure 25). Nevertheless, for instance one expert mentioned the pathway of selling 
components as spare parts as part of their business activities, but not for blades. It is 
also interesting to note that two experts from the stakeholder group “recycler & dis-
mantler” only mentioned the other-waste handling pathway, and both stated that the 
second-hand market is currently not part of their business. In contrast, two other ex-
perts who belong to the stakeholder groups “decommissioning company wind turbines” 
and “project developer & operator or service company” only stated (a) the pathway to 
sell entire turbines. One of those experts, claimed that the company purely focuses on 
the resale of decommissioned wind turbines. Another interesting aspect when compar-
ing the different stakeholder groups is that most OEMs (with one exception), the ser-
vice companies and one of the operators are involved in the decommissioning of wind 
turbines on the one hand and demand second-lifecycle spare parts for their service 
business on the other. This could eventually also explain the slightly larger reuse frac-
tion for blades as spare parts for the stakeholder group “project developer & operator 
or service company” (see Figure 26). 

The analysis focused on the second lifecycle supply chains of the entire turbine and 
key components, but also sketched the upstream and downstream processes. The 
interviewed experts expressed similar second-lifecycle supply chains in Denmark and 
Germany, however differences between the stakeholders became visible. The analysis 
shows that the decommissioning and each handling pathway involve different pro-
cesses, making multiple routes possible: 

▪ Supply chain processes for a second lifecycle of a turbine: It is observed that the 
decommissioned turbines were either directly reused or refurbished prior reinstal-
lation at a new site abroad.  

▪ Supply chain processes for a second lifecycle of the components: The analysis 
shows that the components were either directly reused or repaired/refurbished for 
meeting the demand for spare parts of (i) first lifecycle turbines in operation, (ii) 
second lifecycle turbines in operation and (iii) for refurbishing decommissioned first-
lifecycle turbines. In this light, some companies were able to store the components 
of an entire turbine or parts of it. The spare parts remained either in the domestic 
country or were exported. 

To further explore what is influencing the development of second-lifecycle supply 
chains for onshore wind turbines from Denmark and Germany, the next section out-
lines factors that influence the decision-making along the drawn circular supply chain 
processes.  
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5.2.3.2 Factors influencing the development of second-lifecycle supply 
chains 

Factors that influence the choice of a second lifecycle of the entire turbine or the blades 
as spare parts were inductively derived on the basis of the interviews conducted with 
multiple stakeholders. The results are presented according to the approach shown in 
Figure 32, which is consistent with the theoretical understanding of Part A and the 
process chains identified in 5.2.3.1.  

 
Figure 32. Dimensions of the influencing factors positioned in the circular supply chain network. 

Accordingly, factors are associated with either (1) the first operational lifecycle of the 
turbine, (2) decommissioning, disassembly and pre-processing at the site, (3) handling 
of the decommissioned turbine, (4) the second lifecycle of the turbine and (5) its blades. 
The factors are divided into technical, legal/regulatory, economic, organisational and 
market dimensions. The results are presented and described below, while Table 39 in 
Appendix B2 provides a summary of the influencing factors. 

 

Factors influencing the decision to decommission a wind turbine 

Figure 33 presents that the operator’s decision to decommission in the first turbine’s 
lifecycle is based on technical, legal/regulatory, economic, organisational and market 
factors. 
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Figure 33. Factors influencing the decision to decommission a wind turbine. Based on conducted inter-

views. 

Technical factors influencing the decision to decommission a wind turbine 

 
Figure 34. Technical factors influencing the decision to decommission a wind turbine. Based on con-

ducted interviews. 

As shown in Figure 34, technical factors identified are the turbine condition, the turbine 
design and the wind conditions at the project site. In some cases, it could be that the 
turbine condition is the decisive factor for deciding to decommission. For instance, if 
the turbine is not operating anymore due to a component failure (e.g. gearbox) or a 
lightning strike (e.g. the case for ~2-3 % of decommissioned turbines by I10) and it is 
either not technical (e.g. if tower’s structural stability at risk) or economically feasible 
(e.g. large component failure vs expected remaining time of operation) to repair. To 
enable a repair of the turbine, the availability of spare parts for that turbine type is 
stressed to be important by the experts. The turbine condition is impacted by the tur-
bine design and the wind conditions at the site, but also by the chosen maintenance 
and operation strategy. For instance, a robust design of the turbine/turbine type posi-
tively impacts the technical lifetime of a turbine (e.g. I11 expressed this for old Vestas 
turbines). The wind conditions at the project site can negatively influence the turbine’s 
condition if for instance unplanned strong and turbulent winds occurred. Alternatively, 
it can have a positive impact, if the actual wind conditions of the site were lower than 
the estimated loads in the wind turbine’s design, as the following outlines for older 
turbine models. 

“(…) on the old turbines it is really significant more than 20 years, but on the 
newer turbines, I do believe that we will see a decrease in lifetime because (…) 
the loads on those turbines are really designed for specific sites, specific wind 
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conditions etc.” (Denmark, stakeholder ‘project developer & operator or service 
company’)3 

On a general note, experts reported a significant technical lifetime of the turbines they 
have decommissioned, although not applicable to every turbine type. The analytical 
analysis by 8.2 Consulting confirms this with an average lifetime varying between 22.6 
years to 40 years depending on the turbine type (8.2 Group, 2021). However, it is not 
known how the statistics evolve for the newer turbine types – that are not yet being 
decommissioned – as comprehensive data is not yet available. Overall, these technical 
factors have a significant impact on the technical feasible power output of the turbine 
at the given site. In this context, good wind conditions might promote operators to as-
sess the potential for repowering early on, for instance expressed by an expert as fol-
lows: 

“So, the really good [wind] locations, of course, you look at them much earlier 
and with the ‘bad’ ones you say let the old ones run and do it towards the end, 
[...], there's just a hierarchy.” (Germany, stakeholder ‘project developer & oper-
ator or service company’) 

 

Legal and regulatory factors influencing the decision to decommission a wind turbine 

 
Figure 35. Legal and regulatory factors influencing the decision to decommission a wind turbine. Based 

on conducted interviews. 

As shown in Figure 35, a legal/regulatory reason for decommissioning can be the re-
quirement of a municipality to decommission an operating wind turbine as compensa-
tion for the granting of a licence for a new wind project. Another reason can be the 
expiry of the land lease. Furthermore, legal requirements for a repowering project or a 
lifetime extension beyond the turbine’s design life influence whether the turbine is de-
commissioned as part of a repowering project or the operation is continued. For in-
stance, experts for both countries stated that the provision of a repowering bonus by 
the government – that was given for a limited time period in Denmark and Germany, 
but at different years – promoted decommissioning. Denmark financially supported de-
commissioning of wind turbines of up to 150 kW from 1999-2003 (BEK nr 187 af 
16/03/2001, 2001) and in Germany a repowering bonus existed from 2004 to 2014, but 
only a regulatory change of the EEG in 2009 led to an increase of repowering projects, 
as new turbines received 0.5 Cent per kWh (Quentin & Sudhaus, 2016, p. 11; Ziegler 
                                            
3 All citations from text passages of the transcripts or memos are provided in English. In some cases, 
the interviews were conducted in German or Danish. However, for ensuring anonymity and better read-
ability of the chapter, those are also shown in English. 
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et al., 2018, p. 1265). Before stopping the financial incentive in 2014, a further amend-
ment was made in 2012, which introduced the requirement that a repowering project 
must lead to a doubling of the installed capacity without increasing the number of tur-
bines. Moreover, experts expressed that eases in the permitting process of repowering 
projects could shorten the permitting time, although, this has not yet existed in the past. 
In addition to simplifying the permitting procedure, the easing of restrictions on the 
installation of wind turbines could lead to a wind power project being considered for 
repowering in the first place. The experts of both countries mentioned, for example, 
restrictions regarding the turbine’s height and required distances to residential housing, 
as well as environmental conditions. In addition, an overall limit of to-be-installed wind 
turbines exists in Denmark. Experts for Germany mention that the repowering business 
has slowly increased over time, particularly since 2020/21, and also going forward they 
expect good conditions for repowering projects due to simplifications in the permitting 
process, triggered by RePowerEU and national initiatives. For instance, an expert of 
the German market said:  

“That's also what we're seeing, in 20/21, when repowering started to take off 
more and more in Germany and then our business also progressed.” (Germany, 
stakeholder ‘project developer & operator or service company’) 

For Denmark, some experts state that there are no projects available for repowering 
anymore, as the repowering potential of existing sites has mostly been realised and 
instead new project sites are being used for the development of wind farms. As a coun-
terpart to promoting repowering, governments actions might hinder or ease a contin-
ued operation after surpassing the design life of 20 years. Germany and Denmark differ 
in their regulation on lifetime extensions, as only Germany demands an external as-
sessment of the turbine’s stability and Denmark only foresees annual inspections 
within the maintenance routine (Ziegler et al., 2018, p. 1265). An expert explained that 
depending on the turbine’s condition, a permit for continued operation in Germany is 
either refused, granted without conditions or granted subject to conditions and is valid 
for a certain period of time. 

Economic factors influencing the decision to decommission a wind turbine 

 
Figure 36. Economic factors influencing the decision to decommission a wind turbine. Based on con-

ducted interviews. 

As illustrated in Figure 36, economic factors influencing the decision to decommission 
are highlighted throughout all stakeholder groups and for both countries. Accordingly, 
a turbine might be decommissioned if it is not economically feasible to continue oper-
ation, which is the case when operational expenses are larger than the expected rev-
enues. In this regard, the experts mentioned that the recent increase in electricity 
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prices improved the business case significantly in Denmark, and also in Germany for 
the turbines for which feed-in payments have expired. However, some experts pointed 
out that in the current energy system design, negative prices occur for the operation of 
wind turbines on some days with strong winds.  

Furthermore, if an alternative turbine type is economically more attractive to operate 
at that site than the current turbine type and if legally allowed at that site, a repowering 
project might be pursued, i.e. the installation of larger, more profitable turbines. The 
assessment is influenced by factors from the other dimensions. For instance, in both 
countries repowering was promoted by a decommissioning/repowering bonus paid for 
decommissioning turbines for a specific time period (see legal/regulatory factors). 

Organisational factor influencing the decision to decommission a wind turbine 

 
Figure 37. Organisational factors influencing the decision to decommission a wind turbine. Based on 

conducted interviews. 

As shown in Figure 37, the organisational factor is that the owner’s business strategy 
either promotes a continued operation, hence a lifetime extension beyond the design 
life, or a repowering. Different strategies of the interviewed experts and stakeholder 
groups were observed. From the interviewed experts that also develop and operate 
wind turbines, one company pursues the strategy to acquire old wind turbines for con-
tinued operation of the original design lifetime of 20 years, as the following statement 
reveals:  

“There are companies now looking at life extensions for turbines, and we also 
looking into that because of course the business models, we, I can't tell you what 
is in our business model, how long we think the design life of a turbine is but I 
can say that it's significantly more than 20 years.” (Denmark, stakeholder ‘pro-
ject developer & operator or service company’) 

In contrast, another company focuses on the project development of new projects and 
hence buys old turbines in order to repower:  

“If there are any turbines that stand in the way of making the new project, then 
of course we have to take them down.” (Denmark, stakeholder ‘project devel-
oper & operator or service company’) 

On that note, the original owner sold its operating wind project to a new owner (e.g. 
project developer) and hence, transferred the decommissioning decision to the new 
owner. Moreover, decommissioning companies and recycler reported that they have 
seen different strategies by their clients depending on the type of owner, usually differ-
entiating between individuals (e.g. farmers) and professionals (e.g. large utilities). As 
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such, not every company might look into the potential of repowering or/and lifetime 
extension. 

Market factors influencing the decision to decommission a wind turbine 

 
Figure 38. Market factors influencing the decision to decommission a wind turbine. Based on conducted 

interviews. 

As illustrated in Figure 38, as a market factor the number of operating turbines per 
turbine type and a change of the ownership types is mentioned. For example, I13 re-
ported a low overall business flow for decommissioning wind turbines, as they are only 
active in southern Germany and only small quantities were installed there. I2 men-
tioned that overall in Denmark not much was decommissioned in the last year. More-
over, some experts stated that specific turbine types (e.g. E40 in Germany) have been 
installed in large quantities and therefore have a large share in decommissioning. This 
is in line with market data for both markets (see 6.2.1). Also, according to decommis-
sioning experts from both markets, the structure of owners and number of turbines per 
wind park has developed over time. For both markets it is stated that at the beginning 
primarily single turbines by private persons (e.g. farmers) were decommissioned, and 
in the last years the share of wind parks from professional owners (e.g. utilities) has 
increased. 

Conclusion 

All in all, the reason to decommission and hence also the time of decommissioning 
varies (red arrow in Figure 32) across projects, operators and countries and might often 
have been a combination of reasons. Stated reasons for decommissioning are repow-
ering, economically unviable continued operation (e.g. due to component failures), de-
commissioning after the originally planned project lifetime (e.g. due to expiry of land 
lease) and, for a few turbines, a lightning strike. It should be noted, that the current 
available history of decommissioning is not yet reflecting the full magnitude of turbines 
being decommissioned after continued operation beyond 20 years, especially in Ger-
many. With Denmark’s longer history of installing onshore wind turbines, a large frac-
tion of decommissioned turbines beyond 20 years is visible (see Figure 65). Also, for 
the German market, it is recognisable that 29.4 % of the operational onshore wind 
turbines are more than 20 years old and as such are operated beyond the design life 
(see Figure 66). As such, the typical project’s lifetime and turbine’s age at decommis-
sioning in Denmark and Germany is difficult to determine on the basis of current avail-
able information and data.  

Nevertheless, decommissioning was promoted in Denmark and Germany – frequently 
stressed by the interviewed experts, particularly for Denmark, and shown in the market 
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data in chapter 6.2.1 – with the financial bonus for decommissioning/repowering. More-
over, it seems that good wind conditions at the project site and a positive legal/regula-
tory setting to repower, likely result to an early assessment of a potential repowering:  

“If the regulatory setting for repowering is good and wind conditions of the site 
worth it, you start to look into repowering early on” (expert active in Germany)  

In contrast, if the turbine is in a good condition, legal/regulatory setting allows for con-
tinued operation and economics are sufficient, then the operation of the wind turbine 
is likely to be continued, also beyond the original project lifetime.  

Available options for the subsequent handling of the to-be-decommissioned wind tur-
bines was not stated as a factor that has influenced the decision to decommission. But 
the decision to decommission determines the time of decommissioning and conse-
quently specifies the number of turbines per turbine type that theoretically enter the 
second-hand market at a given time. 

 

Factors influencing the decommissioning, disassembly and pre-processing pro-
cesses at the project site 

Figure 39 outlines the factors that influence taken decommissioning, disassembly and 
pre-processing processes at the project site. The company responsible for the decom-
missioning is deciding and might be influenced by the owner/operator of the project 
site, legal authorities, and the subsequent handling. The following outlines the ob-
served technical, legal/regulatory, economical, organisational and market factors. 

 
Figure 39. Factors influencing the decommissioning, disassembly and pre-processing processes at the 

project site. Based on conducted interviews. 
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Technical factors influencing the decommissioning, disassembly and pre-processing 
processes at the project site 

 
Figure 40. Technical factors influencing the decommissioning, disassembly and pre-processing pro-

cesses at the project site. Based on conducted interviews. 

As shown in Figure 40, technical factors are primary the turbine design and the turbine 
condition. The turbine design influences the costs and the ability to decommission or 
disassembly components. For example, an expert from a decommissioning company 
and one from the stakeholder group “project developer & operator or service company” 
mention that not all turbine types are designed for decommissioning and hence eligible 
for reusing the entire turbine. For example, some turbine types are made with a con-
crete tower which cannot be disassembled and instead is demolished and enters the 
other-waste handling pathway, ideally locally. Another decommissioning company, ac-
tive in the German market, noted that the disassembly of some parts and components 
is for some turbine types more difficult, e.g. the switchgear cabinet in the E70 is difficult 
to access. As such, the design for disassembly is an influencing factor.  

A further technical factor is the turbine condition, in case the turbine is in such a bad 
condition that work safety cannot be guaranteed, a special skilled team and procedures 
are necessary, e.g. of a burnt turbine caused through a lightning strike (e.g. I10).  

The wind conditions at the site are not determining which process is taken, but when 
the project can be executed, as a crane can for example not be operated in too turbu-
lent winds. 

Legal and regulatory factors influencing the decommissioning, disassembly and pre-
processing processes at the project site 

 
Figure 41. Legal and regulatory factors influencing the decommissioning, disassembly and pre-pro-

cessing processes at the project site. Based on conducted interviews. 

As illustrated in Figure 41, the experts of both countries mentioned requirements of 
public authorities, monitoring by authorities, and standardisation across regions as le-
gal/regulatory factors. Authorities for instance might define to which degree the foun-
dation has to be removed, which environmental measures need to be considered or 
request a decommissioning plan prior to carrying out the work. On the side of 
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companies carrying out the decommissioning, some reported that not all market actors 
follow sustainable practices and one expert thus concludes that a better monitoring by 
the local authorities would promote compliance with industry standards in the first 
place. However, this expert also stresses that requirements by local authorities in Ger-
many vary across regions and a standardisation would make things easier. 

Economic factors influencing the decommissioning, disassembly and pre-processing 
processes at the project site 

 
Figure 42. Economic factors influencing the decommissioning, disassembly and pre-processing pro-

cesses at the project site. Based on conducted interviews. 

As shown in Figure 42, economic factors are factors that influence the economic fea-
sibility for the client and the responsible company. This is determined by the costs for 
carrying out the decommissioning project at the wind turbine’s site, consisting of de-
commissioning, disassembly and pre-processing costs. Furthermore, the costs and 
revenues from handling the decommissioned turbine are considered, that is further 
detailed in the section on handling (p. 96). 

The costs to decommission the turbine mostly consists of the costs for the crane and 
is influenced by the turbine design, especially its height, dimensions and weights. Most 
experts subcontract a crane company, while one expert from a decommissioning com-
pany in Denmark stated that they owned a crane in their busy years, but later sold it 
as it was no longer sufficiently utilised. The costs for using the crane at the site can 
further increase due to weather-caused delays, which are normally carried by the op-
erator of the project site. The majority of experts did not consider alternatives to a 
crane, however one company belonging to the stakeholder group of “recycler & dis-
mantler” state that they prefer to cut the turbine as it is faster and cheaper. Other in-
terviewed experts stated that they have seen those practices by other market players, 
but would not do it themselves.  

The disassembly costs are mainly driven by the costs for the disassembly team and 
the extent to which the turbine and its components are disassembled. If a second 
lifecycle of the turbine is foreseen, then a high-quality disassembly (e.g. including la-
belling the disassembled components and parts) is important, while on the other-hand 
no further pre-processing costs for other-waste handling would be required. Depending 
on the subsequent transportation costs and the available time at the project site, com-
ponents might be further disassembled to parts. A common stated example is to either 
transport the entire nacelle or disassembly at site to transport only components or parts 
that are foreseen for the second-hand market and scrap the rest (e.g. nacelle cover). 
An expert explains it as follows:  

Decom-
missioning

Economic factors
▪ Decommissioning costs
▪ Disassemble costs
▪ Pre-processing costs

2. Decisions of 
decommissioning 
processes



Part B: Quantifying and Exploring Second Lifecycle Pathways 93 

 

“[…] hub, nacelle cover, rest of nacelle, tower, that are the things that would 
actually always be scrapped or only parts used. This decision is always very 
much associated with transport costs. So, we always look at what is cheaper? 
How can we get it out of there? Of course, it would be nicer to just pick up the 
whole nacelle and put it in the yard, then it can rain and everything is dry inside, 
but the transport costs are just so high and it needs special transport […] from 
one megawatt upwards.” (Germany, stakeholder ‘project developer & operator 
or service company’) 

The existing blade types cannot be further disassembled and therefore, these would 
be further processed at the site. Hence, pre-processing costs for preparing the other-
waste handling, such as cutting of blades, occur. Overall, experts expressed that pro-
jects can achieve economies of scale depending on the number of turbines per park 
or neighbouring projects. In addition, experts who offered more than the decommis-
sioning of wind turbines were able to create synergies with existing business units (e.g. 
utilisation of skilled workers) and reported less dependence on wind turbine decom-
missioning in relation to their overall business. Furthermore, two decommissioning ex-
perts from small companies that have been operating in Denmark for a long time ex-
plained that the amount of documentation requested has recently increased, especially 
from large companies, and this has driven up their costs to such an extent that they 
have in some cased rejected such projects. 

Organisational factors influencing the decommissioning, disassembly and pre-pro-
cessing processes at the project site 

 
Figure 43. Organisational factors influencing the decommissioning, disassembly and pre-processing 

processes at the project site. Based on conducted interviews. 

As illustrated in Figure 43, various organisational factors exist that relate to the opera-
tor’s choices, the available time and the responsible decommissioning company with 
its business model, strategy, skills and standards. Further factors are the access to 
lifting data and gear, and the chosen handling pathway. The operator defines the scope 
of the decommissioning project, e.g. regarding the timing or at some decommissioning 
projects, turbines or components were kept for own spare parts management and 
hence the dismantling and handling route (or part of it) was already pre-defined by the 
operator.  

The operator’s choice of a decommissioning company is influenced by various factors, 
amongst others, an economical attractive quote, agreed business conditions, and 
available capacity of the decommissioning companies and their sub-contractors (i.e. 
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crane). Further factors were access to a buyer for the to-be-decommissioned turbine, 
an already established, positive business relationship with the decommissioning com-
pany and the perception of their compliance to industry and legal standards. For ex-
ample, if the owner of the turbine used its own network to sell the turbine on the sec-
ond-hand market, then typically a decommissioning company was chosen that was 
known for being able to decommission and handle the turbine in such a way that it 
could be reinstalled again (e.g. proper packaging for transport). Moreover, an inter-
viewed expert that hires decommissioning companies in the German market said that 
it is important that the company has the skills to operate safely and professionally at 
the project site, also to ensure satisfaction of land owners and municipalities, and 
therefore they prefer companies with which they already had positive experiences. De-
commissioning experts from both countries confirm this, adding that large companies 
in particular take this factor into account. Moreover, an interviewed decommissioner 
added that some operators are in the phase of undertaking their first decommissioning 
project, and are therefore still building in-house knowledge on how to assess potential 
decommissioning companies. Still, experts for both markets underline that the overall 
economics of the turnkey project (i.e. decommissioning on site and handling of decom-
missioned turbine) are of importance. This could eventually be a reason why a decom-
missioning expert from the German market believes that the decommissioning com-
pany who has access to a buyer for the to-be-decommissioned turbine and offers rea-
sonable decommissioning costs has the best chances to get hired for the decommis-
sioning project. In this context, several experts of both countries reported that their 
company acquired the to-be-decommissioned turbine for further handling.  

The business model and strategy of the company responsible for decommissioning 
varies and hence attracts different kind of projects and operators. Next to a regional 
scope (e.g. I13’s regional focus on southern Germany and I12 is active internationally), 
also a technical scope could be applicable. However, none of the interviewed persons 
narrowed their decommissioning scope only to specific turbine types. The time window 
for decision-making and execution of the decommissioning project by the responsible 
company depends, on the one hand, on how early before the planned execution date 
the client contracts a decommissioning company and on the other hand, how flexible 
or fixed the planned execution date is and hence room for manoeuvre is given (e.g. to 
find a potential buyer on the second-hand market). The actual execution date is 
amongst others dependent on available crane capacity and weather conditions. In 
case the decommissioning project is part of a repowering project, then time is a more 
critical factor as a delay in the decommissioning project could cause a delay in in-
stalling the new turbines.  

Skills/know-how to decommission different turbine types is not reported as a problem 
for decommissioning companies, as they often hire a crane company. However, an 
OEM added that for rarely installed turbine types and for the new generation of tur-
bines, the decommissioning companies may lack expertise or, in the latter case, may 
not yet have built it up and then they would do it. In this light, access to lifting data and 
lifting gear is crucial. Two experts state that for larger turbines specific crane traverses 
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are required and one of them adds that also from safety reasons access to lifting guide-
lines becomes more important. Moreover, two decommissioning experts mentioned 
that they have manually re-measured fixing points at the nacelle, as detailed and ac-
curate measurements were missing. Another example is whether the companies de-
fine standards of their company processes (e.g. ISO-certified) or regarding their de-
commissioning business (e.g. always use crane or define that blades are cut on the 
crane stand and measures are followed to avoid spreading of glass fibre in the field).  

Moreover, the chosen handling pathway of the to-be-decommissioned turbine had an 
impact, not that much on the decommissioning, but on the disassembly and pre-pro-
cessing. Most experts stressed that they always use a crane to ensure an environmen-
tally friendly decommissioning. Only one expert from the Danish market – an expert 
who did not consider any second lifecycle pathways – also uses other decommission-
ing practices (e.g. tipping the turbine). In regards, to the degree of disassembly and 
further pre-processing, it however made a difference across several interviewed ex-
perts whether a second lifecycle was considered or not. Several interviews stated that 
they usually cut the blades at the site in the decommissioning projects of the last years 
if they did not have a buyer for the blades as part of selling the entire turbine or as 
spare parts. 

Market factor influencing the decommissioning, disassembly and pre-processing pro-
cesses at the project site 

 
Figure 44. Market factor influencing the decommissioning, disassembly and pre-processing pro-cesses 

at the project site. Based on conducted interviews. 

In reference to Figure 44, the market factor identified is the existence of industry stand-
ards and their documentation. Some experts referred to the DIN Spec 4866 and the 
currently ongoing process of transforming it to a DIN and also international efforts on 
standardising decommissioning projects. In this light, they note that the industry stand-
ards have increased over the years. A decommissioning company that has decommis-
sioned in both markets, adds to that: 

“We always use a crane as so there was, of course Cowboys in our industry and 
where they were just cutting in the bottom and that was not so very smart, es-
pecially in Germany it has be done a lot of times and it has now been blocked 
with the Din Spec and that's helped a lot. So, it is actually backwards installa-
tion.” (Germany and Denmark, stakeholder ‘decommissioning company wind 
turbines’) 
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Conclusion 

All in all, the operator impacts the subsequent handling, either through pre-defining the 
handling or indirectly through its selection of a decommissioning company. The choice 
of a decommissioning company influences the handling as usually the company is re-
sponsible for the decommissioning at site and the handling of the decommissioned 
turbine (turnkey project). The handling for a second lifecycle is negatively impacted or 
even prevented if the turbine is not appropriately decommissioned and disassembled. 
This is the case for turbines that anyway have almost no structural value left (e.g. burnt 
due to lightning strike), are not designed for decommissioning (e.g. concrete tower) or 
are caused by the business practices of the executing decommissioning company and 
its subcontractors. Moreover, if there is no buyer for the entire turbine or the blades 
available, the blades are usually cut to size on site to reduce the cost of subsequent 
handling. This makes it clear that the time window for finding potential buyers is often 
limited to the time of the upcoming transport from the site. 

 

Factors influencing the handling processes of the decommissioned wind turbine 

Figure 45 presents the factors that influence the decisions regarding the handling of 
the decommissioned wind turbine. In line with the research scope, it focuses on the 
handling processes for a second lifecycle of the turbine or the blades.  

 
Figure 45. Factors influencing the handling processes of the decommissioned wind turbine. Based on 

conducted interviews. 
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The previous process steps with the various influencing factors likely have pre-defined 
the handling pathway (e.g. owner wants to keep turbines for spare parts management) 
or narrowed the possible handling pathways (e.g. scope of company responsible for 
decommissioning). This can lead to a situation where decision-making takes place at 
different stages in the process chain (see red arrow in Figure 45). Factors of each 
dimension are presented from the perspective of the company responsible for the han-
dling. 

Technical factors influencing the handling processes of the decommissioned wind tur-
bine 

 
Figure 46. Technical factors influencing the handling processes of the decommissioned wind turbine. 

Based on conducted interviews. 

Shown in Figure 46, technical factors are the turbine design, the turbine condition and 
the expected remaining lifetime. Relevant turbine design criteria were a robust design 
of the turbine type which is beneficial for the transport and reinstallation as well as the 
turbine’s dimensions and weight. The latter results in different transportation and rein-
stallation requirements that might also lead to whether a transport is technically or eco-
nomically feasible, e.g. logistical restrictions might occur in mountain areas or areas 
with narrow roads.  

The condition of the turbine might – in addition to the described factors that occur dur-
ing the first lifecycle – be negatively impacted through the transport and reinstallation 
of the turbine and positively impacted through repair, refurbishment or upgrades. Only 
turbines that are in a functionable condition and not-burnt would be considered for 
second-lifecycle handling, whereby if a turbine is not functionable, the broken parts 
could be repaired, refurbished or replaced, which is further described at the section on 
organisational factors.  

For handling on the second-hand market, it is moreover important to estimate the ex-
pected remaining lifetime of the turbine at time of decommissioning. Some of the inter-
viewed OEMs expressed that they are able to conduct this kind of analysis and/or are 
working on improving it. Also, experts of all stakeholder groups and countries under-
lined that the actual technical lifetime of many turbine types is beyond 20 years for the 
decommissioned wind turbine types, figures stated varied between 35 to 50 years. 
Thus, indicating a significant remaining lifetime of decommissioned turbines. 
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Legal and regulatory factors influencing the handling processes of the decommis-
sioned wind turbine 

 
Figure 47. Legal and regulatory factors influencing the handling processes of the decommissioned wind 

turbine. Based on conducted interviews. 

As shown in Figure 47, legal and regulatory factors are the regulation on how to handle 
waste and requirements for transport and export, as well as regulation on product war-
ranties. The EU Waste Framework Directive defines the cascading management of the 
waste and further material specific requirements exists, e.g. the disposal of wind tur-
bine blades is not allowed in Germany (Directive 2008/98/EC, 2008; Kühne et al., 2022, 
p. 42). Also, the European wind industry promotes a European-wide ban on landfilling 
blades from 2025 onwards (WindEurope, 2020, p. 8). One expert from the German 
market details that an entire turbine or components can be sold under the classification 
of being waste and that the buyer then has to move it out of the Waste Hierarchy. As 
such, the handling varies whether a product guarantee and warranties are provided or 
not. None of the experts mentioned any export limitations of second-hand turbines or 
components from Denmark or Germany, but this was also not proactively asked by the 
questioner of the interviews. One German expert mentioned the requirement to docu-
ment any export and moreover, for turbine’s components that do not fit in a standard 
truck, transport permission is necessary for road transport in a special-purpose vehicle. 
Several experts stated that the inflexible permitting process for German roads that 
takes around three months is driving transport costs and handling times that could in 
turn result in unfeasible economics for second-lifecycle handling. Also, the permitting 
process for sea transport is stated to take around three months. 

Economic factors influencing the handling processes of the decommissioned wind tur-
bine 

 
Figure 48. Economic factors influencing the handling processes of the decommissioned wind turbine. 

Based on conducted interviews. 

As illustrated in Figure 48, various economic factors influence the decision on whether 
to handle the turbine or its blades on the second-hand market or to enter the other-
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waste handling pathway. The financial valuation comprises of the revenues for resell-
ing the turbine, components and/or materials, the costs for decommissioning, disas-
sembly, pre-processing, and the subsequent handling. 

First of all, it depends on how the profits and risks are shared between the operator of 
the initial site, the company decommissioning and handling the turbine and the buyer 
of the second-lifecycle turbine or blades. As such, the company responsible for the 
handling requires a competitive purchase price on the one side and an attractive sales 
price on the other side, which is on both sides influenced by market competition and 
current demand. Most decommissioning experts quoted a purchase price, while a re-
cycler – who is in the client’s interest active on the second-hand market – did not pur-
chase the turbines from the customers. Instead if the turbines were resold, the com-
pany was financially compensated for the lost revenue from the scrap handling.  

The handling costs is expressed as a crucial factor for the likelihood to successfully 
sell the turbine or its blades on the second-hand market. These costs can consist of 
transport and storage costs and moreover of costs associated to the assessment of 
the turbine’s condition, refurbishment, and upgrade. As the outline of the circular sup-
ply chain processes (see 5.2.3.1) showed, not every expert considered the storage, 
refurbishment or upgrade of the turbine. The experts agree that transport costs have 
risen over time in line with the increased size of turbines and are seen as a critical 
factor for the future development of the secondary market. The increase is not linear, 
but rather erratic, with a distinction being made between turbines that fit on a standard 
lorry and those that require a special vehicle and thus more complex logistical planning 
(including permits). Within the latter, a further split is made between turbines whose 
dimensions are within or above the clearance gauge. As such the turbine design and 
more precisely the transport volume of the disassembled components (height, length, 
width) and weight influences the transport costs. This is underlined by the following 
two statements: 

“Transport will have a negative impact on the resale rate in the future. As soon 
as the systems or components are above the clearance gauge, it becomes dif-
ficult.” (Germany, stakeholder ‘decommissioning company wind turbines’) 

 

“For the very small turbines, we of course pack the whole nacelle on the lorry, 
because it is exactly 2.50 metres wide, we can put it on a normal cheap lorry 
and that arrives at our facility. And then, from a megawatt upwards, it is no longer 
possible.” (Germany, stakeholder ‘project developer & operator or service com-
pany’) 

Moreover, the costs are impacted by the transport distances and market prices for 
freight and road transport. One interviewee that exports with sea freight stated that the 
freight prices are very volatile, for instance during Covid-19, which complicates the 
planning. Another expert pointed out that road transport in Germany, for example, has 
recently been affected by the rise in petrol prices and since beginning of 2024 the road 
tolls were significantly raised. Increased transport costs are also the reason why the 
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experts stated that they would not consider storage as an option at all, or only in a few 
cases, because otherwise further transport routes would be necessary. Storage costs 
are driven by the size of the turbine and the costs of the storage facility. It also takes 
into account the amount of capital tied up in inventory and the risk that the turbine and 
its components become dead stock or take up space for more profitable or high-de-
mand parts. Dead stock means that there is no demand for the turbine for an individu-
ally defined period of time, which would result in the turbine being written off and en-
tering a handling path at the component, part or material level. From the perspective 
of a service company, this is emphasised by the following: 

“So, this quota of dead parts that you actually have, parts that you once took 
somewhere because you thought you needed them and then didn't need them, 
always poses a great risk. […]. With us, it's the case that we keep a lot of new 
parts in stock for our service jobs, and the storage capacities are therefore lim-
ited.” (Germany, stakeholder ‘project developer & operator or service company’) 

Furthermore, costs for the assessment of the turbine’s condition and its remaining life-
time as well as costs for repair, refurbishment or upgrades occur, depending on the 
demand. For instance, one decommissioning expert, covering Denmark and Germany, 
mentioned that for some turbine types they would be able to upgrade the turbine to 
ensure compliance to the grid codes of the demanding country. On an overall note, an 
expert from an OEM observed that it is currently difficult to generate sufficient syner-
gies across projects, as the handling of second-hand turbines is relatively complex and 
varies across projects with a lack in standardisation. Next to the economics for second-
hand handling, also the economics of alternative handling routes were considered by 
many experts. One expert provided the example of soaring market price for scraped 
metals in 2022 that made it during this time economically more attractive to scrap the 
turbine than to sell it. Otherwise, this expert stated that it was economically more at-
tractive to sell the turbine. 

Organisational factors influencing the handling processes of the decommissioned wind 
turbine 

 
Figure 49. Organisational factors influencing the handling processes of the decommissioned wind tur-

bine. Based on conducted interviews. 

As shown in Figure 49, organisational factors are the business model of the company 
handling the decommissioned turbine, the time window for decision-making and exe-
cution, and access to operational and design data. Further factors are skills and 
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standards of the responsible company, and access to a potential buyer on the second-
hand market. 

First, the business model and strategy of the responsible company can vary, as also 
already expressed in the previous paragraph. Whether the company considers the 
second-hand market for turbines or blades as part of their business portfolio, impacts 
the chosen handling pathway. The differences are illustrated by the following text pas-
sages from a variety of stakeholders: 

“Decommissioning and exporting second-hand turbines is our only business” 
(Germany, stakeholder ‘decommissioning company wind turbines’) 
 

“Selling the turbine on the second-hand market is preferable for the owner and 
as we are interested to get contracted for future projects, we try to resell” (Ger-
many, stakeholder ‘recycler & dismantler’) 
 

“We try to find a buyer for the entire turbine and otherwise focus on reselling 
spare parts” (Germany, stakeholder ‘decommissioning company wind turbines’) 
 

“We are a recycler, we come into play when no structural value remains” (Ger-
many, stakeholder ‘recycler & dismantler’) 
 

“Normally all the turbines that we take down, we strip for parts and then we reuse 
them for our existing fleet.” (Denmark, stakeholder ‘project developer & operator 
or service company’) 

The business model and strategy also vary depending on whether further processes 
such as refurbishment or storage are considered for the turbine type, e.g.: 

“Refurbishment is not part of our business, we are a logistic company and can-
not provide a product guarantee.” (Germany, stakeholder ‘decommissioning 
company wind turbines’) 
 

“Actually, we do buy wind farms and then decommission and inspect if we can 
refurbish for a second life and see if this is technical and economical feasible 
and if not, we go for recycling.” (Denmark & Germany, stakeholder ‘decommis-
sioning company wind turbines’) 

This exemplifies that the handling options considered depend on the core business 
activities of the responsible company, whether synergies can be created, and the risk-
return-profile that the company is seeking. 

Secondly, the time window for taking the decision and to execute the handling of the 
decommissioned turbine is influenced by several factors. On the one hand, if the re-
sponsible company does not have sufficient preparation time they might not have 
enough time to get the transport permits and to contact potential buyers. A German 
decommissioner referenced to ideal 6-12 months of preparation time (including finding 
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a buyer) before decommissioning and another one requires 5-6 months for the plan-
ning. On the other hand, it was also noted that the demand situation on the second-
hand market varies and it is therefore not advisable to look for a buyer too early; ac-
cording to two experts, around 3-6 months before decommissioning is the earliest. 
Most of the experts stated that they determine the handling path – second lifecycle or 
other waste-handling pathway – before or during the actual decommissioning, while 
one company operating in Denmark stated that it does not want to get pushed to settle 
on a handling pathway and therefore decouples through interim storage. Other experts 
who had the ability to store at their facilities would only store an entire turbine if they 
already had a buyer, and others had no capability to store. However, in some cases 
the operator of the site, is allowing for interim storage at the project site. 

Third, access to operational and design data of the turbine positively impacts the ac-
curacy of assessing the remaining lifetime of the turbine. In this context, a decommis-
sioning company with a large market share in the German market reported that it al-
ways requests information from the customer about when components or parts were 
last replaced or repaired. Another expert that has decommissioned in Denmark and 
Germany, also mentioned that they often are able to get access to the maintenance 
and operation history, as this would be important to assess the potential for the second-
hand market.  

Forth, skills/knowhow (e.g. on export procedures, refurbishment of specific turbine 
types) and standards of the responsible company are influencing the handling pro-
cesses taken. The company standards were usually defined by legal and regulatory 
requirements, but the decision-making process might be company-specific, e.g. if you 
store a turbine for a specific time period prior to selling of components and spare parts 
or not.  

Fifth, access to potential buyers on second-hand market, either per online market plat-
form or bilateral. As such, a German recycler highlighted that a completely different 
kind of network would be required, as the second-hand market is a global market and 
the recycling market a local market. Indeed, experts active on the second-hand market 
for turbines or spare parts confirmed that they predominately export. Next to having a 
common language with the potential buyer or broker, a strong partner network is stated 
as an important factor throughout the majority of the interviews. Most experts exclu-
sively used their own network with established and trusted business relationships to 
reduce the risk of a contractual default or project delays. For example, three experts 
that have decommissioned significant amounts of turbines in Germany reported that 
several brokers are only pretending to have a buyer for the turbine or try to re-negotiate 
after the order was accepted. 
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Market factors influencing the handling processes of the decommissioned wind turbine 

 
Figure 50. Market factors influencing the handling processes of the decommissioned wind turbine. 

Based on conducted interviews. 

In accordance with Figure 50, one market factor that is mentioned by the experts was 
the security situation of the countries through which the turbine is transported and re-
installed. For example, prior to the war in the Ukraine, second-lifecycle turbines were 
transported through the Ukraine and Russia to Kazakhstan, which has stopped since 
then. In addition, a factor observed by an OEM is a lack of industry standards in the 
handling of second-hand turbines. Another identified factor is the expected and actual 
supply-demand situation at the available time window of sale. Experts that sold sec-
ond-hand turbines explained that for specific turbine types the demand used to be 
greater than the supply, but this has now shifted, as more and more turbines per turbine 
type are decommissioned and therefore the buyer more often can cherry pick across 
turbines. Despite, an expert added that thanks to their established network of resellers, 
they know the demand, which enables them to assess the likelihood of reselling the 
to-be-decommissioned turbines and hence determine the handling pathway. However, 
it was recognised that the demand side could also further grow with new markets to be 
developed. However, most interviewed experts of the handling companies were uncer-
tain or pessimistic for the future development, as just recently markets have closed.  

 

Conclusion 

All in all, the person deciding on the handling pathway of a decommissioned wind tur-
bine evaluates available handling options within their business scope, with profitability 
being the most prominent criteria, but depending on the client and project, also execu-
tion time and reputation play a role, according to the interviewed experts. Most promi-
nently mentioned were the handling costs (particularly transport costs), which often 
determine whether a project is economically viable or not, and demand for the turbine 
type through their own trusted network of established business partners within the rel-
atively narrow time window. 
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Factors influencing the demand for second-lifecycle turbines 

Figure 51 shows the factors that influence the demand for second-lifecycle turbines 
and hence the decision-making of the buyer. 

 
Figure 51. Factors influencing the demand for second-lifecycle turbines. Based on conducted interviews. 

Technical factors influencing the demand for second-lifecycle turbines 

 
Figure 52. Technical factors influencing the demand for second-lifecycle turbines. Based on conducted 

interviews. 

According to Figure 52, technical factors identified are the turbine design, turbine con-
dition and its expected remaining lifetime. Further factors are the expected mainte-
nance and repair frequency, and the wind conditions at the new project site.  

The turbine type is mentioned throughout all interviews as decisive criterion whether a 
turbine is demanded on the second-hand market. Some of the design criteria men-
tioned by the experts as having stimulated demand are shown in Table 14. These were, 
for example, specific turbine heights and dimensions, specific OEMs and/or robustness 
in the presence of extreme weather conditions. Also, expressed criteria were less com-
plexity in design, type of control system, grid compliance, and known average technical 
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lifetime. The examples in Table 14 illustrate that some of these criteria are linked to 
the handling processes (e.g. logistical restrictions in mountain areas) and others to the 
other dimensions described below (e.g. subsidy for wind turbines of small power out-
put). Therefore, the design criteria are not necessarily applicable to the different frame-
work conditions of countries, buyers and project locations. 

Table 14. Overview of turbine type’s criteria that led to demand on second-hand market. Based on 
conducted interviews. 

Turbine design criteria Examples given by interviewed experts 

Specific turbine height 
and dimension 

▪ Small turbines (e.g. E40) in UK, Italy 
▪ Mountain areas, where large turbines cannot access 
▪ Attractive transport size (e.g. standard truck, below clearance gauge) 

Particular OEM ▪ OEMs with positive track record in access to spare parts (e.g. Vestas) 
▪ OEMs with service infrastructure in country (e.g. Vestas in Italy) 
▪ Brand’s reputation (“they want the ‘Volkswagen’ of the wind industry”) 
▪ OEM still in business (e.g. Enercon) and not closed-down 

More mechanical parts 
instead of software parts 

▪ Turbines with more mechanical parts can also be maintained by engi-
neers that have their background in maintaining agricultural machinery 

▪ Turbines with electro-mechanical parts, "only fails at the beginning or 
never and easier to get spare parts - with new turbines that have a lot 
automation technic and software it could get more difficult” 

Less complexity in  
design 

▪ Easier to operate and maintain 

Pitch or stall-regulated 
control system 

▪ Possibility to downregulate to be able to receive subsidies in Ireland 
for small power generation 

▪ Stall-regulated turbines are often not compliant to the grid code 
Operating voltage ▪ Turbines from Germany have 50 Hz, thus not compatible in the USA 
Durability  ▪ There are some turbine types that are known for being more durable 

▪ Several older turbine types have significantly higher technical lifetimes 
after 20 years 

▪ Turbines from 4 MW onwards, not known yet 
▪ Robustness to extreme weather conditions 

A highly relevant technical factor, mentioned for continued operation at the initial site 
and for a second-lifecycle operation of the turbine, is the availability of spare parts for 
the specific turbine type. A common assumption in the market expressed by several of 
the interviewed experts is that if you buy a turbine of a turbine type that has been 
commonly installed, then the likelihood of finding spare parts is high. This is due to the 
fact that new spare parts are usually no longer available for the old turbine types, as 
the OEMs typically have closed down production. To add to that, the existence of ser-
vice infrastructure for the turbine type or more generally from the OEM is a crucial 
factor. One expert provides the example of Italian customers that mostly request Ves-
tas turbines due to having access to their service. In this context, turbines from OEMs 
that are not anymore active (e.g. bankrupt) are less attractive. Also, the wind conditions 
at the new site are influencing which turbine type is suitable for the new site. For in-
stance, a German expert mentioned that E40 turbines are particular suitable for the 
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windy coast line in the UK. For the demand of a specific turbine, also the condition of 
the turbine and consequently the expected remaining lifetime and repair and mainte-
nance expenses are of relevance. In this light, experts of both markets and all stake-
holder groups stressed the point that the 20-year design lifetime is not a threshold at 
which demand would not occur anymore. Instead, they stated that the age of the tur-
bine at the time of decommissioning did not play a role. However, two experts from 
Germany mentioned that, more recently, it has sometimes played a role when other 
turbines of the same type are available on the second-hand market. This is illustrated 
by the following: 

“Age doesn’t really play a role – it is more about finding the spare parts” (Den-
mark, stakeholder ‘decommissioning company wind turbines’) 
  

“So, this German design life doesn't really play a role when exporting abroad. 
As I said at the beginning, it depends more on the type of tower, whether it is 
completely oversized or quite slim, so that there is not much left. However, for 
some projects, I can only say that age does play a role in sales, especially if 
there are models of the same type on the market at the same time and they are 
competing with each other. [...] The same type of turbine, but from different vin-
tages, could have a completely different software version, and then suddenly 
one turbine is still worth something and the older vintage is not worth anything 
at all. And that competitive situation is kind of the deciding factor, so it's really a 
bit of a gamble. [...]. But basically, if you look at the components, a component 
from an older turbine might still be in better condition than one from a younger 
vintage; that can happen.” (Germany, stakeholder ‘project developer & operator 
or service company’) 

 

Legal and regulatory factors influencing the demand for second-lifecycle turbines 

 
Figure 53. Legal and regulatory factors influencing the demand for second-lifecycle turbines. Based on 

conducted interviews. 

As shown in Figure 53, various legal/regulatory factors exist that differ across countries 
and either hindered or promoted the demand for second-lifecycle turbines. An im-
portant influencing factor is a positive regulatory setting for importing, transporting, re-
installing and operating second-lifecycle turbines in a country, as it otherwise has led 
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to significant barriers or the closure of the market. For instance, several experts from 
Denmark and Germany reported that Poland’s second-hand market has been closed.  

General legal requirements for installing new wind turbines – without differentiating 
between first-lifecycle and second-lifecycle turbines – exist that determine the eligibility 
of specific turbine types. In the case that the new-generation, larger turbines are not 
meeting the legal restrictions, only second-lifecycle and hence smaller turbines are an 
option. This might be defined by the available grid permit at the location or by strict 
permitting requirements for minimum distances of the turbine to households and height 
restrictions of the turbine. Exemplary, this was expressed by the experts for Italy and 
France. However, it was also added that in some countries (e.g. in Eastern Europe) 
the regulation has changed over time and as such opened up the market for bigger 
turbines, which consequently led to a reduced demand for smaller turbines. Moreover, 
local permitting requirements might require certifications on the safety of the turbine 
(e.g. stability assessment of turbine beyond the design lifetime) and the compliance 
with environmental standards. Moreover, the grid code in the respective country de-
fines whether a turbine type is eligible or not, which can result in excluding old turbines 
that are for instance not pitch-regulated, but operate with stall-regulation. Again, some 
experts said that this has changed over time and that the requirements were low at the 
beginning when the first renewable energy projects were installed in a country and 
then increased over time as more flexible control of the grid became more important. 
Furthermore, some countries have set specific requirements for the import, reinstalla-
tion and operation of second-lifecycle turbines. For example, one German expert 
stated that Turkey only allows in accordance to import requirements the import of used 
turbines up to a maximum age.  

In summary, specific turbine types, particularly of the first generation, are likely not 
suitable to be reinstalled again in several countries. The experts also reported that the 
reinstallation is not eligible in Denmark and Germany, which is also shown by the find-
ings in 5.2.2 since none of the decommissioned turbines were reinstalled in Denmark 
and Germany. 

Economic factors influencing the demand for second-lifecycle turbines 

 
Figure 54. Economic factors influencing the demand for second-lifecycle turbines. Based on conducted 

interviews. 

In accordance to Figure 54, there are various economic factors that affect the potential 
buyer’s financial calculations. These include the initial investment costs, the expected 
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annual income and costs and the expected decommissioning costs. In addition, the 
valuation is influenced by the planned project term and the financing costs. 

The initial investment consists of the purchase price for the turbine, eventually trans-
portation costs (if not carried by the seller) and reinstallation costs (incl. permitting 
costs etc.). The transportation costs were already explained in the section on handling, 
and therefore it is just noted that the transport can also be organised by the buyer and 
as such its costs carried. The total initial investment is lower for second-hand turbines 
than for new turbines with a larger installed capacity, which is why some buyers pre-
ferred smaller turbines. The expected annual income for the planned power generation 
depends on market subsidies, and if not existing or eligible for second-hand turbines, 
then on the level of (expected) market power prices or negotiated PPA’s. Ireland was 
reported by the experts to provide subsidies to small-scale wind turbines (i.e. small 
power output per turbine) that also led to demand for slightly larger pitch-regulated 
turbines that were then down-regulated (see Table 14). Experts also mentioned that in 
other countries only new turbines were eligible for the subsidy scheme. In addition, 
revenues could be generated through trading CO2 certificates. Moreover, the total ex-
pected revenues depend on the planned project term, that is dependent, amongst oth-
ers, on the expected remaining lifetime of the turbine. Moreover, the expected opera-
tional costs are considered in the economic assessment, which are influenced by the 
turbine type, the turbine condition and expected maintenance plan. Furthermore, op-
erational expenses are influenced by the service strategy and any economies of scales 
(e.g. through installing multiple turbines at a wind farm). If the overall expected return 
of the project is considered economic feasible by the buyer, then the project might be 
pursued. Experts of both countries state that the transportation costs of turbines above 
around 1 MW are often too high; but also, long-distance transportation could result in 
unattractive economics (see previous paragraph on handling). Despite, an expert from 
a decommissioning company from Germany recalls that the payback time of recent 
projects is still good; as the projects were expected to be rentable after roughly 4-5 
years. On this note, another expert concludes that it is similar to the second-hand mar-
ket for cars, hence a buyer can always be found depending on the offered price. Fur-
thermore, the expected return of acquiring and reinstalling a specific second-hand tur-
bine type might be compared to alternative new or second-hand turbine types. Due to 
the technological progress in the last decades, newer generations of turbines are more 
effective and as such more profitable as smaller used turbines. One expert gives an 
example by comparing the cost of a V80 on a certain location at around 4 cent per kWh 
to an V162, which would cost on the same location around 3 cent per kWh. This adds 
to the rationale that smaller turbines are likely only chosen when larger ones are not 
eligible at that project site or the buyer does not have access to the larger ones or the 
initial investment would otherwise exceed the available budget. This also justifies why 
the demand on the second-hand market changes towards larger turbines over time. 
One expert illustrated this with the example of demand for E40 turbines from Enercon. 
Initially these were in demand, then only the E40 spare parts, and finally more of the 
newer E66 turbine type. 
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Organisational factors influencing the demand for second-lifecycle turbines 

 
Figure 55. Organisational factors influencing the demand for second-lifecycle turbines. Based on con-

ducted interviews. 

Figure 55 illustrates that also organisational factors impact the decision to buy a sec-
ond-hand turbine. On the one hand, the skills/knowhow of the buying company/person 
or its subcontractors to reinstall and operate the specific turbine type, and on the other 
hand, the demand varies according to the type of buyer.  

Types of buyers identified as being likely to be interested in second-hand turbines were 
companies or individuals with a demand for their own energy consumption, demand 
for single turbines or for spare parts management of their serviced or operated wind 
turbine fleet. In contrast, large project developers were stated as typically only consid-
ering to develop wind parks with new and thus larger turbines. One stated reason for 
ownership and decentralisation of energy production is to ensure energy security, es-
pecially relevant for industrial companies and individuals in rural areas. An example 
given was that of manufacturing companies such as mining companies in Australia. 
Moreover, the private industrial and private sector likely demands single turbines, 
which are more difficult to procure from OEMs and as such promote demand on the 
second-hand market. Finally, demand occurs by operators and service providers of 
large wind turbine fleets, especially by large utilities and independent service providers. 
On the one hand, the to-be-decommissioned wind turbine might be kept for the spare 
parts management of the initial operator or on the other hand, is sold to independent 
service providers. In regard to the latter, one expert specified that the favoured models 
in Germany are currently E40, E66 and E70 is also demonstrating nascent growth.  

Market factors influencing the demand for second-lifecycle turbines 

 
Figure 56. Market factors influencing the demand for second-lifecycle turbines. Based on conducted 

interviews. 
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Shown in Figure 56, market factors identified throughout the interviews were when 
crane infrastructure for larger turbines were not existing in the country. Furthermore, 
countries with extensive land areas and no shortage of land are more conducive to 
second-hand turbines, as smaller turbines necessitate a greater number of turbines to 
achieve the same electricity generation output, consequently requiring more space. 
More generally, the demand for new power generation and the economic status of the 
country were mentioned. Wars are also likely to have triggered demand in regions, as 
new energy infrastructure was needed. In addition, energy markets with market risk 
exposure, i.e. without a feed-in system, are likely to stimulate demand from private 
industry and the private sector for their own electricity generation. Also, the grid voltage 
in a given country determines the compatibility of a decommissioned turbine from Den-
mark or Germany – which were designed for 50 Hz – for use in that country, thus 
explaining why the USA is not a market for such turbines. Finally, a further market 
factor identified were the existing experience in installing second-hand turbines and 
operating those in the country’s energy system, e.g. implying (first) experiences by 
service providers (e.g. crane) and municipalities. 

Finally, Table 15 provides an overview of the various countries mentioned that have 
demanded second-lifecycle turbines or have been identified as ineligible markets. 

Table 15. Overview of countries in terms of demand for second-lifecycle turbines. Based on conducted 
interviews. 

Country Did experts 
export?  Explanations given by interviewed experts 

Denmark No ▪ Only as spare parts, never a turbine reinstalled 

Germany No ▪ Too costly to retrofit for grid compliance 
▪ Did not remain in Germany due to requirement for lifetime extension certificate and not 

getting approval for grid connection 

USA No ▪ Different line voltage 

Italy Yes ▪ Prefer Vestas, access to Vestas service 
▪ Strict height restrictions at project sites 
▪ Nowadays a little less demand 
▪ One expert stated that Italy and Ireland have nearly taken everything in the last 10 years 
▪ Especially small turbines; became a remuneration for a while. 

Canada Yes ▪ Only turbines from certain OEMs 

Australia Yes ▪ Only turbines from certain OEMs 
▪ During Covid-19, shipping costs increased significantly, making a planned second-lifecy-

cle project uneconomical 
▪ Demand by companies in rural areas (e.g. mining industry) 

Poland Yes ▪ Used to be a very attractive market; not allowed anymore 

Moldavia Yes ▪ Came as market after Poland closed. One expert expects that the market will close soon 

UK Yes ▪ Demand mostly small turbines 
▪ Many of the E40 went to the UK, in particular at the windy coast line 

Ireland Yes ▪ Only pitch-regulated turbines, as otherwise not possible to down-regulate and hence qual-
ify for subsidy scheme. Vestas started with pitch system relatively early 

▪ One expert stated that Italy and Ireland have nearly taken everything in the last 10 years 
▪ Demand smaller turbines 

Turkey Yes ▪ One expert mentioned to frequently export to Turkey 
▪ Two other experts mentioned that they heard it is not allowed anymore, as Turkey has in-

troduced import requirements in regard to a maximum turbine age 

Ukraine Yes ▪ Used to be a good market before the war, but stopped due to the war 
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Country Did experts 
export?  Explanations given by interviewed experts 

Kazakhstan Yes ▪ Used to be a good market before the war in the Ukraine. Stopped as it would require 
transport through the Ukraine and Russia 

▪ Prefer mechanical, less complex turbines over high-software/electronic-based turbines as 
it's less knowledge intensive to do maintenance and it is more robust for more extreme 
weather 

▪ More or less closed due to logistics through Russia and the Chinese are very active in Ka-
zakhstan as we speak 

France Yes ▪ Demand smaller turbines 
▪ It's more like the countries like Ireland, Italy or even France with height restrictions or basi-

cally permit restrictions or grid restrictions or let's say logistic restrictions 

Other countries mentioned with second-lifecycle turbines: Rumania, Bulgaria, Morocco, Czech Republic, Kirgizstan, Slove-
nia, Estonia, Sweden, South American countries, Spain, Belarus, etc. 

Conclusion 

All in all, a buyer of a wind turbine evaluates the available turbine options for its in-
tended site, depending in particular on national and local regulations. With the eco-
nomics being a key evaluation criterion, the demand for second-hand turbines is par-
ticularly pronounced in instances where large turbines are not eligible for use. This is 
justified by the fact that second-hand turbines are less profitable than new and larger 
turbines. When intending the purchase of a second-hand turbine, there is a demand 
for certain turbine types that meet the legal/regulatory and market conditions, are the 
most economically viable, have sufficient remaining life, and have access to service 
and spare parts during operation.  

 

Factors influencing the demand for second-lifecycle blades 

The quantification of the pathways taken by the decommissioned turbines has revealed 
that blades as spare parts were only sold or kept in a few instances; for Denmark in 
the order of magnitude of 2 % and for Germany of 4 % (see Figure 25). As such, ex-
perts either did not sell any spare blades or only to a marginal extend. Therefore, not 
for every dimension influencing factors are identified and thus the following mostly out-
lines reasons for why the blades are not sold as spare parts and provides a brief over-
view of spare parts management. Figure 57 summarises the factors observed that in-
fluence the demand for a second lifecycle of blades as spare parts. In addition, the 
factors outlined in Figure 51 may also apply to the demand of second-lifecycle blades, 
e.g. the availability of adequate crane infrastructure. 
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Figure 57. Factors influencing the demand for second-lifecycle blades. Based on conducted interviews. 

Several experts stated that almost no demand for blades as spare parts exist, as 
blades usually do not fail during the planned operation period of at least 20 years. Also, 
beyond 20 years, blades still have a significant remaining lifetime and moreover, to 
some extend repairs during operation like leading edge protection are possible. An 
expert from an OEM stated that they prefer to repair the blade instead of recycling as 
long it is still repairable and economic feasible. A technical factor that has an impact 
on the demand for a second-lifecycle blade is the occasion of a lightning strike or an-
other extreme weather event. In such cases the blade set can be replaced with a set 
of second-hand blades, if economically feasible and available. These kinds of events 
are rare and hence only a low quantity of spare blades is usually required. The demand 
of blades from a decommissioned turbine is also influenced by whether the blade type 
is compatible to various wind turbine types or only to a specific turbine type. Next to 
technical reasons for a lack in demand, also economic reasons were identified. With 
an increase in blade size, the transport and storage costs are high and as such, most 
of the interviewed decommissioner and recycler either sold the blade directly from the 
decommissioning site or it entered the other-waste handling pathway. This underpins 
that the window for finding a buyer is relatively narrow.  

As a blade failure of an operating wind turbine would result in a stop of electricity pro-
duction and thus a loss of revenues, operators and service providers do consider to 
store spare blades. A common rule of thumb that was stated by the operators and 
service providers of the interviews was to store one set per blade type, but only for the 
types which they were still operating in feasible quantities (e.g. E40). As such, also 
driven by the economics, it again underlines that only marginal quantities of blades as 
spare parts are demanded. Similar to wind turbine types, hence only specific blade 
types (e.g. from Vestas and LM) were demanded and of those only blades in good 
conditions or repairable ones. Usually, a full set of blades is demanded in order to 
avoid a rebalancing of the blades. Alternatives to second-hand blades are usually not 
available, as new blades of the older wind turbine types are no longer manufactured 
by the OEMs. One OEM expressed that for specific turbine types which were installed 
in large quantities, they might consider to reproduce. Another OEM stressed that it 
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would be too costly to relaunch for small quantities and also the moulds for the old 
blade types would no longer exist.  

Therefore, it is the standard procedure to acquire spare parts for older turbine types 
on the second-hand market by operators, OEMs and independent service providers. 
Another possibility is that the operator keeps spare parts during a decommissioning 
project from the operator’s own wind turbine fleet. Moreover, one expert that services 
wind turbines and offers decommissioning, also reported that they assess whether to 
keep spare parts. In this light, experts that service/operate wind turbines expressed 
that operators or service providers also collaborate and help each other with spare 
parts in the Danish and German market. Also, the OEMs purchase spare parts on the 
second-hand market for the turbine types in service, if they no longer have any new 
spare parts in stock. The interviewed experts from the OEMs reported that they usually 
aim to have a stock of spare parts for each wind turbine type of their turbines in service. 
One reported strategy is to initially produce new spare parts, but to stop at a certain 
point, even though the turbines are still in operation, in order to free up the production 
lines for new turbine types. Accordingly, one last large batch is produced before pro-
duction is discontinued, after which spare parts are purchased on the secondary mar-
ket. In addition, a further approach to ensure access to spare parts during the turbine’s 
service life is through the commonly applied service concept of swapping broken parts 
with fixed ones (so called swap concept). If a part fails in operation, it is taken back 
and replaced with a new/repaired/refurbished part, and then the failed part is re-
paired/refurbished by the service provider for use at a new site, if technically and eco-
nomically feasible. 

All in all, the demand for spare blades from decommissioned wind turbines is rare and 
only exists for blade types that are still in operation. In addition, as the blade size has 
increased over the years, the decision for a second lifecycle is increasingly being made 
at the decommissioning site to reduce handling costs. This shortens the decision win-
dow. 

 

Conclusion 

In summary, the findings of the analyses from chapter 5.2.3 allow to answer RQ4. 
Circular supply chain processes by multiple stakeholders are identified for decommis-
sioned onshore wind turbines from Denmark and Germany. For a second lifecycle of 
the blades as part of a second-lifecycle turbine or as spare part, different possible pro-
cess chains are identified. The development of those processes depends on several 
technical, legal/regulatory, economic, organisational and market factors, which influ-
ence the supply, demand and the supply-demand matching of decommissioned on-
shore wind turbines and their blades on the second-hand market.  
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Key factors identified include: 

▪ The turbine’s condition and its remaining life at the time of decommissioning  
▪ The design of the turbine type in terms of durability of the turbine, compliance with 

requirements of the demanding country (e.g. grid code, height restrictions) and a 
design that allows for appropriate decommissioning and disassembly  

▪ The turbine manufacturer with its reputation and access in regard to spare parts 
and availability of service technicians  

▪ Availability of spare parts 
▪ Business practices of the decommissioning and handling company 
▪ Regulatory requirements and subsidy schemes in the demanding country 

In a nutshell, companies that considered a second-hand market, usually started their 
handling hierarchy at the turbine level and in the course of the process moved down 
to the component level, then to the parts level, and then considered scrapping the 
material, if there was no economically viable demand for any of the higher levels. His-
tory has also shown that a sufficient remaining life for turbines of different turbine types 
was usually not an obstacle to a second lifecycle. The key decisive factor was whether 
there was demand for the turbine existed at the time of decommissioning. Demand for 
specific turbine types depends on the economics of the project at the new site, which 
are pre-determined by regulatory and market conditions. If, for various reasons (e.g. 
height restrictions), the buyer wanted to acquire a particular turbine type on the sec-
ond-hand market, the economics of that turbine and possible alternatives were as-
sessed. This is summarised with the following two questions:  

▪ Are the costs of purchasing this second-lifecycle turbine and the handling, particu-
larly transport, economically feasible in relation to the expected revenues from op-
eration at the new project site?  

▪ And is this second-lifecycle turbine attractive compared to alternatives such as new 
turbines and other second-lifecycle turbines? 

5.3 Discussion 

The chapter provides an evaluation of Part A by comparing the empirical findings to 
the CSCM framework (5.3.1). It moreover discusses the main findings of Part B (5.3.2), 
followed by an assessment of the limitations in relation to RQ3 and RQ4 (5.3.3). 

5.3.1 Comparison to theoretical understanding of Part A 
Part A has introduced a literature-based CSCM framework for the wind industry that 
includes the forward supply chains and the supply chains that enable the circular flows 
in closed or open loops (see Figure 14). Building on this, Part B explored the circular 
supply chain processes and historical flows for decommissioned onshore wind turbines 
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in Denmark and Germany. The following outlines the findings from the comparison of 
the empirical results with the conceptual understanding by discussing the two key ele-
ments of the CSCM framework, namely: 

▪ Multi-level embedding of circular thinking in SCM with interconnections between 
and within CSCM levels  

▪ Enabling circular flows in the value chain network in closed or open loops 

The empirical investigations indicate that the multi-level structure of the CSCM frame-
work and their interconnections is useful in practice. In regard to the organisational 
level, the experts interviewed identified factors that occur at the industry and market 
level and thus involve stakeholder management at the organisational level. For in-
stance, the DIN Spec 4866 was a joint effort by supply chain actors in Germany to 
define a common standard for sustainable decommissioning practices. In addition, var-
ious organisational factors are mentioned in the interviews, e.g. the business strategy, 
business plan, business practices and available capacities. At the products level, the 
empirical study centred on turbines and blades and presents that the fulfilment of cir-
cular design criteria, such as durability or design for decommissioning, varies accord-
ing to turbine type. Finally, on the processes level various circular supply chain pro-
cesses (e.g. reinstallation of a decommissioned wind turbine) are identified, consisting 
of the main processes of the extended SCOR-model and sub-processes (e.g. inspec-
tion, storage) that emerged to be relevant for the flow of the turbine and blade along 
the pathways. In contrast, the conceptual design of the circular supply chain network 
is not as detailed for the second-lifecycle supply chain processes as the observations. 
This is due to the fact that the framework considers the main processes of the extended 
SCOR model, but does not further detail sub-processes.  

The second key element of the CSCM framework is the objective to enable circular 
flows in the value chain network in closed or open loops. This is seen in practice in the 
decommissioning of wind turbines and their handling in Denmark and Germany, as a 
second lifecycle in another country is a common strategy. In theory, the product flows 
should follow the cascade of the R-ladder. Accordingly, there is an alignment, as ob-
servations in practice show that many experts first consider the upper strategies of 
reusing the turbine as a whole. However, this is not always the case due to the deci-
sions of the stakeholders and the technical, economic, organisational, legal/regulatory 
and/or market feasibility. 

Furthermore, Figure 58 is structured to show the 9R-ladder from theory and how they 
are aggregated into the three pathways used to study the turbine and blade flows in 
practice. It shows that the R-principles are being realized in practice, with only the R6-
Remanufacturing of the turbine and the blade not being identified in the interviews. As 
outlined in the state of the art of second-lifecycle practices of blades, remanufacturing 
is technical not feasible for the current blade design (see 2.4.2). Therefore, it does not 
surprise that this R-principle is not observed in practice. Also, the remanufacturing of 
the entire turbine is not explicitly mentioned by the experts. Nevertheless, a few experts 
mentioned that they intend to work on a recertification process for decommissioned 
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wind turbines that could indicate processes towards remanufacturing. In addition, ex-
perts approved that a high-value recycling solution for blade composites is not yet es-
tablished and therefore listed repurposing, downcycling, energy recovery and landfill 
as strategies of the other-waste handling pathway. 

 
Figure 58. Comparison of 9R-ladder by Potting et al. (2017, p. 15) and the observed circular strategies 

for decommissioned onshore wind turbines in Denmark and Germany. 

When viewed in the context of the entire supply chain network, it is clear that circular 
flows are being considered, but not at every stage, as outlined below: 

▪ Manufacturing new turbines:  
o Components and parts from decommissioned turbines are not used in the man-

ufacture of new turbines due to rapid technological advances.  
o Recycled materials are used in the manufacturing process, however not for 

composites as a technical and economically viable solution is still in develop-
ment. 

▪ Refurbishment of decommissioned turbines: Use of new components or compo-
nents from decommissioned turbines (with or without prior refurbishment or reman-
ufacturing). 

▪ Installation of turbines: Mostly new turbines due to the rapid technological progress, 
but also decommissioned turbines with or without prior refurbishment.  

▪ Spare parts management of turbines in operation: Depending on the availability of 
spare parts of the turbine type, either spare parts from decommissioned turbines 
(with or without prior refurbishment or remanufacturing) or new spare parts. For 
older turbine type new spare parts are usually not manufactured anymore. 

Furthermore, the observed circular flows occur in open or closed loops and are hence 
in accordance of the theoretical understanding. For example, blade reuse happens in 
closed loops when the operator of the site keeps the blade or when the original turbine 
manufacturer takes it back for its spare parts management. It is also observed in open 
loops, i.e. when another operator or service provider acquires the blades. Another 
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example is the repurposing of blades, which is considered an open loop because it 
involves actors from different industries, such as the manufacturer of noise-cancelling 
walls. Also, for the recycling of materials closed and open loops are identified. For 
example, concrete from the foundation of a decommissioning project can be utilized in 
a repowering project (closed loop) or in other industries, such as the construction in-
dustry (open loop). This highlights the fact that repurposing and material recycling can 
also involve cross-industry flows. 

 

In conclusion, even though the degree of detail varies between the conceptual CSCM 
framework and the observations in Denmark and Germany, the CSCM framework ap-
pears to be useful to guide practitioners in CSCM. It should be noted, however, that 
this empirical study is the first of its kind to focus on creating transparency into the 
historical turbine and blade flows, while also exploring the factors that influence the 
related decision-making of supply chain actors. To further evaluate the embedding of 
circular thinking in SCM (e.g. creating a paradigm shift), exploring the link between 
these findings and a target system would provide additional insights. Nevertheless, the 
empirical study has provided valuable insights, and in this respect, the operationalisa-
tion of the CSCM framework may be further improved by adding the perspectives of 
cross-country and cross-industry flows. In addition, the link between the circular strat-
egies on turbine, component and material level could be further detailed with the em-
pirical findings, resulting to an improved clarity of the product flows.  

5.3.2 Discussion of results 
The results chapters outlined and discussed the findings to answer RQ3 and RQ4. In 
accordance to the explorative research approach of Part B, this chapter triangulates 
the main findings with other sources, if available.  

 

Discussion of answer to RQ3 

RQ3 is addressed by showing that second lifecycle pathways of decommissioned on-
shore wind turbines were common in the markets Denmark (~60 %) and Germany 
(~50 %), at least for the pathway of exporting entire wind turbines. As noted above and 
also in Kramer et al. (2024, p. 180), this is the first study of its kind to systematically 
collect data and quantify the fraction of second lifecycle pathways taken, so the basis 
for comparison with other studies, and thus for evaluation, is limited. However, a com-
parison of the results for Denmark with Germany reveals that the historical flows of 
each circular economy pathway are comparable. This is further detailed in chapter 
5.2.2, where the results for each country and stakeholder group are presented, and a 
sensitivity analysis is provided to further evaluate the results. 

To further evaluate the findings, it is checked whether statistics exist or if other re-
searchers have quantified the taken circular economy pathways of decommissioned 
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turbines in Denmark, Germany or alternatively, in other countries and industries. Table 
16 provides an overview of the identified studies. 

Table 16. Overview of other available statistics on second lifecycle pathways on country level. 

Scope Reuse statistics Other studies quantify-
ing historical reuse Studies with heuristics 

Denmark x 
But access to landfill statistic 

x ✓ 
Number of studies: 1 

Germany x x ✓ 
Number of studies: 5 

Other 
countries x ✓ 

Number of studies: 1 
✓ 

Number of studies: 1 
Other  
industries x ✓ 

Number of studies: 1 
- 

Out of scope 

For Denmark, there is no study or data available on the pathway taken by the previous 
decommissioning. Ricard (2023) states that 50 % or more of the wind turbines received 
a second lifecycle, however without providing evidence. Furthermore, it is assessed in 
Kramer et al. (2024, p. 186) which quantities ended up at the two available landfills for 
blades in Denmark. As historically 7,130 tonnes of blade mass were decommissioned 
and approximately 1,325 tonnes of blade mass was landfilled, ~81 % remains that 
could have at least partially entered a second lifecycle (DEA, 2022; Energi Watch, 
2020; From & Dohm, 2022). This could indicate that the quantified fraction is in a suit-
able order of magnitude. 

For Germany, there is also no study or data available that has quantified the pathways 
taken by the decommissioned turbines. Five studies state heuristics for a reuse frac-
tion, but none provide evidence:  

▪ Kühne et al. (2022, pp. 404, 150): ‘relevant share’ of reuse for the decommissioned 
wind turbines. However, the study also argues that the second-hand market is only 
marginal, while noting a lack of data to assess this adequately. 

▪ Volk et al. (2021, p. 10): A predecessor study of Kühne et al. (2022) take the same 
assumption. 

▪ Zotz et al. (2019, pp. 88-89): A previous study of the above, recognises a relevant 
secondary market for decommissioned wind turbines in the past, but argues that 
the market has narrowed, although without providing any statistics. 

▪ Bundesverband WindEnergie (2019, p. 6): Reports the reuse share of 10 % of the 
decommissioned turbines from one decommissioning company, although without 
disclosing the number of handled turbines (BWE, 2019, p. 6). The fraction was also 
reported by an expert of this study, nevertheless, other experts stated a fraction 
entering a second lifecycle of up to 100 % for their handled turbines (see Figure 
24).  

▪ Pehlken et al. (2017, p. 255): Assume that 60 % of the wind turbines below 1 MW 
will be decommissioned prior to the end of the design lifetime at an age of 15 years 
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and of those 90 % would then be exported for a second lifecycle. The reasons for 
the assumed threshold at 1 MW and 15 years are not explained.  

In summary, these studies make different assumptions and no conclusions can be 
drawn. In addition, two studies from other regions are identified, that indicate that a 
significant share of wind turbines from Europe (Graulich et al., 2021, p. 52) and Norway 
(Andreassen, 2023, p. 14) were reused. Out of these two studies, only the Norwegian 
study provides empirical evidence by assessing the pathways taken of the historical 
decommissioning, resulting in a reuse fraction of around 20 %. However, only a few 
turbines from eight wind farms have been decommissioned so far. In addition, one 
study in regard to another industry is identified. Accordingly, Wang et al. show that 
55 % of hybrid vehicles from Japan and 70 % of the associated batteries were exported 
for reuse (Wang et al., 2020, pp. 201-202). Further studies are difficult to find, as for 
instance for PV modules and electric vehicle batteries, similar to wind turbines, reuse 
statistics are currently lacking (Franco & Groesser, 2021, pp. 19, 23; Reinhardt et al., 
2019, pp. 433, 442). In this light, Komoto et al. (2022, pp. 5, 14) outline for photovoltaic 
modules in Germany a lower than estimated actual waste volume, which could be due 
to a longer first lifetime, reselling on secondary markets or illegal exporting.  

In conclusion, there is a lack of tracking data across multiple lifecycles in the wind 
industry and other industries, which underlines the importance of this study. As a result, 
the evaluation with other studies is limited, but this was counteracted by the research 
design of the study in two countries. In both countries, it is shown that a second lifecy-
cle is common for wind turbines. Further research is needed to collect reuse statistics 
to further evaluate the results of this study. 

 

Discussion of answer to RQ4 

RQ4 is addressed by identifying factors influencing the decision-making to decommis-
sion an onshore wind turbine and in regard to the choice of subsequent handling path-
way. The results of the study show that the observed circular supply chain processes 
in both countries are similar in design. Accordingly, several factors were identified in 
the expert interviews that could have influenced the development of second-lifecycle 
supply chains for decommissioned onshore wind turbines from Denmark and Ger-
many. To the author's knowledge, there is no such study in the wind industry, which is 
in line with several researches calling for more empirical research (Graulich et al., 
2021, p. 52; Kühne et al., 2022, pp. 122, 150; Volk et al., 2021, p. 10).  

The only scientifically published study identified is the one from De Laurentis & 
Windemer, published in July 2024. De Laurentis & Windemer (2024, pp. 12-13) con-
ducted 15 interviews with experts from wind farm developers, consultancies and policy 
in Italy, but do not disclose whether and how many turbines the experts have handled. 
The scope of the interviews is on the decision-making to decommission operating wind 
projects. Nevertheless, the authors also express an initial idea about the handling path-
way of the decommissioned wind turbines. Accordingly, they state that a second 
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lifecycle would be “the most economically viable approach” (p. 10) and that operators 
that repower younger sites, certainly might have an incentive “to consider and explore 
second market opportunities” (p. 13).  

The four further identified studies are whitepapers, some are assigned by governmen-
tal bodies of the addressed county/region of the study (e.g. Andreassen, 2023; Zotz et 
al., 2019). It should be noted that only Andreassen (2023, pp. 12-15) collected empiri-
cal data on the taken pathways of ~55 decommissioned onshore wind turbines in Nor-
way, but provides only limited information on the reasons for the taken pathways. The 
other whitepapers briefly discuss potential influencing factors in Germany (Zotz et al., 
2019, pp. 61, 88-89), EU (Graulich et al., 2021, pp. 45-56) and the UK (Butler et al., 
2023). They base their findings on their own experience, existing literature and the 
involvement of experts, either through expert interviews, surveys or workshops, but 
without specifying whether and how many decommissioned wind turbines the experts 
have handled. 

The five studies are used to evaluate parts of the results of this study, hence Table 17 
provides an overview of their influencing factors in comparison with this study.  

Table 17. Overview of influencing factors for second-lifecycle turbines from this study in comparison to 
other literature. 

 This study De Laurentis 
et al. (2024) 

Zotz et al. 
(2019) 

Andreassen 
(2023) 

Graulich et 
al. (2021) 

Butler et al. 
(2023) 

∑ 

Study’s geographical scope DNK & GER Italy Germany Norway EU UK  

Age x x x   x 4 
Repowering x x x   x 4 
Economics x x   x x 4 
Turbine type x  x   x 3 
OEM of turbine  x  x (x)   3 
Turbine condition x (x)    x 3 
Availability of spare parts x (x)    x 3 
Storage at site x x x    3 
Turbine size x  x    2 
Country’s regulation on installa-
tion of reused turbines 

x  x    2 

Eligibility of reused turbines for 
market subsidies 

x  x    2 

Transport distances x  x    2 
Number of to-be decom. turbines 
per wind farm 

x  x    2 

Requirement of new project site x  x    2 
Expected overall market supply 
vs. demand for reused turbines 

x  x    2 

Available refurbishment x   (x)   2 
Delivery time of turbine x    x  2 
Company’s commitment not to 
landfill in other countries 

(x)    x  2 

Further factors x       

It shows that a wide variety of factors is mentioned in the studies, but most often only 
by one of them. All the factors mentioned in one of the studies were identified in this 
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study for Denmark and Germany. It is not surprising that this study identified the largest 
variety, as the other studies are not dedicated to exploring factors influencing a second 
lifecycle. In addition, there are several other factors that are found in this study for the 
handling of the Danish and German decommissioned wind turbines, e.g. the grid codes 
of the countries, transportation route and import requirements (see Table 39 in Appen-
dix B2). Furthermore, the following section discusses key factors in relation to the 
choice of decommissioning and handling pathway.  

Decision and timing of decommissioning 

Zotz et al. (2019, p. 88) express that wind turbines that are decommissioned as part of 
a repowering project tend to be decommissioned prior to reaching 20 years. This study 
finds that repowering is one of the factors that could trigger the decision to decommis-
sion in Denmark and Germany, with experts reporting that this could happen before, 
during or after the end of design life. Experts from Germany did mention a tendency 
for an earlier decommissioning due to repowering at very good wind locations, which 
is also stated in existing literature (Laurentis & Windemer, 2024, p. 9; Ziegler et al., 
2018, p. 1267). Furthermore, researchers who have looked closely at decommission-
ing decisions in Italy (Laurentis & Windemer, 2024), Denmark, Germany, the UK and 
Spain (Ziegler et al., 2018) emphasise that there is a complex decision-making pro-
cess. They demonstrate that assumptions based on only one influencing factor are not 
suitable for determining the time of decommissioning. This is in line with the results of 
this study for the decommissioned onshore wind turbines in Denmark and Germany.  

Decision to take pathway of second-lifecycle turbine 

The predominately mentioned factors by the publications and this study are discussed 
below (see Table 17). The ‘age of the turbine’ is seen by the other studies as a domi-
nant factor for the potential resale of the turbine at the second-hand market. For in-
stance, De Laurentis & Windemer (2024, pp. 12-13) conclude that the turbine’s age 
influences the subsequent handling pathways, as they state that decommissioning 
prior to the end of the turbine’s design lifetime would likely higher the potential of re-
selling on the second-hand market. Zotz et al. (2019, p. 88) express that wind turbines 
that are decommissioned before reaching 20 years would have a longer operating life 
in a potential second lifecycle. This rationale has been explicitly checked during the 
interviews (see question 15 of the interview guide in Appendix A1). Across all inter-
views, the experts stated that the likelihood of reselling on the second-hand market 
was not influenced by surpassing the threshold of the turbine’s design lifetime of 20 
years. In addition, they state that the turbine age at the time of decommissioning has 
not been a key factor so far. However, the age could emerge as a more prominent 
influencing factor in the case several turbines of the same type are offered on the sec-
ond-hand market. Furthermore, it is noted that the influencing factor ‘remaining tech-
nical life’ of the wind turbine at time of decommissioning would be more accurate than 
the ‘turbine age’. However, it remains to be seen whether a different threshold will 
emerge, as there is limited data available on the condition of turbines beyond their 
design life of 20 years.  
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A prominent factor found in this study to influence the likelihood of a second lifecycle 
is the ‘turbine type’ of the decommissioned wind turbine. This was also confirmed by 
Zotz et al. (2019, pp. 88-89) and Butler et al. (2023, p. 12). Another prominent factor 
identified in this study is the ‘availability of spare parts’, but this is only mentioned in 
literature by Butler et al. (2023, p. 12). De Laurentis, however, cite it in relation to ena-
bling continued operation at the initial site (2024, p. 12). In addition, the study shows 
that the economic feasibility and legal/regulatory requirements of the potentially de-
manding country determine whether a turbine type is in demand. This is also for some 
aspects addressed by existing literature (Graulich et al., 2021, p. 52; Ortegon et al., 
2012, p. 156; Zotz et al., 2019, pp. 88-89). For example, Zotz et al. (2019, pp. 88-89) 
also mentions the legal requirements in regard to the turbine’s hub height or the tur-
bine’s compliance with the country’s grid codes.  

In summary, the comparison with the other studies confirms the existence of various 
factors, however this study has presented additional factors. For example, organisa-
tional factors of each supply chain actor involved are relevant, such as whether the 
operator of the turbine and the decommissioning company consider a second-hand 
market in their business practices. Furthermore, in contrast to this study, the other 
studies lack a comprehensive discussion of the interconnections in regard to the choice 
of pathway of the decommissioned wind turbine. Nevertheless, the results of Denmark 
and Germany both show that the choice of circular economy pathways involves a com-
plex decision-making process.  

Decision to take pathway of second-lifecycle blade 

Next to the most common pathway of exporting the entire turbine, this study moreover 
investigated factors influencing a second lifecycle as spare parts by focusing on wind 
turbine blades. The available set of mentioned influencing factors by the other studies 
is limited. Only Butler et al. (2023, pp. 4-5) provide a quite comprehensive list, but 
address those for recirculating components and parts and do not mention blades ex-
plicitly. Furthermore, Andreassen (2023, p. 13) mention in regard to a second lifecycle, 
that some of the decommissioned blades in Norway could not be repaired or directly 
reused due to the condition of the blade at decommissioning. In this regard, Graulich 
(2021, p. 52) add that a sufficient remaining technical life of the blade is beneficial for 
reuse and moreover, mention that the blade type is of relevance to assess the com-
patibility to a wind turbine. Finally, Zotz et al. (2019, p. 89) outline that the demand for 
spare parts depends on the number of turbines per turbine type that are still in opera-
tion. These outlined aspects are also identified in this study for Denmark and Germany. 

All in all, comparing the study’s findings from two countries and multiple stakeholder 
groups with each other and with the existing literature, allows for concluding that the 
second lifecycle of turbines and blades as spare parts are influenced by several factors 
and in this light, prominent factors were discussed. For further evaluation of the find-
ings and transferability to other countries, further dedicated studies on the decision-
making for handling decommissioned wind turbines are required, as this study is the 
first of its kind in the wind industry. 
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5.3.3 Discussion of methodology and limitations 
The research design of Part B ensures that trustworthy findings are found, thanks to 
applying mixed methods to two countries and collecting data from multiple stakehold-
ers. Accordingly, two countries with the longest and comprehensive decommissioning 
history in the onshore wind industry were chosen. 18 interviews were conducted with 
experts that cover a significant share of the markets to explore the circular supply 
chains and taken pathways of the decommissioned onshore wind turbines from Den-
mark and Germany. The collected data was quantitatively and qualitatively analysed. 
Even with this comprehensive and rigorous research design, the below limitations to 
the methodology and findings are noted.  

The method of semi-structured interviews is not following strict rules, hence findings 
could vary if a different interviewer or setting is chosen (Gläser & Laudel, 2010, p. 115; 
Saunders et al., 2019, p. 447). However, as empirical and theoretical studies on sec-
ond-lifecycle supply chains for the wind industry were missing beforehand, the chosen 
method seems most suitable to fulfil the research objective of exploring second lifecy-
cle pathways. Moreover, the data collection was comprehensively documented to em-
power other researchers to repeat the study.  

It should be pointed out that experts were asked for their knowledge of the entire com-
pany’s history. This may lead to uncertainty as to whether the experts remembered 
and reported this fully during the interviews (Kramer et al., 2024, p. 186). That is par-
ticularly relevant for Denmark, as experts had to remember a history of up to 25 years 
and the majority of the decommissioned onshore wind turbine fleet was decommis-
sioned in 2002 (see 6.2.1). However, this uncertainty has to be accepted, as due to a 
lack of data systems in the companies, more structured data collection methods are 
not applicable. This risk is seen manageable for the quantification of pathways, as only 
the total numbers of aggregated pathways were requested and for both markets a sig-
nificant share of the market was covered. Also, for the identification of circular supply 
chain processes and associated influencing factors this is tolerable, as the research is 
explorative in nature and aims at investigating the status quo by outlining the perspec-
tives of the interviewed experts from the different stakeholder groups. In addition, the 
results of the paths taken by the decommissioned turbines from Denmark and Ger-
many could be further evaluated by conducting studies in the demanding countries. To 
add to this, also in other countries empirical data seems to be widely missing, under-
lining the need for further empirical studies. 
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5.4 Interim conclusions 

Part B of the thesis provides empirical insights into second lifecycle pathways of de-
commissioned onshore wind turbines in Denmark and Germany from a multi-stake-
holder perspective. Accordingly, interviews with 18 experts, covering more than 50 % 
of each market and representing four stakeholder groups, are conducted (see 5.1.1). 
This collected data is quantitively (see 5.1.2) and qualitatively analysed (see 5.1.3) to 
answer RQ3 and RQ4, and resulting to four key contributions: 

▪ Quantification of the historical flows of decommissioned onshore wind turbines and 
their blades along circular economy pathways (see 5.2.2) 

▪ Gaining an understanding of existing circular supply chain processes (see 5.2.3.1) 
▪ Providing an exploration of the factors influencing the choice for a second lifecycle 

(see 5.2.3.2) 
▪ Evaluation of conceptual CSCM framework for the wind industry (see 5.3.1) 

 

Contribution 1: Second-lifecycle supply chains for reinstallation of decommis-
sioned turbines are common in Denmark and Germany 

The findings of the quantitative analysis show that second lifecycle pathways of de-
commissioned onshore wind turbines are common, at least for exporting entire wind 
turbines (see Figure 25). In Denmark, ~60 % of the decommissioned onshore wind 
turbines and their blades have a second lifecycle, and in Germany the fraction ac-
counts to ~50 %. In the case of a second lifecycle of the entire turbine, the decommis-
sioned turbines are always exported, mainly to European countries. If not sold as an 
entire turbine, then the likelihood that the blades are reused as spare parts is marginal. 
The outlined findings therefore comprehensively answered RQ3. 

 
 

Contribution 2: Provision of a comprehensive understanding of second-lifecycle 
supply chains 

The findings of the qualitative analysis present the observed circular supply chain pro-
cesses of decommissioned onshore wind turbines in Denmark and Germany (Figure 
27). In this regard, the following second-lifecycle supply chains exist. 

▪ Turbine level:  
o The observed supply chain processes are storage, refurbishment, transport, ex-

port and reinstallation at new site. 
o A decommissioned wind turbine is mostly directly exported for reinstallation at 

a new site. 

Which paths are taken for onshore wind turbines and their blades 
after decommissioning in Denmark and Germany? Is a second 
lifecycle common or not?

RQ3 ✓
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o Alternatively, prior to export, the decommissioned turbine is stored and/or refur-
bished. This is, however, only considered by a small number of experts. 

o None of the decommissioned turbines remained in the domestic country for re-
installation. 

▪ Component level:  
o The observed supply chain processes are storage, refurbishment, repair, 

transport, export and reinstallation in a wind turbine. 
o Components are mostly reused as spare parts to repair a wind turbine in oper-

ation, either with or without prior storage and/or refurbishment and repair of the 
component. 

o Components from decommissioned wind turbines in Denmark and Germany ei-
ther remain in the country or are exported. 

o Spare parts are either for the repair of wind turbines in their first or second lifecy-
cle, or for the refurbishment of decommissioned wind turbines.  

 

Contribution 3: Identification of factors influencing the decision-making for sec-
ond lifecycle pathways 

The qualitative analysis reveals that various technical, legal/regulatory, economic, or-
ganisational and market factors influence the development of second-lifecycle supply 
chains for onshore wind turbines from Denmark and Germany (Figure 32). The identi-
fied factors impact various decisions by different actors along the supply chains for the 
decommissioned wind turbine and the subsequent handling. It is found, for both mar-
kets, that the threshold of surpassing the design life of 20 years does not determine 
the likelihood of a second lifecycle. Instead, the demand for second-lifecycle turbines 
is mainly linked to the availability of spare parts and certain design criteria of the tur-
bines. This makes the turbine type of the decommissioned turbine a decisive factor. In 
addition, it is critical that the demand occurs in the time window associated with the 
handling of the turbine, which is usually capped at the time of decommissioning, as 
additional transport and storage is usually not economically viable. In summary, in light 
of the aforementioned contributions, a comprehensive response to RQ4 is provided. 

 
Contribution 4: Evaluation of conceptual CSCM framework for the wind industry 

The results of Part B also evaluate the conceptual understanding of Part A and indicate 
that the CSCM framework is feasible for CSCM in the wind industry. It moreover shows 
that not all circular supply chain processes have yet been observed in practice (see 
Figure 58). In the light of the empirical findings, the operationalisation of the CSCM 
framework for the wind industry can be further improved by adding the perspectives of 
cross-country and cross-industry flows. 

What is influencing the development of second-lifecycle supply 
chains for onshore wind turbines from Denmark and GermanyRQ4 ✓
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In summary, Part B fulfils the second research objective of the thesis, as it compre-
hensively answers RQ3 and RQ4. 

 
The newly collected empirical data on historical turbine, component and material flows 
shows that circular supply chains for further lifecycles and end-of-life pathways are 
existing. This leads to the question to which extend the findings will continue in the 
future. Therefore, Part C of the thesis proposes scenarios to quantify expected turbine, 
component and material flows for stakeholders in the circular supply chains. 

Explore second lifecycle pathways in the wind industry from 
a multi-stakeholder perspective.RO2 ✓
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6 Part C: Turbine, Component and Material Flow 
Forecasts of Circular Economy Pathways 

Part C of this thesis has the objective to quantify expected turbine, component and 
material flows to establish circular supply chains for further lifecycles (e.g. refurbish-
ment) and end-of-life practices (e.g. recycling) (research objective 3) by answering 
RQ5. That said, turbines, components and materials flow models are developed and 
results presented for multiple stakeholders that handle decommissioned onshore wind 
turbines and blades from Denmark and Germany. 

The chapter comprises of four subchapters and begins by outlining the methodology 
in 6.1. Subsequently, the results of the turbine, components and material flow forecasts 
for decommissioning companies, second-lifecycle companies and recycler are pre-
sented in 6.2. Finally, the findings and methodology are discussed in 6.3. 

6.1 Methodology 

The methodology of Part C is quantitative in nature and is based on the new findings 
of Part A and Part B. As illustrated in Figure 59, the methodology consists of four parts. 

 
Figure 59. Part C’s methodology of quantifying expected turbine, component and material flows. 

Expected turbine, component and material flows after the first lifecycle of the installed 
onshore wind turbines from Denmark and Germany are to be estimated (Kramer et al., 
2024). Hence, first, market data of the currently installed onshore wind turbines in these 
countries are collected, assessed and prepared. The second step of the methodology 
foresees the development of new models for the estimation of turbine, component and 
material flows to support the capacity planning of stakeholders in decommissioning, 
second-lifecycle practices and recycling. Hence, a forecasting method is selected and 

2) Development of turbine, component & material flow forecast models for DNK & GER

Determination of decommissioning time 
per country’s turbine fleet

Two-step model for annual flows of decommissioning and circular economy pathways

3) Results of turbine, component and material flow estimates for DNK & GER

Expected flows for 
decommissioning companies

Expected flows for second-
lifecycle companies

Expected flows for  
recycling companies

4) Discussion

1) Collection, assessment and preparation of operational and installed market data

Part BPart A Part C: Quantifying expected circular component & material flows

Scenarios for fractions of circular economy 
pathways per country’s turbine fleet

Evaluation
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appropriate modelling assumptions are made for the time of decommissioning and the 
cascading circular flow. The assumptions are determined by the state of the art, and 
the derived findings from Part B of this thesis. In order to account for the fact that 
historical developments and current observations cannot necessarily be extrapolated 
to the future, various scenarios are employed (Saunders et al., 2019, p. 451). The use 
of scenarios is considered suitable because it enables to reflect quantitative and qual-
itative data and to illustrate a range of different possible future paths in the complex 
circular supply chain (Hyndman & Athanasopoulos, 2021, 6.5). The third and fourth 
part of the methodology is to present and discuss the results of the estimated circular 
flows of the installed onshore wind turbines from Denmark and Germany for supporting 
the stakeholders’ capacity planning. 

In the following, the data collection, analysis and modelling is further detailed. As such, 
6.1.1 presents the current state of the art on component and material flow models for 
onshore wind turbines, followed by 6.1.2, the selection and preparation of market data. 
In 6.1.3, a forecast method is selected and the component and material flow models 
for the application to the Danish and German onshore wind turbine fleet are developed. 

6.1.1 State of the art on component and material flow models 
This chapter provides an overview of the state of the art on component and material 
flow models for onshore wind turbines by presenting the used models and core as-
sumptions of relevant publications. 

In general, common methods for forecasting resource flows are heuristics, statistical 
methods, simulation and machine learning methods. Depending on the available data, 
the subject of prediction and the requirements for modelling time and accuracy, differ-
ent methods are suitable (Hyndman & Athanasopoulos, 2021, 1.4). Heuristics, also 
called rule-of-thumb, are commonly used in practice, as they require no empirical data 
and are fast to derive (Hyndman & Athanasopoulos, 2021, 6.). However, they often 
lack in accuracy, especially in more complex and dynamic environments. Statistical 
methods are for instance moving averages, exponential smoothing, linear regression, 
and multivariate regression (Schmidt & Nyhuis, 2021, p. 96; Schuh & Schmidt, 2014, 
pp. 70-78). The order of this list starts with the simplest method that requires only a 
limited set of data and ends with multivariate regression, which models various influ-
encing factors for the prediction. In this context, where data availability is limited, it is 
possible to fill data gaps with simulation data or use what-if analysis to simulate differ-
ent possible strategic directions (Kurbel, 2016, pp. 361, 433). Simulations are therefore 
particularly useful when the object of prediction has a relatively high degree of uncer-
tainty, as in such cases different simulations can be carried out. Moreover, machine 
learning methods are particularly suitable for identifying patterns in complex environ-
ments, but require high-quality datasets with a wide-range of data features over a long-
time horizon to be able to model resource flows in complex and uncertain environments 
(Cerqueira et al., 2019; Kramer et al., 2022; Kramer & Schmidt, 2022).  
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Regarding the forecasting of resource flows within the onshore wind industry, 18 stud-
ies were identified that are presented in Table 18.  

Table 18. Overview of state of the art on component and material flow models, inspired by Kramer et al. 
(2024, p. 182), Abrahamsen et al. (2023, p. 167). 

Study Objective of prediction Method for the time of de-
commissioning 

Method for the 
fraction of a sec-
ond lifecycle 

Region 

Abrahamsen et al. 
(2023) 

Blade mass at decommis-
sioning 

Weibull function (ratio de-
com/installed p.a.) N/A DNK 

Andersen et al. 
(2016) 

Waste mass of wind tur-
bines Heuristic (20 years) Heuristic (three sce-

narios) SWE 

Chen et al. (2021) Waste mass of wind tur-
bines 

Distribution t0 = 14, 18 and 
21 years Not considered Guangdong 

province, CHN 

Cooperman et al. 
(2021) 

Waste mass and volume 
of blades 

Heuristic (15, 20, 25, 30 
years); distribution t0 = 20 
years 

Not considered USA 

Delaney et al. 
(2021) 

Blade mass at decommis-
sioning Distribution t0 = 20 years N/A IRL 

Heng et al. (2021) Waste mass of blades Heuristic (20, 25, 30 years) Not considered CAN 

Kühne et al. (2022) GFRP & CFRP waste 
mass of blades Heuristic (20 years) Not considered GER 

Lahuerta et al. 
(2023) Waste mass of blades Normal distribution of 20-30 

years Not considered Europe 

Lefeuvre et al. 
(2019) 

CFRP waste mass of 
blades Heuristic (25 years) Not considered World 

Lichtenegger et al. 
(2020) Waste mass of blades Distribution t0 = 18 years Not considered Europe 

Liu and Barlow 
(2017) Waste mass of blades Heuristic (18, 21, 26 years) Not considered World 

Pehlken et al. (2017) Waste mass of blades Heuristic (20 years) Heuristic (one sce-
nario) GER 

Sommer et al. 
(2020) 

GFRP & CFRP waste 
mass of blades Stochastic distribution  Not considered Europe 

Sultan et al. (2018) Composite waste mass of 
blades Distribution t0 = 25 years Not considered GBR 

Tazi et al. (2019) Waste mass of wind tur-
bines Heuristic (15 years) Not considered Champagne-

Ardenne, FRA 
Tota-Maharaj et al. 
(2021) 

Waste mass of wind tur-
bines Heuristic (20 years) Heuristic (two sce-

narios) GBR 

Volk et al. (2021) GFRP & CFRP waste 
mass of blades Heuristic (20 years) Not considered GER 

Zotz et al. (2019) Waste mass of wind tur-
bines Heuristic (20 years) Not considered GER 

The studies address different countries (e.g. Canada, Sweden) or broader regions (e.g. 
Europe), while 13 out of the 18 studies cover Europe and European countries. The 
thesis’s regional scope of Denmark and Germany is addressed by Abrahamsen et al. 
(2023) for Denmark and four studies focus on Germany’s wind turbine fleet (Kühne et 
al., 2022; Pehlken et al., 2017; Volk et al., 2021; Zotz et al., 2019). Moreover, the ma-
jority of the studies address installed onshore (and offshore) wind turbines in a country 
and forecasts the expected waste of the blades in tonnes, i.e. end-of-life volumes (e.g. 
Kühne et al., 2022). However, two studies provide the expected blade mass at decom-
missioning (Abrahamsen et al., 2023; Delaney et al., 2021). The blade mass is 
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calculated with approximating through the installed capacity (e.g. Lefeuvre et al., 2019, 
p. 33) or a regression function based on the diameter of the rotor blade (e.g. Abraham-
sen et al., 2023, pp. 8-9; Volk et al., 2021, pp. 4-5). The applied assumptions for the 
time of decommissioning and the second-lifecycle fraction are further detailed in the 
following. 

 

Time of decommissioning 

As Table 18 outlines, the studies either use heuristics or statistical methods for the 
determination of the time of decommissioning (Kramer et al., 2024, p. 182). None of 
the researchers applies multi-variate regression models, simulation or machine learn-
ing methods. 

Eleven out of the 18 studies apply static heuristics, hence approximating the time of 
decommissioning with assuming a specific year. Eight studies expect that onshore 
wind turbines are decommissioned after 20 years, which the studies’ authors justify by 
the turbine’s design lifetime of 20 years or, in the case of Germany, by the expiry of 
the subsidy scheme (IEC, 2019; Volk et al., 2021). All existing studies on Germany 
follow this assumption (e.g. Volk et al., 2021, p. 4). Otherwise, one study on globally 
expected resource flows assumes 25 years (Lefeuvre et al., 2019, p. 33) and one study 
regarding a French region anticipates decommissioning after 15 years (Tazi et al., 
2019, p. 202). In addition, three studies work with 3-4 scenarios of varying ages be-
tween 15-30 years (e.g. Heng et al., 2021, p. 62).  

The other seven studies use a distribution function that are either backed with a heu-
ristic (Delaney et al., 2021, p. 3) or through applying data-based statistical methods. 
One of the data-based approaches is to use the historical average age of decommis-
sioned turbines of the respective region (Lichtenegger et al., 2020, p. 122) and another 
one is to derive a depletion curve that additionally takes the age of the operating fleet 
into account (Abrahamsen et al., 2023, p. 14). The latter method is used for expected 
decommissioning flows from the onshore and offshore wind turbine fleet in Denmark. 
The authors apply an accumulated Weibull function with parameters based on the his-
torical ratios of decommissioned over installed onshore wind turbines per installation 
year. It shows that their model is more accurate than to base a model purely on histor-
ical decommissioning, as it is more akin to the actual Danish decommissioning data 
(Abrahamsen et al., 2023, p. 15). 

 

Second lifecycle fraction and consideration for recycling flows 

16 out of the 18 studies forecast the annual expected mass for waste handling, while 
13 neglect a second lifecycle for wind turbines and their blades and three consider a 
second-lifecycle fraction with a heuristic (Kramer et al., 2024, p. 182). No justification 
is given for the magnitude of the static heuristics, and furthermore, no data-driven 
method is yet applied. 
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The studies that do not consider a second lifecycle therefore assume that the mass of 
the blades at decommissioning is equivalent to the blade mass for waste treatment 
(e.g. Kühne et al., 2022, p. 150; Volk et al., 2021, p. 5). The three heuristic studies that 
consider a second lifecycle relate to Germany, UK and Sweden; Denmark is therefore 
not included: Pehlken et al. (2017, p. 255) assume that 60 % of small-scale turbines 
(0-1 MW) in Germany are decommissioned after 15 years and out of those, 90 % are 
exported for a second lifecycle. Tota-Maharaj et al. (2021, p. 134) present different 
scenarios for onshore and offshore wind turbines in the UK, of which two include an 
assumption on a second lifecycle. One scenario states a second lifecycle for 10 % of 
the wind turbines for an additional 10 years, half in the UK and half overseas. The other 
reuse scenario expects that 10 % of the total decommissioned mass of components is 
applicable for remanufacturing and reuse, 5 % within the industry (excl. blades) and 
5 % outside of the wind industry (excl. blades and towers). Andersen et al. (2016, p. 
12) predict the blade mass for onshore wind turbines in Sweden and apply three dif-
ferent scenarios for a second lifecycle. The first scenario estimates that 50 % of the 
decommissioned turbines are reused domestically for 15 years. The second scenario 
also assumes a split of 50/50 between a second lifecycle and waste handling but cal-
culates with a second lifecycle abroad. The last scenario differentiates between small 
(< 1 MW), medium (larger than 1 MW and smaller than 3 MW) and large-scale onshore 
wind turbines (< 3 MW). 100 % small, 50 % medium and 75 % of large-scale turbines 
are sold to be reused abroad. 

 

Conclusion 

In summary, most studies cover forecasts of expected annual flows of blade mass for 
waste handling. So far, mostly static heuristics and only a few data-based methods for 
determining the time of decommissioning are used, of which the study by Abrahamsen 
et al. (2023) consider the most comprehensive data available to date. This approach 
has yet to be applied to the German turbine fleet, where the sole consideration has 
been the rigid assumption of decommissioning after a period of 20 years. In addition, 
this would enable an assessment of the transferability of the method by Abrahamsen 
et al. (2023) to other countries. 

Moreover, a second lifecycle was widely neglected and no evidence-based and data-
based method is yet applied in any region. However, the results of Part B show that it 
is crucial to consider the second-lifecycle flows when estimating recycling flows, as this 
changes the regional distribution and timing of recycling. Consequently, this affects the 
long-term capacity planning of recycling companies.  

Therefore, this study aims to overcome the current shortcomings by developing a new 
model for the expected decommissioning, second-lifecycle and recycling flows of the 
Danish and German onshore wind turbine fleet. In this light, it strives for providing ex-
pected annual flows of onshore wind turbines and blades as a central basis to different 
stakeholders for their long-term capacity planning.  
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As a benchmark to the newly to-be developed flow model, the most commonly applied 
method of assuming a decommissioning after 20 years and neglecting second-lifecycle 
flows is taken (hereafter referred to ‘20-year heuristic’). 

6.1.2 Market data for installed onshore wind turbines in Denmark and 
Germany 

This chapter describes the selection, assessment and preparation of the market da-
taset of onshore wind turbines installed in Denmark and Germany in order to be able 
to forecast their subsequent flows after decommissioning, as partially presented in Kra-
mer et al. (2024). For an easier repeatability of the study, publicly and freely available 
data is to be chosen and as such official market registers are of preference. Moreover, 
it is assessed whether the datasets represent the entire market history. This is done 
by cross-checking with other sources such as other databases and publications. 

 

Selection and assessment of comprehensive market data 

Denmark has a master data register of wind turbines, which is published on the website 
of the Danish Energy Agency (DEA), with the latest available data as of 31/01/2022 
(DEA, 2022). The dataset provides data on decommissioned and operational offshore 
and onshore wind turbines, of which onshore turbines are in the scope of this study. 
Each turbine is represented with a data entry and attributes such as the date of com-
missioning, the rotor diameter and the installed capacity (see Table 40 in the Appendix 
C1 for a full overview). 

The DEA states that their data fully covers the market of wind turbines larger than 6 
kW in Denmark (Danish Energy Agency). Moreover, it is noted by Abrahamsen et al. 
(2023, p. 5), who used the data for material flow forecasting, that the register was 
already established in 1977. This suggests that the data has been gathered in a com-
prehensive and systematic manner. Furthermore, an alternative data source is availa-
ble by GWEC, who provide data as of 31/12/2022 (GWEC, 2023b). A comparison of 
the data from GWEC with the data extract from DEA reveals minimal discrepancies, 
which suggests a high degree of consistency. It can thus be concluded that the data 
on decommissioned and operating onshore wind turbines from DEA is comprehensive 
and representative, and therefore fulfils the requisite criteria for further analysis. 

Germany has a market master data register (Marktstammdatenregister, MaStR), which 
is provided by the Federal Network Agency on a publicly-available website and is up-
dated on a daily basis (Bundesnetzagentur, 2023). The register provides data on de-
commissioned, operational and planned onshore and offshore wind turbines and it is 
obligatory for operators to enter data into the market register. A data extract of the 
decommissioned and operational onshore turbines was compiled as of 30/06/2023. 
Each turbine is represented with a data entry with various attributes, e.g. turbine type, 
rotor diameter, location of turbine (see Table 41 in the Appendix C2 for a full overview). 
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It should be noted that the register was only launched on 31/01/2019, with the previ-
ously collected market data also migrated at that time and requesting retroactive re-
porting obligations to the operators. Despite, Deutsche WindGuard (2023, p. 2) note 
that wind turbines that were not existing at that time anymore, as already decommis-
sioned, could be missing in the dataset. They therefore added not-captured decom-
missioning to the MaStR data. Two alternative data sources are therefore identified, 
the one mentioned above from GWEC as of 31/12/2022 and moreover by Deutsche 
WindGuard as of 30/06/2023 (Deutsche WindGuard, 2023, p. 4; GWEC, 2023b). A 
comparison of the MaStR data with that from GWEC and Deutsche WindGuard shows 
that the operational turbine fleet is similarly represented by the aforementioned 
sources. This finding is supported by the studies conducted by Volk et al. (2021, p. 5) 
and Kuehne et al. (2022, pp. 108-110). Hence, it can be concluded that the data extract 
as of 30/06/2023 from the market register is comprehensively representing the oper-
ating wind turbines in Germany and can be used for further analysis (Kramer et al., 
2024). 

Moreover, the comparison of the decommissioning data reveals, as argued above, that 
data is missing in the national market register. The decommissioning that took place 
from 2019 onwards are consistent in the various sources, but the sources differ for the 
period before that. In total, Deutsche WindGuard has recorded ~3.6 GW of decommis-
sioning, while the market registry has only captured 1.2 GW due to incomplete retro-
spective data collection from 2019 onwards. Therefore, the market data does not suf-
ficiently represent Germany’s decommissioning and as such the data from Deutsche 
WindGuard is selected. However, the data per each turbine is not publicly available 
and instead different reports are accessible. These are timeseries on annual decom-
missioning capacity per decommissioning year since 2000 as of 30/06/2023 (Deutsche 
WindGuard, 2023, p. 4) and annual decommissioning capacity per installation year 
since 1995 as of 31/03/2023 (Lüers et al., 2023, p. 46). Consequently, further descrip-
tive analyses (e.g. distribution across turbine manufacturers) are not feasible. Any 
analysis based on the market register would yield misleading findings, as only a frac-
tion of the overall decommissioned turbines is recorded in the register. 

With regard to the representation of the overall installed onshore wind turbine fleet, i.e. 
decommissioned and operating turbines, the national market register could approxi-
mate it, if decommissioning volumes are marginal in comparison to the operational 
capacity (Kramer et al., 2024). As the operational capacity equals to ~59 GW (Bundes-
netzagentur, 2023) and the decommissioned capacity to ~3.6 GW (Deutsche Wind-
Guard, 2023, p. 4), it results to a fraction of 6.1 % decommissioned capacity over in-
operation capacity. On this basis, the assumption is made that the fraction is small 
enough and hence the operational fleet can be used to approximate the installed tur-
bine fleet. This approximation is accepted, as the market register provides a more de-
tailed dataset and if required throughout the further analysis, also the comprehensive 
timeseries on annual installations from Deutsche WindGuard can be used (Lüers et 
al., 2023, p. 46). 
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Finally, Table 19 offers an overview of the selected datasets, along with their respec-
tive attributes and reference dates, to facilitate better orientation for the remainder of 
the thesis. 

Table 19. Overview of selected datasets. 

Source Date of data Description of selected data 

DEA (2022) 31/01/2022 

▪ Operational and decommissioned onshore wind turbines 
from Denmark 

▪ Data extract of each turbine with several attributes, e.g. 
commissioning date, rotor diameter, installed capacity 

Bundesnetzagentur 
(2023) 30/06/2023 

▪ Operational onshore wind turbines from Germany 
▪ Data extract of each turbine with several attributes, e.g. 

commissioning date, rotor diameter, installed capacity 
Deutsche Wind-
Guard (2023) 30/06/2023 ▪ Timeseries on annual decommissioned capacity per de-

commissioning year 

Lüers et al. (2023) 31/03/2023 ▪ Timeseries on annual decommissioned and installed ca-
pacity per installation year 

Preparation of the selected market data 

Offshore wind turbines and small-scale turbines are excluded from the data extracts, 
as those are household turbines and hence a different technology (see 2.1). In Den-
mark, the regulation commonly uses a threshold of 25 kW (e.g. BEK nr 73 af 
25/01/2013, 2013, § 18) and in Germany of 50 kW (EEG 2023, 2014/2023, § 46, No 
3). In addition, the German dataset included vertical-axis wind turbines, that are mostly 
excluded through filtering out the small-scale turbines. A further filter was therefore not 
applied, especially as an assessment of the turbines with a capacity exceeding 50 kW, 
classified as ‘vertical axis’, revealed that the majority were in fact horizontal-axis tur-
bines. 

In accordance to the research objective of Part C, the following data attributes are 
necessary. As concluded in the state of the art on component and material flow models 
(see 6.1.1), the annual decommissioning and installation volumes per installation year 
are required. The benchmark to the expected decommissioning flows is the actual de-
commissioning, hence the annual decommissioning volumes per decommissioning 
year. In addition, the expected component and material flows are to be quantified for 
several stakeholders, which leads to different units of measurement being required. 
Decommissioning companies and companies involved in second-lifecycle practices 
need the expected annual number of turbines and recycling companies are interested 
in the annual blade masses. Furthermore, the identified influencing factors have 
yielded evidence that only specific turbine types are in demand on the second-hand 
market (see Figure 51). As such, the expected flows are ideally also expressed in the 
annual number of turbines per turbine type. In order to comply with these data require-
ments, the selected data extracts (Table 19) are prepared in accordance. 
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Calculation of blade mass 

The blade mass per turbine is not part of any of the selected data extracts and needs 
to be added. In accordance to the state of the art (see 6.1.1), the blade mass can either 
be calculated with a regression function that bases on the blade length per turbine (e.g. 
Abrahamsen et al., 2023, pp. 8-9; Liu & Barlow, 2017, p. 233) or by approximating in 
relation to the installed capacity (e.g. Lefeuvre et al., 2019, p. 33). It should be noted 
that a few existing studies further differentiate the blade mass into the mass of glass 
fibre composites and carbon fibre composites (Sommer et al., 2020, pp. 86-87; Volk et 
al., 2021, p. 4). However, most decommissioning in the next ten years is likely to only 
consist GFRP (Volk et al., 2021, p. 7), and it is thus not deemed necessary to provide 
a further breakdown at this time. 

For the market registers, the rotor diameter per turbine (Drotor) is available in the data 
extracts and thus the regression function for the mass of a wind turbine with three rotor 
blades (mblades) by Abrahamsen et al. (2023, p. 8) is used as shown in Eq. (1): 

𝑚𝑏𝑙𝑎𝑑𝑒𝑠 = 3 ∙ 𝑎 ∙ (
𝐷𝑟𝑜𝑡𝑜𝑟/2

𝑅0
)

𝑏

 (1) 

Where the blade length is represented by 𝐷𝑟𝑜𝑡𝑜𝑟/2 in the unit of meters [m] and 𝑅0 
equals 1 m. The scaling factor a and exponent b of Eq. (1) are determined through the 
process of fitting a function along data points of known blade masses per turbine type, 
hence per blade length (Abrahamsen et al., 2023, p. 9). Accordingly, Abrahamsen et 
al. derive values of a = 0.00129 tonnes and b = 2.32, as presented in Eq. (2). 

𝑚𝑏𝑙𝑎𝑑𝑒𝑠 = 3 ∙ 0.00129 ∙ (
𝐷𝑟𝑜𝑡𝑜𝑟/2

𝑅0
)

2.32

 (2) 

For the timeseries of annual decommissioning in Germany, an approximation has to 
be used since the rotor diameter is not part of the data extract. Existing assumptions 
are 9.9 tonnes per MW by Sultan et al. (2018, p. 939), who average previously applied 
approximations, and 10 tonnes per MW (Lefeuvre et al., 2019, p. 33; Pehlken et al., 
2017, p. 255). In the light of this study, the rule of 9 tonnes per MW seems sufficient, 
as the average blade mass of the decommissioned turbines from the market register 
(Bundesnetzagentur, 2023) corresponds to ~9 tonnes per MW. Moreover, when look-
ing at the time period of 1983-2003 – the timeframe to which most non-captured de-
commissioning belongs – the average of onshore turbines in operation equals to ~9 
tonnes per MW in these installation years. Furthermore, the number of turbines is ap-
proximated with 0.8 MW per turbine, which corresponds to the average capacity of the 
decommissioned turbines from the market register (Bundesnetzagentur, 2023). 

Improvement of data quality of attribute ‘turbine type’ 

When assessing the data quality of the attribute ‘turbine type’ in both datasets from the 
market registers, the data quality is not sufficient. In reference to Table 40, it can be 
observed that within the Danish dataset, 7.8 % of entries corresponding to operational 
turbines and 22.6 % of entries on decommissioned turbines lack information regarding 
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the turbine type. A significant proportion of the remaining entries are disclosed in a 
cryptic manner. However, the combination of the attributes ‘turbine type’, ‘turbine man-
ufacturer’ and ‘installed capacity’ suggest a probable turbine type. This approach is 
therefore applied, however, it should be noted that it is not feasible for the entries that 
completely lack the turbine type, as those also lack information on the turbine manu-
facturer. For Germany, the majority of data entries include information on the turbine 
type, as illustrated in Table 41. However, as it is a free-text entry in the register, nu-
merous typographical errors exist, resulting in a greater number of distinct turbine 
types than actually exist. In order to enhance the uniformity of the attribute, the afore-
mentioned errors are aimed to be corrected through the manual compilation of a list of 
expressions that correspond to the same turbine type. This is then followed by the 
execution of a Python script for the purpose of correcting the dataset (see Appendix 
C3 for an excerpt from the script). For example, the expressions ‘E-40/ 6.44’, ‘E 40 
6.44’, ‘Enercon E-40/6.44’, etc. are likely to be references to the turbine type E-40/6.44 
from the manufacturer Enercon. The aforementioned measures enhanced the data 
quality of the attribute, thereby making it suitable for further analyses. However, it 
should be noted that the dataset may still include data entries that have been incor-
rectly registered. 

6.1.3 Turbine, component and material flow forecasting 
The aim is to develop a new model in order to forecast annual flows of decommissioned 
onshore wind turbines for supporting long-term capacity planning of companies in-
volved in decommissioning, second lifecycle pathways and recycling in Denmark and 
Germany.  

In this light, it is important to recognise that the stakeholder groups have different in-
formation requirements for their capacity planning. For planning the capacity require-
ments of companies engaged in decommissioning, it is essential to have accurate data 
on the quantities of decommissioned turbines. Further information, e.g. on the ex-
pected number of turbines per turbine type or more generally on the expected turbine 
sizes and weights, improves the basis for planning the necessary resources, such as 
the required crane types. Moreover, as outlined in Part B, the companies responsible 
for the decommissioning of the onshore wind turbine are usually also responsible for 
the subsequent handling on the second-hand market or via the waste-handling indus-
try. For planning the various processes that are foreseen for handling and reinstalling 
an entire turbine for a second lifecycle, it is crucial to have information on the annual 
quantities of to-be-decommissioned turbines with likely demand on the second-hand 
market. Hence, companies involved in the secondary market require annual expected 
quantities expressed in the unit of number of turbines and ideally also distinguished by 
turbine type or more broadly by turbine size and weights. This information supports the 
planning of companies involved in the logistics, refurbishment, reinstallation and oper-
ation of the second-lifecycle turbine. In contrast, domestic recycling companies are 
interested in the fraction of to-be-decommissioned wind turbines that is not exported 
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for a second lifecycle but rather remains in the country and as such would enter do-
mestic waste handling at one point. Forecasts of annual quantities for blade recycling 
are expressed in blade mass, usually in tonnes, and ideally with additional information 
on the materials composition of the blades. 

Therefore, two-step forecasting models are developed for estimating the annual tur-
bine, component and material flows from the Danish and German onshore wind turbine 
fleets for the multiple stakeholders. The scope of this study is on the installed onshore 
fleet in the respective countries and thus planned installations are out of scope. As 
displayed on the left side of Figure 60, the first step is to determine the time of decom-
missioning in order to forecast the annual number of to-be-decommissioned turbines 
(𝑛𝑑𝑒𝑐𝑜𝑚(𝑡)) and the corresponding blade mass (𝑚𝑑𝑒𝑐𝑜𝑚(𝑡)). Secondly, the right side of 
Figure 60, the fractions of decommissioned onshore wind turbines from Denmark and 
Germany entering a second lifecycle pathway (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡)) and recycling (𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡)) are 
defined. With this information, the annual number of turbines entering a second lifecy-
cle (𝑛𝑟𝑒𝑢𝑠𝑒(𝑡)) and the annual recycling blade mass (𝑚𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡)) can be estimated. 

 
Figure 60. Model for forecasting decommissioning, second-lifecycle and recycling flows. Inspired by 

Kramer et al. (2024), Abrahamsen et al. (2023). 

Forecast model of annual flows of decommissioning 

In contrast to most of the studies outlined in 6.1.1, the model in this thesis to forecast 
annual flows of decommissioning applies a data-based method to determine the time 
of decommissioning. The approach by Abrahamsen et al. (2023) is applied, which uses 
a Weibull distribution to estimate the depletion of the Danish turbine fleet. The Weibull 
function is commonly applied in wind energy research, amongst others for the model-
ling of the turbines’ lifetime distribution (Abrahamsen et al., 2023, p. 3; Burton et al., 
2011, p. 205; Manwell et al., 2009, p. 58). It is therefore applicable for the prediction of 
the depletion of a turbine fleet (Abrahamsen et al., 2023, p. 3; Chen et al., 2021, p. 2). 

Determination of input parameters  and k 
per country’s onshore wind turbine fleet (see 6.1.3.1)

Forecast model of annual flows of
decommissioning

Forecast model of annual flows of 
circular economy pathways

Scenarios for fractions of circular economy pathways, 
and per country’s onshore wind turbine 

fleet (see 6.1.3.2)

Eq. 4. Annual blade mass of turbines expected to be 
decommissioned:

with = 

with and as
→

Eq. 3. Annual number of turbines expected to be 
decommissioned:

Eq. 6. Annual blade mass of turbines expected to be 
domestically recycled:

Eq. 5. Annual number of expected second-lifecycle 
turbines
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Multivariate regression, simulation and machine learning methods are not yet applied 
in existing studies (see Table 18). More advanced methods would require a dataset 
with multiple features and sufficient history. On that note, Denmark has a comprehen-
sive market dataset on historical decommissioning and currently operating wind tur-
bines, and also captures several data features (e.g. installed capacity, rotor diameter) 
(DEA, 2022). Also, Germany provides a market dataset with several data features, 
however only comprehensively on the operational fleet and not of the historical decom-
missioning (Bundesnetzagentur, 2023). The latter, is only available as a timeseries 
expressed in the unit of installed capacity (Deutsche WindGuard, 2023; Lüers et al., 
2023). Nevertheless, Part B outlines factors that influence the time of decommission-
ing, which currently are mostly not captured in the Danish or German market registers. 
In addition, datasets for annual second-lifecycle and recycling quantities do not exit. 
Consequently, advanced data analytics are not applied in this study either. 

As it is a proven method for Denmark, as outlined above, this thesis uses the approach 
of a Weibull function by Abrahamsen et al. (2023, pp. 5-10) and applies it to the Danish 
and German onshore wind turbine fleet (Kramer et al., 2024, p. 184). It defines Eq. (3) 
to estimate the annual number of to-be-decommissioned turbines, 𝑛𝑑𝑒𝑐𝑜𝑚(𝑡). Moreo-
ver, the annual blade mass estimated to be decommissioned, 𝑚𝑑𝑒𝑐𝑜𝑚(𝑡), is calculated 
with Eq. (4), and is thus in accordance to Kramer et al. (2024, p. 184) and Abrahamsen 
et al. (2023, pp. 5-10). The equations reflect that the initial number of turbines (𝑛0) and 
blade mass (𝑚0) is removed over time. 

𝑛𝑑𝑒𝑐𝑜𝑚(𝑡) = 𝑛0 ∙
𝑘

𝜆
(

𝑡

𝜆
)

𝑘−1

∙ 𝑒𝑥𝑝 (− (
𝑡

𝜆
)

𝑘

) (3) 

𝑚𝑑𝑒𝑐𝑜𝑚(𝑡) = 𝑚0 ∙
𝑘

𝜆
(

𝑡

𝜆
)

𝑘−1

∙ 𝑒𝑥𝑝 (− (
𝑡

𝜆
)

𝑘

) (4) 

Where 𝑛0 is the initial number of turbines and 𝑚0 the initial blade mass at t = 0, t is the 
time after the initial installation year, and k and λ are the shape and scale parameters 
of the accumulated Weibull function. The accumulated Weibull function and the data-
based method for determining the parameters k and λ is detailed in the subsequent 
chapter 6.1.3.1. 

Forecast model of annual flows of circular economy pathways 

The model for the expected annual flows of circular economy pathways is the first of 
its kind that systematically introduces second-lifecycle considerations (Kramer et al., 
2024, p. 184). So far research has widely neglected second lifecycle flows in their an-
nual flow models. Therefore, Eq. (5) is introduced to estimate the annual number of 
decommissioned turbines entering a second lifecycle. 

𝑛𝑟𝑒𝑢𝑠𝑒(𝑡) = 𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) ∙ 𝑛𝑑𝑒𝑐𝑜𝑚(𝑡) 

with 𝑓𝑟𝑒𝑢𝑠𝑒 = 𝑓𝑟𝑒𝑢𝑠𝑒 𝑒𝑥𝑝𝑜𝑟𝑡(𝑡) + 𝑓𝑟𝑒𝑢𝑠𝑒 𝑑𝑜𝑚𝑒𝑠𝑡𝑖𝑐(𝑡) 

and 𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) ~ 𝑓𝑟𝑒𝑢𝑠𝑒 𝑒𝑥𝑝𝑜𝑟𝑡(𝑡) 

(5) 



Part C: Turbine, Component and Material Flow Forecasts of Circular Economy Pathways 139 

 

For the calculation of 𝑛𝑟𝑒𝑢𝑠𝑒(𝑡), 𝑛𝑑𝑒𝑐𝑜𝑚(𝑡) from Eq. (3) is multiplied with the fraction of 
turbines entering a second lifecycle per time unit, 𝑓𝑟𝑒𝑢𝑠𝑒(𝑡). The equation thus consid-
ers that not necessarily every decommissioned onshore wind turbine enters a second 
lifecycle, i.e. 𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) ≤ 1. Moreover, 𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) can be split up into the fraction of de-
commissioned turbines and their blades being exported for a second lifecycle 
(𝑓𝑟𝑒𝑢𝑠𝑒 𝑒𝑥𝑝𝑜𝑟𝑡(𝑡)) and the fraction that remains for a second lifecycle in the country 
(𝑓𝑟𝑒𝑢𝑠𝑒 𝑑𝑜𝑚𝑒𝑠𝑡𝑖𝑐(𝑡)). As the quantification of taken pathways of the decommissioned tur-
bines (see Figure 25 in Part B) revealed, none of the turbines from Denmark or Ger-
many remained in the country and also only a marginal share of blades remained as 
spare parts. Therefore 𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) of Denmark and Germany is approximated by 
𝑓𝑟𝑒𝑢𝑠𝑒 𝑒𝑥𝑝𝑜𝑟𝑡(𝑡).  

Eq. (6) is applied to estimate the annual mass of blades potentially entering domestic 
recycling and reads as follows. 

𝑚𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) = 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) ∙ 𝑚𝑑𝑒𝑐𝑜𝑚(𝑡) 

with 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) ~ 1 − 𝑓𝑟𝑒𝑢𝑠𝑒 𝑒𝑥𝑝𝑜𝑟𝑡(𝑡) 

and 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) ~ 1 − 𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) 

(6) 

For the estimation of 𝑚𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡), the expected blade mass to be decommissioned de-
rived from Eq. (4) is multiplied with the fraction that remains in the domestic country for 
recycling per time unit, 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡). The fraction 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) is approximated through sub-
tracting the reuse fraction 𝑓𝑟𝑒𝑢𝑠𝑒(𝑡). As outlined in Kramer et al. (2024, p. 184), the 
equation therefore reflects that the potential blade mass for recycling in a country 
(𝑚𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡)) is reduced by the fraction of decommissioned blade mass that is exported 
for a second lifecycle. This assumption is suitable for Denmark and Germany as none 
of the decommissioned turbines and only a marginal share of blades remained for a 
second lifecycle in the country.  

In case the turbines would remain in Denmark and Germany, the flows for recycling 
would be postponed by the duration of the turbine’s second lifecycle and any lifecycle 
beyond that. Then also a tracing system of multiple lifecycles of turbines and blades 
would have to be established. However, the magnitude and feasibility of multiple lifecy-
cles has not been explored yet and moreover, any second-lifecycle turbine is likely still 
in operation and hence only a limited data history would exist. Furthermore, it is unlikely 
that turbines and blades will be re-imported after a second lifecycle with the intention 
of recycling them in Denmark or Germany. The exclusion of this from Eq. (6) is as-
sumed appropriate as waste movements across borders currently involves complex 
regulation and is expensive to carry out (Regulation (EC) No 1013/2006, 2006).  

The approach of deducting a reuse fraction from the expected annual decommission-
ing quantities in order to derive estimates on domestic recycling flows is acknowledged 
by three existing studies (see 6.1.1). One study on Germany also assumes that none 
of the decommissioned turbines remains in Germany for a second-lifecycle and instead 
a share is exported (Pehlken et al., 2017, p. 255). The studies on the UK and Sweden 
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expect the occurrence of a second lifecycle abroad and domestically. For the domestic 
share, the annual quantities for domestic recycling are delayed by 10 years in one 
study and by 15 years in the other study; both studies assume decommissioning after 
20 years (Andersen et al., 2016, p. 12; Tota-Maharaj & McMahon, 2021, p. 134). 

In principle, the resulting share from decommissioning could also follow other circular 
economy pathways at end of life of the blade (R7-R9), as shown in the CSCM frame-
work (see Figure 17). In the light of current research (see 2.4.2), energy recovery (R9) 
is currently the only economically viable option, as industry has called for a ban on 
long-term landfilling in Europe from 2025 (Beauson et al., 2022, p. 9; WindEurope, 
2020). The industry is therefore aiming to establish a recycling loop for blades (R8), 
which is backed by targets of fully recyclability across supply chain actors (Kramer & 
Beauson, 2023, p. 9). Consequently, assuming 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) ~ 1 −  𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) for estimat-
ing future recycling quantities seems feasible at this stage. 

For forecasting the fraction of turbines entering a second lifecycle, four scenarios are 
determined, which is detailed in the subsequent chapter 6.1.3.2. 

6.1.3.1 Determination of decommissioning time 
As outlined, the time of decommissioning is determined according to the method by 
Abrahamsen et al. (2023, pp. 5-10). They foresee “to describe the decommissioning 
as a depletion process of the different installation years with one general distribution 
as function of time” (p. 5). As such, parameters k and λ for an accumulated Weibull 
function are fitted according to the ratios of decommissioned over installed wind tur-
bines per installation year in the respective country. The method for determining the 
decommissioning time consists of five steps, which are outlined below. 

 

Identify historical market data 

The first step is to identify historical market data on the total installed onshore wind 
turbines and their decommissioning rate per installation year. It should be noted that 
the data obtained must be checked to ensure that it is comprehensive for the market 
under consideration (e.g. Germany). If the data do not fully represent the market his-
tory, or if the market history is not long enough, there is a risk to determine imprecise 
values for the parameters k and λ. For example, Abrahamsen et al. (2023, p. 5) outline 
that sufficient data on the Danish onshore wind turbine fleet is available, while for the 
offshore fleet the history is not yet long enough. Another case would be, if only frag-
mented decommissioning data were selected, as this would result in inaccurate ratios 
of decommissioned to installed turbines per year of installation. Therefore, if compre-
hensive market data is not available, a heuristic could be used until the data gaps are 
adequately filled. Another approach could be to check whether the market under ob-
servation is comparable to markets for which sufficient data are available (e.g. onshore 
wind in Denmark), so that these parameters, if met, could eventually be transferred. In 
contrast, if comprehensive data of the market under observation is available, the data 
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can be selected for further analysis. For the case of onshore wind turbines in Denmark 
and Germany, timeseries of the historical decommissioning and overall installations 
per installation year are available for further analysis. The results of the assessment 
are detailed in the chapter 6.2.2.  

 

Determine the ratios of decommissioning over installation per installation year 

The second step is to calculate for each installation year the quantities of decommis-
sioning and overall installations and to determine the ratios of decommissioning over 
installations. Again, the quality of the data (e.g. presence of outliers) must be assessed 
before proceeding with the next step, the Weibull fit.  

 

Fit the accumulated Weibull function 

The third step is to fit the accumulated Weibull function to the ratio of decommissioned 
to installed onshore wind turbines of the respective country as function of time. In the 
study of reference, the fitting is conducted on the ratios of decommissioned blade mass 
over installed blade mass. Moreover, they describe the accumulated Weibull function 
F(t) as follows (Abrahamsen et al., 2023, p. 6): 

𝐹(𝑡) = 1 − 𝑒𝑥𝑝 (− (
𝑡

𝜆
)

𝑘

)  (7) 

In Eq. (7), λ is the scale parameter and k the shape parameter of the Weibull distribu-
tion in relation to t, the time variable. For example, the parameters for the Danish on-
shore turbine fleet are λ = 30 years and k = 10 and a 20-year lifetime is expressed with 
λ = 20 years and k = 70 (Abrahamsen et al., 2023, p. 11). Building upon this, the de-
termined parameters can be used to describe how long the depletion of half of the 

turbine fleet (𝑡½ = 𝜆(𝑙𝑛2)
1

𝑘 =  𝜆 (0.6931)
1

𝑘 ) and the decommissioning of 10 % to 90 % 

of the fleet (Δ𝑡 = 𝜆 (2.303
1

𝑘 − 0.105
1

𝑘)) takes (Abrahamsen et al., 2023, p. 7).  

 

Definition of scenarios 

In addition, to account for the possibility that the historical depletion does not continue 
in the future, two further scenarios are considered. One scenario adjusts the scale 
parameter λ in order to account for a faster depletion and the other one considers a 
slower decommissioning of the turbine fleet. The shape parameter k is kept constant 
in both scenarios. 

 

Evaluation 

Finally, the accuracy of the prediction model is evaluated in relation to the historical 
annual decommissioning in Denmark and Germany, and also in relation to predictions 
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from other studies. Moreover, the research design of providing multiple scenarios for 
determining the time of decommissioning enables to envision different effect on annual 
decommissioning quantities. In this context, the likelihood of the different scenarios is 
discussed on the basis of the findings from Part B and existing studies. Finally, the 
implications for capacity planning of decommissioning companies in Denmark and 
Germany are also discussed. 

The results of the determination of λ and 𝑘, together with their implementation in equa-
tions (3) and (4), are presented and discussed in chapters 6.2 and 6.3. 

6.1.3.2 Scenarios for fractions of circular economy pathways 
The rationale of using different scenarios for the fractions of the circular economy path-
ways of the to-be-decommissioned turbines is to enable the exploration of different 
future settings (Kurbel, 2016, p. 433; Schoemaker, 1993, pp. 193-194). This approach 
therefore recognises that there are still many uncertainties in determining the future 
proportions of circular economy pathways, as second-lifecycle supply chains and the 
link to recycling supply chains have rarely been researched from a systemic perspec-
tive. The scenarios are defined on the basis of the findings from Part A and B. Figure 
61 provides an overview of the scenarios for the fraction of the installed onshore wind 
turbine fleet from Denmark and Germany that will enter a second lifecycle (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡)). 
Consequently, also the fraction of domestic recycling (𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡)) can be derived. In 
total four scenarios are defined which is in line with a recommended number of sce-
narios of 3 to 6 (Amer et al., 2013, p. 33). 

 
Figure 61. Overview of the scenarios for the reuse fraction of the installed onshore wind turbine fleet 

from Denmark and Germany. 

The fractions 𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) and 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) are kept static in these scenarios and as such are 
the same at each given time. Accordingly, the fractions can be simplified in the Eq. (5) 
to 𝑓𝑟𝑒𝑢𝑠𝑒 and in Eq. (6) to 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒. 

The ‘fully linear’ scenario (𝑓𝑟𝑒𝑢𝑠𝑒 = 0 %, 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒 = 100 %) is chosen to visualise the 
worst case from a circular economy perspective and the ‘fully reuse’ scenario (𝑓𝑟𝑒𝑢𝑠𝑒 =

100 %, 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒 = 0 %) to envision the full impact of circular strategies that foresee a 
second lifecycle of the entire turbine and blade abroad. It hence follows the recom-
mendation by Schoemaker (1991, p. 556) to consider two extreme cases when devel-
oping scenarios. The ‘historical reuse’ scenario uses the average reuse and recycling 
fractions from historical decommissioning in Denmark and Germany, and as such 
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considers the newly collected data from Part B of this thesis. Finally, the ‘upper level’ 
and ‘lower level’ of current reuse flows are defined on the basis of the qualitative anal-
ysis in Part B. In this context, an analysis is carried out to assess the extent to which 
the identified requirements for a second lifecycle are met by the currently operating 
wind turbine fleet, and thus to define upper and lower levels of 𝑓𝑟𝑒𝑢𝑠𝑒. Accordingly, the 
corresponding share of the country’s turbine fleet in operation is determined for meas-
urable factors with available data and for non-measurable factors qualitatively dis-
cussed. In light of this, factors can either be a definitive barrier to the initiation of a 
second lifecycle or can negatively/positively influence the decision to consider a sec-
ond lifecycle for the turbine and its blades. For instance, the occurrence of a lightning 
strike on the turbine was cited by the interviewed experts as resulting to the rejection 
of a second lifecycle. Another example is the turbine size, which can have a positive 
impact – if below specific threshold values (e.g. height restrictions in a country) – and 
a negative impact – if above specific threshold values (e.g. exponentially increasing 
transport costs). 

The findings are evaluated through the research design of providing multiple scenarios 
for the time of decommissioning and the fractions of circular economy pathways in two 
countries. This enables to assess the impact on second-lifecycle and recycling flows. 
Additionally, sensitivity analyses on the impacts of different values for 𝑓𝑟𝑒𝑢𝑠𝑒 and 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒 
to annual second-lifecycle and recycling quantities are provided. Furthermore, the re-
sults are discussed in comparison to existing studies and in context with required ca-
pacities of second-lifecycle and recycling companies in Denmark and Germany, if 
available. 

The results of the determination of 𝑓𝑟𝑒𝑢𝑠𝑒 and 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒, along with the application of the 
different scenarios to equations (5) and (6), are presented and evaluated in the chap-
ters 6.2 and 6.3. 

6.2 Results 

This chapter presents the results of Part C, beginning with an overview of the decom-
missioned and installed onshore wind turbines in Denmark and Germany (6.2.1). Sub-
sequently, the input factors for the annual flow models are determined, namely the 
parameters of the accumulated Weibull functions (6.2.2) and the fractions of the circu-
lar economy pathways (6.2.3). In the following chapters, the forecasts of annual de-
commissioning (6.2.4), second-lifecycle (6.2.5), and recycling quantities (6.2.6) are 
presented as a core information basis for long-term capacity planning of supply chain 
actors. 
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6.2.1 Onshore wind turbines in Denmark and Germany 
This chapter provides an overview of the selected and prepared market data on the 
onshore wind turbine fleets from Denmark and Germany. Hence, it outlines the histor-
ical development of installations and decommissioning, with a particular focus on the 
characteristics of onshore turbines in operation to provide insights into the future de-
commissioning. Moreover, an investigation of the ways in which the characteristics of 
future decommissioning will differ from those of the past provides further insights. How-
ever, Germany does not have such detailed data (see 6.1.2), whereas Denmark does 
and is therefore considered. 

 

Historical development of onshore wind installations  

The development of the annually installed onshore wind turbines in Denmark and Ger-
many was introduced in chapter 2.2 (see Figure 5), which is why reference is made to 
this chapter at this point. The subsequent Figure 62 moreover presents the historical 
development expressed in blade mass (tonnes). It becomes evident that the annual 
blade mass is strongly linked to the installed capacity, which is not surprisingly as the 
turbines have increased in size and consequently also the length of the rotor blades. 
In Denmark a total blade mass of 51,016.2 tonnes is in operation and in Germany this 
accounts for 738,718.6 tonnes, as described in Kramer et al. (2024, p. 185). 

 
Figure 62. Historical development of a) installed and b) decommissioned blade mass from onshore wind 

turbines in Denmark and Germany. The decommissioned blade mass in Germany is based 
on 9 tonnes/MW. Inspired by Kramer et al. (2024). Based on data from DEA (2022), Deutsche 
WindGuard (2023), Bundesnetzagentur (2023). 

 

Historical development of onshore wind decommissioning 

The historical decommissioning is shown in the right side of Figure 62 by presenting 
the annual decommissioned blade mass in Denmark (red bars) and Germany (grey 
bars). Moreover, Figure 63 presents the historical development expressed in number 

0

1,000

2,000

3,000

4,000

5,000

D
ec

om
 b

la
de

 m
as

s 
[to

nn
es

]

Decommissioning year

b) Decommissioned blade mass

Denmark
Germany

0

15,000

30,000

45,000

60,000

75,000

90,000

In
st

al
le

d 
bl

ad
e 

m
as

s 
[to

nn
es

]

Installation year

a) Installed blade mass

Germany
Denmark



Part C: Turbine, Component and Material Flow Forecasts of Circular Economy Pathways 145 

 

of turbines and installed capacity (in MW). It is to be noted that for Germany only a 
timeseries on annual decommissioning capacity is available and thus the blade mass 
is approximated through 9 tonnes per MW and the number of turbines with 0.8 per MW 
(see 6.1.2). Decommissioning has started slightly earlier in Denmark (1998) than in 
Germany, where it started around 2000. 

 
Figure 63. Historical development of a) number of turbines and b) installed capacity of decommissioned 

onshore wind turbines in Denmark and Germany. The number of turbines in Germany is 
based on 0.8 MW/turbine. Based on data from DEA (2022), Deutsche WindGuard (2023). 

Decommissioning in Denmark 

In Denmark, 3,195 onshore wind turbines with an installed capacity of 826.4 MW and 
a blade mass of 7,130.8 tonnes were decommissioned in total. The onshore wind tur-
bines have an average age of 18.0 years at decommissioning with ranging from less 
than a year to 39 years (see Figure 64). The decommissioning mainly stems from Ves-
tas turbines, which were also the most frequently installed. Annual decommissioning 
has greatly fluctuated. Noticeable is the peak in 2002, which is in a greater magnitude 
when looking at the number of turbines: 36.7 % of the total number of decommissioned 
turbines and 13.3 % of the total decommissioned capacity. One potential explanation 
for this peak is the financial incentive (‘skrotpræmie’), which was granted by the gov-
ernment between 1999 and 2003 for the decommissioning of wind turbines with a ca-
pacity of up to 150 kW (BEK nr 187 af 16/03/2001, 2001). When comparing the left 
side to the right side of Figure 63, it becomes visible that the turbine size has increased 
over time. For example, in the time period 1998-2002 mostly turbines below 150 kW 
were decommissioned and in 2016-2020 at an average of ~600 kW. This is also why 
the marginal decommissioning of 117 turbines in the last three years (2019-2021) still 
corresponds to 15.7 % of the total decommissioned capacity. 
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Figure 64. Age distribution of the decommissioned onshore wind turbines in Denmark as of 31/01/2022. 

Based on data from DEA (2022). 

Decommissioning in Germany 

In Germany, decommissioning totals around 4,500 turbines with an installed capacity 
of ~3,600 MW and 32,400 tonnes of blade mass (Deutsche WindGuard, 2023). Figure 
63 illustrates that the decommissioning years 2014 (350 MW) and 2017 (505 MW) rec-
ord the highest decommissioning to date. Moreover, the statistics from Deutsche Wind-
Guard state decommissioning levels of 266 MW in 2020, 298 MW in 2021 and 292 MW 
in 2022. A recent report also signalled that with 500 MW of decommissioning in 2023, 
the annual dismantling volumes have gradually increased in recent years (Deutsche 
WindGuard, 2024, p. 3). In general, annual rates are greatly fluctuating, with an annual 
average of 148.2 MW decommissioned capacity and a standard deviation of 140.9 MW 
in the timespan of 2000 to 2022. Initially, the Federal Environment Agency had antici-
pated an exponential increase in 2021, which was justified by the fact that the expiry 
of the fixed feed-in tariff would expose onshore plants to market prices for the first time 
and their assumption that this would therefore favour decommissioning (Volk et al., 
2021; Zotz et al., 2019). However, this did not materialise, assumingly due to signifi-
cantly increased market electricity prices (Netztransparenz, 2023). 

 

Characteristics of the onshore turbine fleets in operation 

The following describes the operational onshore fleets in Denmark and Germany ac-
cording to the distribution by turbine age, turbine manufacturer, turbine type, installed 
capacity and rotor diameter.  

Age distribution 

The following two figures present the age distribution of the operational onshore wind 
turbines in Denmark (Figure 65) and Germany (Figure 66). In Denmark, the age of the 
operational turbines is ranging from 5 days to 44 years with an average at 21 years 
and median at 23 years. Figure 65 illustrates that some age groups are more strongly 
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represented than others, which is related to the varying installations in the individual 
years. As of 31/01/2022,  

▪ 7.0 % of the turbines are 0-5 years,  
▪ 8.8 % between 6-10 years,  
▪ 3.7 % between 11-15 years,  
▪ 8.4 % between 16-20 years,  
▪ 51.4 % between 21-25 years and  
▪ 20.7 % older than 25 years. 

 
Figure 65. Age distribution of the onshore wind turbines in operation in Denmark as of 31/01/2022. 

Based on data from DEA (2022). 

In Germany, the distribution of the turbine age is varying from 2 days to 40 years with 
an average at 14.6 years and median at 14 years. 

 
Figure 66. Age distribution of the onshore wind turbines in operation in Germany as of 30/06/2023. 

Based on data from Bundesnetzagentur (2023). 

The left side of the diagram illustrates that some age groups are more strongly 
represented than others, which is related to the varying installations in the individual 
years.  
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As of 30/06/2023,  

▪ 9.8 % of the turbines are 0-5 years,  
▪ 26.9 % between 6-10 years,  
▪ 15.2 % between 11-15 years,  
▪ 20.4 % between 16-20 years,  
▪ 21.2 % between 21-25 years and  
▪ 6.5 % older than 25 years. 

Distribution by turbine manufacturer 

Furthermore, Figure 67 outlines the distribution of operational onshore wind turbines 
in Denmark (left side) and Germany (right side) by turbine manufacturer. 

In Denmark, mainly Vestas turbines (37.7 %) are in operation, followed by NEG Micon 
(29.2 %) and Bonus (9.9 %). The remaining turbines were manufactured by Siemens 
(5.9 %), Nordex (3.3 %), other manufactures (6.3 %) or, in 7.8 % of the register entries, 
the name of the manufacturer was not given. In Germany, the majority of operational 
onshore wind turbines is from Enercon (42.6 %), followed by Vestas (20.1 %) and 
Nordex (8.5 %). The six manufacturers that have installed the most turbines cover 
85.1 %, of which the first two, Enercon and Vestas, represent the majority. The remain-
ing turbines (14.9 %) were installed by other manufacturers like Repower Systems, 
Siemens Gamesa, AN Windenergie, Tacke or Fuhrländer. 

 
Figure 67. Distribution of the onshore wind turbines in operation in a) Denmark and b) Germany by 

turbine manufacturer. Based on data from DEA (2022), Bundesnetzagentur (2023). 

Both markets are characterised by the fact that the majority of the market is repre-
sented by a few manufacturers, with one manufacturer covering around 40 % of the 
market. Vestas is active in both markets with large market shares, while Enercon has 
a strong presence in Germany but only plays a marginal role in Denmark. In addition, 
it should be noted that some manufacturers no longer exist or are now part of another 
company, e.g. NEG Micon became part of Vestas and AN Windenergie, Bonus, Sen-
vion’s service business, and Siemens belong to Siemens Gamesa. 

Distribution by turbine type 

Building upon this, Figure 68 and Figure 69 show the distribution of operational wind 
turbines in Denmark and Germany per turbine type. 
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Figure 68 presents the number of turbines per turbine type in Denmark, but in order to 
provide a clearer overview, the turbine types with less than 50 turbines in operation 
have been aggregated (grey bars). Accordingly, 22 turbine types with at least 50 oper-
ational turbines each (red bars) represent 68.9 % of the total number of operational 
turbines. Turbine types with a minimum of 10 operational turbines account to 51 turbine 
types and equate to 86.5 % of the operational fleet. In line with Vestas’s large market 
share, also most of the frequently installed turbine types belong to Vestas. The turbine 
type with most operational turbines is the NM 447/750 from NEG Micon, a manufac-
turer that today belongs to Vestas. This is followed by a V47-660 and V44-600 from 
Vestas, illustrating that the three most common operational turbines are below 1 MW 
of installed capacity. 

 
Figure 68. Number of operational onshore wind turbines in Denmark per turbine type. Based on data 

from DEA (2022). 

Figure 69 shows the number of turbines per turbine type in Germany, but again, ag-
gregation of less installed turbines is necessary for a clearer overview.  

 
Figure 69. Number of operational onshore wind turbines in Germany per turbine type. Based on data 

from Bundesnetzagentur (2023). 
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Accordingly, only types with a minimum of 300 operational turbines are displayed (red 
bars) and the types with 101-300 operational turbines (pink bar), with 50-100 opera-
tional turbines (light grey bar) and less than 50 operational turbines (grey bar) have 
been aggregated. There are 23 turbine types installed in Germany with more than 300 
turbines in operation, representing a market coverage of 63.8 %. In addition to that, 
further 33 turbine types operate more than 100 turbines and again additionally, 27 tur-
bine types operate more than 50 turbines. Hence, in total 83 different turbine types 
represent at least 50 operational turbines that correspond to 89.1 % of the market. As 
Enercon has the largest market share in Germany, it is not surprisingly that various 
turbine types from Enercon are frequently installed. According to the market register, 
the Enercon models E-70 E4 2.0 MW, E-66/18.70 and E-101 3.05 MW are the types 
with most operational turbines. 

Distribution by installed capacity 

Moreover, Figure 70 shows the distribution of installed capacity from decommissioning 
(left side) and operation (middle) in Denmark and operation in Germany (right side).4  

 
Figure 70. Number of turbines per installed capacity of the onshore wind turbines from a) decommis-

sioning in Denmark, b) operation in Denmark and c) operation in Germany. Based on data 
from DEA (2022), Bundesnetzagentur (2023). 

The installed capacity per turbine is clustered into ‘up to 250 kW’, ‘251-750 kW’, ‘751-
1,000 kW’, ‘1,001-2,000 kW’, ‘2,001-4,000 kW’ and ‘more than 4 MW’. It becomes ap-
parent that the Danish decommissioning mostly accounts to turbines below 750 kW 
and particularly of turbines below 250 kW. This is in line with the significant number of 
decommissioned turbines outlined in Figure 63. Turbines that are in operation in Den-
mark vary between the different capacity clusters, with 251-750 kW being the most 

                                            
4 The distribution by installed capacity of decommissioned wind turbines in Germany is not shown as 
this information is not comprehensively available (see 6.1.2). 
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common and followed by 2-4 MW turbines. In Germany, most turbines in operation 
range between 251 kW and 4 MW, with 1-4 MW being the most prominent. 

Distribution by rotor diameter 

Finally, Figure 71 presents the distrubution of turbines’ rotor diameters.5 Herefore, the 
rotor diamters are clustered to ‘up to 44 meters’, ’45-72 meters’, ‘73-99 meters’, ‘100-
150 meters’, and ‘more than 150 meters’. Since the rotor diameter also increases with 
increasing installed capacity, the distribution is relatively similar to that shown in Figure 
70. The majority of turbines installed in Denmark have a rotor diameter of less than 44 
meters, while in Germany there is a relatively even distribution between the different 
clusters. Only turbines with a rotor diameter of more than 150 meters are marginally 
represented, which is consistent with Figure 70 and the modest number of operational 
turbines with an installed capacity of more than 4 MW. 

 
 
Figure 71. Number of turbines per rotor diameter of the onshore wind turbines from a) decommissioning 

in Denmark, b) operation in Denmark and c) operation in Germany. Based on data from DEA 
(2022), Bundesnetzagentur (2023). 

In summary, the development of the decommissioned and operational fleets in 
Denmark and Germany demonstrate that the annual quantities fluctuate considerably 
over the years, and that the age of the operational turbines also varies significantly. 
Furthermore, the analysis reveales that in Denmark mostly Vestas turbines with less 
than 750 kW and a rotor diameter of up to 48 meters are installed. In Germany, 
decommissioning could not be characterised due to a lack of comprehensive data, 
while the operating fleet consists mainly of Enercon turbines with an installed capacity 
of 1-4 MW and a rotor diameter of up to 150 meters. 

                                            
5 The distribution by rotor diameter of decommissioned wind turbines in Germany is not shown as this 
information is not comprehensively available (see 6.1.2). 
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6.2.2 Determination of the time of decommissioning 
Following the methodology outlined in 6.1.3.1, first it is assessed whether for Denmark 
and Germany comprehensive market history of their decommissioned and overall in-
stalled onshore wind turbines are present. As outlined in section 6.2.1, this is indeed 
the case, even if the use of multiple sources is therefore required for Germany. 

Figure 72 illustrates the ratios of decommissioned wind turbines over installed onshore 
wind turbines per installation year for the respective markets, together with the corre-
sponding fit of the accumulated Weibull function. 

 
Figure 72. Accumulated Weibull functions representing the ratio between decommissioned and installed 

blade mass from Denmark’s and Germany’s onshore wind turbine fleet, in comparison to a 
20-year lifetime. Based on Kramer et al. (2024, p. 187) and inspired by Abrahamsen et al. 
(2023); data from DEA (2022) and Lüers et al. (2023). 

Fitted accumulated Weibull function for the Danish onshore turbine fleet 

In evaluating whether certain key figures for the Danish onshore fleet (red-marked 
points) should be regarded as outliers and thus excluded from the Weibull fit, it be-
comes evident that some outliers exist when examining the data (Abrahamsen et al., 
2023; Kramer et al., 2024). Namely, those are at the age of 2 years and 17-19 years 
as well as beyond the age of 35 years. It is argued that the data points marked with a 
dashed red line (2, 17-19 years) should be disregarded due to the marginal number of 
installed turbines in these years. Consequently, the ratios are deemed to be highly 
sensitive, resulting in a significant depletion. In addition, according to Abrahamsen et 
al. (2023, p. 11), turbines over 35 years old do not meet the design standards for wind 
turbines, as the turbines were erected earlier. It is therefore concluded that these ratios 

Model Weibull DNK
Lambda 29.79  0.25
k 9.11  0.88
R-Square 0.96

Model Weibull GER 1
Lambda 25.83  0.18
k 7.49  0.34
R-Square 0.99

Model Weibull GER 2
Lambda 25.06  0.12
k 8.71  0.29
R-Square 0.99
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should be disregarded, as the continued operation of museums and similar institutions 
may result in low depletion ratios. In addition, it was tested whether the ratios would 
change greatly, if the ratios are expressed in terms of the number of turbines or the 
installed capacity instead of blade mass. This cannot be confirmed, only the already 
excluded outliers with low installation values change significantly. 

After excluding the outliers, the remaining ratios of decommissioned over installed tur-
bines are fit with the scale parameter λ = 29.79 years ± 0.25 and the shape parameter 
k = 9.11 ± 0.88 of the Weibull function (blue line) (Kramer et al., 2024, p. 187). This is 
in line with the initial study by Abrahamsen et al. (2023, p. 11) who state λ = 30 years 
and k = 10. 

 

Fitted accumulated Weibull function for the German onshore turbine fleet 

For the German onshore turbine fleet, the green-marked points in Figure 72 represent 
the ratios of decommissioned over installed. It becomes evident that Germany’s history 
is shorter than compared to Denmark, and additionally, the available ratios only date 
back to 1995 (Lüers et al., 2023, p. 46). In other words, ratios for the installation years 
of 1983 to 1994 are missing in the dataset. It is therefore not surprising that none of 
the ratios have been fully depleted yet. Currently, the ratios rather level at around 37-
38 % in the years 1995-1997, which would indicate that approximately 62-63 % of the 
turbines, which are currently aged 25-27 years, are still operational (Kramer et al., 
2024, p. 187).  

At this point in time, it is not possible to make an accurate determination as to whether 
these data points should be classified as an outlier in the context of the Weibull fit or 
retained. For instance, it could indicate a flattening trend resulting from the pursuit of 
multiple-year lifetime extensions following the expiration of the original 20-year design 
lifetime. Hence, it could be possible that the German market will behave differently 
than the Danish onshore market. In fact, Germany regulates continued operation be-
yond the planned design life more strictly, which could imply that this is only financially 
viable if the turbine can be operated for several more years (see Figure 33 and Ziegler 
et al., 2018, p. 1265). An alternative explanation is that the data history is not yet suf-
ficiently extensive, and thus the ratios would increase with the availability of a longer 
historical record. In the present analysis, the data points prior to 1998 have been ex-
cluded, resulting in the fit of the Weibull function being based on the ratios for the 
installation years 1998 to 2022. Given the absence of extreme outliers in the data set 
from the early installation years, no further data points are excluded. It is noticeable 
that the German data has a lower level of noise in recent installation years than the 
Danish data, which is to be expected given the larger absolute numbers of installations. 

The fit of the Weibull function (turquoise line in Figure 72) to the kept data points equals 
to the parameters of λ = 25.83 years ± 0.18 and k = 7.49 ± 0.34 (Kramer et al., 2024, 
p. 187). Moreover, a further Weibull function (No. 2, brown line in Figure 72) is fit to 
assess the sensitivity of also including the ratio of 1997 and hence fitting to ratios of 
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1997 to 2022. In this instance, the parameters are represented by λ = 25.10 years ± 
0.12 and k = 8.71 ± 0.29, indicating a somewhat lower scale parameter and slightly 
increased shape parameter (Kramer et al., 2024, p. 187). 

In conclusion, if the decommissioning of the onshore wind turbine fleet were to adhere 
to the derived accumulated Weibull functions of the respective countries, half of the 
Danish fleet would be decommissioned after approximately 29 years, and in Germany, 
after approximately 25 years (Kramer et al., 2024). Moreover, in Denmark 10 % of the 
fleet would be expected to be decommission after 23.3 years and 90 % after 32.7 
years, corresponding to a time span of 9.4 years. For Germany, this time span would 
equal to 9.8 years, with a depletion of 10 % of the fleet after 19.1 years and 90 % after 
28.9 years. It should be noted that the depletion of the fleets in both countries would 
take significantly longer than the commonly applied assumption of decommissioning 
after 20 years of operation (see 6.1.1). 

 

Definition of scenarios for the adjusted accumulated Weibull functions 

In addition, to take account of possible changes in the depletion function in the future, 
two further scenarios are formulated to help visualise potential impacts. Therefore, as 
shown in Figure 73, the scale parameter λ of the determined Weibull functions is ad-
justed to reflect a faster decommissioning in one scenario and a slower depletion in 
the other. 

The findings from Part B on the factors influencing the decision to decommission have 
not signalled any major changes in Denmark. Experts have commented that the num-
ber of decommissioning projects has been low in recent years, partly because there 
have been few new onshore installations. When new installations have taken place, 
they have mostly been on greenfield sites, so no operating turbine had to be decom-
missioned. In light of the aforementioned considerations, the current depletion curve 
(see Figure 72), which anticipates the continued operation of a significant portion of 
the fleet beyond the design life of 20 years, appears to be a realistic projection for the 
future. However, in the future the depletion could further slowdown, for example to be 
represented by a scale parameter of λ = 32 years. For instance, an expert from an 
OEM highlighted the widely untapped potential for a long technical lifespan of the tur-
bine, which lies in the utilisation of the turbine’s sensor data to improve the operation 
and establish predictive maintenance (see 5.2.3.2).  

In contrast, countervailing factors could lead to an overall shorter depletion, for in-
stance expressed with λ = 26 years. For example, some interviewed experts and stud-
ies (e.g. Beauson et al., 2022, p. 7) tend towards a lower expected technical lifetime 
by arguing that manufacturer got closer to design limits. Moreover, could a decommis-
sioning or repowering incentive be introduced by the government, which could promote 
decommissioning instead of continued operation. It is still to be explored to which ex-
tend and direction the various influencing factors will impact the aggregated depletion 
curve. 
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Figure 73. Weibull functions with different scale parameters for a) the Danish onshore fleet and b) the 

German onshore fleet in comparison to the ratios of decommissioned over installed. Data 
from DEA (2022) and Lüers et al. (2023). 

These two outlined trends could also influence the fleet’s depletion curve in Germany 
in one direction or the other. For Germany, limited data history is available and it is not 
yet reflecting installations years that have been fully decommissioned. This leads to 
higher uncertainties for the determination of the Weibull parameters (see Figure 72). 
In particular, as the share of the fleet that considers a lifetime extension is likely not 
fully represented in the data. Therefore, the scenarios reflect a wider spread, one sce-
nario assuming λ = 30 years and the other λ = 22 years. The value of 30 years is 
chosen, as it roughly corresponds to the Danish fleet, where the data and experts in-
dicate a large proportion of continued operation. Examples of factors that could en-
courage continued operation include attractive spot market prices or power purchase 
agreements, and regulatory relief for life extension (e.g. allowing remote sensor-based 
assessment) (see Figure 33). 

The value of 22 years is chosen to envision the effect of further promotion of repower-
ing. The interviewed experts have indicated that, in general, the planned project life-
time is fulfilled prior to repowering and only in instances of very good wind conditions 
an earlier repowering may be considered. Moreover, it is assumed that authorities al-
low a transitional period of a few years before an approval for continued operation 
would otherwise have to be in place. Consequently, the value of 22 could be suitable 
for illustrating the promotion of repowering. However, it should be noted that the value 
depends in particular on the level of the financial incentive for repowering. A financial 
subsidy has not been promised by the German government, but a simplification of the 
permitting processes (e.g. BlmSchG, 1974/2024, § 16b). Moreover, the findings from 
Part B also show that some operators do not consider repowering or the project site is 
not feasible for repowering (e.g. due to legal, technical or economic reasons). For this 
reason, the selected scenario should rather be understood as an extreme scenario in 
order to understand potential impacts.  
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Summary of input parameters for the accumulated Weibull functions 

A summary of the input parameters for calculating the decommissioning quantities, 
expressed in terms of the number of turbines (ndecom(t)) and blade mass (mdecom(t)) is 
given in Table 20. 

Table 20. Overview of input parameters for forecasting annual decommissioning flows. 

 Denmark Germany 

Heuristic 20 years 20 years 
Weibull function λ = 29.79 years; k = 9.11 λ = 25.83 years; k= 7.49 
Adjusted Weibull functions   
a) Earlier decommissioning λ = 26 years; k = 9.11 λ = 22 years; k = 7.49 
b) Continued operation λ = 32 years; k = 9.11 λ = 30 years; k = 7.49 

6.2.3 Determination of the fractions of circular economy pathways 
The fractions of circular economy pathways are defined by four scenarios, the ‘fully 
linear’, ‘fully reuse’, ‘historical reuse’ and ‘current reuse’. These are presented below. 

 

The ‘fully linear’, ‘fully reuse’ and ‘historical reuse’ scenarios 

The ‘fully linear’ and ‘fully reuse’ scenarios are defined as two extreme scenarios. Ac-
cordingly, the ‘fully linear’ scenario disregards the second-hand market and assumes 
𝑓𝑟𝑒𝑢𝑠𝑒 = 0 % and consequently 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒 = 100 %. Such an extreme case is unlikely, as 
historically a significant reuse was observed in Denmark and Germany and none of 
the experts has expressed that they believe that the market would fully disappear going 
forward. However, this scenario has been widely assumed by existing scientific litera-
ture (see 6.1.1). In contrast to the ‘fully linear’ scenario, the ‘fully reuse’ scenario as-
sumes that each wind turbine or blade enters a second lifecycle and therefore sets 
𝑓𝑟𝑒𝑢𝑠𝑒 = 100 % and 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒 = 0 %. It therefore slows down the use of resources and 
changes the geographical destination of the blade mass in the recycling stream. This 
assumption is also unlikely to materialise in the next few years, as it would require a 
more circular turbine design and is therefore not applicable to the already installed 
turbine fleet. However, this scenario is considered to show the potential impact of a 
transition towards a circular economy. Furthermore, the ‘historical reuse’ scenario es-
timates business as usual and therefore applies the historical reuse fractions and cor-
responding export ratios collected in Part B. 

 

Upper limit for the ‘current reuse’ scenario  

In accordance to the methodology outlined in 6.1.3.2, upper and lower limits for the 
‘current reuse’ scenario are defined. Accordingly, the identified influencing factors of 
Part B are compared to the operational wind turbine fleets in Denmark and Germany 
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(see 6.2.1). The results for the upper limit are presented in a funnel diagram consisting 
of four steps to filter the turbine fleet to the fraction that could be in principle feasible 
for a second lifecycle. Figure 74 presents the results for the operational onshore wind 
turbine fleet in Denmark. 

 
Figure 74. Funnel diagram for the upper limit of the reuse fraction of onshore wind turbines in operation 

in Denmark. 

Furthermore, Figure 75 shows the results for the fleet of onshore wind turbines that 
are currently in operation in Germany. 

 
Figure 75. Funnel diagram for the upper limit of the reuse fraction of onshore wind turbines in operation 

in Germany. 

The following section provides a detailed explanation of each step represented in the 
funnel diagrams. 

First condition: Access to spare parts 

First of all, a common factor that is expressed by all stakeholder groups and countries 
is the necessity to access spare parts and service technicians for the operation of sec-
ond-hand turbines. In this context, several experts have mentioned that the most 
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commonly installed turbine types are in demand, as there is still the possibility of locat-
ing spare parts for them. Moreover, there is broader industry knowledge in terms of 
operation and maintenance. Consequently, turbine types that have only a few turbines 
in operation are rarely in demand on the second-hand market. Therefore, the assump-
tion is taken that turbine types with less than 50 operational turbines are likely not 
demanded, accounting for the first step of the funnel diagrams. This also leads to dis-
regarding some of the newer turbine models, as those have not yet surpassed the 
threshold of 50 installations, but will likely do in the next years. This methodology is 
nevertheless deemed acceptable, given that the objective of the analysis is to deter-
mine a reuse fraction, in particular to estimate the annual flows for the next ten years. 
This is a time period in which the newer turbine types are likely to remain operational. 
The results of the filter for Denmark show that 2,882 of the 4,186 turbines (~69 %) are 
kept and ~31 % neglected. This neglected fraction includes the data entries with an 
unknown turbine type (7.8 %, see Figure 68). For Germany, the application of this cri-
terium results to a remaining fleet of ~89 %, hence ~25,306 turbines. If the threshold 
of still existing turbines per turbine type would be lowered to 10 turbines per turbine 
type, the remaining share would account to 87 % for Denmark (see Figure 93 in the 
Appendix D1) and 98 % for Germany. 

Second condition: Access to MRO service 

Secondly, a further measurable influencing factor that was expressed by all stake-
holder groups in both countries is the manufacturer of the turbine. Experts have pointed 
out that OEMs with a long company history, a global service business and from the 
premium segment are particularly favoured. For instance, one expert mentioned that 
Vestas has a service network in Italy and therefore customers from Italy would prefer 
their turbines. In contrast, the experts argue that OEMs that no longer exist or have 
been merged into small OEMs without an internationally known brand are unlikely to 
be in demand, as it is likely to be more difficult for them to find access to qualified 
service technicians. Therefore, in the second step, the funnel assumes that turbines 
from OEMs that have been closed or merged with a small OEM are not in demand on 
the second-hand market. For Denmark, this results to the same order of magnitude of 
remaining turbines (~69 %) and for Germany to ~86 %, also see Figure 67 in 6.2.1. 

Third condition: Grid compliance 

Thirdly, a common influencing factor that emerged from the interviews is the turbine’s 
compliance with grid code requirements of the respective country. Accordingly, passive 
stall-regulated turbines (see 2.1) are in most countries not allowed to install and are 
therefore neglected for the second-hand market. The type of control system seems to 
be particularly relevant for the export of second-hand turbines to Ireland, as it is tech-
nically not possible to downregulate stall-regulated turbines. However, this appears to 
be a common approach for pitch-regulated turbines in order to qualify for the Irish sub-
sidies that apply to small-scale wind energy production. Despite the taken assumption 
to neglect stall-regulated turbines, it should be noted that the grid code requirements 
vary across countries. Countries which have a minor share of variable renewables in 
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their energy system might still allow the reinstallation of stall-regulated turbines. On 
that note, stall-regulated turbines are known for being robust, relatively cheap and easy 
to operate (Garcia-Sanz et al., 2011, p. 164). As a result, experts have reported that 
they were exporting some of these turbines at the start of the second-hand market. In 
addition, one expert mentioned that buyers from Kazakhstan, for example, are inter-
ested in low-maintenance and robust turbines. Nevertheless, it seems still suitable to 
neglect stall-regulated turbines as those were usually the ones from the first genera-
tions and are likely also not meeting environmental standards anymore. 

For the calculation of the share of stall-regulated turbines from Denmark and Germany, 
it was necessary to add the relevant data, as the market registers lack this information. 
Consequently, publicly accessible data on the technical specifications of the remaining 
turbine types were investigated and added. The application of the third filter results in 
a remainder, comprising ~37 % of the Danish turbine fleet and ~82 % of the German 
fleet. For comparison, the analysis of Denmark’s fleet with a threshold of at least 10 
turbines per turbine type would result to ~45 %. 

Forth condition: No lightning strike 

The last step of the funnel acknowledges that turbines and their blades that are hit by 
a lightning strike and burnt are not going to enter any second lifecycle and are therefore 
disregarded. No actual market data for Denmark, nor for Germany is available, how-
ever a common used assumption in scientific literature is a failure rate of blades in 
operation of ~2 % (Heng et al., 2021, p. 61; Lichtenegger et al., 2020, p. 122; Liu & 
Barlow, 2017, p. 237). This is in line with the track record of I10, who reported the 
decommissioning of ~2-3 % of burnt turbines in Germany. 

Conclusion 

In conclusion, for Denmark ~40 % of the turbines in operation are deemed to be po-
tentially eligible for the second-hand market and for Germany ~80 %. This is under-
stood as an order of magnitude for the upper limit of current reuse flows, as a second 
lifecycle of a turbine and its blades depends on several further factors. 

 

Lower limit for the ‘current reuse’ scenario  

The lower limit for the ‘current reuse’ scenario therefore takes additional factors into 
consideration that impact the technical and economic feasibility of a second lifecycle 
pathway. Accordingly, the remaining technical life and the transport costs, as two 
prominent influencing factors, are discussed to set a lower level of the reuse fraction 
in Denmark and Germany (see 5.2.3.2). It should be noted, however, that for many 
factors, data is not available for Denmark and Germany, and further research is there-
fore needed to collect the data systematically. For example, the market registers do 
not provide any information on the type of tower, i.e. concrete, hybrid or steel, but this 
was identified as a factor that could influence the likelihood of a second lifecycle. 
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Remaining technical life 

The remaining technical life at the time of decommissioning is a key factor in assessing 
the technical and economic feasibility of a second lifecycle. As 6.2.2 outlined, the time 
of decommissioning varies and consequently the age of the turbine at the time of de-
commissioning. Based on historical data, the depletion of the Danish turbine fleet is 
characterised by 10 % of the fleet being decommissioned after 23.3 years, 50 % after 
29 years and 90 % after 32.2 years. For Germany, the current data results to a deple-
tion of 10 % after 19.1 years, 50 % after 25 years and 90 % after 28.9 years. Conse-
quently, a major proportion of the fleets is estimated to be decommissioned beyond 
surpassing the design life of 20 years, in particular for Denmark. The experts commonly 
agreed that the threshold of 20 years does not impact the likelihood of selling a second-
hand turbine. To date, comprehensive data on the remaining technical life at the time 
of decommissioning is only rarely available for some turbines, ranging at an overall 
technical life of 22.6-40 years for different turbine types (8.2 Group, 2021). However, 
this data does not include data on the newer turbine generations, as these turbines do 
not yet have a long enough history. Moreover, the technical life is not only impacted by 
the turbine design, but amongst others depends on the wind conditions at the site, the 
maintenance strategy or latest replacements of components (see Figure 33). In addi-
tion, research on refurbishment and remanufacturing of turbines is rare (see 2.4) and 
it is to be seen how the refurbishment and remanufacturing of turbines can increase 
the overall technical life of the turbine. This demonstrates that defining a limit value for 
the reuse fraction is only feasible to a limited extent on the basis of currently available 
information. 

Transport costs 

Furthermore, experts frequently highlighted the rising transportation costs associated 
with the growing size and weight of the turbines, which could impede the possibility of 
a second lifecycle. In this light, it seems useful to cluster whether the blade length 
surpassed 20.75 meters or 35 meters. The threshold of 20.75 meter is chosen because 
transport up to this length is not classified as special transport (in German called “Lang-
transporte”) (StVO, 2013/2024, § 22 (4)).6 The expert I2 adds to this, by stating that up 
to a length of 12 meters, thus at turbines with an installed capacity of approximately 
200 kW, transport is possible with standard trucks and does not involve any transport 
permissions. For blade length of over 20.75 m, special transport is required, which in-
cludes transport permits and a restriction of the permissible times (StVO, 2013/2024, 
§ 29 (3); BWE). Furthermore, transport costs increase significantly if a component ex-
ceeds the structure gauge (in German called “Lichtraumprofil”), which defines the 
standard dimensions of roads (including bridges and tunnels) in most European coun-
tries such as Germany (StVZO, 2012/2024, § 32). Accordingly, on roads a maximum 
width of 2.55 m (in special circumstances 2.6 m) and a height of 4.00 m (or 4.50 m in 
some areas) is given. A turbine blade of approximately over 35 m exceeds the 
                                            
6 The current law is used as a reference. However, some company websites mention the possibility to 
extend the 20.75 meters by additional 2 meters (Arnold Schwerlast). 
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maximum height, which leads to a restriction of the possible transport routes and pos-
sibly requires the use of special lifting devices for passing under bridges (BWE).  

With reference to the outcome of the upper limits of ~36 % of turbines in Denmark (see 
Figure 74) and ~82 % of turbines in Germany (see Figure 75), the fractions can be 
reduced, depending on what length of blade is assumed to still be economically trans-
portable. This can therefore support the determination of a lower limit of the current 
reuse fraction in the respective countries. In this light, Table 21 shows the reduction of 
the upper reuse levels for the Danish and German turbine fleets in accordance to cer-
tain thresholds of rotor blades lengths.7 Accordingly, the application of this filter has a 
particular impact on the German operational fleet, which is characterised by greater 
blade lengths than the Danish fleet (see Figure 71). 

Table 21. Determination of lower limits for the ‘current reuse’ scenario. 

Rotor blade length Reduction of Denmark’s 
upper limit of ~36 % 

Reduction of Germany’s 
upper limit of ~82 % 

Up to 20.75 m ~11 % ~7 % 

Up to 35 m ~25 % ~32 % 

Up to 45 m ~28 % ~56 % 

A possible assumption for the determination of the lower limit for the ‘current reuse’ 
scenario could be to only consider turbines up to a blade length of 35 meters. Hence, 
transportation remains within the structural gauge. In this case, the upper limit of the 
expected reuse shares is reduced in Denmark to ~25 % and in Germany to ~32 %. 
Nevertheless, further research on a suitable threshold value is required. For instance, 
an expert has reported that enquiries have already been received for turbines with 
larger blade lengths (e.g. V89, V90), although these are currently only rarely being 
decommissioned. It is therefore important to note, that to date mostly turbines below 2 
MW of installed capacity and blades below 35 meters have been decommissioned and 
hence it is still to be seen how the market evolves. 

Conclusion 

Based on the discussion of remaining technical life and transport costs, it shows that 
further research about the various influencing factors is required. However, it does 
provide a first insight on the potential impact of identified influencing factors such as 
transport costs. The feasibility of a second lifecycle defined on the above thresholds of 
blade lengths has a larger impact on the operational fleet of Germany. In addition, the 
fitted Weibull function for Denmark reveals a longer depletion that may indicate a larger 
impact for the technical feasibility of second lifecycle. As an initial order of magnitude, 
the lower limit of the ‘current reuse’ scenario is set to ~20 % for Denmark and to ~30 % 

                                            
7 In the case the threshold of 10 turbines per turbine types is applied, then the values change slightly to 
~12 % for up to 20.75 m, ~28 % for up to 35 m, and ~31 % for up to 45 m. 
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for Germany. This leads to a wider spread for the upper and lower level of current 
reuse flows and therefore acknowledges the current uncertainties.  

 

Summary 

A summary of the scenarios for 𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) for calculating the expected annual number 
of decommissioned onshore turbines for a second lifecycle (𝑛𝑟𝑒𝑢𝑠𝑒(𝑡)) is provided in 
Table 22. Moreover, the resulting 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) is shown in Table 22, which is the basis 
for calculating the expected annual recycling flows (𝑚𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡)). 

Table 22. Overview of input parameters for forecasting annual second-lifecycle and recycling flows. 

Scenario Denmark Germany 

 𝒇𝒓𝒆𝒖𝒔𝒆(𝒕) 𝒇𝒓𝒆𝒄𝒚𝒄𝒍𝒆(𝒕) 𝒇𝒓𝒆𝒖𝒔𝒆(𝒕) 𝒇𝒓𝒆𝒄𝒚𝒄𝒍𝒆(𝒕) 
Fully linear scenario 0 % 100 % 0 % 100 % 
Fully reuse scenario 100 % 0 % 100 % 0 % 
Historical reuse scenario 60 % 40 % 50 % 50 % 
Upper limit of current reuse 40 % 60 % 80 % 20 % 
Lower limit of current reuse 20 % 80 % 30 % 70 % 

6.2.4 Forecasts of annual decommissioning quantities 
This chapter presents the results of the expected annual decommissioning from on-
shore wind turbines in Denmark and Germany and thus provides a key basis for the 
long-term capacity planning of companies involved in the decommissioning and disas-
sembly at the project site. The annual decommissioning quantities are calculated 
through the application of the derived input parameters (Table 20) to the Eq. (3) and 
Eq. (4) (see 6.1.3). The results for the overall depletion are presented, first for Denmark 
and then for Germany, with a particular focus on the next ten years. This time horizon 
is appropriate for long-term planning as predictions with a longer time horizon are sub-
ject to greater uncertainty. It is important to note that only current installations are in-
cluded in the analysis, and not additional turbines that are planned for installation. This 
also explains the reduction of the decommissioning flows to zero by 2065 the latest. 

 

Annual decommissioning quantities in Denmark 

Figure 76 shows the annual expected decommissioning flows from the installed on-
shore fleet in Denmark in the unit of blade mass (𝑚𝑑𝑒𝑐𝑜𝑚(𝑡)) and as such the depletion 
of in total 57,915.7 tonnes. Moreover, the annual expected number of decommissioned 
turbines (𝑛𝑑𝑒𝑐𝑜𝑚(𝑡)) of in total 7,381 turbines is displayed in Figure 77. The results of 
the decommissioning flows according to the Weibull function (λ = 29.79, k = 9.11, blue 
line), which considers the historical ratios of decommissioning to installed, are com-
pared with the two adjusted Weibull functions. One adjusted Weibull function assumes 
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an earlier decommissioning of the installed turbines (λ = 26, blue-dotted line) and the 
other a later decommissioning (λ = 32, blue-dashed line). These results are compared 
to actual decommissioning numbers (dark blue line), the 20-year heuristic (pink-
dashed line) and to the one existing Danish study by Abrahamsen et al. (2023, orange-
dashed line). The aforementioned study shows the decommissioned blade mass and 
is thus only considered in Figure 76. 

Estimated annual decommissioning blade mass in Denmark 

The developed decommissioning model forecasts that the annual blade mass from the 
depletion of the installed onshore wind turbine fleet from Denmark is expected to range 
between ~950 and ~1,900 tonnes in the next ten years (see Figure 76, Kramer et al., 
2024, p. 188). From 2022 onwards, blade mass is expected to increase gradually to 
peal at an annual rate of ~1,900 tonnes in 2028 and 2029. This is expected to be 
followed by a decline in the annual decommissioning mass until 2035 to ~1,050 tonnes 
and a further increase in blade mass until 2044. In the case of the Weibull function, 
which was adjusted to represent a shorter timespan for decommissioning the turbine 
fleet, the annual rate is expected to vary between ~900 and ~2,000 tonnes. In contrast, 
the function that assumes a longer timespan forecasts ~700 to ~1,900 tonnes over the 
next ten years. Moreover, it is observed that none of the decommissioning flows based 
on a Weibull function fluctuate as much as the ’20-year heuristic’, which is unsurprising 
given that the heuristic follows the highly fluctuating installation rates, only shifted by 
20 years. Furthermore, Abrahamsen et al. (2023) employed similar parameters in their 
accumulated Weibull function, resulting in comparable annual decommissioning flows. 

 
Figure 76. Expected annual decommissioning blade mass of installed onshore wind turbines in Den-

mark, in comparison to a 20-year heuristic, Abrahamsen et al. (2023) and actual decommis-
sioning. Data based on DEA (2022). 
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Estimated annual number of decommissioned turbines in Denmark 

For the decommissioning volumes expressed in number of turbines, Figure 77 pre-
sents the results of the application of the accumulated Weibull functions to the Danish 
fleet. As with the annual blade masses, the volumes of the Weibull functions are not 
fluctuating as greatly as the 20-year heuristic. The blue line in the chart indicates that 
the annual rate of decommissioning is expected to oscillate between 215 and 326 tur-
bines over the next ten years. The volumes slightly shift into earlier years for the ad-
justed blue-dotted Weibull function (λ = 26) and hence forecast a range of 285-350 
turbines annually in the next five years, followed by a gradual decline to 54 turbines in 
2031. Finally, the blue-dashed Weibull function that assumes a longer timespan for the 
depletion of the fleet (λ = 32), estimates that annual decommissioning accounts to 290-
315 turbines per year in the next ten years. 

 
Figure 77. Expected annual decommissioning of installed onshore wind turbines in Denmark, in com-

parison to a 20-year heuristic and actual decommissioning. Data based on DEA (2022). 

Evaluation 

In regard to the accuracy of the models, the mean absolute error (MAE) of each pre-
diction model is calculated for the time period of 1999-2021, as actual decommission-
ing values are available for these years. The MAE for each prediction model is shown 
in Figure 78. A comparison of the metrics reveals that the commonly applied ‘20-year 
heuristic’ is the most unfavourable method for estimating annual blade mass and the 
number of decommissioned turbines. The MAE of the ’20-year heuristic’ is three times 
as high as that of the other methods. Accordingly, the average prediction error of the 
‘20-year heuristic’ is 641 tonnes. In contrast, the predictions from the fitted Weibull 
functions (i.e. the dark grey bar and the white-grey striped bar) are, on average, 203-
204 tonnes off, while the adjusted Weibull functions are, on average, 215 tonnes (for 
a longer depletion) and 246 tonnes (for a shorter depletion) off.  
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With regard to the projection of the annual number of decommissioning, the MAEs of 
the methods are more closely aligned with one another. However, the ’20-year heuris-
tic’ remains to show a notable inaccuracy, with an average prediction error of 243 tur-
bines, approximately 1.5 times greater than the other methods. It is unsurprising that 
the models' performance still exhibits relatively large discrepancies compared to the 
actual values, particularly with regard to the number of turbines, given that an excep-
tionally high number of turbines were decommissioned in 2002 (see Figure 77). 

 
Figure 78. Overview of the MAE of each prediction model estimating annual decommissioning in blade 

mass (above) and number of turbines (below) for the Danish onshore wind turbine fleet. 

Furthermore, comparing the historical development of the different predictions of Fi-
gure 76 and Figure 77 to the development of the actual decommissioning (dark blue 
line), it again shows that the Weibull functions predict the historical values more accu-
rately than the heuristic. For example, it can be observed that the annual blade masses 
of the heuristics deviate significantly from 2016 onwards, which also the findings from 
Abrahamsen et al. (2023, p. 15, see Figure 76) confirm. It demonstrates that a signifi-
cant proportion of the Danish onshore fleet is operated beyond the turbine’s design 
lifetime of 20 years. 

 

Annual decommissioning quantities in Germany 

The results of the annual decommissioning flows from the German onshore fleet are 
shown for the estimated blade mass in Figure 79 and for the number of turbines in 
Figure 80. The figures present the results according to the Weibull function (λ = 25.83, 
k = 7.49, green line), which considers the historical ratios of decommissioning to in-
stalled, and moreover of two adjusted Weibull functions. One adjusted Weibull function 
assumes an earlier decommissioning of the turbine fleet (λ = 22, green-dotted line) and 
the other a later decommissioning (λ = 30, green-dashed line). These results are com-
pared to actual decommissioning numbers (dark blue line), the 20-year heuristic (pink-
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dashed line) and to the studies by Pehlken et al. (2017, orange-dashed line) and Kühne 
et al. (2022, purple-dotted line). Existing literature shows estimated blade waste, but 
as they neglect a second lifecycle, it is equivalent to the decommissioned blade mass 
and is thus employed for comparison. These studies are based on blade mass and are 
therefore only considered in Figure 79. 

Estimated annual decommissioning blade mass in Germany 

The annual expected blade mass (Figure 79), which totals to 738,718.6 tonnes, fluc-
tuates less annually for the Weibull-function-based predictions than it does for the ‘20-
year heuristic’ and the models by Pehlken et al. (2017) and Kuehne et al. (2022) (Kra-
mer et al., 2024, p. 188). Moreover, the flows of the Weibull functions range over a 
wider period of time than the aforementioned studies. A gradually increasing annual 
rate is forecasted, that would peak for the Weibull function in 2041 with ~42,100 tonnes 
of blade mass. When focusing on the subsequent ten-year period (2024-2033), it is 
observed that the annual decommissioning rate rises from 10,770 tonnes to 23,970 
tonnes. The peak in the forecasts of the adjusted Weibull functions would be reached 
4 years earlier in 2037 (~45,400 tonnes) and 4 years later in 2045 (~39,000 tonnes). 
In contrast, the ‘20-year heuristic’ and the models proposed by Pehlken et al. (2017) 
and Kuehne et al. (2022) represent the highly fluctuating annual installation rates with 
a 20-year delay. With the exception of the Kuehne et al. (2022) model as it shows a 
significant peak in 2021. They assume that all turbines exceeding 20 years of age are 
decommissioned at the inception of the prediction period. 

 
Figure 79. Expected annual decommissioning blade mass of installed onshore wind turbines in Ger-

many, in comparison to a 20-year heuristic, existing studies (Kühne et al., 2022; Pehlken et 
al., 2017) and actual decommissioning (Deutsche WindGuard, 2023; 2024). Data based on 
Bundesnetzagentur (2023). 

Estimated annual number of decommissioned turbines in Germany 

Furthermore, Figure 80 illustrated the annual depletion of the 28,611 turbines. As with 
the annual blade masses, the annual number of turbines derived from the Weibull 
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functions are less volatile than the ‘20-year heuristic’. The Weibull function (green line) 
expresses that the annual decommissioning is expected to range between 929 and 
1,198 turbines. The volumes slightly shift into earlier years for the adjusted green-dot-
ted Weibull function (λ = 22) and thus forecast a range of 1,005 to 1,250 turbines for 
the next ten years. Finally, the green-dashed Weibull function that assumes a longer 
timespan for the fleet’s depletion (λ = 30), estimates a range of 517 to 1,162 turbines. 
In particular, in the next three years of the forecast, 2024-2026, the three Weibull func-
tions predict differently to a scale of 500-700 turbines. This difference then gradually 
decreases to 100-200 turbines in the remaining years of the 10-year planning period. 
To further illustrate this point, the annual rate from 2024-2028 ranges between 520-
1,250 turbines for all three Weibull functions, and from 2029-2033 they level off at 
1,000-1,200 turbines. 

 
Figure 80. Expected annual decommissioning of installed onshore wind turbines in Germany, in com-

parison to a 20-year heuristic and actual decommissioning (Deutsche WindGuard, 2023; 
2024). Data based on Bundesnetzagentur (2023). 

Evaluation 

The accuracy of the models is evaluated through the calculation of MAE on the basis 
of the years from 2000 to 2023, as the actual decommissioning values for those years 
are available. An overview of the MAEs is given in Figure 81. A comparison of the 
metrics reveals that the commonly applied ‘20-year heuristic’ and, correspondingly, the 
predictions by the Federal Environmental Agency (Kühne et al., 2022) and Pehlken et 
al. (2017) are the least favourable methods for estimating annual blade mass and the 
number of decommissioned turbines. The MAEs of these methods (3,441-3,686 
tonnes) are almost three times as high for estimating annual decommissioning mass 
as that of the fitted Weibull function (1,323 tonnes). The most accurate model perfor-
mance is achieved by utilising an adjusted Weibull function (λ = 30), which incorpo-
rates a longer time span for depletion, comparable to that observed in the Danish data. 
This model hence has an average prediction error of 917 tonnes. In contrast, assuming 
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a shorter depletion with a scale parameter of 22 in the Weibull function, results to al-
most doubling the MAE in contrast to the original Weibull function. The observed in-
crease in MAE may indicate that this scenario can more be treated as an extreme case 
to envision potential market changes, as stated in 6.2.2. In this respect, it is not accu-
rately reflecting the historical dynamics of the market.  

With regard to the projection of the annual number of decommissioning, the ranking 
according to the MAEs of the methods does not change. The ‘20-year heuristic’ re-
mains the method with the highest MAE (319 turbines) and the adjusted Weibull func-
tion (λ = 30), the most accurate (117 turbines). The prediction from the fitted Weibull 
functions (i.e. the dark grey bar) is, on average, by 158 turbines off, while the adjusted 
Weibull function (λ = 22) is, on average, 216 turbines off. 

 
Figure 81. Overview of the MAE of each prediction model estimating annual decommissioning in blade 

mass (above) and number of turbines (below) for the German onshore wind turbine fleet. 

A visual comparison of the forecast models to the actual values (Figure 79 and Figure 
80) confirms that a large fraction of the onshore fleet in Germany is not decommis-
sioned after 20 years, as the actual values significantly deviate since 2017 in terms of 
absolute number of turbines and since 2019 in terms of blade mass. This finding is in 
line with the results for the Danish onshore fleet. Moreover, it is notable that in the last 
five years (2019-2023), the adjusted Weibull function (λ = 30) closely corresponds to 
the actual historical development. This could indeed hint towards a large fraction of the 
fleet pursuing a continued operation beyond the design lifetime of the turbine, amongst 
others due an increased spot market prices since 2021 (Netztransparenz, 2023). Fur-
thermore, the results suggest for the Danish models a more sensitive response to 
changes than for the German models, due to the smaller number of turbines installed 
in Denmark. Therefore, single wind farms have a larger impact than it is the case for 
the German market.  
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Long-term capacity planning by decommissioning companies 

The results presented can be used as an input for the long-term capacity planning by 
decommissioning companies and their subcontractors. Since no data on currently 
available capacities are available for either Denmark or Germany, it is not possible to 
assess whether the currently available market capacity will be sufficient in the future. 
Nevertheless, the experts interviewed did provide brief information on their company’s 
capacity and of the overall market.  

In the peak years of decommissioning around 2002 in Denmark, experts reported that 
they had to turn down projects due to a lack of capacity. This is not surprisingly given 
the exponential jump in the number of projects (see Figure 77). In this context, a close 
monitoring of the current regulatory and market environment can be used to supple-
ment the provided forecasts accordingly. In the case of no extraordinary event (e.g. 
introduction of a decommissioning incentive), the annual flow models show that no 
extreme outliers are expected, neither for Denmark, nor for Germany.  

However, when looking at the annual blade mass in Denmark, two peaks exist and in 
the next 20-year timespan annual quantities increase to almost 2,000 tonnes, followed 
by a decline to 1,000 tonnes and again an increase to more than 2,000 tonnes. As the 
turbine sizes and the blade mass per turbine continuously increase, this fluctuation is 
not estimated for the annual number of turbines, but instead a continuous decline from 
2031. In recent years annual decommissioning quantities were low in Denmark and 
the Danish experts confirmed that their companies still had available capacity. Moreo-
ver, larger recycling companies have entered the decommissioning market in the last 
years, which indicates that sufficient capacity is available. In conclusion, as no sharp 
increase in annual decommissioning for onshore wind turbines is expected in the next 
years in Denmark, the current market situation for decommissioning companies is not 
expected to significantly change.  

For Germany, experts reported that decommissioning quantities were relatively low in 
the past but increased notably in 2023. When looking at the estimated annual flows, 
the sharp increase as originally forecasted by the 20-year heuristic did not materialise. 
However, also in the Weibull models a significant increase to more than 1,000 turbines 
annually is estimated over the next ten years. Hence, more than twice as much as the 
highest historical value of 423 turbines in 2023 (Deutsche WindGuard, 2024). One of 
the experts reported that they had to turn down projects in the beginning of 2024, but 
partially also due to the fact that some operators demanded on relative short notice. In 
addition, some of the experts who subcontract crane companies reported that securing 
access to crane capacities is becoming increasingly important. In this context, chapter 
6.3.1 discusses the scaling of decommissioning services and infrastructure. On that 
note, the developed annual flow models could be further detailed for more specific 
capacity planning, e.g. with regard to the required crane sizes and corresponding 
threshold values for economic feasibility.  
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6.2.5 Forecasts of annual second-lifecycle quantities 
This chapter presents the results of the expected annual flows for a second lifecycle 
from the decommissioned onshore wind turbines from Denmark and Germany and 
thus provides a key basis for the long-term capacity planning of involved supply chain 
actors (e.g. logistic companies, refurbishment companies). The annual second-lifecy-
cle quantities are derived in accordance to the application of the input parameters from 
Table 22 to the Eq. (5) (see 6.1.3). The annual results for each country's turbine fleet 
are presented below, with a focus on a ten-year planning horizon, recognising that 
forecasting uncertainties increase with time. 

 

Annual second-lifecycle quantities in Denmark 

Figure 82 shows the estimated annual number of decommissioned turbines and their 
blades from Denmark that are expected to enter a second lifecycle. This is based on 
the fitted Weibull function as this model has the lowest MAE. There are no statistics on 
the actual numbers, nor are there any scientific studies available for comparison. 

 
Figure 82. Expected annual second-lifecycle quantities of installed onshore wind turbines in Denmark 

in accordance to fitted Weibull function (ʎ=29.79, k=9.11). Data based on DEA (2022). 

In the context of all currently installed onshore turbines, the ‘fully reuse’ scenario 
(𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) = 100 %, light grey dotted line) amounts to 7,381 onshore wind turbines and 
thus equals to the annual decommissioning quantities (see 6.2.4). In contrast, the ‘fully 
linear’ scenario (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) = 0 %, light grey dashed line) would result to 0 turbines en-
tering the second-hand market, as it neglects the occurrence of a second lifecycle. In 
the ‘historical reuse’ scenario (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) = 60 %, blue line), 4,429 turbines of the total 
installed turbines would be exported for a second lifecycle at a new project site. Lastly, 
in the ‘current reuse’ scenario (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) = 20-40 %, black lines), a lower share of the 
second-hand market is assumed, with a total of 1,476-2,952 turbines.  
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In order to provide a basis for the long-term capacity planning by the actors in the 
second-lifecycle supply chain, the expected annual flows for the next ten years accord-
ing to the scenarios range are as summarised in Table 23: 

Table 23. Range of second-lifecycle quantities of installed onshore wind turbines in Denmark between 
2022-2031. Based on fitted Weibull function (ʎ=29.79, k=9.11), data based on DEA (2022). 

‘Fully reuse’ scenario ~215-326 turbines p.a. 
‘Current reuse’ scenario  
▪ Upper reuse limit ~86-130 turbines p.a. 
▪ Lower reuse limit ~43-65 turbines p.a. 
‘Historical reuse’ scenario ~129-196 turbines p.a. 
‘Fully linear’ scenario 0 turbines p.a. 

In case the fleet’s depletion behaviour changes in the future, the adjusted Weibull func-
tions illustrate the potential impact on the expected second-lifecycle quantities. For 
example, in the case of shorter depletion (Figure 94 in Appendix D2), ~11-140 turbines 
(‘current reuse’ scenario) and ~32-210 turbines (‘historical reuse’ scenario) are ex-
pected to enter the second-hand market annually over the next ten years. In contrast, 
in the case of a longer depletion (Figure 95 in Appendix D2), the annual number of 
second-lifecycle turbines is estimated to range between ~58-126 turbines (‘current re-
use’ scenario) and ~175-189 turbines (‘historical reuse’ scenario). 

 

Annual second-lifecycle quantities in Germany 

Furthermore, the following presents the results for the estimated second-lifecycle flows 
from the decommissioned onshore wind turbines in Germany. Similarly to Denmark, 
there is no study for Germany that forecasts the number of decommissioned turbines 
entering a second lifecycle. Nevertheless, the various scenarios and adjusted Weibull 
functions offer the possibility to compare annual flows under different assumptions. 

The total number of installed turbines expected to enter the second-hand market varies 
between 0 and 28,611 turbines, depending on the scenario. The highest share ac-
counts to the ‘fully reuse’ scenario (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) = 100 %, light grey dotted line), as it as-
sumes that every decommissioned turbine would have a second lifecycle. In contrast, 
the ‘fully linear’ scenario (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) = 0 %, light grey dashed line) would result to 0 tur-
bines, as it neglects any second lifecycle pathway. Furthermore, the ‘historical reuse’ 
scenario (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) = 50 %, green line) estimates 14,406 second-lifecycle turbines, 
while the ‘current reuse’ scenario (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡) = 30 %, 80 %, black lines) estimates 8,583-
22,889 turbines. 
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Figure 83 presents the annual second-lifecycle flows that are based on the fitted 
Weibull function.  

 
Figure 83. Expected annual second-lifecycle quantities of installed onshore wind turbines in Germany, 

in accordance to the fitted Weibull function (ʎ=25.83, k=7.49). Data based on Bundesnet-
zagentur (2023). 

Furthermore, Figure 84 illustrates the outcomes of the scenarios based on the adjusted 
Weibull function, assuming a longer period of depletion (Figure 48), as this model has 
shown the lowest MAE (see 6.2.4). 

 
Figure 84. Expected annual second-lifecycle quantities of installed onshore wind turbines in Germany, 

in accordance to the adjusted Weibull function (ʎ=30). Data based on Bundesnetzagentur 
(2023). 

To further illustrate the results, the following Table 24 outlines the projected annual 
flows over the next ten years. It shows that the annual flows change slightly depending 
on which Weibull function is considered. This can suit as a basis for the capacity plan-
ning of companies active in handling second-lifecycle turbines from Germany. 
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Table 24. Range of second-lifecycle quantities of installed onshore wind turbines in Germany between 
2024-2033. Data based on Bundesnetzagentur (2023). 

Scenarios Weibull function 
(λ = 25.83 years, k = 7.49) 

Adjusted Weibull function 
(λ = 30 years, k = 7.49) 

‘Fully reuse’ scenario ~929-1,198 turbines p.a. ~516-1,162 turbines p.a. 
‘Current reuse’ scenario   
▪ Upper reuse limit ~743-958 turbines p.a. ~413-930 turbines p.a. 
▪ Lower reuse limit ~279-359 turbines p.a. ~155-349 turbines p.a. 
‘Historical reuse’ scenario ~465-599 turbines p.a. ~258-581 turbines p.a. 
‘Fully linear’ scenario 0 turbines p.a. 0 turbines p.a. 

In the case of a shorter time span of the fleet’s depletion (Figure 96 in Appendix D2), 
this again would change the annually rates, for instance in the scenario that assumes 
the historical reuse fraction of 50 % it would result to ~503-625 turbines annually. In 
the scenario of current second-lifecycle flows the annual rate is estimated between 
~302-375 turbines (lower limit) and ~804-1,000 turbines (upper limit) over the next ten 
years. Therefore, in comparison to the above outlined annual flows, the annual flows 
would be larger.  

 

Long-term capacity planning by companies handling second-lifecycle turbines 

The presented results can be used for the long-term capacity planning by companies 
involved in the second-hand market, for instance by decommissioning companies who 
offer the handling of second-hand turbines, logistic companies or refurbishment com-
panies. For future developments, it is likely to be more difficult for the existing players 
to maintain or increase the historical reuse rate of 50-60 %, as the absolute number of 
turbines increases and handling becomes more complex with increasing turbine sizes. 
Therefore, activities such as the development of new second-hand markets and sim-
plification of handling processes are required to enable the scaling of second-lifecycle 
supply chains for the reinstallation of turbines.  

At this stage, it is not possible to conduct a comprehensive evaluation of the current 
and required capacity of each supply chain actor (e.g. refurbishment company, logis-
tics company) as information are not available. Nevertheless, further research could 
build on the findings of this study and focus on specific actors in the second-lifecycle 
supply chain. In this context, chapter 6.3.1 outlines the involved services and infra-
structure in second-lifecycle supply chains. The developed annual flow models could 
be further refined for more granular capacity planning and the assessment of economic 
viability thresholds, for example with regard to the refurbishment of certain turbine 
types. 
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6.2.6 Forecasts of annual recycling quantities 
This chapter presents the annual recycling blade mass for the Danish and German 
onshore wind turbine fleet as a key basis for the long-term capacity planning of the 
recycling industry. The annual expected blade mass of the scenarios is derived through 
the application of the parameters from Table 22 to the Eq. (6). The rationale behind 
presenting the results for overall depletion with a particular focus on the next ten years 
is also applicable here. In addition, the findings are put into context with the annual 
tonnages required for an economically viable blade recycling facility.  

 

Annual recycling quantities in Denmark 

Figure 85 illustrates the expected annual blade mass flows from decommissioned on-
shore wind turbines in Denmark that are anticipated to be routed to domestic recycling. 
This is based on the fitted Weibull function since this model has the lowest MAE. The 
results of the adjusted Weibull functions can moreover be found in Appendix D2. The 
results are compared to the commonly applied 20-year heuristic (pink dashed line) and 
to Abrahamsen et al. (2023, orange dashed line). A comparison with actual blade re-
cycling statistics or more generally with blade end-of-life statistics is not possible as 
these are not available. 

 
Figure 85. Expected annual recycling blade mass of installed onshore wind turbines in Denmark in ac-

cordance to fitted Weibull function (ʎ=29.79, k=9.11), in comparison to a 20-year heuristic 
and Abrahamsen et al. (2023). Data based on DEA (2022). 

The ‘fully reuse’ scenario (𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) = 0 %, light grey dotted line) results in 0 tonnes of 
blade mass for domestic recycling as it assumes a second lifecycle of the turbines and 
their blades abroad. In contrast, the extreme scenario, the ‘fully linear’ scenario 
(𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) = 100 %, light grey dashed line) equals to the annual decommissioning vol-
umes (see 6.2.4) as it neglects the occurrence of a second lifecycle abroad. In the 
‘historical reuse’ scenario (𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) = 40 %, blue line), 23,258.8 tonnes of the total 
installed blade mass of 58,147.0 tonnes would remain in Denmark and hence could 
enter domestic recycling. And finally, in the ‘current reuse’ scenario (𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) = 60 %, 
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80 %, black lines) the blade mass for domestic recycling equals to 34,888.2-46,517.6 
tonnes. In terms of long-term capacity planning for domestic recycling, the next ten 
years are considered for illustration, and the results of the scenarios are shown in Table 
25. 

Table 25. Range of recycling quantities of installed onshore wind turbines in Denmark between 2022-
2031. Based on fitted Weibull function (ʎ=29.79, k=9.11), data based on DEA (2022). 

‘Fully reuse’ scenario 0 turbines p.a. 
‘Current reuse’ scenario  
▪ Upper reuse limit ~570-1,155 tonnes p.a. 
▪ Lower reuse limit ~762-1,540 tonnes p.a. 
‘Historical reuse’ scenario ~380-770 tonnes p.a. 
‘Fully linear’ scenario ~950-1,900 tonnes p.a. 

It shows for the ten-year period that the expected annual blade mass for domestic 
recycling in the ‘historical reuse’ scenario is at a lower level than in the ‘current reuse’ 
and ‘fully linear’ scenarios, but higher than in the ‘fully reuse’ scenario.  

Furthermore, the adjusted Weibull functions – that were formulated to envision poten-
tial changes to the time of decommissioning – show that the expected blade mass in 
the next ten years potentially entering the domestic recycling stream would slightly 
differ. To illustrate the potential impact, this is described below for two scenarios, one 
assuming current flows and the other assuming historical second-lifecycle flows: 

▪ In the case of a shorter depletion (Figure 97 in Appendix D2), the annual blade 
mass would range between ~534-1,650 tonnes (‘current reuse’ scenario) and 
~360-820 tonnes (‘historical reuse’ scenario). 

▪ In the case of a longer depletion (Figure 98 in Appendix D2), the range for the 
ten-year period accounts to ~420-1,490 tonnes (‘current reuse’ scenario) and 
~280-750 tonnes (‘historical reuse’ scenario). 

The results by Abrahamsen et al. (2023, p. 16, orange dashed line) follow closely the 
results of the fitted Weibull function and the scenario that assumes the non-existence 
of a second-hand market. However, they do note that their estimates should be treated 
as a maximum, which is in line with the results of this study (Kramer et al., 2024, p. 
184). 

 

Annual recycling quantities in Germany 

Figure 86 shows the results of the expected annual recycling flows of decommissioned 
onshore wind turbines from Germany, based on the fitted Weibull function. Like in Den-
mark, also for Germany no statistics are available for comparison. 
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Figure 86. Expected annual recycling blade mass of installed onshore wind turbines in Germany, in 

accordance to the fitted Weibull function (ʎ=25.83, k=7.49). In comparison to a 20-year heu-
ristic, Kühne et al. (2022) and Pehlken et al. (2017). Data based on Bundesnetzagentur 
(2023). 

In addition, Figure 87 presents the results for the Weibull function with an adjusted 
scale parameter of 30 years, as this method had the lowest MAE (see 6.2.4). Finally, 
the results from the Weibull function on the basis of a faster depletion (λ = 22 years) 
are in Appendix D2. 

 
Figure 87. Expected annual recycling blade mass of installed onshore wind turbines in Germany, in 

accordance to the adjusted Weibull function (ʎ=30, k=7.49). In comparison to a 20-year heu-
ristic, Kühne et al. (2022) and Pehlken et al. (2017). Data based on Bundesnetzagentur 
(2023). 

In Figure 86 and Figure 87 the total blade mass equals in the ‘fully reuse’ scenario 
(𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) = 0 %, light grey dotted line) to 0 tonnes for domestic recycling. In contrast, 
the ‘fully linear’ scenario (𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) = 100 %, light grey dashed line) is equivalent to 
the annual decommissioning volumes (see 6.2.4) and thus amounts to 738,718.6 
tonnes. This total tonnage is reduced in the ‘historical reuse’ scenario (𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) = 
50 %, green line) to 369,359.3 tonnes for domestic recycling (Kramer et al., 2024, p. 
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188). Finally, in the ‘current reuse’ scenario (𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) = 20 %, 70 %, black lines), 
147,743.7-517,103.0 tonnes of blade mass is expected to remain in Germany for do-
mestic waste handling.  

In terms of long-term capacity planning for domestic recycling, the next ten years are 
of interest, and therefore further detailed in Table 26. Accordingly, there are slightly 
different annual flows for 2024-2033 depending on which Weibull function is consid-
ered. It shows that in particular the lower range of the reported recycling quantities 
varies between the two Weibull functions. 

Table 26. Range of recycling quantities of installed onshore wind turbines in Germany between 2024-
2033. Data based on Bundesnetzagentur (2023). 

Scenarios Weibull function 
(λ = 25.83 years, k = 7.49) 

Adjusted Weibull function 
(λ = 30 years, k = 7.49) 

‘Fully reuse’ scenario 0 turbines p.a. 0 turbines p.a. 
‘Current reuse’ scenario   
▪ Upper reuse limit ~2,150-4,800 tonnes p.a. ~970-3,900 tonnes p.a. 
▪ Lower reuse limit ~7,500-16,800 tonnes p.a. ~3,400-13,600 tonnes p.a. 
‘Historical reuse’ scenario ~5,400-12,000 tonnes p.a. ~2,430-9,750 tonnes p.a. 
‘Fully linear’ scenario ~10,800-24,000 tonnes p.a. ~4,860-19,500 tonnes p.a. 

In case of a shorter timespan for the depletion of the onshore wind turbine fleet in 
Germany (λ = 22) the annual recycling blade mass would range between ~3,700-
23,500 tonnes (‘current reuse’ scenario) and ~9,100-16,800 tonnes (‘historical reuse’ 
scenario) (see Figure 99 in Appendix D2). 

Furthermore, the annual recycling masses provided by Pehlken et al. (2017, orange 
dashed line) and the Federal Environmental Agency (Kühne et al., 2022, purple-dotted 
line) follow closely the results of the 20-year heuristic. Pehlken et al. (2017, p. 255) 
consider that some wind turbines enter a second lifecycle (see 6.1.1), but as the figures 
show only a minimal difference to the 20-year heuristic, this appears to be minor. Fol-
lowing the finding in 6.2.4 that a 20-year heuristic is not a suitable forecasting method, 
the 20-year heuristic (pink dashed line) is to be understood as a benchmark.  

 

Long-term capacity planning by blade recycling companies 

The estimated domestic recycling flows for Denmark and Germany can be used to 
derive the year from which the operation of an economically viable blade recycling 
facility is feasible, and thus support the respective investment decision. In this light, the 
annual recycling flows are compared to a minimum range of required tonnage per year. 
The breakeven point for a new blade recycling facility is set at 5,000-15,000 tonnes 
per year, as this shows good agreement with the publicly available information sum-
marised in Table 27 (Kramer et al., 2024, p. 185). It also acknowledges that the 
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threshold values might vary depending on the recycling technology and the country of 
operation.  

Table 27. Overview of publicly available information on minimum required annual blade mass for an 
economically feasible recycling facility. Based on Kramer et al. (2024, p. 185) and the works 
cited therein. 

Source Minimum annual blade mass for an economically viable recycling facility 

Villadsen 
(2023) 

For the establishment of a new pyrolysis plant for glass fibre in Denmark a mini-
mum threshold of 10,000-15,000 tonnes per year is required. 

Ricard 
(2023) 

For the establishment of a new cement co-processing route in Denmark, 12,000 
tonnes per year are required as a minimum. 

Schmid et al. 
(2020) 

An existing cement co-processing facility in northern Germany used to operate with 
15,000 tonnes per year, while 10,000 tonnes came from composite blades. A mini-
mum threshold is not indicated.  

Zotz et al. 
(2019) 

Neocomp was able to pre-process up to 25,000 tonnes per year of materials with 
one machine, of which around 5,000 tonnes came from glass fibre-made blades. 
The pre-processed material could then be used in the cement co-processing route. 

Andersen et 
al. (2016) 

For producing a filler for cement production, they state 5,000-6,000 tonnes per 
year. 

RenerCycle 
(2023) 

State 6,000 tons per year for a new blade recycling facility in northern Spain that 
aims at processing the blades with heat treatments. 

For easing the planning processes for the establishment of blade recycling infrastruc-
ture, Figure 85, Figure 86 and Figure 87 illustrate the thresholds with a grey area in 
the range of 5,000-15,000 tonnes per year. It can be seen that none of the scenarios 
for Denmark would meet the specified thresholds. In Germany, the minimum tonnage 
requirement is exceeded in all scenarios except the 'fully reuse' scenario, but the timing 
is more nuanced. Once exceeded, the expected annual amount is likely to remain 
above the thresholds. This would only change if there were no new installations of wind 
turbines in the future. 

Looking first at Figure 86, only the ‘fully linear’ scenario and the lower limit of the reuse 
fraction for the ‘current reuse’ scenario exceed the upper level of the thresholds in the 
next ten years. The other scenarios only reach the lower level of 5,000 tonnes per year, 
although the upper limit of the reuse fraction for the ‘current reuse’ scenario does not 
reach the 5,000 tonnes until 2034. The differences between the scenarios are further 
illustrated by using the threshold of 10,000 tonnes per year as an example. Accord-
ingly, 10,000 tonnes will be exceeded for the first time in 2024, assuming that the total 
tonnage decommissioned from that year remains in the country for recycling. In the 
event of a second-hand market in the magnitude of 30 %, 10,000 tonnes will be sur-
passed in 2026, and at historical levels of 50 % in 2030. Should the upper limit of the 
reuse fraction (80 %) be met, the threshold would not be reached, given that annual 
recycling flows would not exceed 8,500 tonnes. For a point of comparison, it was an-
ticipated that the 20-year heuristic would exceed the 10,000 tonnes in 2021. However, 
this did not materialise, as the anticipated amount was not even decommissioned. 
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When looking next at Figure 87, the above-mentioned timing is slightly delayed and 
only the ‘fully linear’ scenario would exceed the 15,000 tonnes in the next ten years. 
The ‘historical reuse’ scenario would only surpass the 5,000 tonnes mark in the next 
ten years, followed by reaching the threshold of 10,000 tonnes in 2034. In comparison, 
the ‘fully linear’ scenario exceeds 10,000 tonnes for the first time in 2028, while the 
‘current reuse’ scenario surpasses this value only in its upper limit of the reuse fraction, 
then in 2030. 

Furthermore, a sensitivity analysis is conducted by varying the proportion of decom-
missioned turbines sent for recycling (𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡)) in 10 % increments. The results are 
shown in Table 42 in Appendix D2. For the decommissioning flows estimated on the 
basis of the fitted Weibull function, it reveals that the 10,000-tonne mark would be ex-
ceeded as long as at least 30 % of the decommissioned mass remains for domestic 
recycling in Germany. However, only if 50 % remains, i.e. in the order of magnitude of 
the past, is it estimated that it will be exceeded within the next ten years. In the case 
of a threshold of 5,000 tonnes, a recycling fraction of 20 % of the annual decommis-
sioning quantities would already result in this annual value being reached, and 30 % 
would result in it being reached within the next ten years. Finally, the threshold of 
15,000 tonnes is exceeded with a recycling fraction of at least 40 %, with 
𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡) = 70 % and above reaching this threshold within the next ten years.  

In conclusion, depending on the required threshold and the actual 𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(𝑡), a blade 
recycling plant could be economically viable on the basis of the expected annual recy-
cling flows from onshore turbines in Germany. In Denmark, however, an annual thresh-
old of 5,000 tonnes would not be reached, even in a scenario where the second-hand 
market is completely neglected. In this light, chapter 6.3.1 discusses the potential of 
including cross-border and cross-industry flows.  
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6.3 Discussion 

This chapter discusses the results of the annual turbine, component and material flows 
for installed onshore wind turbines in Denmark and Germany, which are put into the 
context of long-term capacity planning for decommissioning, second lifecycle pathways 
and recycling (see 6.2). To ease the discussion of the results (6.3.1) and the limitations 
of the methodology (6.3.2), Figure 88 embeds the scope of Part C (white text boxes) 
in the context of the R-principle ladder (see Figure 17 of CSCM framework). 

 
Figure 88. Scope of Part C in the context of the R-ladder. Adapted from Kramer et al. (2024, p. 181), 

inspired by Kramer and Beauson (2023), Potting et al. (2017), Velenturf (2021). 

6.3.1 Discussion of results 
In accordance to Figure 88, the annual decommissioning quantities of installed on-
shore wind turbines in Denmark and Germany were estimated and, on this basis, the 
subsequent handling, expressed in annual estimates for the second lifecycle and re-
cycling quantities. The derived annual flows serve as a basis for the long-term capacity 
planning of the stakeholders. In addition, other product/service flows may also be con-
sidered for capacity planning, depending on the specific actors in the supply chain. In 
this light, additional orders can serve to offset annual fluctuations in wind turbine de-
commissioning that have been observed in the past in both countries, and enable eco-
nomically viable thresholds for new investments to be reached. In contrast, however, 
it can also result in a deficit of capacity for wind turbine decommissioning and handling 
if demand signals are more pronounced in other business areas. The capacity planning 
is discussed for the actors involved in decommissioning, second lifecycle pathways 
and recycling. It thereby also considers the derived findings from the conducted inter-
views of Part B.  
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Capacity planning for annual decommissioning quantities 

Decommissioning companies have been active in Denmark and Germany, and as the 
historical decommissioning figures show, decommissioning is an established service 
(see Figure 77 and Figure 80). Following the discussions from chapter 6.2.4, Table 28 
summarises the initial assessment of the likelihood of bottlenecks in capacity to de-
commission the estimated decommissioning quantities of onshore wind turbines.  

Table 28. Overview of the likelihood of bottlenecks in decommissioning capacity. 

Decommissioning capacity Are capacity bottlenecks foreseen in the next ten years? 

 Denmark Germany 
Skilled decommissioning team Unlikely First signs signalled by experts. 

Further investigations required. Crane Unlikely 

For Denmark, annual decommissioning is estimated to remain below around 300 tur-
bines, and no large increase is expected of the already shallow annual decommission-
ing quantities (see Figure 77). In the case of Germany, the annual number of turbines 
is estimated to increase to more than 1,000 turbines in the next ten years (see Figure 
80), and hence may require investment in new crane infrastructure and a skilled work-
force capable of decommissioning and disassembling new turbine types. In this con-
text, the average hub height of the turbine is expected by experts to gradually increase, 
which is in line with the characteristics of the operational turbine fleet (see Figure 70). 
Consequently, also larger cranes are needed that might require the investment in new 
crane types. According to the interviews, the crane is usually owned by a specialised 
crane company, hence the investment decision lies with them and not the decommis-
sioning company. Furthermore, an expert from an OEM indicated that, on occasion, 
they undertake the decommissioning task as they have the larger crane infrastructure 
for the installation of turbines and the knowhow. However, a detailed assessment of 
potential bottlenecks is not possible as information on existing and planned capacity 
of decommissioning companies and their subcontractors is not publicly available. 

To balance out fluctuations in the order flow of local decommissioning companies or 
to meet economically viable thresholds for new investments, project flows from other 
countries or industries may support accordingly. In this light, Table 29 summarises the 
applicability of this for the skilled workforce and the crane infrastructure. 

Table 29. Applicability of cross-border and cross-industry flows to decommissioning. 

Decommissioning capacity Cross-border flows Cross-industry flows 

Skilled decommissioning team ✓ ✓ 

Crane (x) ✓ 

Accordingly, the low expected order flow of wind turbine decommissioning in Denmark 
may be balanced out with additional order flows from other countries or other activities 
in Denmark. Indeed, this practice is confirmed by the interviewed experts. For example, 
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one of the experts interviewed reported that their skilled workforce for decommission-
ing can also support the other business area of turbine installation. 

In the context of an investment decision for a new crane, the specialised crane com-
panies may consider contracts from the wind industry for installations and decommis-
sion, and from other industries such as the construction industry. However, this may 
require additional knowledge. Moreover, it is unlikely that decommissioning jobs from 
other countries or regions of the same country are also considered, given the associ-
ated costs and complexities of crane transportation. 

 

Capacity planning for annual second-lifecycle quantities  

For Denmark, the second-lifecycle quantities are estimated to be roughly 20-40 % of 
the annual decommissioning in the ‘current reuse’ scenario. This would translate to 
maximum annual quantities of around 100 turbines in the next ten years. This seems 
feasible to be handled.  

In Germany, the second-lifecycle quantities are estimated to be roughly 30-80 % of the 
annual decommissioning in the ‘current reuse’ scenario. For the next ten years, this 
would translate to the following maximum annual quantities: 

▪ For a reuse fraction of 30 %: Around 350 turbines p.a. 
▪ For a reuse fraction of 80 %: Around 950 turbines p.a.  

Whether the available capacities are sufficient for handling the estimated second-
lifecycle quantities cannot be answered with the available information. Hence, a pre-
liminary overview of the infrastructure and workforce required is discussed below.  

Typically, the company responsible for decommissioning is also responsible for han-
dling the decommissioned turbine, while not every decommissioning company consid-
ers second lifecycle pathways. Moreover, other companies may also be involved and 
need to plan their capacity accordingly. In this context, a second lifecycle of entire 
turbines has been common in Denmark and Germany and as such it can be considered 
as an established service. It has often involved a direct transport of the turbine’s com-
ponents from the decommissioning site without prior storage or refurbishment (see 
Figure 29). Referring to the overview of Figure 88 and the observed supply chain pro-
cesses from Part B8, capacities for second-lifecycle practices are outlined in Table 30. 
The capacity requirements in regard to storage, blade repair, refurbishment and re-
manufacturing are unknown. Some of these processes may require to be scaled and 
some still need to be established, resulting in investment requirements for new stor-
age / repair / refurbishment / remanufacturing facilities. For a detailed assessment, 

                                            
8 See Figure 29 and Figure 30 for an overview of existing processes according to the observed supply 
chain processes. 
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further investigation regarding the economic and technological feasibility for the ex-
pected turbine types and their components is essential. 

Table 30. Overview of the likelihood of bottlenecks in second-lifecycle capacity. 

Second-lifecycle capacity Are capacity bottlenecks foreseen in the next ten years? 

 Denmark Germany 
Storage facility  Unknown. Further investigations required. 
Blade repair facility Unknown. Further investigations required. 
Refurbishment facility Unknown. Economic and technological feasibility  

for the expected turbine types required. Remanufacturing facility 
Logistic equipment (e.g. lorries) Unknown. Further investigations required. 
Skilled reinstallation team To date only abroad. To date only abroad. 

Additionally, for the logistical equipment such as standard lorries, a capacity bottleneck 
is seen unlikely, however for specialised transport vehicles, for example for the 
transport of blades with lengths of above structure gauge, this is unknown. Neverthe-
less, those vehicles are also used for the installation of new turbines. In addition, rein-
stallation services have not been carried out in Denmark and Germany, and hence an 
assessment of capacity bottlenecks for the country of reinstallation would be required. 
However, it should be noted that skilled reinstallation teams can also travel to this des-
tination, as highlighted by an interviewed expert. This leads to Table 31, which shows 
the applicability of cross-border and cross-industry flows to second-lifecycle practices. 

Table 31. Applicability of cross-border and cross-industry flows to second-lifecycle practices. 

Second-lifecycle capacity Cross-border flows Cross-industry flows 

Storage facility 
(✓)  

depending on  
economic feasibility 

✓ 

Blade repair facility x 

Refurbishment facility ? 
not known Remanufacturing facility 

Logistic equipment (e.g. lorries) ✓ 
(✓) 

depending on component 

Skilled reinstallation team ✓ ✓ 

Although, it is possible to transport decommissioned wind turbines and their compo-
nents across borders to a facility, however, this depends on the economic feasibility, 
driven by the transport costs. Moreover, transport equipment commonly moves across 
borders, carrying different products. However, specialised vehicles may not be able to 
transport other products. For the skilled reinstallation teams, the possibility to move 
across countries is mentioned above. In addition, as discussed in the section on de-
commissioning, a reinstallation team can also carry out the decommissioning and in-
stallation of new wind turbines. However, the required skills may vary depending on 
the turbine type.  
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In conclusion, the discussion outlines that synergies with other countries or industries 
may be possible for reaching economic viability for second-lifecycle facilities. However, 
the development of second-lifecycle practices still needs to be further explored to en-
able a detailed assessment of which infrastructure and workforce is required.  

 

Capacity planning for annual recycling quantities 

Historically, in Denmark and Germany, blades that did not enter a second lifecycle 
were either repurposed, sent to energy recovery processes (e.g. cement co-pro-
cessing) or were landfilled (see Figure 31). Landfill is however not likely to be still con-
sidered, as a landfill ban is foreseen by the industry for Europe from 2025 onwards and 
is already in place for Germany (Kramer & Beauson, 2023, p. 9). In this light, the es-
tablishment of infrastructure for high-quality recycling of composite materials from end-
of-life blades is required. Therefore, whether threshold values of 5,000-15,000 tonnes 
p.a. for an economically viable blade recycling facility in Denmark and Germany are 
met on the basis of estimated annual recycling quantities was in-depth analysed (see 
6.2.6).9 For Denmark it is concluded that these thresholds are not reached (see Figure 
85), while in Germany this could be the case within the next years, depending on the 
threshold (see Figure 86). For example, if at least 30 % of the annual decommissioning 
quantities remain in Germany, the threshold of 5,000 tonnes per year is estimated to 
be reached in 5 years.10 In addition to the annual recycling flows from onshore wind 
turbines of the respective country, also cross-border and cross-industry flows may be 
of relevance, as outlined in Table 32. 

Table 32. Applicability of cross-border and cross-industry flows to blade recycling. 

Blade recycling capacity Cross-border flows Cross-industry flows 

Pre-processing equipment and team (✓) / ? ? 

Blade recycling facility (✓) currently unlikely due to  
regulation on waste movements 

(✓) depending on  
recycling technology 

Depending on the pre-processing processes (e.g. cutting of blades) involved, the 
equipment may be feasible to be transported to decommissioning sites of other coun-
tries. Furthermore, a new blade recycling facility in Denmark and/or Germany may be 
able to consider composite waste from other countries. However, this is currently diffi-
cult to realise as waste movements across borders involve complex regulation and is 
expensive to carry out (Regulation (EC) No 1013/2006, 2006). In addition, a new blade 
recycling facility, depending on the recycling technology, may also be able to consider 
waste from other industries such as offshore wind, automotive or aerospace. In partic-
ular the waste streams of offshore wind could be included, as likely similar composites 
materials are used as in blades of onshore turbines. In addition to waste from the 
                                            
9 The thresholds may differ depending on the recycling technology (e.g. pyrolysis, mechanical recycling), 
but more technology-specific thresholds are publicly not available. 
10 This is based on the Weibull function with λ = 25.83, k = 7.49. 
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decommissioning, waste from the manufacture and operation of wind turbines can also 
be considered. 

In conclusion, cross-border and cross-industry flows may contribute to balancing out 
potential fluctuations of annual decommissioning quantities from onshore wind turbines 
installed in Denmark and Germany. This also underlines the importance for the estab-
lishment of a tracing system of various lifecycles of wind turbines, components and 
materials across countries. For example, Denmark and Germany could collaborate to 
facilitate easier cross-border movements between the two countries. This could sup-
port the initial establishment of a blade recycling infrastructure, as economic viability 
would be achieved earlier if decommissioned blade waste from both countries were 
processed. The analysis focused on the establishment of infrastructure for recycling of 
blade composites, while other strategies such as repurposing may also be relevant. It 
is also possible that this will have an impact on the potential recycling share of the 
decommissioned turbines.  

6.3.2 Discussion of methodology and limitations 
The provided annual flow estimates are derived from comprehensive data-based anal-
yses of the two fundamental assumptions inherent to the forecasting models, namely 
the expected time of decommissioning of the installed turbine fleet and the expected 
reuse fraction in each country of observation (see Figure 89).  

 
Figure 89. Overview of the scenarios for the time of decommissioning and the reuse fraction. 
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A Weibull function is fitted in regard to the ratio of decommissioned over installed wind 
capacity per installation year. Hence, this method considers also the operating fleet for 
the calculation of the depletion curve, which is to date only applied in one previous 
study (see 6.1.1). Moreover, the adjusted Weibull function reflect the scenarios of ear-
lier decommissioning of the fleet and continued operation. These scenarios are put 
into perspective with the commonly applied heuristic of 20 years. It can be noted that 
the historical decommissioning average (i.e. 18 years for the Danish decommissioning, 
see Figure 64) is comparable to this heuristic.  

The application of the developed methodology to the Danish and German onshore 
turbine fleets reveals that the estimated annual decommissioning quantities are more 
akin to the historical decommissioning than the 20-year heuristic, in particular in terms 
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of the annual blade mass. However, the MAE of the Danish model in terms of annual 
turbines is still relatively high compared to the annual flows (see Figure 78). For Ger-
many, the MAE of the models compared to absolute annual flows is smaller than the 
same comparison for the Denmark. The German model may benefit from the fact that 
Germany has a larger fleet in operation and is therefore less sensitive to individual 
decommissioning projects. In addition, the deviation does not surprise given the ex-
ceptionally high number of actual decommissioning in Denmark in 2002. Future re-
search could improve the models and include other factors in the prediction models. 
This is likely to improve the accuracy as the decision to decommission a wind turbine 
depends on various factors (see Part B, Figure 33). However, such data must first be 
collected for the modelling of multivariate regression models and machine learning, 
and could therefore not be included in this analysis. Furthermore, it is important to note 
that the historical data only provides an understanding of past performance and does 
not necessarily indicate how the models will perform going forward. To address this, 
several scenarios have been developed to allow supply chain actors to visualise dif-
ferent future outcomes, supporting more sophisticated capacity planning. Furthermore, 
actors of the circular supply chains should closely monitor the government’s possible 
introduction of financial incentives for decommissioning, as such measures have had 
a significant impact on the annual decommissioning rate in the past (e.g. 2002 in Den-
mark). In addition, it is essential to track the future development of market electricity 
prices, as high prices may encourage a lifetime extension, while electricity prices below 
OPEX-levels may result in decommissioning.  

 

Discussion of future reuse and recycling fractions 

In reference to Figure 88, the estimate of the time of decommissioning and the resulting 
annual decommissioning quantities for the installed onshore turbine fleet in Denmark 
and Germany are the basis for estimating the second-lifecycle and recycling quantities. 
As such, the same above discussed limitations apply also to these models. In addition, 
it is assumed that a decommissioned wind turbine and its blades can either enter a 
second lifecycle or its blades can be recycled. The reuse fraction (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡)) for the 
installed wind turbine fleet of each country is thus determined, and thereby also the 
recycling fraction (𝑓𝑟𝑒𝑐𝑦𝑐𝑙𝑒(t)). In accordance with the methodology, four scenarios have 
been defined for the determination of these fractions, as illustrated in Figure 89. The 
scenarios are defined to assist supply chain actors in capacity planning by presenting 
different future outcomes.  

The application of the methodology to the Danish and German onshore turbine fleets 
provides estimates for annual second-lifecycle and recycling quantities of the respec-
tive countries. However, an evaluation with actual data is not possible as no statistics 
for second-lifecycle and recycling quantities exist. Moreover, no research has been 
conducted to estimate the second lifecycle flows, although researchers have estimated 
the recycling flows, which is considered for comparison. In these studies, a common 
assumption is made regarding the lifetime of the turbine fleet and their blades, which 



Part C: Turbine, Component and Material Flow Forecasts of Circular Economy Pathways 187 

 

is set at 20 years without a second lifecycle (see 6.1.1). Consequently, the 20-year 
heuristic is employed for the purposes of comparison. 

Discussion of reuse scenarios 

The newly collected historical averages of reuse, accounting to ~60 % for Denmark 
and ~50 % for Germany, provide valuable insights and offer a starting point for future 
estimates in the respective countries. Nevertheless, historical developments do not 
necessary apply to the future, which could particular be relevant in the case of deter-
mining a future reuse fraction. For instance, the characteristics of the operational fleet 
reveal a changing development in comparison to historical decommissioning (see 
6.2.1). As such the differences of the decommissioned and operational fleet should be 
considered. This is acknowledged in the scenario of ‘current reuse’ in which a lower 
and upper limit is determined by considering various identified influencing factors for a 
second lifecycle from Part B and assessing their applicability to the Danish and Ger-
man onshore fleet (see 6.2.3). It shows that the range of 20-40 % for Denmark is nar-
rower than for Germany, which has a range of 30-80 %. On the one hand, the assump-
tions made should be evaluated through additional research studies, and on the other 
hand, it should be assessed whether additional factors are relevant for incorporation 
into the analysis. In this context, regulatory changes in the demanding or emerging 
countries have a particular impact on the demand for second-lifecycle turbines. How-
ever, this has not yet been investigated, subsequently this information would need to 
be collected in future research. Furthermore, the results of Part B show that several 
factors are interrelated and therefore vary depending on the circumstances. Thus, 
there are factors for which a precise criterion for the demand for a second lifecycle 
cannot be uniquely defined. Furthermore, the demand criteria already defined may 
change over time and in response to changing circumstances. Therefore, it would also 
be more accurate if a dynamic development of the annual reuse fraction (𝑓𝑟𝑒𝑢𝑠𝑒(𝑡)) is 
considered and not a static one. At this stage, the estimated annual decommissioning 
quantities are given as a timeseries and therefore do not provide further details on the 
type of turbine or other characteristics of the fleet. Consequently, a data-based deter-
mination of a time-dependent reuse fraction is not possible with the currently available 
data. To acknowledge the uncertainties associated to future reuse, also two extreme 
scenarios are defined, assuming that 0 % and 100 % of annual decommissioning is 
feasible for the second-hand market. Hence, the minimum and maximum annual sec-
ond-lifecycle quantities are provided, which supports the supply chain actors to envi-
sion at which levels an economically viable thresholds would still be reached. Future 
research could further detail this for certain supply chain actors, e.g. by estimating 
annual second-lifecycle quantities per turbine type. 

Discussion of future recycling fraction 

The above outlined uncertainty in regard to the future reuse fraction for the installed 
fleet of each country, is addressed by providing a sensitivity analysis. This enables the 
assessment of how different recycling fractions impact the basis for the investment 
decision of a new blade recycling facility.  
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In reference to Figure 88, the blades could also be repurposed or sent into processes 
for energy recovery (e.g. cement co-processing). Accordingly, the recycling fraction 
could be smaller than assumed. A repurposed blade would postpone the point at which 
the blade materials could potentially become available for recycling. In contrast, energy 
recovery would result in a loss of materials for recycling. In addition, future research 
could refine the analysis of the economic viability thresholds for each recycling tech-
nology to possibly narrow the relatively wide range of 5,000-15,000 tonnes per year 
defined in this study. It should be noted that comprehensive assessments of the recy-
cling technologies (e.g. costs, CO2 footprint) are still at an early stage of research.  

Another aspect that could be considered in the recycling flow models is the additional 
flow of turbines and their rotor blades from the second lifecycle when they are decom-
missioned. As outlined, it seems at this stage not relevant for the two countries of in-
vestigation. However, it could become relevant for Denmark and Germany if cross-
border movements of old turbines or reinstallations of second-lifecycle turbines in their 
country become feasible. In this case, the model would have to be adjusted to include 
the flows of turbines at the end of their additional lifecycle. This would also support the 
transferability of the methodology to countries that have already second-lifecycle tur-
bines in operation (e.g. UK, Ireland, Italy). 

All in all, a planning basis for circular supply chain stakeholders is provided with the 
annual second-lifecycle and recycling quantities. In addition, supply chain actors 
should carefully monitor events that could have a significant impact on the business 
case. For example, if Denmark or Germany were to impose an export ban on decom-
missioned turbines and/or components, this would significantly reduce the potential for 
reinstallation, as this has consistently been taken place abroad. 
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Conclusion 

In conclusion Part C of the thesis provides annual estimations of turbine, component 
and material flows for installed onshore wind turbines in Denmark and Germany as a 
basis for long-term capacity planning of companies active in decommissioning, second 
lifecycle pathways and recycling. As a result, Part C gives a comprehensive answer to 
RQ5. 

 
In conclusion, Part C makes the three key contributions: 

▪ Contribution 1: Development of forecast models for annual decommissioning, 
second-lifecycle and recycling flows in terms of number of turbines and blade mass. 

▪ Contribution 2: Application to the Danish and German onshore wind turbine fleet 
with estimating annual decommissioning, second-lifecycle and recycling quantities. 

▪ Contribution 3: The derived annual decommissioning, second-lifecycle and recy-
cling quantities offer support to the planning for the establishment and scaling of 
circular supply chains. 

 

In summary, the obtained findings of Part C from two countries and various scenarios 
allow for concluding that the research objective 3 of the thesis is fulfilled. 

 
 

Which turbine, component and material flows are expected for 
decommissioning, second lifecycle pathways and domestic 
recycling in Denmark and Germany?

RQ5 ✓

Quantify expected turbine, component and material flows to 
establish circular supply chains for further lifecycles and end-of-
life pathways.

RO3 ✓
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7 Overall Discussion 
Due to the step-by-step development of the findings, the overall discussion of the re-
sults is situated within Part C (see chapter 6.3). This chapter thus builds on the pre-
ceding discussion and provides an overview of the contributions of the thesis, together 
with an evaluation of the suitability of the research design. 

Overall contribution of the thesis 

The overarching aim is to understand how sustainable and resilient circular supply 
chains can be developed for wind turbines by answering three research objectives. 
The research objectives are addressed through the implementation of a mixed meth-
ods research design with three main parts (Part A-C), resulting in the core contributions 
shown in Figure 90. 

 
Figure 90. Contribution of the thesis. 
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Evaluation of research design 

The nature of the research is qualitative, exploratory and empirical for the complex and 
emerging research area of CSCM in the wind industry and in particular for the devel-
opment of circular supply chains for a second lifecycle and blade recycling. The applied 
mixed method approach is therefore initiated with a qualitative path and comprises of 
qualitative and quantitative research methods (see Figure 11).  

As the nature of research is qualitative, the overall research design is evaluated by the 
qualitative evaluation criteria of credibility, transferability, dependability, and confirma-
bility in regard to the trustworthiness of research (Döring & Bortz, 2016, pp. 109-110; 
Lincoln & Guba, 1985, p. 290). The following provides an evaluation of the thesis’s 
research design, as summarised in Table 33. In addition, the qualitative and quantita-
tive research methods of the respective parts are evaluated in chapter 5.3 and 6.3.  

Table 33. Assessment of the trustworthiness of the research design. Method based on Lincoln & Guba 
(1985, p. 290), Döring & Bortz (2016, pp. 109-110). 

Evaluation 
criteria Assessment of the trustworthiness of the research design 

Credibility ▪ Triangulation with multiple data sources and methods 
▪ Triangulation with mixed methods approach ✓ 

Transferability 

▪ Thick description of scope of research (chapter 2), methodology (chapter 
3), chosen research methods (4.1, 5.1, 6.1) and results (4.2, 5.2, 6.2) 

▪ Transferability to other industries facilitated by grounding research in indus-
try-neutral CSCM and CE research  

▪ Transferability to other countries assessed by studying two countries 

✓ 

Dependability 
▪ Triangulation by step-by-step development of research methodology  
▪ Triangulation with multiple methods 
▪ Audit and expert feedback 

✓ 

Confirmability 

▪ Triangulation with multiple data sources: Scope of two countries, multi-
stakeholder perspective 

▪ Triangulation with mixed methods approach 
▪ Audit and expert feedback 

✓ 

In accordance to Table 33, various techniques (e.g. triangulation) are applied in this 
research to enable the trustworthiness of the research. The aspects of triangulation 
and transferability require further explanations and are therefore detailed below.  

Triangulation 

A key technique is triangulation, which is applied in this research through the use of a 
mixed methods approach as a methodology and the consideration of multiple methods 
and multiple data sources. This is also illustrated in Figure 11 of chapter 3 and more-
over detailed in the following Table 34. 
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Table 34. Triangulation in the research design of this thesis. 

Triangulation Considerations in the research design 

Mixed  
methods  
approach 

▪ Evaluation of conceptual CSCM framework for the wind industry (Part A) with 
comparison to empirical findings (Part B) 

▪ Scenario analysis of annual turbine, component and material flows (Part C), 
based on empirical findings (Part B) 

Multiple data 
sources 

▪ Two cases: Denmark and Germany 
▪ Multi stakeholder perspective: Interviews with experts of different stakeholder 

groups representing more than 50 % of historical decommissioning in Denmark 
and Germany 

Multiple  
methods 

▪ Scientific literature review 
▪ Semi-structured interviews with quantitative and qualitative data analysis 
▪ Turbine, component, material flow forecasting with scenario analysis 

Transferability to other industries 

In regard to the transferability to other industries, it should be noted that the developed 
CSCM framework for the onshore wind industry is grounded on the industry-neutral 
CSCM framework by Montag et al. (2021) (see 4.1). This therefore eases transferability 
to other industries. In addition, the CSCM framework is detailed with industry-neutral 
aspects of circular economy such as the 9R-model by Potting et al. (2017, p. 15) and 
the extended SCOR-model by Vegter et al. (2020, pp. 6-8). However, it includes wind-
specific elements, for instance, in regard to the product dimensions and circular supply 
chain processes. It must therefore be adapted to the specifics of the new industry un-
der study. Additionally, the methodologies of Part B and C have to be adapted to new 
industries. 

As outlined in the problem definition of this thesis, the implementation of circular econ-
omy practices is still marginal, with 7.2% of all materials currently being reused globally 
(see 1.1, Fraser et al., 2024, p. 8). Therefore, in view of the required transition towards 
decoupling from the use of primary materials, the study can be relevant to different 
industries. Onshore wind turbines are large multi-component products with a long life-
time, with a design life of at least 20 years (see 2.1). Thereof, industries with similar 
characteristics (e.g. offshore wind) could be a starting point for exploring potential 
transferability. Furthermore, a study on the reuse of hybrid vehicles and batteries from 
Japan (Wang et al., 2020, pp. 201-202) reveals the importance of considering a second 
lifecycle when estimating recycling flows, while other studies for PV modules and elec-
tric vehicles mention a lack of reuse statistics (Franco & Groesser, 2021, pp. 19, 23; 
Reinhardt et al., 2019, pp. 433, 442) (see 5.3.2).  

In addition, at component level, the results may also be relevant for estimating other 
material flows from wind turbines for recycling purposes. In this context, a second 
lifecycle for the whole turbine also has an impact on all other components of a turbine 
(except the foundation). Moreover, as outlined in 5.2.2, the tower, hub and nacelle 
cover are likely to show similar results to those shown in this study for blades, as these 
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have not traditionally been in demand as spare parts. Other components and parts 
(e.g. electronics and mechanical parts) have a demand for spare parts and may also 
have established repair, refurbishment and remanufacturing supply chains. The ex-
perts in this study indicate that gearboxes and generators are refurbished for reuse. 
This has a corresponding impact on the potential annual recycling quantities, for ex-
ample for critical rare earth materials, such as those used in permanent magnets. 

Transferability to other countries 

Furthermore, the transferability to different countries is studied in this thesis as the 
developed methodology is applied to two cases, Denmark and Germany. Various find-
ings of the applied methodology to both cases appear to be similar, for example: 

▪ the order of magnitude of historical reuse of decommissioned onshore turbines,  
▪ the observed circular supply chain processes, 
▪ the observed influencing factors, although the weight of those factors may differ. 

The methodology requires the availability of market data with a comprehensive history, 
which is not available in all countries. In addition, if reinstallation of second-lifecycle 
turbines takes place domestically (e.g. Ireland, Italy), this must be included in the re-
cycling flow estimates. 

Moreover, for the development of the turbine, component and material flow models the 
state of the art from other countries is outlined in chapter 6.1.1. It shows that studies 
of other countries have not yet estimated second-lifecycle quantities and moreover, 
estimates for recycling have widely neglected any second lifecycle pathway. As a sig-
nificant reuse for wind turbines from Europe is indicated by Graulich et al. (2021, p. 
52), the transfer of the study’s results and methodology can therefore be of relevance 
(see 5.3.2). In addition, other countries could learn from the practices observed in Den-
mark and Germany, as those countries are pioneers in the wind industry with a long 
history of installing onshore wind turbines and decommissioning those (see 2.2). 
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8 Summary, Critical Reflection and Future Research 
Agenda 

The chapter presents the summary (8.1), followed by a critical reflection (8.2) and an 
outlook on the future research agenda (8.3). 

8.1 Summary 

The research objective of the work arises from the fact that a rapid scaling of wind 
capacity is necessary until 2050 in order to make a significant contribution to the sus-
tainable transformation of the energy system. The necessary expansion of wind energy 
from 1 TW today to more than 10 TW in 2050 will require a significant input of materials 
and resources to manufacture the required wind turbines (IRENA, 2023, p. 78). In this 
light, the transition to a circular economy is seen as a promising approach to contribute 
to a sustainable and resilient scaling of the supply chains in the wind industry (see 
chapter 1.1). Despite, this recognition, research on circular supply chain management 
for the wind industry is rare, particularly for circular strategies that foresee to retain the 
structural value of wind turbines and their components (see chapter 2.4). 

Consequently, the overall aim of the thesis was to contribute to the theoretical and 
empirical understanding of the development of sustainable and resilient circular supply 
chains in the wind industry by addressing the following three research objectives 
through a stepwise evolving mixed methods approach (see chapters 1.2, 3): 

▪ RO1: Contribute to the emerging theoretical understanding of circular supply chain 
management in the wind industry. 

▪ RO2: Explore second lifecycle pathways in the wind industry from a multi-stake-
holder perspective. 

▪ RO3: Quantify expected turbine, component and material flows to establish circular 
supply chains for further lifecycles and end-of-life pathways. 

A systemic and multi-level conceptual framework for CSCM in the wind industry is pro-
vided, based on existing research of industry-neutral CSCM and wind-specific re-
search (RQ1, see chapter 4). This is further detailed by introducing a CSC network 
design, considering the circular flows of wind turbines, components and materials 
(RQ2). It outlines the different circular economy pathways that a wind turbine can follow 
after decommissioning, however it is not known which pathways are commonly fol-
lowed.  

Consequently, the circular supply chain processes of the decommissioned onshore 
wind turbines and their blades in Denmark and Germany with an emphasize on second 
lifecycle pathways were empirically explored from a multi-stakeholder perspective (see 
chapter 5). Onshore wind turbines and their blades from installations in Denmark and 
Germany were chosen for the study because of the long history available, as both 
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countries are pioneers in onshore wind (see chapter 2). In addition, understanding the 
circular economy pathways for blades is critical in order to help the industry build the 
recycling infrastructure for composites, which has yet to be established on an industrial 
scale. Therefore, interviews with 18 experts, coving more than 50 % of each decom-
missioning market and representing four stakeholder groups, were conducted and 
quantitatively and qualitatively analysed. The findings demonstrate that a second 
lifecycle for the historically decommissioned onshore wind turbines in Denmark and 
Germany is common, at least in the case of exporting wind turbines for reinstallation 
(RQ3). Accordingly, on average, approximately 60 % of the Danish and 50 % of the 
German decommissioned onshore wind turbine fleet was exported for a second lifecy-
cle. Further insights are drawn into the factors influencing the development of second-
lifecycle supply chains in the respective markets (RQ4). It is observed that the decision 
to decommission an onshore wind turbine and the choice of the subsequent circular 
economy pathway is dependent on various technical, legal/regulatory, economic, or-
ganisational and market factors.  

To support capacity planning of supply chain actors and investment decisions in new 
infrastructure (e.g. blade recycling facility), new turbine, component and material flow 
models were developed and applied to the installed onshore wind turbine fleet in Den-
mark and Germany (RQ5, see chapter 6). Based on comprehensive market data and 
the newly derived empirical findings on circular economy pathways, different scenarios 
were formulated, resulting in annual estimates of decommissioning, second-lifecycle 
and recycling quantities for the current installations in the respective markets. It is 
therefore the first study to introduce annual second-lifecycle flows and to systematically 
include them in the estimation of recycling flows, thus overcoming the widespread as-
sumption of decommissioning after 20 years and disregarding a second lifecycle. The 
study further emphasises that the thresholds for a new blade recycling facility of 5,000-
15,000 tonnes per year are not met in any of the scenarios provided for Denmark. For 
Germany, however, it is estimated that the minimum tonnage requirement will be ex-
ceeded within the next five years, provided that at least 30 % of the decommissioned 
onshore wind turbines are retained for domestic recycling. 

In conclusion, the conceptual and empirical findings of this study on CSCM and second 
lifecycle pathways in the wind industry offer valuable insights that can inform the plan-
ning of circular supply chains. Referring back to the problem definition, the costs and 
carbon emissions of a wind project are largely associated with the extraction and pro-
cessing of materials, along with supply chain bottlenecks in the forward supply chains 
for manufacturing new wind turbines. Establishing circular supply chains can therefore 
support the scaling of the wind industry in a sustainable and resilient way. 
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8.2 Critical reflection 

The research conducted is systemic and explorative in nature and thus has to be seen 
as a first steps towards a more comprehensive understanding of CSCM and second-
lifecycle pathways of onshore wind turbines and their blades.  

The developed CSCM framework for the onshore wind industry provides a systemic 
understanding on how circular thinking is integrated into SCM. This is partially evalu-
ated by the empirical investigations in Part B. Nevertheless, as Part B also indicates, 
various interconnections at the different CSCM-levels exist, and thus adjustments 
might be required. In addition, further operationalisation of CSCM may necessitate ad-
ditional details of the proposed framework. For example, at the products level, the di-
mensions of infrastructure, components and materials is used, which is also well suited 
to the context of the empirical study of wind turbines and their blades in Part B. Never-
theless, further detailing at part level can be useful when investigating a multi-part 
component such as a gearbox. 

In this study, the cascading flows according to the 9R-model of Potting et al. is used 
as a guidance for the circular economy pathways of wind turbines and their blades. In 
accordance with the 9R-model, it is preferable to continue the operation of the wind 
turbine and its blades prior to pursuing second lifecycle pathways. Furthermore, sec-
ond lifecycle pathways are to be preferred over end-of-life pathways. However, the 
different R-principles and the potential circular economy pathways, thus the cascade 
of the 9R-model, have to be assessed in regard to the applicability to onshore wind 
turbines and their components, parts and materials and is dependent on the given 
conditions at a given time and location. However, this study only explores the second 
lifecycle of onshore wind turbines from Denmark and Germany and does not study the 
occurrence of multiple lifecycles. It is important to note that an empirical study of this 
kind is only possible to a limited extent, given that second-lifecycle turbines and blades 
are likely still in operation. 

The scope of the empirical investigations is on circular economy pathways of decom-
missioned onshore wind turbines from Denmark and Germany. A multi-stakeholder 
perspective is deployed by expert interviews with recyclers/dismantlers, OEMs, com-
panies specialised on decommissioning wind turbines, wind project developers, oper-
ators and service companies active in the respective countries. However, the operators 
of the second-lifecycle turbines were not interviewed, although the inclusion of this 
perspective could further evaluate the results of this study. This is particularly important 
for the assessment of the assumption that the sale of decommissioned wind turbines 
and blades leads to a second lifecycle. As this is the first study exploring second lifecy-
cle pathways this assumption has to be accepted at this stage, particularly as it other-
wise requires extensive data collection in various countries.  

Furthermore, scenarios for estimations of the second-lifecycle and recycling quantities 
are provided on the basis of newly collected data and a comprehensive market data 
analysis of the respective countries. In this light, the database of these methods is 
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improved in comparison to previous studies, which widely neglect data on continued 
operation beyond the turbine design life of 20 years and the common occurrence of 
second lifecycle pathways. Despite the extensive new data collection and analysis, it 
should be noted that the information available is still limited. As a result, it is not possi-
ble to use more advanced analytics that might be better suited to integrate the complex 
nature of the underlying assumptions into the circular flow models. Accordingly, the 
supporting planning basis for the development of circular supply chains presented in 
this paper is based on a wide range of scenarios. 

8.3 Outlook on future research agenda 

CSCM in the onshore wind industry and in particular of second lifecycle pathways is 
currently a research niche (see chapter 2.4). The study has taken a first step towards 
understanding CSCM and supply chains for second lifecycle pathways. Due to the 
emerging field of research, further research work is indicated in all research areas cov-
ered by this study (RO1-RO3). 

In view of the need to scale supply chains in the wind industry for the exponential 
increase in wind capacity worldwide, an improved planning basis for policy makers and 
supply chain actors that integrates a whole system understanding is useful. Therefore, 
in particular the development of empirical-based decision-making models in CSCM is 
seen as a crucial research topic, which first requires the establishment of an improved 
database. Hence, the below details a future research agenda for Part A-C of this thesis. 

 

Part A: Future research agenda for whole system understanding of CSCM in the 
wind industry 

A conceptual framework for CSCM in the onshore wind industry is provided in this 
thesis, which could be further evaluated and detailed in future research as outlined in 
Table 35. 

Table 35. Future research agenda for whole system understanding of CSCM in the wind industry. 

Research topics Examples 

CSCM target system ▪ Develop CSCM-target system (e.g. in regard to narrowing, slowing 
and closing flows) in collaboration with key stakeholders  

▪ Develop methodology to measure targets and measurement of them 
▪ Analyse measured target system, e.g. in regard to potential trade-offs 

Circular turbine design 
for future installations 

▪ Simulation of different changes of turbine design such as the impact of 
a modular design or durability 

Multi-target and data-
based logistical planning 
and control  

▪ Optimisation of CSC design for each CSC actor and CSC network 
▪ Tool for supporting decision-making of wind farm operators on most 

suitable circular economy pathways for certain wind projects 
▪ Consider change over time 
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Research topics Examples 

Integration with long-
term planning of energy 
systems and industrial 
policies 

▪ Simulation of infrastructure, turbine, component and material flows to 
assess resource requirements for wind installation targets (regional, 
country, continent, global level) 

▪ Simulate policy interactions to understand potential trade-offs between 
new installations, continued operation, second-lifecycle & recycling 

Traceability system of 
circular flows 

▪ Assess scope for a traceability system of circular flows of wind tur-
bines, components and materials, incl. cross-border & cross-industry 

▪ Assess possibility to adapt existing market registers in DNK and GER 
to enable traceability of turbines and components across lifecycles 

Digital product pass ▪ Define scope for each circular strategy 
▪ Define data requirements of second-lifecycle stakeholder, e.g. turbine 

design, operational data 

Future research agenda of Part B: Exploration of second lifecycle pathways of 
wind turbines and their components 

This thesis explored second lifecycle pathways of onshore wind turbines in Denmark 
and Germany, revealing the historical average of circular economy pathways taken 
and factors that influence the decision-making concerning second lifecycle pathways 
of turbines and blades. The research agenda proposed in Table 36 suggests to con-
tinue to explore the future development of second lifecycle pathways, in particular with 
regard to the technical and economic feasibility of second-lifecycle turbines and com-
ponents. 

Table 36. Future research agenda for second-lifecycle strategies of wind turbines and their components. 

Research topics Examples 

Turbine design and 
technical remaining life 
of wind turbines and 
components 

▪ Study on technical remaining lifetime assessment  
o Study on scope, e.g. automated, remote and continuous assess-

ment of turbine condition 
o Study on data requirements, e.g. SCADA data, turbine design data 

▪ Research on overall technical life of decommissioned, installed, future 
turbine types in different lifecycles in DNK, GER and other countries 

Economic feasibility for 
second-lifecycle tur-
bines and components 

▪ Assessment on past, current and future demand markets for second-
lifecycle turbines and spare parts management 

▪ Study on economic feasibility of a second lifecycle pathways (e.g. 
transport costs) and define economic viable thresholds 

▪ In-depth case studies of certain turbine types in Denmark and Ger-
many and other countries 

Influencing factors of 
decision-making on  
circular economy  
pathways 

▪ Study on impact of technological progress of new wind turbines on the 
decision to acquire a second-lifecycle turbine and on other circular 
strategies such as continued operation at the initial site 

▪ Study on impact of circular design criteria of new turbines 
▪ Expert interviews with buyers / operators of second-lifecycle turbines 
▪ In-depth case studies on pathways taken of decommissioning projects 
▪ Study with new methods, e.g. causal-mapping, system dynamics 
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Research topics Examples 

Refurbishment and re-
manufacturing of tur-
bines and their compo-
nents 

▪ Study on technical feasibility of refurbishment and remanufacturing of 
turbines and their components 

▪ Case studies on certain turbine types and components 
▪ Study on enablers and barriers, e.g. IP rights, product guarantee 
▪ Assessment on impact on overall technical turbine life 

Future research agenda for Part C: Turbine, component and material flow mod-
els for capacity planning of actors in circular supply chains 

The thesis provides scenarios of annual circular flow estimates for multiple CSC actors 
of the installed Danish and German onshore wind turbine fleet. As this is built on the 
basis of the theoretical and empirical understanding of Part A and B, research on the 
above-mentioned research areas could also improve the planning basis for CSC ac-
tors. In this regard, Table 37 outlines a future research agenda.  

Table 37. Future research agenda for circular flow models for capacity planning of CSC actors. 

Research topics Examples 

Statistics on historical 
circular flows 

▪ Collection of statistics on annual second-lifecycle and end-of-life quan-
tities (e.g. repurposing, cement co-processing) in DNK and GER 

▪ Collection of statistics on destinations of reinstallations from decom-
missioned turbines of Danish and German turbine fleet 

▪ Collection of statistics on average lifetime of second-lifecycle turbines 
Detail developed tur-
bine, component and 
material flow models 

▪ Study on each circular strategy (R3-R9) & cross-circular strategy flows 
▪ Study on cross-national and cross-industry flows 
▪ Study on open and closed loops, e.g. link circular flows to forward SC 
▪ Study on multiple lifecycles for end-of-life quantities 
▪ Exploration of further scenarios  

Transferability of devel-
oped turbine, compo-
nent and material flow 
models 

▪ Further assessment of transferability to other countries 
▪ Study on transferability to other industries 
▪ Study on transferability to other components and materials of onshore 

wind turbines, e.g. rare earth materials in permanent magnets 
Explore alternative tur-
bine, component and 
material flow models 

▪ Study on multi-variate regression methods (e.g. machine learning), 
when sufficient data becomes available 

▪ Research on methods for the integration of qualitative and quantitative 
data, e.g. system dynamics, fuzzy logic 

Actual and planned ca-
pacities of supply chain 
actors 

▪ Collection of data on existing and planned capacities of CSC actors in 
DNK, GER and other countries, e.g. of remanufacturing sites 

▪ Comparison of turbine, component & material flow forecasts with ex-
isting & planned CSC-capacities to understand potential gaps/bottle-
necks in skilled workforce & infrastructure 

Establishment of blade 
recycling infrastructure 

▪ Detail economic viable thresholds for each recycling technology, e.g. 
pyrolysis, solvolysis 

▪ Include cross-border and cross-industry composite flows in planning 
▪ Research on decentralised and modular recycling facilities to enable 

economic feasibility at smaller volumes of composite waste 
▪ Measure impact of recycling technologies, e.g. LCAs 
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10 Appendices  

Appendix A: Semi-structured expert interviews 

A1. Interview guide 

The final interview guide was initially published in Kramer et al. (2024) and is shown in 
the following. 

First, I would like to thank you for your participation in this study. The length of the 
interview will be approximately 45-60 minutes.  
 
Is it okay for you to record this interview? 
 

START RECORDING 

 
The interview will be recorded and data will be analysed. The data is intended to be 
scientifically published in an aggregated form and publicly available. Of course, all per-
sonal information will be anonymized. We will inform you about the final results after 
processing the data.  
Do you agree to the recording of the interview, the storage and processing of your data 
and the publication of the anonymised and aggregated results? 
 

My name is __________ and I am from the_________ university. (…).  

The objective of this study is to identify which paths were chosen for the already de-
commissioned onshore wind turbines in Denmark and Germany. We would like to un-
derstand common practices in the waste handling process, e.g. are old wind turbines 
often exported to run for some further years in another country or is it more common 
by the decommissioning company that the wind turbine is dismantled into parts and 
then most materials are recycled or the energy is recovered?  

Intro questions 

Question 1 What is your and your company’s 
name?  

Question 2 What is your current job title?  

Question 3 In which countries does your company 
operate? 

Follow-up: How are the company’s reve-
nues roughly split between those coun-
tries? Stating rough percentages is suit-
able. 
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Filter questions 

Question 4 
What is your personal role in decommis-
sioning wind turbines and waste han-
dling? 

If no direct involvement of the person: do 
you have access to the data of the his-
torical decommissioning projects?  

Or should we talk to someone else at 
your company? If yes, to whom? 

Question 5 
How many years of working experience 
do you have with decommissioning and 
the waste handling of wind turbines? 

Selection criteria: at least one completed 
project. If less, then end the interview.  

Question 6 

How many wind turbines onshore and 
offshore have you decommissioned and 
handled the waste? All at the same com-
pany or at which companies? 

 

Key questions on the general waste handling process of the company 
From here onwards, all questions are only referring to onshore / land-based wind turbines in Ger-
many/Denmark. We also exclude small-scale turbines (Denmark below 25 kW/Germany below 50 
kW installed capacity). The following questions refer to the company at which you are currently em-
ployed.  

Question 7 

How many years has the company been 
active with decommissioning and the 
waste handling of wind turbines? Which 
role does the company play? E.g. do you 
take down the turbines using your 
cranes etc. – Please explain. 

 

 

Question 8 

Is the company usually contracted to 
take care of the entire turbine or only of 
parts? If only parts, which? Does it differ 
from client to client? 

 

Question 9 
How many onshore wind turbines has 
the company decommissioned and han-
dled the waste? 

If the track record does not equal the 
personal track record, ask at the end of 
the interview for further contacts in the 
company. 

Question 10 How many of which turbine types have 
your company decommissioned?  

If they cannot remember the quantities 
per turbine type, ask: 

• Do you remember which turbine 
type was the most decommis-
sioned? 

• Do you roughly know how many 
tonnes of blade mass your company 
has handled so far? 

Question 11 

Does the company handle turbines from 
one or several OEMs? 

Which size of turbines did the company 
decommission the most, what was the 
smallest and what was the largest? 
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Which age had the decommissioned tur-
bines typically? What was the minimum 
and what was the maximum age? How 
many were below the design life of 20 
years and how many were above 20 
years? 

In which year(s) did your company de-
commission turbines the most? How 
many and which size has your company 
decommissioned last year?  

How many turbines were decommis-
sioned due to a breakdown/ complete 
failure of the turbine?  

Question 12 

How does the waste handling after de-
commissioning a wind turbine generally 
work at your company? Could you 
please briefly describe it? 

If the person doesn’t say anything about 
the blades, ask what waste handling 
practice is common. 

 

Question 13 

Referring to the below figure, could you 
please estimate which paths were cho-
sen for the already decommissioned on-
shore wind turbines at your company?  

Is any path missing in the figure? If yes, 
which one? Could you please do the 
split again? 
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Question 14 Could you please explain what caused 
these splits? 

Ask for every ratio provided. In particu-
lar, ask for blades.  

In particular ask for the split between 
kept & sold blade vs. waste → depend-
ing on the given answer: what would in-
crease the reuse of a blade OR why are 
already so many turbines sold/kept? 

In case no reasons are provided. Ask 
again for an explanation and the most 
important factors influencing decision-
making (e.g. economic, technical, eco-
logical, regulatory factors or others) 

Question 15 

Does the threshold of the design lifetime, 
thus the age of 20 years, have an influ-
ence on the choice of the decommis-
sioning path?  

At which age does it become difficult to 
sell an entire turbine or an entire blade? 

Please explain. 

How does the split from question 13 
change when looking at turbines below 
the age of 20 years? And how for tur-
bines above the age of 20 years? 

 

Key questions on the company’s business model 

Question 16 

Are the company or related companies 
involved in other activities along the end-
of-lifecycle or end-of-life supply chain of 
wind turbines? 

e.g. operating a secondary market or re-
cycling facility 

Question 17 

Does the client sell the turbine/parts to 
you OR does the ownership stay with 
the client? Please explain how it usually 
works. 

If the ownership remains with the client, 
are you receiving a fixed fee or are the 
realised revenues split between you and 
the client? 

Does this vary from client to client? 

Question 18 Were the waste handling pathways 
specified by the client?  Does this vary from client to client? 

Question 19 Did you report back on the taken paths 
to the client? Does this vary from client to client? 

 

Key questions on the outlook 

Question 20 

Referring to the figure of question 13, 
which development do you expect in the 
next 10 years in Germany and or Den-
mark? 

Please explain. 

Question 21 
In case the answer to question 6 was 
that the person handled decommission-
ing projects also for other companies: 
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Do you mind if we quickly have a look at 
your given answers and check if they 
would look different for the company you 
were previously employed by? 

Question 22 Is there anything else you would like to 
say?  

Question 23 

Do you mind sharing which projects your 
company has decommissioned so far?  

As mentioned at the beginning of the in-
terview, this would be treated confiden-
tially. If we could identify your projects 
and the ones from the other interview-
ees, we would be able to draw conclu-
sions about the market. The drawn over-
all market insights will be provided to 
you.  

If yes, could I perhaps leave a list of pro-
jects/turbines and ask you to mark the 
ones your company has decommis-
sioned? 

Do I have the e-mail address? If not ask 
for it. 

Question 24 Is there anyone else we should speak 
to? 

e.g. in your company, operator or other 
decommissioning company? 

If yes, could you please provide contact 
details or introduce us? 

 

Thank you so much for participating in this study and answering my questions. If it is fine with you, I 
will stop the recording now. 

 

STOP RECORDING 
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A2. Overview of conducted interviews 

Table 38. Overview of conducted interviews (I1-I18), partially based on Kramer et al. (2024). 

Expert Position of expert Stakeholder group Interview  
duration 

Market share 
DNK 

Market share 
GER 

I1 Senior Manager Recycling & dismantling 60 minutes ~19-22 % - 

I2 Executive Decommissioning wind turbines 120 minutes ~25 % - 

I3 Executive Project developer & operator or ser-
vice company 60 minutes < 1 % - 

I4 Executive Decommissioning wind turbines 100 minutes ~16 % ~11 % 

I5 Senior Manager OEM 50 minutes ~ 2 % - 

I6 Executive Decommissioning wind turbines 20 minutes ~ 3 % - 

I7 Executive Project developer & operator or ser-
vice company 75 minutes ~2-3 % - 

I8A-D Senior Manager OEM 240 minutes < 1 % ~3 % 

I9 Senior Manager Recycling & dismantling 90 minutes < 1 % - 

I10 Executive 
Company K: Recycling & dismantling;  
Company J: Project developer & oper-
ator or service company 

120 minutes - ~9 % 

I11 Senior Manager Project developer & operator or ser-
vice company 120 minutes - ~3-4 % 

I12 Executive Decommissioning wind turbines 40 minutes - ~3 % 

I13 Executive Recycling & dismantling 15 minutes - < 1 % 

I14 Senior Manager Decommissioning wind turbines 120 minutes  
+ 4 hours - ~22 %  

I15 Executive Decommissioning wind turbines 70 minutes ~1-2 % < 1 % 

I16A-C Senior Manager OEM 60 minutes - ~12 % 

I17 Mid-level Manager OEM 60 minutes - - 

I18 Executive Project developer & operator or ser-
vice company 60 minutes - ~1 % 
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Appendix B: Circular supply chain processes in practice 

B1. Overview of circular supply chain processes in practice 

 
Figure 91. Overview of observed circular supply chain processes. Based on conducted interviews. 
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B2. Overview of key factors influencing circular economy pathways 

Table 39. Overview of key factors influencing circular economy pathways. Based on conducted inter-
views.  

 End of 1st  
lifecycle 

Decommission  
at site 

Handling of decom-
missioned turbine 
and blades 

Buyer for second-lifecycle 
turbine 

Buyer for  
second-lifecy-
cle blades 

Tech-
nical 

▪ Turbine de-
sign 
▪ Turbine con-

dition 
▪ Wind condi-

tions at pro-
ject site 
▪ Availability of 

spare parts 

▪ Turbine design 
▪ Turbine condition 
▪ Wind conditions at 

project site 

▪ Turbine design 
▪ Turbine condition & 

expected remaining 
lifetime 

▪ Turbine design 
▪ Turbine condition & ex-

pected remaining lifetime 
▪ Expected maintenance 

plan 
▪ Wind conditions at new 

project site 
▪ Availability of spare parts 

▪ Blade design 
▪ Blade condi-

tion & ex-
pected re-
maining life-
time 
▪ Blade com-

patibility to 
wind turbine 
types 

Legal/  
regula-
tory 

▪ Compensa-
tion 
▪ Land lease 
▪ Requirements 

for repower-
ing 
▪ Requirements 

for lifetime ex-
tension 

▪ Requirements of 
public authorities 
▪ Monitoring of au-

thorities 
▪ Standardisation 

across authorities 

▪ Transport require-
ments 
▪ Export requirements 
▪ Waste handling regu-

lation and classifica-
tion 
▪ Product guarantee & 

warranty  

▪ Import requirements 
▪ Available grid connection 

at site 
▪ Grid code of country 
▪ Requirements for certifica-

tion beyond design lifetime 
▪ Permitting requirements 

(e.g. minimum distances 
to households, height re-
strictions, environmental 
standards) 

No factor  
mentioned. 

Eco-
nomic 

▪ Economic 
feasibility to 
continue op-
eration 
▪ Economic 

feasibility to 
repower 

▪ Decommissioning 
costs 
▪ Disassembly costs 
▪ Pre-processing 

costs 

▪ Purchase price 
▪ Transportation costs 
▪ Storage costs 
▪ Costs for refurbish-

ment, repair or up-
grading 
▪ Sales price 
▪ Economics of alterna-

tive handling options 

Economic feasibility of pro-
ject: 
▪ Initial investment 
▪ Expected income  
▪ Expected operational 

costs 
▪ Expected decommission-

ing costs 
 
Economics of alternative 
turbines 

▪ Economic fea-
sibility  

Organi-
sational 

▪ Operator’s 
business 
strategy 

▪ Choices of operator 
on scope & respon-
sible company 
▪ Business model & 

strategy of respon-
sible company 
▪ Time window for de-

cision-making and 
execution 
▪ Access to lifting 

data & gear 
▪ Skills & standards 

of responsible com-
pany 
▪ Chosen handling 

pathway 

▪ Business model & 
strategy of responsi-
ble company 
▪ Time window for deci-

sion-making and exe-
cution 
▪ Access to operational 

& design data  
▪ Skills & standards of 

responsible company 
▪ Access to potential 

buyers on second-
hand market 

▪ Skills of responsible com-
pany  
▪ Type of buyer 

▪ Spare parts 
management 
and current 
stock levels 

Market 

▪ Number of 
operating tur-
bines per tur-
bine type 
▪ Ownership 

structure 
▪ Size of wind 

farm 

▪ Industry standards ▪ Safety situation of 
countries 
▪ Industry standards 
▪ Supply and demand 

situation at time win-
dow of sale 

▪ Crane infrastructure in 
country 
▪ Available land in country 
▪ Safety situation in country 
▪ Experience with second-

hand turbines 
▪ Energy system & long-

term planning 
▪ Economic status of coun-

try 
▪ Grid voltage 

▪ Total installed 
wind turbines 
with blade 
type 
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Appendix C: Further information on market data 

C1. Overview of data attributes from the Danish market register 

Table 40. Overview of data attributes from the Danish market register of the dataset on onshore wind 
turbines above 25 kW installed capacity (DEA, 2022). As of 31/01/2022. 

 Operational onshore wind tur-
bines 

Decommissioned onshore wind 
turbines 

Attribute Number of 
data values 

Share of missing 
values [%] 

Number of 
data values 

Share of missing 
values [%] 

Turbine identifier (GSRN) 4186 0 % 3195 0 % 
Date of original connec-
tion to grid 4186 0 % 3195 0 % 

Date of decommissioning - - 3195 0 % 
Capacity (kW) 4186 0 % 3195 0 % 
Rotor diameter (m) 4186 0 % 3195 0 % 
Hub height (m) 4186 0 % 3195 0 % 
Manufacture 3859 7.81 % 2470 22.60 % 
Model/Type designation 3859 7.81 % 2473 22.60 % 
Local authority no 4186 0 % 3195 0 % 
Local authority name 4186 0 % 3155 1.25 % 
Type of location 4186 0 % 3195 0 % 
Cadastral district 4179 0.17 % 3078 3.66 % 
Cadastral no. 4186 0 % 3195 0 % 
X (east) coordinate 
UTM 32 Euref89 4186 0 % 3195 0 % 

Y (north) coordinate 
UTM 32 Euref89 4186 0 % 3195 0 % 

Origin of coordinates 4186 0 % 3148 1.47 % 
Distribution company in-
stallation number 4095 2.17 % 3182 0.41% 
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C2. Overview of data attributes from the German market register 

Table 41. Overview of data attributes from the German market register of the dataset on onshore wind 
turbines above 50 kW installed capacity (Bundesnetzagentur, 2023). As of 30/06/2023. 

 Operational onshore wind 
turbines 

Decommissioned onshore 
wind turbines 

Attribute (English translation) Number of 
data values 

Share of miss-
ing values [%] 

Number of 
data values 

Share of miss-
ing values [%] 

UnitMastrNumber  28610 0 % 1029 0 % 
LocationMaStRNumber 28610 0 % 207 79.88 % 
SystemoperatorMastrNumber 28610 0 % 209 79.69 % 
Country 28610 0 % 1029 0 % 
Federal_state 28610 0 % 1029 0 % 
County 28610 0 % 1029 0 % 
Municipality 28610 0 % 1029 0 % 
Municipal_key 28610 0 % 1029 0 % 
Postcode 28610 0 % 1029 0 % 
Area 24155 15.57 % 838 18.56 % 
Town 28610 0 % 1029 0 % 
Longitude 28610 0 % 1029 0 % 
Latitude 28610 0 % 1029 0 % 
Registration_date 28610 0 % 1029 0 % 
Commissioning_date 28610 0 % 1029 0 % 
UnitSystem_status 28610 0 % 1029 0 % 
UnitOperating_status 28610 0 % 1029 0 % 
NamePower_generation_unit 28610 0 % 1029 0 % 
Nominal_net_power 28610 0 % 1029 0 % 
Feed-in_type 28181 1.50 % 1012 1.65 % 
GenMastrNumber 21474 24.94 % 598 41.89 % 
NameWindfarm 28008 2.10 % 1013 1.55 % 
Location 28610 0 % 1029 0 % 
Manufacturer 28406 0.71 % 1014 1.46 % 
Technology 28610 0 % 1029 0 % 
Turbine Type 28392 0.76 % 1024 0.49 % 
Hub_height 28055 1.94% 1019 0.97 % 
Rotor_diameter 28272 1.18 % 1019 0.97 % 
EegMaStRnumber 28610 0 % 1029 0 % 
Date_of_final_decommissioning 0 100 % 1029 0 % 
Citizen_energy 501 98.25 % 0 100 % 
Operating_time 28610 0 % 1029 0 % 
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C3. Correction of data attribute ‘turbine type’ 

 
Figure 92. Excerpt from the Python script for the correction of typographical errors in the turbine type, 

stated in the market register. 
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Appendix D: Further information on annual flow estimates 

D1. Adjusted funnel diagram for Denmark 

 
Figure 93. Funnel diagram for the upper limit of the reuse fraction of onshore wind turbines in operation 

in Denmark, with an adjusted first step of assuming 10 turbines per turbine type. 

 

D2. Estimated annual second-lifecycle and recycling quantities 

 
Figure 94. Expected annual second-lifecycle quantities of installed onshore wind turbines in Denmark 

in accordance to the adjusted Weibull function (ʎ=26, k=9.11). Data based on DEA (2022). 
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Figure 95. Expected annual second-lifecycle quantities of installed onshore wind turbines in Denmark 

in accordance to the adjusted Weibull function (ʎ=32, k=9.11). Data based on DEA (2022). 

 

 
Figure 96. Expected annual second-lifecycle quantities of installed onshore wind turbines in Germany, 

in accordance to the adjusted Weibull function (ʎ=22). Data based on Bundesnetzagentur 
(2023). 
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Figure 97. Expected annual recycling blade mass of installed onshore wind turbines in Denmark in ac-
cordance to the adjusted Weibull function (ʎ=26, k=9.11), in comparison to a 20-year heuris-
tic and Abrahamsen et al. (2023). Data based on DEA (2022). 

 

 
Figure 98. Expected annual recycling blade mass of installed onshore wind turbines in Denmark in ac-

cordance to the adjusted Weibull function (ʎ=32, k=9.11), in comparison to a 20-year heuris-
tic and Abrahamsen et al. (2023). Data based on DEA (2022). 
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Figure 99. Expected annual recycling blade mass of installed onshore wind turbines in Germany, in 

accordance to the adjusted Weibull function (ʎ=22, k=7.49). In comparison to a 20-year heu-
ristic, Kühne et al. (2022) and Pehlken et al. (2017). Data based on Bundesnetzagentur 
(2023). 

 
Table 42. Sensitivity analysis of recycling share from the annual decommissioning of the installed on-

shore wind turbine fleet in Germany, in accordance to the fitted Weibull function (ʎ=25.83, 
k=7.49) 
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Thresholds
15,000 tonnes 10,000 tonnes 5,000 tonnes

Year 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
2024 0 1,077   2,155   3,232   4,309   5,387   6,464   7,542   8,619   9,696   10,774 
2025 0 1,278   2,556   3,834   5,112   6,390   7,668   8,946   10,224 11,502 12,780 
2026 0 1,476   2,952   4,428   5,904   7,381   8,857   10,333 11,809 13,285 14,761 
2027 0 1,660   3,319   4,979   6,638   8,298   9,957   11,617 13,276 14,936 16,595 
2028 0 1,818   3,636   5,454   7,272   9,090   10,908 12,726 14,544 16,362 18,180 
2029 0 1,947   3,895   5,842   7,789   9,736   11,684 13,631 15,578 17,525 19,473 
2030 0 2,053   4,105   6,158   8,210   10,263 12,315 14,368 16,421 18,473 20,526 
2031 0 2,149   4,297   6,446   8,595   10,743 12,892 15,041 17,189 19,338 21,486 
2032 0 2,257   4,513   6,770   9,026   11,283 13,539 15,796 18,052 20,309 22,565 
2033 0 2,397   4,795   7,192   9,589   11,987 14,384 16,781 19,178 21,576 23,973 

share of decommissioning quantity remaining for domestic recycling
Annual blade mass of the installed German onshore fleet, Weibull function (ʎ=25.83, k=7.49)
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Appendix E: Access to raw data and analyses 

The anonymised raw data, the anonymised transcripts of the conducted interviews, the 
python programme code, the MAXQDA coding and the Excel analyses of this thesis 
are archived digitally by the Institute of Production Technology and Systems. Access 
is possible after prior consultation with the Institute's management. 

 

 


