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A framework for the circular economy

The decarbonization of the energy sector is crucial for a climate-neutral EU, 
as a large proportion of greenhouse gas emissions come from energy use. 
Especially the wind energy sector, with its high material costs, faces major 
challenges. The rapid expansion of wind energy requires innovative solutions 
to establish sustainable End-of-Life (EoL) management practices. A digital 
decision-making framework for sustainable EoL strategies is therefore extremely 
useful.
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close the circular economy 
gap are limited by various 
factors, including [8]: 

•	 Limited stakeholder 
familiarity (e.g., policy
makers, industry, wind farm 
owners) with EoL manage
ment options, their 

associated challenges, and opportunities

•	 Insufficient EoL data for Life Cycle Assessment (LCA) 
calculations 

Therefore, the comprehensive consideration of effective 
strategies and assessment of the environmental impact 
of these becomes paramount in addressing this evolving 
challenge. This leads to the following research question: 
How can a sustainable decision-making framework for 
EoL treatment of onshore wind turbines be developed to 
effectively close the loop? The contribution of this article 
is, firstly, identifying current research gaps in the realms 
of EoL management strategies and environmental 
assessment concerning wind turbines. Secondly, the article 
synthesizes these results to propose a comprehensive 
digital decision-making framework for a sustainable-driven 
EoL selection for onshore wind turbines.

Data and methods

The research was performed via a desktop study exploiting 
the potential of circular economy in wind turbine operations 
as described in the research objectives. The data used 
within the comprehensive literature review is sourced 
from the Scopus database. Keywords such as: (“end of 
life” OR “end-of-life” OR “eol”) , (“circular economy” OR 
“CE”), (“concept” OR “strategy” OR “option” OR “method” 
OR “model”), (“wind” OR “wind turbine”), (“assessment” OR 
“evaluation” OR “selction”) were used, totaling in 264 papers 
focusing on (i) EoL practices and 94 papers on (ii) 
environmental impact assessment. With the help of a 
three-stage screening process (title, abstract, full text) a 
total of 32 peer-reviewed journal articles, conference 
papers and reports were selected using the following 
selection criteria: (1) topics of interest (EoL management 
of wind turbines in Central Europe), (2) Relevance (published 
within the last (i) 10 or (ii) 25 years) and (3) Notability 
(referenced in high-quality articles or established sources). 
Additional insights were gained through expert interviews 

As 75% of EU greenhouse gas emissions come from 
energy use and production, the decarbonization of the 
energy sector is a crucial step towards a climate-neutral 
EU [1]. However, decarbonization is associated with high 
resource pressure, especially within the wind energy 
sector, as wind turbines have significantly higher material 
costs than other renewable energy sources (RES). At the 
same time, digital transformation presents a new 
opportunity to address these challenges. Innovative 
solutions are needed, combining digitalization and 
sustainable development, to meet this increasing 
resource demand and thus achieve the ambitious climate 
targets of the European Union [2].

The expansion of wind turbines (WTs) is accompanied 
by an increasing need for decommissioning, accelerated 
by the rapid technological progress within the wind 
energy sector [3, 4]. This unveils a pressing challenge 
tied to the End-of-Life (EoL) management of the WTs 
since the large structures of each WT contain more than 
25.000 components and weigh several thousand tons 
[5, 6]. Yet, efficient EoL practices hold promise in meeting 
the increasing resource demands of RES, facilitating 
their further expansion. The wind energy sector alone 
is projected to recover 4.75 million tons annually by 
2030, according to the European Environmental Agency 
[7]. However, realizing this potential necessitates 
overcoming numerous obstacles. Presently, the 
profitability and effectiveness of the EoL practices to 
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with key stakeholders of the wind energy sector along the 
value chain, as shown in Figure 1. The data used for the 
statistical analyses to gain some empirical insights into 
the composition of Austrian wind turbines was taken from 
an Austrian wind farm database (The Wind Power) [9].

Current research gaps

With the growing need for dismantling and renewal over 
the upcoming years, the EoL Management of wind turbines 
provides significant ecological and economical potential. 
Especially through the use of energy-efficient circular 
options such as reuse, remanufacturing and refurbishment 
a large amount of CO2 equivalents can be saved compared 
to the current state-of-the-practice of disposal (of concrete 
and fibre parts) and energetic recycling (metal parts) [8-10]. 
To facilitate achieving the objectives outlined in this study, 
this section offers an overview of the current state of 
knowledge in the two core disciplines of the research 
initiative and identifies current research gaps. Drawing 
upon the Scopus database, a comprehensive literature 
review is presented, addressing:

i.	 Current EoL management practices for wind turbines

ii.	 Options for measuring the environmental impact of 
different EoL strategies

EoL management practices for wind 
turbines

As a wind farm is approaching the end of its service life, 
a decision must be made within the EoL management of 
the wind turbines as to whether operation should be 
extended by repowering, life-time extension (LTE) or 
decommissioning the project. This juncture offers a range 
of End-of-Life alternatives for consideration. Traditionally, 
the EoL options are arranged in descending order based 

on the EU waste hierarchy of the European Waste 
Framework Directive (2008/98/EC) and the circular economy 
R-Framework derived from it, see for example [11, 12, 13]. 
However, in the wind industry, consistent adherence to 
EoL options with the R-framework of the circular economy 
(reuse, repair, refurbish, remanufacture, repurpose, recycle, 
recover) is currently absent, attributed to a lack of 
consensus in wind turbine research concerning the 
definition of EoL options see [8, 14, 15].

There is a lack of structured analyses of potential EoL 
strategies for WTs in both political and scientific domains, 
see [8, 14–18]. Velenturf offers a notable exception, 
focusing on offshore turbines and providing a holistic view 
of circular economy strategies [18]. However, the results 
of this work are limited to a holistic view, focusing on the 
system level without considering individual components. 

Examining End-of-Life (EoL) options for individual wind 
turbine components reveals two main trends. Firstly, rotor 
blade treatment receives significant attention in current 
research and policymaking, despite their relatively low 
weight contribution, see [19–25]. Secondly, recycling is 
emphasized in current research, despite it being one of 
the least preferred strategies of circular economy, see [10, 
14, 25–27] , a trend supported by Eligüzel and Özceylan's 
comprehensive review [16].

In summary, this points to the following research gap 
within current EoL management practices for wind turbines:

Absence of structured analyses of potential EoL options for 
individual wind turbine components beyond rotor blades, 
adhering to the circular economy framework and targeting 
high-value R-strategies beyond recycling.

DOI: 10.30844/I4SE.24.5.90

Figure 1: List of wind energy organizations interviewed.

Organization Branch

Interessengemeinschaft Windkraft (IG Windkraft) Industry Association

Technical University of Denmark (DTU) Academia

Universität für Bodenkultur Wien (BOKU) Academia

Vestas Wind Systems Industry: Manufacturer

Püspök Industry: Operator

Wien Energie Industry: Operator
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Measuring the environmental impact of 
different EoL strategies 

Quantifying the economic and environmental impacts 
of different End-of-Life options is critical to enable 
economically and environmentally sustainable decision-
making, promote resource efficiency, and meet regulatory 
requirements for environmental assessment and 
management. Life cycle assessments (LCAs) are usually 
used to quantify these aspects [28-33].

However, the traditional LCA method has various 
limitations: 

•	 Lack of application for the circular context  
[30, 33, 34]. 

•	 Time-consuming and cost-intensive implementation 
[28, 30, 31]

•	 Need for extensive data sets and input data  
[28, 31, 35]

Authors such as Kasner [14], Gennitsaris et al. [27], and 
Zhong et al. [36] use the LCA method to quantify the 
environmental impact of selected EoL scenarios of wind 
turbine components or materials used. [14] explores the 
environmental efficiency of a 2 MW Vestas V90/105 m 
wind farm, examining three EoL scenarios: 
decommissioning, LTE, and repowering. However, detailed 
distinctions, such as the variation of different 
decommissioning options (reuse, repurpose, recycle, etc.), 
are lacking. Gennitsaris et al. [27] assess the environmental 
impact of various End-of-Life management scenarios for 
decommissioning a Vestas V52 onshore wind turbine via 
LCA. Considering the existing End-of-Life treatment 
technologies for the materials associated with wind turbine 
systems eleven scenarios were defined. However, the 
scenarios are not directly linked to the WT components 
but to their materials and only a limited number of EoL 
options are considered, neglecting EoL options like reuse. 
In the work by Zhong et al. [36], the consideration of EoL 
scenarios is further constrained, focusing solely on 
recycling. Furthermore, certain authors, including Ghosh 
et al. [37] and Fayyaz et al. [38], address the quantification 
of the environmental impact associated with specific 
End-of-Life (EoL) options for individual components, with 
a particular focus on rotor blades. 

In conclusion, a significant research gap exists in the 
current research landscape pertaining to the quantification 
of environmental impact associated with diverse EoL 
strategies for WTs:

Approaches to quantifying the environmental impact 
associated with different EoL strategies for wind turbines are 
limited to a restricted selection of End-of-Life options, 
predominantly related exclusively to one type of wind turbine 

and refraining from further delving into the diverse multitude 
of components (>25.000) constituting wind turbines.

Empirical insights into the composition 
of Austrian wind turbines

In order to obtain empirical insights into the composition 
of wind turbines in terms of manufacturer distribution, 
wind turbine types, and sizing of the plants, statistical 
analyses were conducted illustrated by the example of 
Austria. 

The database contains information on 1,342 out of 1,426 
wind turbines commissioned in Austria by the end of 2023. 
Austria's wind industry is primarily dominated by two 
manufacturers, Enercon and Vestas, which collectively 
represent 84% of the turbines. The remaining 16% consists 
of various manufacturers such as Nordex, Leitwind, GE 
Energy, Windtec, Siemens, among others. An in-depth 
examination of the turbine types reveals that Austria hosts 
only 13 different models of Enercon turbines and 14 
different of Vestas. Notably, the Enercon E101 with 307 
installations and the Vestas V90 with 127 installations 
emerge as the predominant turbine types (Fig. 2).

Analyzing the turbine types commissioned annually 
alongside their dimensions unveils a consistent trend 
towards larger turbines. Over the years, the rotor diameter 
has notably increased, from around 30 meters in the 
mid-1990s, to turbines boasting diameters of up to 162 
meters today. 

In conclusion, the Austrian wind turbine landscape is 
characterized by a limited number of manufacturers and 
a small selection of turbine types. An examination of 15 
distinct turbine models, including 6 from Enercon and 9 
from Vestas, encompasses 76.4% (1,080 turbines) of all 
installations in Austria. In addition, the analyses of the WT 
composition shows that the dimensioning and thus the 
material consumption are strongly dependent on the rotor 
diameter, with a consistent upward trend driven by 
technological innovation and increasing turbine capacity 
[4, 27, 39].

Sustainable decision-making framework

Based on the extensive literature review, expert interviews 
and statistical analyses, a conceptual model is proposed 
in order to identify and choose the most sustainable option 
for End-of-Life treatment of wind turbines. The approach 
can be divided into three phases: (1) Product Description, 
(2) EoL Strategy Selection, and (3) Impact Assessment 
(Fig. 3). 
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Finally, the results obtained from the two previous phases 
are integrated in the third branch to facilitate the 
streamlined quantification of environmental impacts 
associated with the individual EoL options of the product 
and its components. The starting point for this is the 
optimization of the data collection process of the LCA 
using digital technologies like Artificial Intelligence. Special 
attention should be paid to transitioning from modeling 
individual life cycles (classic LCA) to multiple life cycles 
(CE-LCA). 

By employing this approach, the environmental impacts 
of various End-of-Life options can be quantified, providing 
decision-makers with the necessary data to make informed 
and sustainable choices regarding the End-of-Life 
management of wind turbines.

The pressing challenge of EoL 
management in the wind energy sector

Through comprehensive research, a sustainable decision-
making framework for EoL treatment of wind turbines is 
proposed. This conceptual model makes an important 
contribution to streamline the complex decision-making 
process for EoL strategies in the wind energy sector. By 
combining circular economy approaches and digital 
technologies, a first step towards achieving a sustainable 
energy future can be made. However, further research is 
needed, with a focus on ongoing collaboration with 
stakeholders across the wind energy spectrum, to ensure 
practical applicability and acceptance. Advancements in 

In the context of End-of-Life management of complex 
product structures, such as wind turbines, comprehensive 
decision-making requires a deep understanding of the 
complex design of the product, the properties of the 
components, the material composition, and their 
interrelationships. Therefore, the first phase of the 
decision-making framework focuses on the analysis and 
description of the wind turbine.

This phase begins with an analysis of the product's 
construction types, primary components and material 
compositions to achieve a comprehensive depiction of 
the product structure. Ideally, Bills of Materials (BoM) and 
assembly drawings serve as input data [40]; otherwise 
LCA data published by the manufacturer can be used. 
Given the WTs unique complexity, an enhanced approach 
is adopted, utilizing a technology-supported regression 
analysis to address component variations, see [41]. The 
regression model offers the potential to predict the 
material consumption of current and future WTs, 
minimizing the need for analyzing various BoMs for each 
product variant. 

Leveraging insights from the first phase regarding the 
components and their material composition, in phase two 
diverse End-of-Life alternatives for the product components 
need to be identified, e.g. through the systematic literature 
review (SLR) method. An iterative process analyzes domain-
specific nomenclature to unveil additional EoL strategies, 
leading to standardization of procedural steps within each 
strategy [42]. The primary goal of this phase is to 
systematically identify circular economy opportunities 
throughout the product life cycle.

DOI: 10.30844/I4SE.24.5.90

Figure 2: Analysis of wind turbine composition in Austria.
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Figure 3: Proposed End-of-Life decision-making framework.
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environmental impact assessment methodologies, 
especially tailored to the circular economy context, are 
essential for robust decision-making. Furthermore, as 
technology and industry practices evolve, continuous 
exploration of circular economy opportunities is crucial.
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contribute to a brighter future?
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Industrial management is facing many challenges, one 
need is to adopt sustainable practices. As climate change is 
becoming an increasingly urgent problem,  industrial man-
agement must � nd ways to reduce waste and pollution, 
conserve natural resources, and protect the environment 
and employees. Industrial management also needs to em-
brace new technologies like virtual reality, arti� cial intel-
ligence, and the Internet of Things. These challenges are 
becoming more prevalent, managers and decision makers 
must � nd ways to adopt these new technologies in order 
to remain competitive. Furthermore, with the workforce 
becoming more diverse and globalized organisations have 
to attract and retain top talent. For industrial management 
it is important to create an inclusive work environment. 
Current research approaches from the members of the Sci-
enti� c Society for Work and Business Organisation (WGAB) 
are presented in this book.
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new technologies like virtual reality, Artificial 
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