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Abstract 

 
The increasing number of onshore wind turbines in Europe reaching the end of their 
operational lifetime creates a major challenge for maintaining renewable energy capacity and 
achieving the European Union’s 2030 climate objectives. As first-generation wind farms 
become technically outdated and economically inefficient, selecting the most appropriate 
end-of-life strategy becomes a strategic priority. Among the available options, 
decommissioning, lifetime extension, and repowering, the latter has gained increasing 
attention as a technically feasible and policy-aligned pathway to sustain and expand wind 
generation capacity within existing sites. 

This thesis investigates the level of maturity of onshore wind repowering across seven 
European countries: Denmark, France, Germany, Greece, Italy, Spain, and Sweden. The 
objective is to identify which countries demonstrate the most advanced and supportive 
environments for repowering and to extract lessons and best practices that can guide the 
improvement of repowering frameworks in countries that currently underperform. 

To achieve this, a structured Multi-Criteria Decision Analysis (MCDA) framework was 
developed, integrating twelve indicators grouped under five pillars—financial, legal, 
technical, environmental, and social. Quantitative and qualitative data were compiled from 
peer-reviewed literature, national reports, and European databases. The Technique for Order 
Preference by Similarity to the Ideal Solution (TOPSIS) method was employed to rank 
countries based on their overall readiness and performance regarding repowering. 

The analysis reveals that Denmark, Germany, and Spain constitute the frontrunners, 
supported by consistent support schemes, clear permitting processes, mature recycling 
solutions, and strong public awareness. France and Italy show moderate progress, whereas 
Sweden and Greece remain in early stages due to administrative complexity, low repowering 
activity, and insufficient legal incentives. The findings emphasize that robust policy 
frameworks, grid readiness, and circular economy integration are decisive for accelerating 
repowering deployment. 

This study provides a transparent and replicable benchmarking tool for policymakers, 
investors, and stakeholders aiming to evaluate and enhance repowering potential at national 
and European levels. Its results contribute to a clearer understanding of how Greece can 
integrate successful European practices to unlock its ageing wind capacity and contribute 
more effectively to EU energy and sustainability targets. 

Keywords: Wind energy, Repowering, Multi-Criteria Decision Analysis (MCDA), TOPSIS, 
Renewable Energy Directive (RED III), Onshore wind, Policy benchmarking, European Union 
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Abstract in Greek – Εκτεταμένη Περίληψη 

Η ενεργειακή μετάβαση της Ευρωπαϊκής Ένωσης προς μια κλιματικά ουδέτερη οικονομία 
έως το 2050 στηρίζεται σε μεγάλο βαθμό στην αιολική ενέργεια, η οποία έχει εξελιχθεί σε 
έναν από τους πλέον ώριμους και οικονομικά ανταγωνιστικούς πυλώνες του ευρωπαϊκού 
ενεργειακού μείγματος. Παρά την αδιάλειπτη αύξηση της εγκατεστημένης ισχύος τις 
τελευταίες δύο δεκαετίες, ένας αυξανόμενος αριθμός αιολικών πάρκων, ιδίως εκείνων που 
εγκαταστάθηκαν τη δεκαετία του 1990 και στις αρχές του 2000, προσεγγίζει πλέον το τέλος 
της τεχνικής τους διάρκειας ζωής. Το γεγονός αυτό δημιουργεί μια σημαντική πρόκληση: πώς 
μπορεί να διατηρηθεί ή να ενισχυθεί η παραγωγική ικανότητα του ευρωπαϊκού αιολικού 
στόλου, ενώ ταυτόχρονα διασφαλίζεται η οικονομική βιωσιμότητα, η κοινωνική αποδοχή και 
η περιβαλλοντική ισορροπία των επενδύσεων. 

Μέσα σε αυτό το πλαίσιο, η ανανέωση (repowering) των αιολικών πάρκων, δηλαδή η 
αντικατάσταση παλαιών ανεμογεννητριών με νέες, υψηλότερης ισχύος και απόδοσης, στην 
ίδια ή σε παρόμοια τοποθεσία, αναδεικνύεται ως μία από τις πιο υποσχόμενες στρατηγικές 
διαχείρισης του τέλους ζωής των υφιστάμενων έργων. Το repowering προσφέρει τη 
δυνατότητα αύξησης της παραγόμενης ενέργειας χωρίς να απαιτείται η ανάπτυξη νέων 
εκτάσεων, αξιοποιεί υφιστάμενες υποδομές και αδειοδοτήσεις, μειώνει τη χωρική πίεση και 
τις περιβαλλοντικές επιπτώσεις και συμβάλλει στην αποτελεσματική ανανέωση του 
ενεργειακού δυναμικού. Παρ’ όλα αυτά, η πρόοδος στην εφαρμογή έργων repowering 
παρουσιάζει σημαντικές διαφοροποιήσεις μεταξύ των κρατών-μελών της Ευρωπαϊκής 
Ένωσης. Ορισμένες χώρες, όπως η Δανία και η Γερμανία, έχουν αναπτύξει ώριμες αγορές και 
σταθερά θεσμικά πλαίσια, ενώ άλλες παραμένουν σε πρώιμο στάδιο, αντιμετωπίζοντας 
ρυθμιστικά, τεχνικά ή κοινωνικά εμπόδια. 

Η παρούσα εργασία εξετάζει το επίπεδο ωριμότητας του repowering χερσαίων αιολικών 
πάρκων σε επτά ευρωπαϊκές χώρες: Δανία, Γαλλία, Γερμανία, Ελλάδα, Ιταλία, Ισπανία, και 
Σουηδία. Σκοπός είναι να εντοπιστούν οι χώρες που διαθέτουν το πιο ανεπτυγμένο και 
υποστηρικτικό πλαίσιο για την ανανέωση και να εξαχθούν τα διδάγματα και οι βέλτιστες 
πρακτικές που μπορούν να καθοδηγήσουν τις χώρες που υστερούν στην υιοθέτηση πιο 
ώριμων μηχανισμών και πολιτικών. Η μελέτη υιοθετεί μια συγκριτική μεθοδολογία, ώστε να 
αποτιμήσει με αντικειμενικό τρόπο την επίδοση κάθε χώρας μέσα από οικονομικούς, 
τεχνικούς, νομικούς, περιβαλλοντικούς και κοινωνικούς παράγοντες. 

Για τον σκοπό αυτό, αναπτύχθηκε ένα πλαίσιο Πολυκριτήριας Ανάλυσης Αποφάσεων (Multi-
Criteria Decision Analysis - MCDA), το οποίο περιλαμβάνει δώδεκα κριτήρια, οργανωμένα σε 
πέντε θεματικούς πυλώνες: οικονομικό, νομικό, τεχνικό, περιβαλλοντικό και κοινωνικό. Η 
επιλογή των κριτηρίων βασίστηκε σε εκτενή βιβλιογραφική ανασκόπηση και σε ευρωπαϊκές 
πρακτικές αξιολόγησης πολιτικών ΑΠΕ, με στόχο τη διασφάλιση της σύγκρισης των 
δεδομένων και της εγκυρότητας των αποτελεσμάτων. Τα δεδομένα αντλήθηκαν από 
επίσημες πηγές, ευρωπαϊκές εκθέσεις και θεσμικά κείμενα, καθώς και από εθνικούς 
ενεργειακούς φορείς και επιστημονικές δημοσιεύσεις. 

Για την επεξεργασία και τη σύνθεση των δεδομένων εφαρμόστηκε η μέθοδος TOPSIS 
(Technique for Order Preference by Similarity to the Ideal Solution), η οποία επιτρέπει τη 
σύγκριση εναλλακτικών επιλογών βάσει της εγγύτητάς τους προς την ιδανική και την 
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αρνητικά ιδανική λύση. Η μέθοδος αυτή αποδείχθηκε κατάλληλη, καθώς συνδυάζει τόσο 
ποσοτικά όσο και ποιοτικά δεδομένα, αποδίδοντας ένα σαφές και μετρήσιμο αποτέλεσμα 
κατάταξης. Η αξιολόγηση πραγματοποιήθηκε με ίσες βαρύτητες μεταξύ των κριτηρίων, ώστε 
να αποφευχθεί η μεροληψία υπέρ ενός συγκεκριμένου πυλώνα. 

Η ανάλυση ανέδειξε τρεις διακριτές ομάδες χωρών ως προς την ωριμότητα της ανανέωσης. 
Η πρώτη ομάδα περιλαμβάνει τη Δανία, τη Γερμανία και την Ισπανία, οι οποίες 
χαρακτηρίζονται ως πρωτοπόρες. Οι χώρες αυτές διαθέτουν σταθερά και μακροχρόνια 
συστήματα ενίσχυσης της αιολικής ενέργειας, καθαρές διαδικασίες αδειοδότησης, ώριμη 
τεχνολογική υποδομή και υψηλή κοινωνική αποδοχή. Επιπλέον, παρουσιάζουν σημαντική 
πρόοδο στην ενσωμάτωση πρακτικών κυκλικής οικονομίας, όπως η ανάπτυξη τεχνολογιών 
ανακύκλωσης πτερυγίων και η διαχείριση αποβλήτων. Η δεύτερη ομάδα, στην οποία 
ανήκουν η Γαλλία και η Ιταλία, παρουσιάζει μέτρια ωριμότητα. Παρά την ύπαρξη θεσμικών 
πλαισίων που υποστηρίζουν την ανάπτυξη της αιολικής ενέργειας, οι χώρες αυτές 
αντιμετωπίζουν διοικητική πολυπλοκότητα και καθυστερήσεις στην αδειοδότηση, οι οποίες 
περιορίζουν τη δυναμική του repowering. Ωστόσο, παρατηρείται αυξανόμενο ενδιαφέρον 
και πρόοδος σε επίπεδο ερευνητικών προγραμμάτων και πολιτικών προσαρμογής. Η τρίτη 
ομάδα, που περιλαμβάνει τη Σουηδία και την Ελλάδα, εμφανίζει χαμηλό βαθμό ωριμότητας. 
Στη Σουηδία, η έλλειψη ισχυρών οικονομικών κινήτρων και η κορεσμένη αγορά καθαρής 
ενέργειας περιορίζουν την ανάπτυξη της ανανέωσης, ενώ στην Ελλάδα, τα κυριότερα 
εμπόδια σχετίζονται με τη χρονοβόρα και πολύπλοκη αδειοδοτική διαδικασία, την ασάφεια 
του θεσμικού πλαισίου και την απουσία οργανωμένης πολιτικής για την ανακύκλωση και 
επαναχρησιμοποίηση υλικών. 

Η συνολική κατάταξη βάσει της μεθόδου TOPSIS ανέδειξε τη Δανία ως τη χώρα με την 
υψηλότερη επίδοση, ακολουθούμενη από τη Γερμανία και την Ισπανία. Η Γαλλία και η Ιταλία 
κατατάσσονται στη μεσαία κατηγορία, ενώ η Σουηδία και η Ελλάδα βρίσκονται στις 
τελευταίες θέσεις. Τα αποτελέσματα αυτά επιβεβαιώνουν ότι η επιτυχία των έργων 
repowering εξαρτάται άμεσα από τη συνέργεια θεσμικών, τεχνικών και κοινωνικών 
παραμέτρων. 

Τα αποτελέσματα της έρευνας αναδεικνύουν κρίσιμους παράγοντες επιτυχίας που 
διαφοροποιούν τις ώριμες από τις υστερούσες αγορές. Πρώτον, η ύπαρξη σαφούς και 
σταθερού θεσμικού πλαισίου αποτελεί τη βάση για την προσέλκυση επενδύσεων και τη 
μείωση του ρίσκου. Οι χώρες που έχουν κατορθώσει να διαμορφώσουν συνεπή και 
μακροπρόθεσμα προγράμματα στήριξης, όπως η Δανία και η Γερμανία, πέτυχαν να 
διασφαλίσουν τη συνέχεια της αγοράς και να δημιουργήσουν κλίμα εμπιστοσύνης. 
Δεύτερον, η απλοποίηση των αδειοδοτικών διαδικασιών αποδεικνύεται καθοριστικός 
παράγοντας, καθώς μειώνει τους χρόνους ανάπτυξης και τα διοικητικά κόστη. Τρίτον, η 
προσαρμογή των ηλεκτρικών δικτύων και των χωροταξικών πολιτικών στις ανάγκες της 
ανανέωσης είναι κρίσιμη για την αποφυγή συμφόρησης και για τη βέλτιστη αξιοποίηση των 
διαθέσιμων πόρων. Τέταρτον, η ενσωμάτωση πρακτικών κυκλικής οικονομίας, όπως η 
ανακύκλωση πτερυγίων και η ανάκτηση σύνθετων υλικών, συμβάλλει στην περιβαλλοντική 
αποδοχή και στη βιωσιμότητα του κύκλου ζωής των έργων. Τέλος, η κοινωνική διάσταση 
παίζει καθοριστικό ρόλο, καθώς η ενημέρωση, η συμμετοχή και η διαφάνεια μειώνουν τις 
αντιδράσεις και ενισχύουν τη συναίνεση των τοπικών κοινωνιών. 
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Για τις χώρες που βρίσκονται σε χαμηλότερο επίπεδο ωριμότητας, όπως η Ελλάδα και η 
Σουηδία, η μελέτη προτείνει μια σειρά πολιτικών παρεμβάσεων που μπορούν να 
επιταχύνουν την ανάπτυξη της ανανέωσης. Η θέσπιση ενός σαφούς και εξειδικευμένου 
πλαισίου για την αντικατάσταση παλαιών ανεμογεννητριών, η δημιουργία μηχανισμών 
οικονομικών κινήτρων και χρηματοδοτικών εργαλείων, η ανάπτυξη εθνικής στρατηγικής 
ανακύκλωσης πτερυγίων και η ενίσχυση της συμμετοχής των πολιτών αποτελούν κρίσιμες 
προϋποθέσεις για την επιτυχή εφαρμογή της διαδικασίας. 

Η συμβολή της παρούσας διπλωματικής εργασίας είναι πολλαπλή. Πρώτον, προσφέρει ένα 
ολοκληρωμένο και διαφανές μεθοδολογικό πλαίσιο αξιολόγησης της ωριμότητας της 
ανανέωσης σε ευρωπαϊκό επίπεδο, το οποίο μπορεί να εφαρμοστεί και σε άλλες τεχνολογίες 
ανανεώσιμων πηγών ενέργειας. Δεύτερον, παρέχει ένα εργαλείο πολιτικής που μπορεί να 
υποστηρίξει τη λήψη τεκμηριωμένων αποφάσεων από κυβερνήσεις, ρυθμιστικές αρχές και 
επενδυτές. Τρίτον, ενισχύει τη γνώση γύρω από τη σύνδεση τεχνικών, νομικών και 
κοινωνικών παραγόντων που καθορίζουν την επιτυχία της ενεργειακής μετάβασης. 

Συνολικά, η εργασία υπογραμμίζει ότι η ανανέωση των χερσαίων αιολικών πάρκων δεν 
αποτελεί απλώς τεχνική διαδικασία αντικατάστασης εξοπλισμού, αλλά μια σύνθετη 
πολιτικο-οικονομική και κοινωνική πρόκληση, η οποία απαιτεί ολοκληρωμένο σχεδιασμό, 
διατομεακή συνεργασία και σταθερή στρατηγική κατεύθυνση. Η επιτυχής εφαρμογή της 
μπορεί να συμβάλει αποφασιστικά στη διατήρηση της ενεργειακής ασφάλειας, στη μείωση 
των εκπομπών και στην ενίσχυση της ανταγωνιστικότητας της ευρωπαϊκής οικονομίας στο 
πλαίσιο της πράσινης μετάβασης. Η ανάπτυξη ώριμων αγορών repowering δεν είναι μόνο 
απαραίτητη για την επίτευξη των ευρωπαϊκών στόχων για το 2030, αλλά και για τη 
διασφάλιση της μακροχρόνιας βιωσιμότητας της αιολικής ενέργειας ως βασικού πυλώνα του 
ενεργειακού μέλλοντος της Ευρώπης. 

Λέξεις-Κλειδιά: Αιολική ενέργεια, Repowering, Πολυκριτήρια Ανάλυση Αποφάσεων (MCDA), 
TOPSIS, Οδηγία RED III, Χερσαία αιολικά, Συγκριτική αξιολόγηση, Ευρωπαϊκή Ένωση 
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Abbreviations 
AFR Alternative Fuels and Raw materials 

AHP Analytic Hierarchy Process 

BImSchG Bundes-Immissionsschutzgesetz (Federal Immission Control Act, Germany) 

BOE Boletín Oficial del Estado (Official State Gazette, Spain) 

CfD Contract for Difference 

DE Germany 

DL Decreto-Legge (Legislative Decree, Italy) 

EIA Environmental Impact Assessment 

ENTSO-E European Network of Transmission System Operators for Electricity 

EoL End of Life 

ERG ERG S.p.A. (Italian renewable energy company) 

EU European Union 

FiP Feed-in Premium 

FiT Feed-in Tariff 

GDP Gross Domestic Product 

GSE Gestore dei Servizi Energetici (Italian National Energy Services Operator) 

GW Gigawatt 

IEA International Energy Agency 

IRENA International Renewable Energy Agency 

JEC Joint European Composites 

JRC Joint Research Centre (European Commission) 

LCA Life Cycle Assessment 

LCOE Levelized Cost of Energy 

MCDA Multi-Criteria Decision Analysis 

MiSE 
Ministero dello Sviluppo Economico (Ministry of Economic Development, 
Italy) 

MW Megawatt 

NECP National Energy and Climate Plan 

NIS Negative Ideal Solution 

NTUA National Technical University of Athens 

OPI Overriding Public Interest 

PIS Positive Ideal Solution 

PPA Power Purchase Agreement 

PROMETHEE Preference Ranking Organization Method for Enrichment Evaluations 

R&D Research and Development 

RD&D Research, Development and Demonstration 

RED III Renewable Energy Directive (Recast) 2023/2413/EU 
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REFRESH REcycling of Fiberglass REinforced compositeS through mechanical processes 

RES Renewable Energy Sources 

REE Red Eléctrica de España 

RS Repowering Share 

RTE Réseau de Transport d’Électricité (France) 

SDE Subsidy for Sustainable Energy Production (Netherlands) 

TSO Transmission System Operator 

TOPSIS Technique for Order of Preference by Similarity to the Ideal Solution 

WACC Weighted Average Cost of Capital 

WTG Wind Turbine Generator 

 



Repowering of Onshore Wind Farms in the EU: Identifying the Frontrunner Country  
Using Multi-Criteria Decision Analysis 

Μεταπτυχιακή Διπλωματική Εργασία – Γεώργιος Παπαδόπουλος 
Master's Thesis – Georgios Papadopoulos 

ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 11 
MSc “Infrastructure and Construction Project Management” 

 

1. Introduction 

1.1 Context 

Wind energy has emerged as one of the principal pillars of the European Union’s transition 
towards a climate-neutral energy system by 2050. Following the adoption of the European 
Green Deal and the revised Renewable Energy Directive (RED III), Member States have 
committed to accelerating renewable deployment, improving system integration, and 
streamlining permitting procedures (European Commission, 2023a). Among renewable 
energy technologies, onshore wind plays a decisive role, accounting for more than half of 
Europe’s installed wind capacity and maintaining strong competitiveness relative to fossil-
based electricity generation (WindEurope, 2024a). However, a large share of these 
installations is now approaching or exceeding their nominal 20–25-year design life, 
confronting owners, investors, and regulators with crucial end-of-life (EoL) decisions (Ziegler 
et al., 2018; Piel et al., 2019). The EoL phase is not a purely technical moment in a turbine’s 
lifecycle but a complex decision space that integrates economic, environmental, social, and 
legal dimensions (Doukas et al., 2022; Villena-Ruiz et al., 2018). 

Three main strategies dominate the literature and practice of EoL management: lifetime 
extension, decommissioning, and repowering (Piel et al., 2019; Ziegler et al., 2018). Lifetime 
extension seeks to continue operation beyond the certified design life through intensified 
maintenance, structural assessment, and selective replacement of components. While 
economically attractive in the short term, this option often carries increasing reliability risks 
and declining performance (Ziegler et al., 2018; Tazi et al., 2019). Decommissioning involves 
complete dismantling, site restoration, and waste management; it mitigates safety concerns 
but entails a permanent loss of renewable capacity and generates significant volumes of 
composite waste, particularly from blades (Castro-Santos and Díaz-Casás, 2016; de Simón-
Martín et al., 2022). Repowering, by contrast, replaces obsolete turbines with newer, larger, 
and more efficient ones, typically on the same sites and with partial reuse of infrastructure 
such as roads, substations, and grid connections (Villena-Ruiz et al., 2018; Gil-García et al., 
2024). Repowering may occur in partial or full form. Partial repowering upgrades specific 
subsystems (e.g., blades, nacelles, or control systems) to recover output with limited 
structural change. Full repowering, being the primary focus of this thesis, entails complete 
turbine replacement, often accompanied by a re-optimized layout to harness improved rotor 
diameters and hub heights (Magyar, 2023; Bouzolin et al., 2024). In this thesis, repowering 
refers exclusively to full repowering. The overview of EoL options for wind farms is presented 
in Table 1. 
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Table 1: Overview of End-of-Life Options for Wind Farms 

Option Description 

Life Extension Extending the operational lifetime of existing turbines and 
infrastructure, often through component replacement or 
refurbishment on a like-for-like basis. 

Partial 
Repowering 
(Revamping) 

Upgrading specific turbine components—such as rotors, blades, 
or generators—to improve efficiency, increase energy output, or 
extend lifespan without full turbine replacement. 

Full Repowering Complete replacement of existing turbines and related 
infrastructure with modern, higher-capacity models, typically 
leading to increased energy production and improved system 
performance. 

Decommissioning Full removal of turbines and foundations, with the site restored 
to its previous condition. Usually undertaken when repowering 
or life extension is not feasible or permitted. 

 

Evidence indicates that full repowering can deliver production gains of 10–57 %, significantly 
enhance capacity factors, and reduce the levelized cost of energy by up to one-third relative 
to decommissioning followed by greenfield redevelopment (Villena-Ruiz et al., 2018; Relvas 
et al., 2018; de Simón-Martín et al., 2022). These improvements stem from modern turbine 
designs, better grid integration, and economies of scale (Piel et al., 2019; Magyar, 2023). At 
the same time, repowering mitigates land-use conflicts by increasing energy yield per unit 
area and by concentrating development on already-disturbed sites (Ahmed et al., 2024). 

Despite these benefits, repowering remains underdeveloped in Europe. Countries such as 
Germany and Spain host more than 40 GW of turbines older than 15 years, yet repowering 
represents only a small portion of new capacity additions (WindEurope, 2024b). Barriers to 
large-scale repowering include complex and time-consuming permitting procedures, grid 
congestion, curtailment risks, limited blade recyclability, and persistent social acceptance 
challenges (Doukas et al., 2022; De Laurentis & Windemer, 2024). In addition, national 
frameworks differ widely in terms of auction design, land-use regulation, and support 
mechanisms, resulting in fragmented policy maturity across Member States (IEA, 2023; Piel 
et al., 2019). Understanding these disparities is essential for identifying frontrunners, 
diagnosing policy bottlenecks, and formulating coherent European strategies for wind fleet 
renewal. 

The EoL phase of wind turbines therefore presents a multidimensional decision-making 
problem that extends beyond technical or economic considerations. Decision-makers, 
including policymakers, investors, developers, regulators, and local communities, must 
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evaluate competing objectives such as cost efficiency, energy yield, environmental impact, 
social acceptance, and regulatory compliance (Liu et al., 2021; Martínez et al., 2020). These 
objectives often conflict, as increasing turbine size through repowering enhances production 
but may exacerbate visual or noise impacts, influencing public opposition; In this context, 
repowering is not a purely technical upgrade but a complex policy, environmental, and social 
process that requires coordinated decision-making among multiple stakeholders, the 
adaptation of permitting regimes, and the balancing of local and national interests. Evaluating 
repowering maturity, therefore, demands a holistic and multidimensional analytical 
framework capable of integrating heterogeneous indicators under a consistent decision-
support structure. Α multi-criteria decision analysis (MCDA) approach allows the systematic 
integration of diverse indicators, both quantitative and qualitative, reflecting the various 
dimensions that influence repowering readiness and effectiveness. The multidimensional 
nature of repowering extends across five main pillars—technical, financial, legal, 
environmental, and social. Each of these dimensions influences how easily a country can 
implement repowering at scale.  

1.2 Aim  

Given the complexity and multi-dimensionality of repowering, MCDA methods have become 
increasingly valuable for supporting decision-makers in energy planning and policy design 
(Pohekar and Ramachandran, 2004; Wang et al., 2009). MCDA provides a structured way to 
handle multiple, often conflicting criteria and to express trade-offs transparently. In this 
thesis, the Technique for Order of Preference by Similarity to the Ideal Solution (TOPSIS) is 
applied, as it enables the ranking of alternatives, which in this case are European Union 
countries, based on their proximity to an ideal solution that maximizes benefits and minimizes 
costs (Hwang and Yoon, 1981). The aim of this thesis is to evaluate the level of maturity of 
onshore wind repowering across selected European countries—Denmark, Germany, Spain, 
France, Italy, Sweden, and Greece—through a structured multi-criteria framework. The 
framework integrates twelve harmonized indicators grouped into five pillars (financial, legal, 
technical, environmental, and social), enabling transparent comparison and policy-relevant 
ranking of national contexts. 

1.3 Novelty 

Although the end-of-life management of wind farms has been widely analyzed through 
techno-economic and site-specific approaches, the comparative assessment of repowering at 
the national level remains largely unexplored. Existing studies acknowledge the socio-
economic and institutional complexity of repowering (Doukas et al., 2022) and demonstrate 
the value of multi-criteria frameworks in broader energy-transition contexts (Neofytou et al., 
2020), yet a systematic, indicator-based evaluation of how prepared different EU Member 
States are to advance full onshore repowering is still missing. This thesis addresses that gap 
by translating the concept of repowering maturity into a measurable, cross-country 
framework that reflects the financial, legal, technical, environmental, and social conditions 
influencing implementation. By offering a transparent and evidence-based comparison 
among countries, it advances understanding of the factors that enable or hinder repowering 
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progress and provides practical insights to support more effective policy and investment 
decisions aligned with Europe’s 2030 renewable energy goals. 

 

1.4 Thesis outline 

The remainder of this thesis is structured as follows. Chapter 2 presents the literature review 
on wind turbine end-of-life management, emphasizing full repowering as a strategic 
alternative and outlining the application of Multi-Criteria Decision Analysis (MCDA) in energy 
planning. Chapter 3 describes the methodological framework, including the problem 
definition, and the mathematical formulation of the TOPSIS method. Chapter 4 develops the 
evaluation framework by defining the five analytical pillars—financial, legal, technical, 
environmental, and social—and the twelve corresponding criteria. Each criterion is explained 
in terms of unit, scale, and classification, and the complete decision matrix is presented. In 
Chapter 5 the results of the TOPSIS analysis under the equal-weight scenario are presented, 
interpreting the comparative performance of countries and the main determinants of 
repowering maturity. Chapter 6 concludes the thesis by summarizing the key findings, 
highlighting policy implications with emphasis on Greece, and identifying limitations and 
future research perspectives. 
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2. Literature Review 

2.1 Full Repowering of onshore wind farms 

As Europe’s first generation of onshore wind farms reaches the end of its nominal 20–25-year 
lifetime, operators and policymakers face increasingly complex end-of-life (EoL) decisions. 
The choice between repowering, lifetime extension, or decommissioning is not merely 
technical but a multidimensional policy challenge that intersects engineering, economics, 
regulation, environment, and society. Repowering has gained prominence because it allows 
the reuse of established sites and grid connections while unlocking substantially higher 
energy output (Doukas et al., 2022). Evidence from the Malpica wind farm in Spain 
demonstrates that repowering can double annual energy production at the same rated 
capacity while remaining profitable without subsidies (Villena-Ruiz et al., 2018). This 
illustrates the technical and economic potential of repowering where wind resource and 
infrastructure are already proven. 

From a technical perspective, repowering responds to aging components, declining 
availability, and obsolete turbine technology. Studies show that repowering can yield 10–57 
% increases in annual energy production depending on site conditions and replacement 
strategies, with stochastic models confirming that full repowering usually outperforms 
lifetime extension in expected performance metrics (Ramírez et al., 2022). Advances in 
turbine design, digital condition monitoring, and layout optimization further enable hybrid 
configurations that mix old and new turbines to balance cost and output (Bouzolin et al., 
2024). Moreover, forward-looking research highlights the importance of “design for 
repowering”—the integration of modular foundations, upgradable electrical systems, and 
data infrastructures at the initial design stage to facilitate future interventions (Bouzolin et 
al., 2024). 

From an Economic standpoint, repowering offers cost advantages over greenfield 
development by reusing foundations, grid connections, and permits, thereby lowering capital 
expenditure. Reduced resource uncertainty, because wind conditions at the site are already 
characterized, strengthens bankability. Yet, repowering economics remain sensitive to 
fluctuating material prices, subsidy design, and financing terms (Jadali et al., 2021). Offshore 
analyses reveal that full repowering can reduce the levelized cost of energy (LCOE) by 
approximately 35 % compared with decommissioning, supporting the expectation of similar 
trends for onshore assets when appropriate regulatory and market incentives exist (Jadali et 
al., 2021). 

The regulatory and institutional dimension adds further complexity. Even when repowering 
occurs on existing sites, new environmental impact assessments, land-use approvals, and 
permit renewals are often required. Case-based studies in Germany show that optimal end-
of-life strategies are highly location- and policy-dependent, influenced by electricity prices, 
tender design, and local zoning constraints (Piel et al., 2019). Across Europe, the permitting 
duration, administrative transparency, and policy stability strongly shape repowering 
feasibility (Doukas et al., 2022). These disparities justify analyzing repowering readiness 
across countries rather than individual projects. 
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From an environmental standpoint, repowering reduces land occupation per megawatt by 
replacing older, smaller turbines with fewer, more efficient ones. However, waste 
management and material circularity remain pressing challenges. The environmental benefit 
depends on balancing the embodied emissions of new installations against the additional 
electricity generated. Life-cycle assessment (LCA) studies indicate that recycling and circular 
design practices are crucial for maximizing net gains (Ahmed et al., 2024). 

The social dimension is equally decisive. Public acceptance, landscape aesthetics, community 
engagement, and local employment all influence whether repowering projects succeed. 
Research in Italy finds that EoL decisions are shaped not only by techno-economic parameters 
but also by legal, social, and environmental constraints, including waste regulations and 
community perceptions (De Laurentis and Windemer, 2024). In this respect, the inclusion of 
consultation quality and public awareness indicators in analytical frameworks becomes 
essential. 

Collectively, these studies reveal that repowering is not an isolated engineering optimization 
but a multi-criteria decision problem. Trade-offs between cost, yield, regulatory burden, 
environmental impact, and social license to operate must be evaluated jointly. Recent work 
emphasizes the need for integrated frameworks capable of handling heterogeneous data and 
conflicting stakeholder preferences (Gil-García et al., 2022). This sets the stage for applying 
Multi-Criteria Decision Analysis (MCDA) a family of methods designed precisely to synthesize 
such multidimensional evaluations. 

 

2.2 Multi-Criteria Decision Analysis  

MCDA has been widely applied in sustainable energy planning because it structures 
conflicting objectives, makes assumptions explicit, and supports ranking or selection under 
uncertainty and stakeholder diversity (Vlachokostas et al., 2021; Neofytou et al., 2020). Its 
applications span technology and site selection, portfolio prioritization, energy transition 
benchmarking, and scenario evaluation. For siting and layout decisions, Geographic 
Information System (GIS)–coupled MCDA frameworks, particularly those based on the 
Analytic Hierarchy Process (AHP) and the Technique for Order Preference by Similarity to Ideal 
Solution (TOPSIS), have long been used to rank locations by combining wind resource, grid 
proximity, slope, land use, and visual or noise constraints (Sánchez-Lozano et al., 2013; 
Ioannou et al., 2019). In offshore infrastructure, MCDA has supported port suitability and 
supply-chain readiness assessments, clarifying trade-offs among water depth, laydown area, 
connectivity, and distance to site (Akbari et al., 2017). In energy system planning, MCDA has 
been used to rank decarbonization scenarios by jointly weighting economic, environmental, 
technical, and social criteria, often comparing results across PROMETHEE and TOPSIS with 
sensitivity analysis on stakeholder inputs (Barney et al., 2022). Country-level applications have 
shown that MCDA can benchmark transition “readiness” across policy, market, and 
technology dimensions, providing methodological precedents for assessing repowering 
maturity at national scale (Neofytou et al., 2020). Recent reviews of decentralized and hybrid 
systems further confirm MCDA’s versatility, mapping its role in integrating technical 
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performance with cost, emissions, and social acceptance (Das et al., 2024; Elkadeem et al., 
2021; Peirow et al., 2023). 

Within this broader landscape, studies directly linking MCDA to wind repowering at the asset 
level have emerged. Gil-García (2022; 2024) proposed a multi-factorial approach that treats 
repowering as a complex decision involving production gains, costs, infrastructure 
constraints, and policy signals, emphasizing the need for structured weighting and 
transparent aggregation. While these approaches optimize repowering at individual sites, 
scaling the analysis to the national level introduces new challenges such as grid hosting 
capacity, land-use conflicts, auction design, permitting efficiency, and industrial capability. 
Despite extensive work on wind end-of-life techno-economics and site-level MCDA, there 
remains a clear research gap: no study to date has developed an indicator-based, country-
comparative MCDA to identify which European Union (EU) Member States are best positioned 
to capitalize on near-term repowering opportunities. Prior research has recognized the socio-
economic and institutional nature of repowering (Doukas et al., 2022) and demonstrated the 
feasibility of country-level MCDA in related energy transition contexts (Neofytou et al., 2020), 
but a systematic ranking of EU frontrunners for onshore wind repowering remains missing. 
This absence constitutes the central novelty addressed in the present work. 

Among MCDA approaches, the Technique for Order Preference by Similarity to Ideal Solution 
(TOPSIS) is particularly suited to the objectives of this research. TOPSIS ranks alternatives by 
measuring their distance from an ideal and an anti-ideal solution, thereby integrating multiple 
benefit- and cost-type criteria into a single, interpretable closeness index (Rehman et al., 
2020; Ioannou et al., 2019; Michailides et al., 2025; Dash et al., 2025). The method’s logic is 
intuitive, its computational structure is straightforward, and it performs effectively across a 
wide range of energy applications, including turbine model selection and spatial planning 
(Rehman et al., 2020; Ioannou et al., 2019). Moreover, TOPSIS has established credibility 
among energy-sector stakeholders due to its transparency and ease of communication, which 
are essential when results must inform policy and regulatory decisions. Its geometric 
interpretation, simple normalization, and ability to handle heterogeneous indicators make it 
well suited for aggregating technical, economic, environmental, legal, and social data without 
excessive parameterization. These features collectively make TOPSIS an appropriate and 
defensible choice for benchmarking repowering maturity across EU countries. 

Positioned within this literature, the present thesis contributes to three keyways. First, it 
frames repowering as a multi-criteria, multi-scale decision problem, integrating technical 
performance, techno-economics, environmental externalities, and socio-institutional 
readiness into a single indicator framework informed by prior analyses (Doukas et al., 2022; 
Villena-Ruiz et al., 2018; Leite et al., 2022; Relvas et al., 2018). Second, it adapts the country-
benchmarking logic of earlier MCDA studies (Neofytou et al., 2020) to the specific context of 
onshore wind repowering in the EU, developing a coherent family of criteria and weights that 
reflect repowering-specific drivers. Third, it applies a TOPSIS-based ranking with systematic 
sensitivity analysis, providing a transparent and reproducible measure of “frontrunner” status 
while identifying where results are sensitive to changes in weighting or criterion choice. 

In summary, the literature underscores the critical foundations of this research. 
First, repowering is inherently a multidimensional end-of-life challenge, demanding 
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integrated evaluation across technical, economic, legal, environmental, and social pillars. 
Second, MCDA and particularly TOPSIS offers the methodological rigor and transparency 
required to synthesize these conflicting factors and to generate interpretable rankings. 
Building upon these insights, the following chapter develops the framework used to perform 
the MCDA/TOPSIS evaluation of onshore wind repowering maturity across selected European 
countries. 
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3. Methodology 

3.1 Problem definition 

As discussed in Chapter 2, Europe’s onshore wind fleet is entering a new phase of maturity, 
with an increasing number of installations reaching or exceeding their designed operational 
lifespans. End-of-life (EoL) management therefore represents a critical challenge for 
policymakers, investors, and operators. The three main EoL options—lifetime extension, 
decommissioning, and repowering—each carry distinct technical, environmental, and 
economic implications (Kolios et al., 2017). 

Among these options, repowering has emerged as the most sustainable and forward-looking 
pathway. It enables the replacement of older turbines with modern, more efficient machines, 
significantly improving site productivity and extending operational life. Repowering also 
enhances land-use efficiency, reduces life-cycle emissions, and strengthens the long-term 
competitiveness of renewable energy systems (Martínez et al., 2018; Bouzolin et al., 2024; 
WindEurope, 2024). However, as demonstrated in the literature review, the pace of 
repowering remains uneven across Europe, constrained by regulatory bottlenecks, social 
acceptance issues, and grid-capacity limitations (WindEurope, 2022; Janipour, 2024). 

Given the multidimensional nature of these challenges, evaluating repowering maturity 
requires a methodological approach capable of integrating diverse technical, economic, 
environmental, legal, and social indicators into a coherent framework. The following sections 
formalize this challenge as a multi-criteria decision problem, establishing the analytical logic 
for the comparative assessment. 

The primary objective of this thesis is to assess the maturity level of onshore wind repowering 
across selected European countries—Denmark, Germany, Spain, France, Italy, Sweden, and 
Greece—by applying a structured Multi-Criteria Decision Analysis (MCDA) framework. The 
analysis employs the Technique for Order Preference by Similarity to the Ideal Solution 
(TOPSIS) method to generate a composite ranking that captures each country’s proximity to 
the ideal conditions for onshore wind repowering. The framework is based on twelve 
harmonized indicators, organized under five thematic pillars—financial, legal, technical, 
environmental, and social—thereby enabling a transparent, comparable, and policy-relevant 
evaluation of repowering maturity across Europe. 

 

3.2 TOPSIS Framework 

The Technique for Order Preference by Similarity to the Ideal Solution (TOPSIS), first 
developed by Hwang and Yoon (1981), evaluates and ranks alternatives based on their 
relative proximity to the positive ideal solution, representing the best attainable performance 
across all criteria—and their distance from the negative ideal solution, which reflects the 
poorest performance. (Hwang and Yoon, 1981). According to this approach, the optimal 
alternative is characterized by the minimum geometric distance from the positive ideal 
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solution and, simultaneously, by the maximum geometric distance from the negative ideal 
solution (Sindhu et al., 2017). 

The method follows a systematic and transparent computational procedure, depicted in 
Figure 1, comprising the construction and normalization of the decision matrix, the 
determination of the weighted normalized decision matrix, the identification of the ideal and 
anti-ideal solutions, and the calculation of the relative closeness of each alternative to the 
ideal solution.  

 

 

Figure 1: TOPSIS methodology (Juan M. Sánchez-Lozano et al, 2013) 

 

 

Methodological Framework 

Let there be 𝑚 alternatives 𝐴1, 𝐴2, … , 𝐴𝑚, which are evaluated under 𝑛 criteria 𝐶1, 𝐶2, … , 𝐶𝑛. 

The TOPSIS procedure consists of the following steps. 

 

Step 1. Construction of the decision matrix 
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A decision matrix 𝐴 is formulated as follows: 

 

𝐴 =

𝑥11 𝑥12 … 𝑥1𝑛

𝑥21 𝑥22 … 𝑥2𝑛

⋮ ⋮ ⋱ ⋮
𝑥𝑚1 𝑥𝑚2 … 𝑥𝑚𝑛

(1) 

 

 

where 𝑥𝑖𝑗 denotes the performance of the alternative 𝐴𝑖  with respect to the criterion 𝐶𝑗. 

 

Step 2. Normalization of the decision matrix 

To eliminate the effect of differing measurement units, each element of the matrix is 

normalized according to: 

𝑟𝑖𝑗 =
𝑥𝑖𝑗

√∑ 𝑥𝑖𝑗
2𝑚

𝑖=1

          (2) 

 

 

where 𝑟𝑖𝑗represents the normalized performance of alternative 𝐴𝑖with respect to criterion 𝐶𝑗. 

 

Step 3. Construction of the weighted normalized decision matrix 

A set of weights 𝑊 = [𝑤1, 𝑤2, … , 𝑤𝑛]is assigned to the criteria, satisfying the following 

conditions: 

∑ 𝑤𝑗

𝑛

𝑗=1

= 1              (3) 

 

 

The weighted normalized matrix 𝑃 = [𝑝𝑖𝑗] is obtained as: 

𝑝𝑖𝑗 = 𝑤𝑗 ⋅ 𝑟𝑖𝑗 (4) 
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Step 4. Determination of the ideal and anti-ideal solutions 

The positive ideal solution (PIS) and the negative ideal solution (NIS) are defined respectively 

as: 

𝑃+ = (𝑝1
+, 𝑝2

+, … , 𝑝𝑛
+) (5) 

𝑃− = (𝑝1
−, 𝑝2

−, … , 𝑝𝑛
−) (6) 

 

where: 

𝑝𝑗
+ = {

max (𝑝𝑖𝑗),    𝑗 ∈ 𝐽 (benefit criteria)

min (𝑝𝑖𝑗), 𝑗 ∈ 𝐽′ (cost criteria)
(7) 

𝑝𝑗
− = {

min (𝑝𝑖𝑗),    𝑗 ∈ 𝐽 (benefit criteria)

max (𝑝𝑖𝑗), 𝑗 ∈ 𝐽′ (cost criteria)
(8) 

 

Here, 𝐽and 𝐽′represent the sets of benefit and cost criteria, respectively. 

 

Step 5. Calculation of the separation measures 

The Euclidean distances of each alternative from the PIS and NIS are calculated as: 

𝑆𝑖
+ = √∑ (𝑝𝑖𝑗 − 𝑝𝑗

+)
2𝑛

𝑗=1         (9) 

𝑆𝑖
− = √∑ (𝑝𝑖𝑗 − 𝑝𝑗

−)
2𝑛

𝑗=1         (10) 

 

 

 

Step 6. Determination of the relative closeness to the ideal solution 

The relative closeness 𝐷𝑖  of each alternative to the ideal solution is obtained as: 

𝐷𝑖 =
𝑆𝑖

−

𝑆𝑖
+ + 𝑆𝑖

− , 0 ≤ 𝐶𝑖 ≤ 1 (11) 

 

Alternatives are ranked in descending order of 𝐷𝑖, with higher values indicating a closer 

proximity to the ideal solution. 
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4. Application of the Model 

 

In this chapter, the Multi-Criteria Decision Analysis (MCDA) framework, implemented through 
the TOPSIS method, is applied for the assessment of onshore wind repowering maturity 
across selected European countries. The methodological structure established in Chapter 3 is 
followed, and a comprehensive dataset integrating technical, financial, environmental, legal, 
and social indicators is utilized. The case study countries serving as alternatives in the decision 
matrix are first introduced, followed by the presentation and justification of the evaluation 
criteria organized under five thematic pillars. For each indicator, the evaluation approach, 
qualitative or quantitative depending on data availability, and its classification as either a cost 
or a benefit criterion is specified. The assigned values are derived from the most recent and 
reliable sources in literature and relevant statistical databases. Through this process, a 
complete set of twelve indicators, structured under the financial, legal, technical, 
environmental, and social pillars, is established to capture the multidimensional character of 
repowering readiness. The chapter concludes with the presentation of the final evaluation 
matrix, which contains the numerical values of all criteria and serves as the input for the 
subsequent TOPSIS analysis. 

4.1 Case study countries (alternatives) 

Seven countries were selected as case studies: Denmark, France, Germany, Greece, Italy, 
Spain, and Sweden. The selection was guided by four interrelated considerations. First, all 
countries are Member States of the European Union and thus subject to the common policy 
framework of the Renewable Energy Directive III (RED III), which harmonizes repowering-
related permitting procedures and environmental assessments (European Commission, 
2023). Second, each country possesses significant onshore wind capacity and has established 
2030 targets that make repowering an essential tool for achieving renewable energy 
objectives without substantially increasing land occupation. Third, the selected countries 
represent different stages of wind-sector development, ranging from early wind pioneers 
such as Denmark and Germany to emerging markets like Greece and Sweden. Finally, the 
sample ensures balanced geographical coverage across northern, central, and southern 
Europe, providing insights into how regional characteristics shape repowering outcomes. The 
current situation of these countries illustrates the diversity of repowering experiences within 
Europe.  

Denmark is recognized as one of the pioneers in onshore wind development, having 
implemented large-scale repowering programs since the early 2000s. By 2024, the country’s 
total wind capacity reached 7.3 GW, of which 6.2 GW were onshore (WindEurope, 2025). 
Repowering has accounted for a large share of new installations during the past decade, 
enabling continued output growth despite spatial constraints (WindEurope, 2025; IRENA, 
2023). Although the Danish National Energy and Climate Plan (NECP) does not include 
quantitative repowering targets, its objective to quadruple renewable-electricity generation 
by 2030 implicitly relies on the replacement of ageing onshore assets (Danish Energy Agency, 
2023). 
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France had reached 22.9 GW of onshore wind capacity by the end of 2024, supported by 1.6 
GW of new additions that year (WindEurope, 2025). Despite its substantial technical 
potential, repowering activity remains limited owing to administrative complexity, turbine-
height restrictions, and local opposition (Janipour et al., 2024). Recent reforms, particularly 
the Renewable Acceleration Law (2023), aim to streamline procedures and facilitate site 
reuse; however, regional implementation remains uneven (French Ministry for Energy 
Transition, 2024). 

Germany represents the most mature repowering market in Europe. By 2024, onshore wind 
capacity totaled 63.6 GW, with 1.1 GW of that year’s new installations derived from 
repowering projects (WindEurope, 2025). Since 2015, over 6 GW have been repowered, while 
approximately 21 GW of turbines are now older than fifteen years (Bundesnetzagentur, 
2024). Repowering is explicitly defined within the Federal Immission Control Act (BImSchG), 
providing a stable legal framework for project permitting and environmental assessment 
(German Federal Ministry for Economic Affairs and Climate Action, 2023). 

Greece entered its first repowering cycle in the early 2020s. By 2024, onshore capacity stood 
at 5.35 GW, meeting roughly 22 % of the nation’s electricity demand (WindEurope, 2025). 
The NECP sets a 2030 target of 8.9 GW, making repowering essential to achieving this 
objective (Hellenic Ministry of Environment and Energy, 2023). Progress to date has been 
constrained by administrative delays and grid limitations, although recent permitting-
digitalization initiatives are expected to improve implementation (WindEurope, 2025). 

Italy recorded 13.2 GW of onshore wind capacity in 2024, with approximately 155 MW coming 
from repowering activities that year (WindEurope, 2025). Investor interest in repowering is 
increasing, yet complex regional authorization procedures and landscape-protection 
regulations continue to impede faster progress (IRENA, 2023; Kitzing et al., 2020). 

Spain, Europe’s second-largest wind market after Germany, had 31.2 GW of onshore capacity 
by 2024 (WindEurope, 2025). Given that a large share of this capacity consists of turbines 
installed before 2010, the repowering potential is substantial. Nevertheless, implementation 
remains limited due to grid-connection bottlenecks and protracted permitting timelines 
(Janipour et al., 2024). Recent updates to Spain’s NECP aim to streamline licensing and 
accelerate repowering uptake (Spanish Ministry for Ecological Transition and Demographic 
Challenge, 2023). 

Sweden maintained 17.4 GW of total installed wind capacity in 2024, of which 16.9 GW were 
onshore (WindEurope, 2025). Repowering has not yet occurred on a large scale, but 
projections suggest a growing relevance as early installations approach the end of their design 
lives later in the decade (IEA, 2024). High public acceptance levels and supportive market 
mechanisms are expected to facilitate future replacement cycles (WindEurope, 2025). 

Collectively, these seven countries capture the full spectrum of repowering maturity across 
Europe. Their diverse experiences provide a representative and instructive sample for the 
comparative evaluation developed in the following sections. 

 

 



Repowering of Onshore Wind Farms in the EU: Identifying the Frontrunner Country  
Using Multi-Criteria Decision Analysis 

Μεταπτυχιακή Διπλωματική Εργασία – Γεώργιος Παπαδόπουλος 
Master's Thesis – Georgios Papadopoulos 

ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 25 
MSc “Infrastructure and Construction Project Management” 

 

4.2 Pillars and Evaluation Criteria 

The comparative analysis of repowering maturity requires a coherent structure that can 
integrate diverse indicators across multiple domains. Leveraging the findings of Doukas et al. 
(2022) and Kitzing et al. (2020), this study adopts a five-pillar framework encompassing 
technical, economic, environmental, legal, and social dimensions. Each pillar represents a 
critical component of repowering readiness and, collectively, they provide a holistic basis for 
assessment. 

Each pillar comprises a set of measurable criteria selected based on three principles: 
relevance to repowering processes, comparability across countries, and availability of reliable 
data. Quantitative indicators were obtained from sources such as WindEurope, IRENA, 
Eurostat, and national statistical agencies, while qualitative indicators were derived from 
policy assessments and secondary academic literature. This structure ensures that the final 
evaluation captures the multidimensional character of repowering and facilitates a balanced 
and transparent comparison across the case study countries. 

To implement this framework, five pillars are assessed—Financial, Legal, Technical, 
Environmental, and Social—each encompassing specific indicators that capture the 
multidimensional readiness of countries for onshore wind repowering. These indicators were 
selected based on their relevance to repowering processes, their comparability across 
national contexts, and the availability of reliable and recent data. Collectively, twelve criteria 
(c₁–c₁₂) are defined, forming the decision matrix that serves as input for the subsequent 
TOPSIS analysis. 

The following table (Table 2) provides an overview of the pillars, criteria, and their 
classification as benefit or cost indicators within the MCDA framework. Their detailed 
definitions, data sources, and country-specific values are analyzed in the following 
paragraphs. All criteria are assigned equal weights, ensuring that no single pillar 
disproportionately influences the final ranking. 
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Table 2: Evaluation criteria overview 

Criterion Pillar Type Units Evaluation 
Scale 

Cost or 
Benefit 

C1. Financial Support schemes  Financial Qualitative   [0-1] Benefit 

C2. Wholesale Electricity Price Financial Quantitative €/MWh   Benefit 

C3. National Wind R&D Budget Intensity Financial Quantitative ‰   Benefit 

C4. Simplified Procedures for Permitting  Legal Qualitative   [0-1] Benefit 

C5. Official Repowering Framework  Legal Qualitative   [0-4] Benefit 

C6. Availability of Land  Technical Quantitative MW / km²    Cost 

C7. Curtailment Level  Technical Quantitative %   Cost 

C8. Repowering Share  Technical Quantitative %   Benefit 

C9. Blade end-of-life Circularity  Environmental Qualitative   [0-10] Benefit 

C10. Biodiversity Assurance Environmental Qualitative   [0-10] Benefit 

C11. Public Awareness of Repowering Benefits Social Qualitative   [0-100] Benefit 

C12. Public-Consultation Duration Social Quantitative Days   Benefit 

 

 

4.2.1 Financial Pillar 

4.2.1.1 Financial Support Schemes (c1) 

Support mechanisms for renewable energy remain one of the most decisive financial factors 
shaping the feasibility of wind farm repowering. Instruments such as Contracts for Difference 
(CfDs), feed-in tariffs (FiTs), feed-in premiums (FiPs), Power Purchase Agreements (PPAs), and 
merchant models have been adopted across Europe in various forms. In recent years, several 
markets have moved away from guaranteed-price schemes towards auction-based 
competitive frameworks or direct exposure to electricity markets (merchant or PPA-based 
revenues). For repowering projects, the presence of a stable and transparent support 
mechanism can be the difference between bankability and project delay. 

Support mechanisms are used as a qualitative criterion, and the scoring is according to 
author’s interpretation of information found in the literature. The evaluation follows a 
stepwise scale: The maximum (1.00) is assigned when auctions are available and explicitly 
open to repowered wind farms. The minimum (0.00) is assigned when the market relies solely 
on merchant revenues or PPAs, without public support mechanisms. Intermediate scores 
(0.25–0.75) are applied where mixed or transitional arrangements exist, for example if 
auctions have been held in the past but are not consistently available, or if repowering 
projects face systematic disadvantages within existing schemes. The criterion is considered as 
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a benefit in the MCDA framework, since the existence and accessibility of support 
mechanisms increase the financial attractiveness of repowering projects. The assessment 
reflects the current financial environment for repowering projects rather than outdated 
schemes, and the support mechanisms according to their status in period 2023–2024 are 
considered.  

In Denmark, onshore repowering has become predominantly merchant or PPA-based, with 
several projects bidding at zero-support under “subsidy-free” models; no national support 
mechanism currently targets onshore repowering, as policy efforts have shifted toward 
offshore development (WindEurope, 2018; Reuters, 2025).  

France continues to operate onshore tenders under a combined CfD/FiP framework, within 
which repowering projects remain eligible. The mechanism is considered, although after 2025 
technology-neutral auctions are expected to complement the system (RWE, 2025; 
Renewables Now, 2025; Windpower Monthly, 2025). 

 Germany’s Renewable Energy Sources Act (EEG) auction framework remains the principal 
support route, with repowering fully eligible and increasingly dominant. The financial 
environment in Germany provides sufficient certainty and profitability for investors to finance 
repowering projects under existing auction schemes.  In 2024, repowered capacity accounted 
for more than one-third of total new additions, illustrating a mature and functional market 
(FA Wind & Solar, 2025).  

In Greece, although the FiP/auction model established under Law 4414/2016 provides a 
formal framework, most new onshore projects in 2024–2025 are financed through merchant 
revenues or bilateral PPAs.  

Italy continues to operate auctions under the FER1 and FER-X (2025) programs, both of which 
explicitly include repowering; while tariff reductions may apply, the framework remains active 
and bankable. (Clean Energy for EU Islands, n.d.; GSE, 2025; MASE, 2025).  

Spain held its first repowering-specific auction in November 2022, allocating €132.5 million in 
grants to 34 projects; however, subsequent auction rounds in 2023–2024 were cancelled or 
undersubscribed, leaving PPAs and merchant contracts as the dominant models, with a 
redesigned auction scheme expected in 2025–2026 (S&P Global Commodity Insights, 2023).  

Sweden has no central support framework and operates one of Europe’s most advanced 
unsubsidized markets; repowering projects depend entirely on merchant revenues or 
corporate PPAs without state-backed price stability (WindEurope, 2024; WindEurope, 2025). 
Table 3 summarizes the findings and the assigned scores for each country. 
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Table 3: Evaluation of financial support mechanisms for onshore wind repowering 

Country Support Mechanism Evaluation 
Score 

Denmark  Subsidy-free auctions (often zero support); merchant and PPA-based 0.25 

France CfD-style auctions; technology-specific until 2025, then technology-neutral 
(incl. repowering) 

1 

Germany Feed-in premium (floating); auctions for wind (incl. repowering) 1 

Greece PPA, merchant only (no support schemes for onshore wind) 0 

Italy Auctions (FER Decrees, FER X); repowering eligible but disadvantaged by tariff 
penalties 

0.75 

Spain PPA, merchant; one repowering-specific auction in 2022; new scheme expected 
2025/26 

0.75 

Sweden PPA, merchant only (no central support) 0 

 

 

 

4.2.1.2 Wholesale Electricity Price (c2) 

The wholesale electricity price reflects the baseline revenue that a wind farm secures per unit 
of electricity sold to the market. In the context of repowering, this criterion is classified as a 
benefit because higher average wholesale prices (€/MWh) directly enhance the revenue 
potential of repowered projects. Conversely, lower wholesale prices reduce profitability 
unless compensated by additional support mechanisms such as feed-in premiums, contracts 
for difference, or dedicated repowering auctions. For developers and investors, elevated 
wholesale electricity prices strengthen the business case for reinvestment, as each megawatt-
hour of generation yields higher market revenues. From the consumer perspective, however, 
higher electricity prices may represent an economic burden, yet this social dimension lies 
outside the scope of the financial analysis undertaken here. Within the MCDA framework, 
therefore, countries with higher average wholesale electricity prices are assigned higher 
scores, reflecting more favorable financial conditions for repowering. 

In this study, data on day-ahead wholesale electricity prices were obtained from Ember’s 
European Wholesale Electricity Price dataset, which includes national figures across Europe 
and is derived from the ENTSO-E Transparency Platform (Ember, 2025). Monthly data 
covering the period from January 2022 to August 2025 were extracted and averaged to 
produce annual and multi-year mean values for Germany, Spain, France, Italy, Denmark, 
Greece, and Sweden. These values provide a consistent and comparable measure of 
wholesale electricity prices across the selected countries. The resulting average wholesale 
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electricity prices are presented in Table 4 which provides the yearly and mean values used in 
the MCDA framework. 

 

 

Table 4: Average day-ahead wholesale electricity prices for selected European countries 
(€/MWh) 

  2022 (€) 2023 (€) 2024 (€) 2025 (€) Average (€) 
Denmark  214.80 84.91 70.67 81.43 78.70 
France 275.06 97.25 57.94 70.20 75.75 
Germany 235.53 95.39 77.75 89.02 87.18 
Greece 279.39 119.24 100.67 103.39 108.31 
Italy 303.09 127.40 108.43 117.59 117.83 
Spain 167.63 87.44 62.91 64.65 72.54 
Sweden 119.45 51.83 36.12 39.28 42.80 

 

 

4.2.1.3 National Wind Energy R&D Budget Intensity (c3) 

This indicator measures the extent of a country’s public commitment to wind energy 
innovation relative to the size of its economy. It is defined as the annual public Research 
&Development budget dedicated specifically to wind energy, divided by gross domestic 
product (GDP) in the same year. The ratio is expressed in parts per thousand (‰). In the MCDA 
framework, this criterion is considered a benefit, since a higher ratio reflects stronger 
institutional support for technological development, which can indirectly improve the 
economic and risk profile of repowering projects.  

The numerator of the ratio is given by national public outlays on wind-related research, 
development and demonstration (RD&D), as reported in the IEA Wind TCP Country Reports. 
The denominator is GDP expressed in current US dollars for the same year, obtained from the 
World Bank’s World Development Indicators (World Bank, 2025). Using data from the same 
reference year ensures consistency and comparability across countries. 

It should be noted that data availability varies. For Italy, for example, the most recent publicly 
accessible figures on wind-specific R&D budgets date back to the 2015 IEA Wind TCP Country 
Report. No more recent country updates were identified at the time of writing, which means 
the Italian values reflect historical conditions of limited wind-specific R&D effort, both in 
absolute terms and relative to GDP (IEA Wind TCP, 2015).  
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Table 5: Values for National Wind Energy R&D Budget Intensity criterion 

  R&D Budget 
(million USD) 

Year of 
Reference 

GDP 
(billion 
USD) 

R&D Budget / GDP 
(‰) 

Denmark  24.1 2023 407.1 5.92 

France 17.1 2021 2966 0.58 

Germany 70 2023 4526 1.55 

Greece 2.1 2021 218.3 0.96 

Italy 2.7 2015 1845 0.15 

Spain 17.17 2023 1620 1.06 

Sweden 3.5 2023 585.5 0.60 

 

 

 

4.2.2 Legal/Political Pillar 

4.2.2.1 Simplified Permitting Procedures (c4) 

Permitting has long been recognized as a major bottleneck for the expansion of wind energy 
in Europe. Although the revised Renewable Energy Directive (RED III) introduces measures to 
streamline and accelerate authorization processes, including repowering, the pace of national 
implementation has been uneven, and overall progress remains insufficient to meet the EU’s 
2030 renewable energy targets (WindEurope, 2025). In 2024, the European Commission 
launched infringement procedures against 26 out of 27 Member States for delayed or 
incomplete transposition of RED III, underscoring the gap between EU-level ambition and 
practice (WindEurope, 2025). 

A complementary policy push came through the Emergency Regulation on Renewables 
Permitting (December 2022) and the finalization of RED III in October 2023. Both instruments 
aim to accelerate project authorizations, with several provisions specifically benefit 
repowering. These include simplified environmental assessments for upgrades within existing 
sites, shorter statutory deadlines, and the designation of “go-to areas” where renewables are 
prioritized. While industry stakeholders have expressed caution about the speed of real-world 
impact, early evidence shows rising permit volumes in countries such as Germany and Spain, 
particularly for onshore repowering (Herbert Smith Freehills, 2025). Within the MCDA 
framework, this criterion is classified as a benefit, as more efficient and predictable permitting 
environments directly facilitate repowering. It is a qualitative indicator, evaluated according 
to the author’s interpretation of legal and policy documentation, industry reports, and recent 
developments in national permitting practice. Countries offering explicit, binding, and 
repowering-specific procedures are assigned higher scores, while those relying on general or 
fragmented simplifications receive lower ones. 

Germany represents the most advanced case, having fully embedded the concept of 
“overriding public interest” (OPI) for renewables into its legal framework. This measure has 
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materially reduced legal and administrative risks, helping unlock record volumes of wind 
permits in 2024 and 2025. Spain has also made progress by transposing RED III-inspired 
measures, resulting in an increase in permitted onshore repowering projects since 2023–
2024. France has introduced its Renewable Acceleration Law (2023), which created 
“acceleration areas” and simplified procedural requirements, indirectly benefitting 
repowering projects when they remain within their original footprints. Other countries are 
progressing more gradually. In Sweden, procedures remain decentralized under the 
Environmental Code, with repowering handled largely case by case, although guidance and 
digitalization initiatives have improved transparency. Italy is consolidating its fragmented 
framework into a single legal text, with the aim of creating time-bound procedures, though 
regional variation remains significant. Denmark benefits from long-standing municipal one-
stop-shop processes, which support efficient permitting in practice even without a 
repowering-specific track. In Greece, some digital and procedural simplifications have been 
introduced, but developers continue to report slow timelines and coordination challenges, 
particularly outside established wind regions (WindEurope, 2025). The score of each country 
is summarized in Table 6. 

 

 

 

Table 6: Simplified Permitting Procedures: qualitative assessment and evaluation 
scores  

 
Score 

Denmark  0.33 

France 0.67 

Germany 1 

Greece 0.33 

Italy 0.33 

Spain 0.67 

Sweden 0.33 
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4.2.2.2 Official Repowering Framework (c5) 

This criterion assesses whether repowering is formally recognized and embedded in a 
country’s legal and policy framework. Two dimensions are considered: (i) the existence of an 
official legal or administrative definition of repowering, for example through statutes, 
regulations, or binding circulars, and (ii) the inclusion of repowering in national planning, 
typically through National Energy and Climate Plans (NECPs) or equivalent strategies. Strong 
performance indicates lower legal ambiguity and stronger policy commitment, both of which 
reduce approval risks and provide confidence that end-of-life assets can be renewed 
efficiently. Within the MCDA framework, this is treated as a benefit criterion, since clearer 
rules and explicit policy commitments create more favorable conditions for repowering. 
Similarly to the c4, this is considered as a qualitative criterion, and the scoring is according to 
the interpretation of information available in the literature. 

Denmark exhibits a strong and mature framework. While its NECP does not set quantitative 
targets for repowering, the Danish Energy Agency operates a comprehensive one-stop-shop 
system supported by an executive order defining deadlines and contact points (Danish Energy 
Agency, 2024). Detailed guidance on repowering and life-extension decisions provides 
additional clarity, establishing Denmark as one of the most advanced cases with explicit 
procedural guidance. 

France lacks a statutory definition of repowering, yet the Government Instruction of 11 July 
2018 formally framed repowering for onshore wind projects, setting clear permitting 
expectations (Government of France, 2018). The updated NECP includes plans for a national 
repowering program (2025–2035), positioning repowering as a key component of the energy 
transition (Government of France, 2025). 

Germany provides the clearest legal recognition of repowering. Section 16b of the Federal 
Immission Control Act (BImSchG) defines repowering pathways through delta-assessments, 
while Section 6 of the WindBG establishes streamlined procedures for designated wind areas. 
Repowering is explicitly integrated into Germany’s NECP, distinguishing between new and 
repowered capacity and embedding a comprehensive set of acceleration measures (Federal 
Republic of Germany, n.d.; European Commission, 2024). 

Greece outlines ambitious renewable energy targets and permitting reforms in its updated 
NECP, including digital one-stop systems and “go-to areas” (Government of Greece, 2025). 
However, there is no formal legal definition of repowering and no dedicated national program 
or target; repowering is merely acknowledged as a future option for ageing assets. 

Italy explicitly identifies revamping and repowering as key strategies in its NECP (Government 
of Italy, 2024). Legislative decrees DL 77/2021, DL 17/2022, and DL 13/2023 classify certain 
repowering activities as non-substantial modifications, enabling simplified notification and 
partial environmental exemptions. Although a single statutory definition of repowering is 
absent, the combination of these instruments provides a clear legal foundation and strong 
policy support. 

Spain incorporates a dedicated repowering plan under Measure 1.17 of its PNIEC (NECP), 
which defines administrative simplifications and funding mechanisms for upgrading existing 
wind farms (Government of Spain, 2024). Furthermore, Order TED/1071/2022 provides an 
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official definition of repowering for eligibility in subsidy schemes, and the first funding call 
under this order allocated substantial grants to repowering projects (BOE, 2022). 

Sweden does not legally define repowering and lacks a specific national program. 
Nonetheless, modelling within the NECP assumes that a significant share of ageing turbines 
will be replaced, implicitly incorporating repowering into national planning (Government of 
Sweden, 2024; Swedish Energy Agency, 2024). 

The scoring system ranges from 0 to 4, combining the presence of legal recognition (0–2 
points) and planning inclusion (0–2 points). The resulting evaluation is presented in Table 7. 

Table 7: Official Repowering Framework: legal definition and national planning inclusion  
 

Legal Definition  National Plan Inclusion Total  

Denmark  2 2 4 

France 1 2 3 

Germany 2 2 4 

Greece 0 1 1 

Italy 1 2 3 

Spain 1 2 3 

Sweden 0 1 1 
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4.2.3 Technical Pillar 

4.2.3.1 Availability of Suitable Land (c6) 

The availability of suitable land is a key technical factor that shapes the feasibility of onshore 
wind repowering and expansion. This criterion measures the spatial pressure implied by the 
amount of land identified as “suitable” for wind energy relative to the additional onshore 
capacity each country must install to meet its 2030 target. The dataset of suitable land (as of 
2023) is drawn from the Joint Research Centre’s Rural Observatory on renewable energy 
potential in EU rural areas (European Commission, Joint Research Centre, 2023). National 
2030 onshore wind targets are sourced from the most recent National Energy and Climate 
Plans (NECPs) or equivalent policy documents, while the installed onshore capacity at the end 
of 2023 is taken from WindEurope’s annual statistics (WindEurope, 2024). 

The calculation proceeds by taking each country’s 2030 onshore wind target, subtracting its 
installed capacity as of end-2023, and dividing this difference by the available suitable land. 
The resulting figure, expressed in megawatts per square kilometer (MW/km²), indicates the 
density of new capacity that must be accommodated within the country’s identified suitable 
land areas. A lower value suggests that targets can be met with relatively modest spatial 
intensity, while higher values imply greater land-use pressure and thus potential barriers to 
repowering and new onshore development. 

From the perspective of this study, the indicator is treated as a cost criterion within the TOPSIS 
framework, since higher spatial pressure is associated with more difficult planning conditions, 
greater risk of land-use conflict, and potentially higher costs of site development. The ideal 
solution corresponds to the minimum value of MW/km² across the sample. It should be noted 
though that countries experiencing limited land availability may also have stronger incentives 
to pursue repowering as a strategic solution. High spatial intensity can therefore be seen both 
as a constraint and as a driver for repowering maturity, depending on whether the analysis 
focuses on technical feasibility or policy necessity. This dual interpretation highlights the 
complex role of spatial planning in shaping repowering strategies across Europe. Table 8 
represents the above findings. 
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Table 8: Availability of Suitable Land: spatial pressure for onshore wind development 
and repowering  

Country Suitable 
Land (Km2) 

2030 target 
(GW) 

Capacity 
(GW) 

Difference 
(GW) 

Availability 
(MW / km2) 

Denmark  1018 5.6 5 0.6 0.59 

France 14911 34 22 12 0.80 

Germany 2346 115 61 54 23.02 

Greece 251 8.9 5.22 3.68 14.66 

Italy 1399 26.3 12 14.3 10.22 

Spain 11719 59 31 28 2.39 

Sweden 13052 22.2 16 6.2 0.48 
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4.2.3.2 Curtailment Level (c7) 

Curtailment represents the proportion of potential onshore wind generation that is not 
produced due to grid constraints, system congestion, or market imbalances. It expresses the 
extent to which technically available renewable energy cannot be delivered to the grid. The 
indicator is calculated as the ratio of curtailed energy to the total potential generation that 
would have occurred in the absence of curtailment. This formulation ensures that the 
denominator reflects the theoretical generation potential, rather than only actual output. 
Higher curtailment rates indicate more severe system-integration challenges and therefore a 
less favorable operating environment for repowering projects. Within the MCDA framework, 
this indicator is classified as a cost criterion, with lower values preferred. 

Curtailment Rate (%) = (
𝐸curtailed

𝐸curtailed + 𝐸generated
) × 100 

 

where 𝐸curtailed denotes the volume of wind energy not produced due to grid or market 
limitations, and 𝐸generated represents the actual delivered electricity from onshore wind 

sources during the same period. 

The analysis focuses exclusively on onshore wind energy to maintain comparability between 
countries. Where transmission system operators (TSOs) provide explicit data for onshore 
curtailment—such as in Germany and Italy—these values are combined with official 
generation statistics. In countries where onshore data are unavailable, appropriate proxies 
are used. France distinguishes market-driven curtailment, occurring mainly during negative-
price hours, from negligible redispatch volumes (RTE, 2025). Spain reports consolidated wind-
only curtailment totals for 2023, which are retained until updated 2024 data are published 
(IEA Wind TCP, 2024; REE, 2024). Denmark does not provide a full onshore series, but 
available evidence shows near-zero curtailment following the 2023 countertrade reform with 
Germany (IEA Wind TCP, 2024). Greece reports only aggregate renewable curtailment values 
(The Green Tank, 2025), and Sweden does not publish wind-specific curtailment data, so 
system down-regulation values are used as a proxy (Svenska kraftnät, 2024; Svensk 
Vindenergi, 2025). 

Country-level data illustrates the diversity of conditions. In Germany, onshore curtailment 
reached 3.38 TWh in 2024, equivalent to 2.94% of total onshore generation (FA 
Wind/Deutsche WindGuard, 2025). France curtailed 0.9 TWh of onshore wind in 2024 during 
negative-price hours, equal to 2.06% of generation (RTE, 2025). Italy’s curtailed wind output 
for 2024 was 338 GWh, representing 1.51% of total production (ARERA, 2025; Terna, 2025). 
Spain, with almost exclusively onshore wind, reported 1.07 TWh curtailed in 2023, 
corresponding to 1.68% of generation (IEA Wind TCP, 2024; REE, 2024). In Denmark, 
curtailment volumes dropped to approximately 0–10 GWh after 2023, effectively 
approaching 0% (IEA Wind TCP, 2024). Greece reported 860 GWh of curtailed renewable 
energy in 2024, equal to 3.3% of total renewable generation, though wind-specific data were 
not available (The Green Tank, 2025). For Sweden, system down-regulation in 2023 amounted 
to 629 GWh, which, when compared with 2024 wind generation, indicates an approximate 
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curtailment rate of 1.52% (Svenska kraftnät, 2024; Svensk Vindenergi, 2025). The above 
results are illustrated in Table 9. 

Table 9: Curtailment Level: estimated share of curtailed onshore wind generation  
 

Curtailment (%) 

Denmark  0 

France 2.06 

Germany 2.94 

Greece 3.3 

Italy 1.51 

Spain 1.68 

Sweden 1.52 

 

 

 

4.2.3.3 Repowering Share (c8) 

 

The Repowering Share (RS) measures the maturity of onshore wind repowering in each 
country. It is defined as the ratio of the cumulative gross capacity commissioned through 
onshore repowering projects to the total onshore wind capacity installed at the end of 2024. 
RS therefore reflects the extent to which countries are replacing first-generation turbines with 
modern machines on existing sites, a particularly relevant indicator where greenfield land is 
scarce or subject to social constraints. 

𝑅𝑆(%) = (
𝐶repowered

𝐶installed
) × 100 

 

where 𝐶repowered is the cumulative gross onshore wind capacity commissioned through 

repowering projects (in MW), and 𝐶installed is the total onshore wind capacity installed in the 
country as of 31 December 2024. 

Denominators are aligned to end-2024 to ensure cross-country comparability. Where 
national sources report net repowering additions (gross capacity minus dismantled capacity), 
these are supplemented with documented gross completions when available. As a result, RS 
values should be interpreted as conservative lower-bound estimates. For each country, 
cumulative repowered capacity was compiled from official statistics and verified project 
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completions. Where data series were incomplete, values are treated as conservative 
approximations. 

Within the MCDA framework, RS is modelled as a benefit criterion, since higher values indicate 
established permitting pathways, grid readiness, and mature business models for 
replacement capacity. Together, these features reduce investment risk and enhance the 
feasibility of future repowering. 

Denmark demonstrates one of the longest and most mature repowering traditions in Europe. 
Between 2012 and 2019, net additions totaled 576.8 MW, supplemented by more recent 
completions such as “Sdr. Bork” (31 MW, 2023) and “Nørre Okse Sø” (39.6 MW, 2024), 
yielding a conservative cumulative total of 647 MW. With 4,761 MW of installed onshore 
capacity at the end of 2024, Denmark’s repowering share equals 13.6% (Green Power 
Denmark, 2025; Vestas, 2024). 

France added at least 240 MW of repowered capacity during 2023–2024. Given a total 
onshore capacity of 23,500 MW at year-end 2024, this corresponds to a share of 1.02% 
(France Renouvelables, 2024; WindEurope, 2025). 

Germany is Europe’s clear leader in absolute repowering volumes. Between 2015 and 2024, 
cumulative repowered capacity reached approximately 6,680 MW, equivalent to 10.5% of its 
63,461 MW installed onshore base (FA Wind, 2025; Federal Wind Energy Association, 2025). 

Greece has completed one notable repowering initiative—the PPC Renewables multi-island 
project employing EWT turbines (2022)—with a total capacity of 19.8 MW. Relative to 5,355 
MW of installed capacity in 2024, this corresponds to a repowering share of 0.37% (EWT, 
2022; Hellenic Wind Energy Association, 2025). 

Italy has shown accelerating repowering activity in recent years, led by four major ERG 
projects totaling over 269 MW. With 12,336 MW of installed onshore capacity in 2024, Italy’s 
repowering share equals 2.18% (ERG, 2024; Chamber of Deputies, 2025). 

Spain has seen limited repowering progress, with only a few documented cases such as 
Malpica (16.5 MW, 2018), El Cabrito (30 MW, 2019), and Zas (26.25 MW, 2019), totaling 72.75 
MW. With 32,104 MW of installed onshore capacity in 2024, Spain’s repowering share stands 
at 0.23% (EDPR, 2019; REE, 2025). 

Sweden reports no verified repowering completions up to the end of 2024. With nearly 
17,000 MW of installed onshore capacity, its repowering share remains effectively 0% 
(Swedish Wind Energy Association, 2025). Table 10 represents the above findings. 
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Table 10: Repowering Share: cumulative repowered capacity as a share of total 
onshore capacity (end-2024) 

 
Repowered capacity (MW) Onshore capacity (MW) RS (%) 

Denmark 647 4761 13.59 

France 240 23500 1.02 

Germany 6680 63461 10.53 

Greece 19.8 5355 0.37 

Italy 269 12336 2.18 

Spain 72.75 32104 0.23 

Sweden 0 17000 0.00 

 

 

4.2.4 Environmental Pillar 

4.2.4.1 Blade End of Life Circularity (c9) 

Repowering activities generate substantial volumes of blade waste. By 2030, Europe is 
projected to dismantle approximately 14,000 blades, corresponding to 40–60 kilotons of 
composite materials, with Germany and Spain leading in absolute quantities (WindEurope, 
2025). Countries that have already developed blade-recycling pathways can significantly 
reduce environmental externalities—such as landfill avoidance and CO₂ emissions through 
material substitution—and face fewer bottlenecks during repowering implementation. 

The indicator Blade End-of-Life Circularity evaluates the extent to which each country has 
operational or near-term, scalable solutions for managing decommissioned blades. Unlike 
towers and nacelles, which are mainly composed of recyclable materials such as steel and 
concrete, blades are composite-intensive and remain the “final frontier” of wind turbine 
recycling (WindEurope, 2025). This criterion therefore captures the presence of blade-
recycling facilities, access to industrial-scale recovery routes such as cement co-processing or 
pyrolysis, and the existence of enabling programs or corporate commitments that ensure 
diversion from landfills. 

The evaluation is qualitative and based on the author’s interpretation of available literature. 
Scores are derived from three dimensions. The first concerns the presence of dedicated blade-
recycling facilities, rated from 0 to 4, where 4 indicates a fully operational facility, 3 a facility 
under construction with commissioning expected within two years, 1 an announced project, 
and 0 none. The second dimension evaluates access to industrial-scale recovery routes, also 
ranging from 0 to 4: a score of 4 corresponds to in-country cement co-processing or 
pyrolysis/solvolysis capacity; 3 indicates documented cross-border access; 2 reflects only 
plausible or pilot-scale platforms; and 0 denotes the absence of such access. Finally, 
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repurpose initiatives and enabling programs are rated from 0 to 2, with 2 assigned to 
countries where strong corporate commitments or large-scale pilots exist, 1 for limited 
activity, and 0 for none. Non-cement technologies such as pyrolysis, solvolysis, or mechanical 
recycling are treated equally under industrial-scale recovery, as the emphasis lies on 
scalability and verified implementation rather than specific technological pathways (JEC, 
2025; Vestas, 2023). 

Denmark achieves a total of 8/10, earning 3 points for a dedicated recycling facility 
(Continuum’s Esbjerg/Måde plant, under construction and due in 2026), 3 points for 
industrial-scale recovery through documented cross-border access to Holcim’s Lägerdorf 
cement plant in Germany, and 2 points for strong enabling programs, notably the 
DecomBlades consortium and Vestas CETEC chemical recycling initiative (DecomBlades, n.d.; 
State of Green, 2023; Vestas, 2023; WindEurope, 2021). 

France scores 5/10, with 0 points for dedicated epoxy-blade facilities, 3 for cross-border 
industrial-scale recovery via Lägerdorf, and 2 for enabling frameworks such as the Arrêté of 
22 June 2020, which enforces recycling quotas, and the ZEBRA closed-loop thermoplastic 
blade project with Arkema—recipient of the 2025 JEC Award (Legifrance, 2020; Arkema, 
2024; Arkema, 2025; WindEurope, 2021). 

Germany also records 5/10, with 0 points for dedicated non-cement blade facilities, 4 for 
industrial-scale recovery through Holcim/Geocycle’s Lägerdorf cement co-processing route 
supported by neowa and GE partnerships, and 1 for enabling initiatives such as the GE–
neowa–Holcim collaboration (GE, 2021; WindEurope, 2021). 

Greece scores 3/10, with 0 points for dedicated facilities, 2 for industrial recovery through 
HERACLES and TITAN cement co-processing platforms (AFR certified but with limited blade-
specific documentation), and 1 for participation in initiatives such as Holcim’s OLYMPUS CCS 
and the EU REWIND project (TITAN, 2021; Holcim, 2025; REWIND, 2025). 

Italy ranks among the top performers with 9/10, gaining 3 points for a dedicated facility (GEES 
Recycling’s REFRESH line under construction in Aviano), 4 for industrial-scale recovery via 
Geocycle Italy’s pretreatment and cement recovery at Tradate and Ternate, and 2 for enabling 
programs linked to the REFRESH project promoting mechanical recycling (REFRESH, 2025; 
Geocycle Italy, n.d.). 

Spain leads with a perfect 10/10, achieving 4 points for operational facilities (EnergyLOOP, 
inaugurated in 2025 with 10,000 t/y capacity, and ACCIONA’s Waste2Fiber thermal plant at 
6,000 t/y), 4 points for comprehensive industrial-scale recovery capacity, and 2 points for 
active repurpose initiatives such as producing consumer goods (surfboards and footwear) 
from recycled blades (Iberdrola/FCC, 2025; ACCIONA, 2023; ACCIONA, 2024; ACCIONA, 2025; 
WindEurope, 2025). 

Sweden achieves 5/10, with 0 points for dedicated facilities, 3 for cross-border access to 
Gjenkraft’s pyrolysis facility in Norway and national landfill restrictions encouraging recovery, 
and 2 for enabling measures including Vattenfall’s internal landfill ban and architectural 
repurposing projects such as the Lund car park façade (EEA, 2012; Vattenfall, 2021; Vattenfall, 
2024; JEC, 2025). Table 11 summarizes the above. 
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Table 11: Blade End-of-Life Circularity: qualitative scoring of national recycling and 
recovery frameworks  

Country Dedicated blade 
facility 

Industrial-scale 
route access 

Repurposing and 
programs 

Total 

Denmark 3 3 2 8 

France 0 3 2 5 

Germany 0 4 1 5 

Greece 0 2 1 3 

Italy 3 4 2 9 

Spain 4 4 2 10 

Sweden 0 3 2 5 

 

 

4.2.4.2 Biodiversity Assurance (c10) 

This criterion assesses how effectively each country integrates Natura 2000 and broader 
biodiversity safeguards into wind-energy siting and permitting. Repowering projects require 
new authorizations, which must balance renewable energy expansion with the protection of 
habitats and species. The indicator evaluates both the availability of official Natura-aware 
siting tools or maps and the maturity of biodiversity safeguards applied during permitting. 
Together, these elements determine how predictable, transparent, and environmentally 
responsible repowered wind development can be. 

This is a qualitative criterion, interpreted based on the available literature. It comprises two 
components. Component A (0–5) assesses the existence and quality of Natura-aware siting 
tools, ranging from comprehensive, wind-specific national sensitivity maps (score 5) to the 
absence of publicly available mapping (score 0). Component B (0–5) evaluates biodiversity 
safeguards, including species-specific distance guidelines, systematic application of Article 6 
Appropriate Assessment (AA), and nationally consistent mitigation frameworks. The total 
score is the sum of both components, producing a 0–10 scale. From the perspective of 
repowering readiness, this is treated as a benefit criterion: higher scores indicate greater 
regulatory clarity and stronger environmental protection, which reduce legal risks, prevent 
delays, and enhance social acceptance. The results are summarized in Table 12 

Denmark scores 7/10 (A = 3, B = 4). Natura 2000 sites and other environmental constraints 
are integrated within the MiljøGIS platform, which planners are required to consult. The 2022 
national wind-siting guidance instructs municipalities to use these datasets, though no 
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dedicated national sensitivity index equivalent to Spain’s exists. Biodiversity safeguards are 
robust, with consistent application of Article 6 AA under the EU Habitats Directive 
(Miljøstyrelsen, n.d.; Bolig- og Planstyrelsen, 2022; European Commission, 2021). 

France also scores 7/10 (A = 3, B = 4). Regional environmental directorates (DREALs) provide 
detailed wind–biodiversity siting guides including mitigation measures, but no unified 
national map exists. Safeguards are embedded through the ERC sequence (éviter–réduire–
compenser) and Article 6 AA, supported by ministerial and OFB guidance (DREAL Normandie, 
2023; Ministère de la Transition Écologique, 2025; OFB, 2025). 

Germany achieves 8/10 (A = 3, B = 5). Although relying on Länder-level planning tools rather 
than a national sensitivity map, Germany applies some of Europe’s most advanced 
safeguards. The Helgoland Paper (Helgoländer Papier, 2015) provides species-specific 
distance guidelines used systematically alongside Article 6 AA (LAG VSW, 2015; Fachagentur 
Windenergie an Land, 2017). 

Greece scores 7/10 (A = 4, B = 3). The Special Spatial Framework for RES (49828/2008) defines 
suitable and exclusion zones, including Natura 2000 areas, providing a national legal 
framework for siting. Safeguards are implemented mainly through general EIA and AA 
procedures rather than wind-specific mechanisms, limiting their sophistication (Clean Energy 
for EU Islands, 2025; Asprogerakas et al., 2022; Eclareon, 2023). 

Italy records 8/10 (A = 4, B = 4). The Suitable Areas framework (Aree Idonee, DM 21/06/2024) 
and the National Energy Services Operator platform (Gestore dei Servizi Energetici – GSE) 
formalize transparent siting processes, while biodiversity safeguards are consistently applied 
via the Ministerial Decree of 10 September 2010 (Decreto Ministeriale 10/09/2010) and 
standardized AA/EIA procedures (Camera dei Deputati, 2025; GSE, 2025; MiSE, 2010). 

Spain achieves the highest performance with 9/10 (A = 5, B = 4). Its Environmental Zoning for 
Renewable Energies (Zonificación ambiental para energías renovables) provides wind-specific 
sensitivity mapping and detailed environmental indicators. Safeguards are systematically 
implemented through EIA (Evaluación de Impacto Ambiental, EIA) and AA (Evaluación de 
Afección a la Red Natura 2000, AAN2000) procedures, although the absence of species-
specific distance guidelines slightly reduces the score (MITECO, 2025; ISA/ArcGIS, 2025; 
European Commission, 2021). 

Sweden also attains 9/10 (A = 5, B = 4). The Wind Power Register (Vindbrukskollen) integrates 
Natura 2000 and other environmental datasets used in project planning. Biodiversity 
safeguards are embedded through the Swedish Environmental Protection Agency 
(Naturvårdsverket) guidance on Natura assessments and the National Wind Power Handbook 
(Vindkraftshandboken) published by the National Board of Housing, Building and Planning 
(Boverket) (Energimyndigheten, 2024; Naturvårdsverket, 2025; Boverket, 2012). 

 

 

 



Repowering of Onshore Wind Farms in the EU: Identifying the Frontrunner Country  
Using Multi-Criteria Decision Analysis 

Μεταπτυχιακή Διπλωματική Εργασία – Γεώργιος Παπαδόπουλος 
Master's Thesis – Georgios Papadopoulos 

ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 43 
MSc “Infrastructure and Construction Project Management” 

 

Table 12: Biodiversity Assurance: qualitative scoring of Natura-aware siting tools and 
safeguards  

  A) Official Natura-aware 
siting tool / map 

B) Biodiversity 
safeguards guidance 

Total 

Denmark 3 4 7 

France 3 4 7 

Germany 3 5 8 

Greece 4 3 7 

Italy 4 4 8 

Spain 5 4 9 

Sweden 5 4 9 

 

 

 

4.2.5 Social Pillar 

4.2.5.1 Public awareness of Repowering Benefits (c11) 

This indicator evaluates the visibility and clarity of public communication regarding the 
advantages of repowering onshore wind farms. Repowering allows the replacement of older 
turbines with fewer, more efficient models that generate higher output while reusing existing 
grid connections, access roads, and sites. This process reduces land use, visual impact, and 
environmental disturbance. The extent to which these benefits are publicly communicated 
through national plans, government websites, wind-energy associations, or developer 
campaigns significantly influences social acceptance. Where institutions clearly articulate the 
rationale for repowering, public opposition tends to diminish, and permit outcomes to 
improve. 

The indicator is qualitative and based on the author’s interpretation of published information. 
Assessment covers three tiers of communication. The first and most heavily weighted tier (up 
to 70 points) concerns national energy and climate plans (NECPs), government portals, and 
legal acts, which convey the official policy stance. The second tier (20 points) assesses 
communication by national wind-energy associations, which act as sector representatives and 
public educators. The third tier (10 points) considers communication by developers and 
utilities, which often promote repowering projects through case studies and press releases. 
The total score ranges from 0 to 100. Within the MCDA framework, this is treated as a benefit 
criterion: higher scores indicate stronger institutional transparency and public engagement, 
which contribute to social acceptance and smoother permitting processes. The resulting 
national scores are summarized in Table 13. 



Repowering of Onshore Wind Farms: Comparative Analysis of European Frontrunners Using Multi-Criteria 
Decision Analysis 

Μεταπτυχιακή Διπλωματική Εργασία – Γεώργιος Παπαδόπουλος 
Master's Thesis – Georgios Papadopoulos 

44 ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 
MSc “Infrastructure and Construction Project Management” 

 

Denmark scores 65/100 (Government 50, Association 10, Developers 5). The Danish Energy 
Agency has introduced rules to simplify repowering and lifetime-extension procedures, 
including a dedicated executive order effective since July 2024 and a centralized permitting 
portal. These initiatives facilitate repowering but are not presented as a stand-alone national 
strategy. The national wind association provides general communication on the advantages 
of modern turbines, with occasional references to repowering, while developer 
communication remains limited and not distinctly country-focused (Bolig- og Planstyrelsen, 
2024). 

France attains the maximum score of 100/100 (Government 70, Association 20, Developers 
10). The revised French NECP explicitly sets out a repowering plan for 2025–2035 and 
highlights the benefits of producing more electricity with fewer turbines. The national wind 
association actively promotes repowering through public campaigns, and major developers 
such as EDF Renewables and ENGIE Green publish detailed project pages emphasising grid 
reuse and local environmental benefits (Ministère de la Transition Écologique, 2024; France 
Renouvelables, 2024; EDF Renouvelables, 2025). 

Germany scores 80/100 (Government 50, Association 20, Developers 10). Its legal framework 
strongly supports repowering through the WindBG acceleration rules and amendments to the 
Federal Immission Control Act, which simplifies authorisation procedures. Although the 
updated NECP integrates these measures, it does not form a dedicated repowering plan. The 
national association (BWE) provides accessible material explaining the advantages of 
replacing multiple older turbines with fewer, more efficient ones, and major developers such 
as RWE and EnBW communicate similar messages through public statements and press 
releases (Bundesregierung, 2023; BWE, 2024; EnBW, 2024). 

Greece achieves 45/100 (Government 30, Association 10, Developers 5). The updated NECP 
(2024) refers to repowering but offers limited public communication on its environmental or 
social benefits. The national association has issued briefing notes and videos explaining 
repowering to the public, while developers such as PPC Renewables have promoted pilot 
projects across multiple islands. However, systematic public outreach remains limited 
(European Commission, 2024a; ELETAEN, 2023; PPC Renewables, 2022). 

Italy obtains 80/100 (Government 50, Association 20, Developers 10). The Italian NECP and 
subsequent legislative reforms emphasize repowering aiming at increasing generation 
capacity without expanding land use. The National Wind Association (ANEV) promotes 
repowering benefits through campaigns, and major developers such as Enel Green Power 
publish project pages highlighting the reuse of existing sites and grid connections (Camera dei 
Deputati, 2023; Enel Green Power, 2024). 

Spain reaches the maximum 100/100 (Government 70, Association 20, Developers 10). Its 
NECP includes Measure 1.17, a dedicated repowering programme, while Order 
TED/1071/2022 established the €164 million “Repotenciación Circular” scheme, publicly 
promoted by the national energy agency. The national wind association provides clear, 
accessible explanations of repowering advantages, and major developers such as Iberdrola 
maintain public project portals illustrating the concept of “more energy with fewer turbines” 
and the benefits of grid reuse (MITECO/IDAE, 2023; AEE, 2024; Iberdrola, 2024). 
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Sweden scores 55/100 (Government 30, Association 20, Developers 5). The updated NECP 
(2024) mentions repowering but does not prominently communicate its wider social or 
environmental benefits. The Swedish Wind Energy Association provides practical guidance on 
repowering, explaining its rationale and permitting process, while developer 
communication—such as Vattenfall’s Näsudden project—illustrates the principle of “fewer 
turbines, more power” but remains sporadic (European Commission, 2024b; Svensk 
Vindenergi, 2024; Vattenfall, 2024). 

 

 

Table 13: Public Awareness of Repowering Benefits: qualitative communication scoring  

  Government / NECP / 
official portals 

National wind 
associations 

Developers / 
utilities 

Total 

Denmark 30 10 5 45 

France 70 20 10 100 

Germany 50 20 10 80 

Greece 30 10 5 45 

Italy 50 20 10 80 

Spain 70 20 10 100 

Sweden 30 20 5 55 

 

 

 

 

 

4.2.5.2 Public consultation duration (c12) 

This criterion measures the legally mandated minimum period during which the public can 
review documentation and submit comments on proposed onshore wind projects, typically 
at the Environmental Impact Assessment (EIA) or equivalent permitting stage. The 
consultation window is a key component of participatory governance, as it determines 
whether citizens, municipalities, and local organizations have sufficient time to understand 
project information and prepare meaningful submissions. 

For each country, the analysis identifies the statutory provision that governs the public 
consultation phase within the EIA process, or the general rule that applies across sectors 
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where no wind-specific framework exists. The indicator records the minimum duration of the 
consultation window as stipulated in law or official guidance and expresses it in working days 
for comparability. In cases where the statute specifies calendar days, the equivalent number 
of working days is calculated. From the perspective of social acceptance and procedural 
legitimacy, longer consultation periods are treated as a benefit in the MCDA framework, as 
they enhance inclusiveness and transparency in decision-making, reduce perceptions of 
procedural haste, and facilitate smoother repowering consents. The compiled values are 
presented in Table 14. 

Denmark provides one of the longest statutory consultation periods in Europe. The Danish 
Environmental Assessment Act establishes a public-hearing phase of at least eight weeks, 
corresponding to approximately fifty-six working days, for projects requiring an 
environmental impact assessment. This extended window reflects Denmark’s tradition of 
participatory spatial planning and allows stakeholders substantial time to engage with project 
documentation and submit detailed responses (Danish Environmental Assessment Act, 2020). 

In France, the Environmental Code (Code de l’environnement) stipulates a minimum 
consultation period of thirty calendar days for environmental public inquiries, corresponding 
to approximately twenty-two working days. This nationwide baseline ensures consistent 
opportunities for public participation across prefectures, although competent authorities 
may extend the duration beyond the statutory minimum when deemed necessary (Cerema, 
2023). 

Germany applies a two-step procedure that, in practice, totals around sixty calendar days or 
forty-two working days. Under the Federal Environmental Impact Assessment Act (UVPG), 
project documentation must first be made publicly available for one month, followed by at 
least another month for submitting objections. This effectively provides one of the longest 
consultation periods in Europe and reinforces Germany’s strong procedural safeguards for 
public involvement (UVPG, 2023). 

In Greece, Law 4014/2011 sets the consultation period at thirty working days for projects 
requiring an environmental impact assessment. In practice, public notices often extend to 
forty or forty-five days (a value of forty-two is used in the analysis), reflecting a moderately 
robust level of participatory inclusion within the national framework (ΥΠΕΝ, 2024). 

Italy grants sixty calendar days for public consultation under Legislative Decree 152/2006, 
Article 24, equivalent to approximately forty-two working days. This duration aligns Italy with 
the longest formal consultation regimes in Europe and provides adequate time for 
comprehensive stakeholder engagement (D.Lgs. 152/2006). 

Spain mandates a minimum period of thirty working days for the public information phase of 
the environmental assessment process. This clear national standard ensures transparency 
and predictability, although it remains shorter than the consultation periods applied in the 
most participatory European regimes (Ley 21/2013, Art. 36). 

Sweden does not prescribe a fixed minimum duration under the Environmental Code. The 
competent authority is required to ensure a “reasonable” consultation period, allowing 
flexibility according to the scale and potential impacts of each project. Under the Planning 
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and Building Act, extended consultations must provide at least three weeks, equivalent to 
approximately fifteen working days. While this adaptable approach accommodates project-
specific circumstances, the absence of a uniform statutory minimum introduces variability 
and uncertainty for stakeholders (Naturvårdsverket, 2024). 

 

Table 14: Public consultation duration 

  Public consultation duration 
(days) 

Denmark 56 

France 30 

Germany 60 

Greece 42 

Italy 60 

Spain 42 

Sweden 21 

 

 

The overall evaluation table summarizing all twelve criteria across the seven countries is 
presented below (Table 15). This data set constitutes the input matrix for the TOPSIS multi-
criteria decision analysis (MCDA) framework applied in this study. 

 

Table 15: Evaluation table 

  c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 

Denmark 0.25 78.70 5.92 0.33 4 0.59 0.00 13.59 8 7 45 56 

France 1 75.75 0.58 0.67 3 0.80 2.06 1.02 5 7 100 30 

Germany 1 87.18 1.55 1.00 4 23.02 2.94 10.53 5 8 80 60 

Greece 0 108.31 0.96 0.33 1 14.66 3.30 0.37 3 7 45 42 

Italy 0.75 117.83 0.15 0.33 3 10.22 1.51 2.18 9 8 80 60 

Spain 0.75 72.54 1.06 0.67 3 2.39 1.68 0.23 10 9 100 42 

Sweden 0 42.80 0.60 0.33 1 0.48 1.52 0.00 5 9 55 21 
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5. Results and Discussion 

This chapter presents the results of the Multi-Criteria Decision Analysis (MCDA) conducted to 
evaluate the maturity of onshore wind repowering across seven European countries: 
Denmark, Germany, Spain, France, Italy, Sweden, and Greece. The analysis employs the 
TOPSIS method, as described in Chapter 3, and incorporates the twelve evaluation criteria 
developed in Chapter 4, which are grouped under five thematic pillars: financial, legal, 
technical, environmental, and social. The results are presented in two stages. The first section 
discusses the baseline TOPSIS scenario, in which all criteria are assigned equal importance, 
thus providing a neutral reference point for comparative evaluation. The second section 
expands on these findings through a pillar-wise performance analysis, allowing for a more 
detailed examination of the factors underpinning each country’s overall performance. 

5.1 Equal Weight Scenario 

The baseline scenario applies equal weights across all twelve criteria, representing a balanced 
assessment of overall readiness for wind farm repowering without prioritizing any pillar. The 
resulting composite scores and rankings are presented in Table 16, while Figure 2 illustrates 
the same results in graphical form for visual comparison. Denmark achieves the highest 
composite performance score (0.701), followed by Germany (0.479) and Spain (0.476). France 
ranks fourth (0.461), Italy fifth (0.422), Sweden sixth (0.356), and Greece last (0.218). These 
results indicate clear differentiation among the seven countries, forming three distinct 
performance clusters: a leading country (Denmark), a group of moderately advanced 
performers (Germany, Spain, and France), and a group of lower-performing or emerging 
markets (Italy, Sweden, and Greece). 

Table 16: TOPSIS results under equal-weight scenario 

Alternatives Performance Score Ranking 

Denmark  0.701 1 
Germany 0.479 2 
Spain 0.476 3 
France 0.461 4 
Italy 0.422 5 
Sweden 0.356 6 
Greece 0.218 7 

 



Repowering of Onshore Wind Farms in the EU: Identifying the Frontrunner Country  
Using Multi-Criteria Decision Analysis 

Μεταπτυχιακή Διπλωματική Εργασία – Γεώργιος Παπαδόπουλος 
Master's Thesis – Georgios Papadopoulos 

ΕΔΠΜΣ “Διαχείριση Έργων Υποδομών και Κατασκευών” 49 
MSc “Infrastructure and Construction Project Management” 

 

 

Figure 2: TOPSIS Results with equal weights scenario and ranking of the case study countries 

 

Denmark emerges as the clear frontrunner in the baseline ranking. Its leading position reflects 
a mature institutional and technical environment for onshore repowering, supported by clear 
legal guidance (c5 = 4), streamlined permitting procedures (c4 = 0.33), and the highest 
repowering share among all countries (c8 = 13.6%). In addition, Denmark benefits from very 
low spatial pressure (c6 = 0.59 MW/km²) and negligible curtailment levels (c7 = 0%), which 
strengthen its position in cost-type criteria. Despite the absence of a dedicated onshore 
support mechanism (c1 = 0.25), Denmark’s efficient administrative framework, consistent 
project execution record, and extensive experience with site reuse clearly distinguish it from 
the other cases. 

Germany ranks second, primarily due to its robust legal and institutional framework, which 
remains the most advanced in Europe. The country records the maximum possible score in 
both permitting simplification (c4 = 1.00) and the existence of a dedicated repowering 
framework (c5 = 4). These strengths are complemented by an active auction-based support 
scheme and stable financial conditions. However, Germany’s performance is constrained by 
high spatial pressure (c6 = 23.02 MW/km²) and non-negligible curtailment levels (c7 = 2.94%), 
both of which increase its distance from the ideal technical solution. Although Germany leads 
in cumulative repowering capacity, these cost-type indicators reduce its overall performance 
in the equal-weighted scenario. 

Spain follows closely in third position. Its strong performance is driven largely by the 
environmental and social pillars, where it achieves the maximum scores in blade end-of-life 
circularity (c9 = 10) and biodiversity assurance (c10 = 9). Spain also excels in public awareness 
and communication (c11 = 100), supported by clear national strategies and outreach 
initiatives. These strengths compensate for its relatively low repowering share (c8 = 0.37%) 
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and moderate curtailment (c7 = 1.68%), indicating that Spain’s repowering framework is 
institutionally and socially advanced but still at an early stage of large-scale implementation. 

France ranks fourth and displays a balanced and coherent performance across most pillars. 
Its active and transparent support framework (c1 = 1.00), the streamlined permitting 
procedures (c4 = 0.67), and strong social engagement (c11 = 100) contribute to a favorable 
investment environment. Nevertheless, the country’s technical indicators, such as spatial 
pressure and curtailment levels, are less favorable compared to those of the top performers, 
slightly lowering its final score. Overall, France represents a stable and well-structured market 
for repowering, supported by consistent policy design and growing implementation 
experience. 

Italy occupies the fifth position. Its performance is differentiated between strong 
environmental and social outcomes on one hand and weaker technical and legal conditions 
on the other. Italy achieves high scores in blade circularity (c9 = 9) and biodiversity assurance 
(c10 = 8), confirming its leadership in circular-economy practices, and benefits from high 
wholesale electricity prices (c2 = 117.83 €/MWh). However, the country’s repowering share 
remains low (c8 = 0.23%) and spatial constraints significant (c6 = 10.22 MW/km²), while legal 
fragmentation across regions continues to limit administrative efficiency. As a result, Italy’s 
potential is evident but still underexploited. 

Sweden ranks sixth, performing relatively well in environmental criteria but poorly in financial 
and legal dimensions. The country benefits from advanced biodiversity mapping tools and 
access to recycling routes (c9 = 5; c10 = 9) and displays low spatial intensity (c6 = 0.48 MW/km²). 
However, it lacks dedicated financial or legal support for repowering (c1 = 0; c5 = 1) and relies 
exclusively on merchant market mechanisms. Furthermore, Sweden has yet to record 
measurable repowering activity (c8 = 0%), which considerably limits its overall maturity level. 

Greece ranks last in the analysis, reflecting a still-emerging repowering environment. 
Although wholesale electricity prices are high (c2 = 108.31 €/MWh), providing a potential 
economic incentive, the institutional and technical foundations remain weak. Permitting 
simplifications are limited (c4 = 0.33), there is no dedicated legal framework (c5 = 1), and 
repowering activity remains negligible (c8 = 1.02%). Greece also faces high spatial pressure (c6 
= 14.66 MW/km²) and moderate curtailment levels (c7 = 3.30%), increasing its distance from 
the ideal solution. These results underscore the need for regulatory reform, improved 
planning coordination, and clearer repowering procedures to stimulate future development. 

Overall, the baseline results confirm that Denmark represents the most mature and balanced 
case of onshore wind repowering in Europe. Germany and Spain follow as strong performers 
with complementary strengths—Germany excelling institutionally and Spain 
environmentally. France occupies an intermediate yet stable position, while Italy remains in 
transition between potential and implementation. Sweden and Greece, by contrast, remain 
at an early stage, hindered by the absence of supportive policy frameworks and limited 
practical experience. The findings suggest that repowering maturity is not determined by a 
single dimension, but rather by the coexistence of multiple enabling conditions, including 
regulatory clarity, technical readiness, environmental integration, and social legitimacy. 
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5.2 Pillar-wise Performance Analysis 

To complement the aggregate TOPSIS results, a pillar-wise analysis was performed to assess 
how each thematic dimension contributes to overall repowering readiness. All criteria were 
normalized to a 0–1 scale using the min–max method, ensuring comparability across different 
units and magnitudes. The normalization was applied as follows: 

𝑥𝑖𝑗
′ =

𝑥𝑖𝑗 − 𝑥𝑗
min

𝑥𝑗
max − 𝑥𝑗

min
 

 

For cost-type criteria, the inverse formula was used to maintain consistency in interpretation: 

𝑥𝑖𝑗
′ =

𝑥𝑗
max − 𝑥𝑖𝑗

𝑥𝑗
max − 𝑥𝑗

min
 

 

After normalization, the average score per pillar was calculated for each country by taking the 
mean of the normalized criteria within that pillar. The resulting values, presented in Table 17, 
provide an integrated view of the strengths and weaknesses underlying the overall 
performance. 

Table 17: Average normalized scores per pillar 

Alternatives  Financial Legal Technical Environmental Social 

Denmark 0.58 0.50 1.00 0.36 0.45 
France 0.50 0.59 0.48 0.14 0.62 
Germany 0.61 1.00 0.29 0.39 0.82 
Greece 0.34 0.00 0.13 0.00 0.27 
Italy 0.58 0.33 0.42 0.68 0.82 
Spain 0.43 0.59 0.47 1.00 0.77 
Sweden 0.03 0.00 0.51 0.64 0.09 

 

The financial pillar shows that Germany (0.61), Italy (0.58), and Denmark (0.58) possess the 
most favorable conditions for repowering, driven by effective auction systems, stable revenue 
frameworks, and R&D commitments. France (0.50) performs moderately, while Spain (0.43) 
and Greece (0.34) exhibit weaker financial mechanisms and higher reliance on merchant 
revenues. Sweden records an almost negligible value (0.03), indicating the challenges of 
financing repowering projects in fully market-exposed environments. These findings suggest 
that while repowering can occur without subsidies, predictable market conditions and policy 
continuity remain crucial enablers for investment. 

In the legal pillar, Germany achieves the highest possible score (1.00), confirming its 
comprehensive legislative framework for repowering and its successful transposition of the 
EU Renewable Energy Directive (RED III). France (0.59) and Spain (0.59) also perform strongly, 
reflecting well-structured national permitting reforms. Denmark (0.50) and Italy (0.33) show 
moderate progress toward administrative simplification, whereas Greece (0.00) and Sweden 
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(0.00) lag considerably behind, lacking formal repowering definitions or dedicated permitting 
procedures. The legal dimension therefore emerges as a decisive differentiator between 
mature and emerging repowering markets. 

The technical pillar highlights Denmark’s outstanding leadership (0.998), reflecting its very 
low curtailment, minimal spatial pressure, and highest share of repowered capacity. Sweden 
(0.51), France (0.48), and Spain (0.47) follow, exhibiting moderate technical readiness. Italy 
(0.42) and Germany (0.29) are constrained by grid congestion and spatial intensity, while 
Greece (0.13) remains the least technically prepared. The technical dimension therefore 
represents the main driver of Denmark’s leading position and the principal obstacle for 
lagging countries. 

In the environmental pillar, Spain achieves the maximum score (1.00), supported by its 
pioneering role in blade recycling and biodiversity protection. Italy (0.68) and Sweden (0.64) 
also perform well, while Germany (0.39) and Denmark (0.36) occupy intermediate positions. 
France (0.14) and Greece (0.00) score lowest, indicating that environmental integration in 
repowering processes remains limited. These differences illustrate how circular-economy 
initiatives and biodiversity management are becoming increasingly significant factors in 
repowering policy design. 

Finally, the social pillar reveals that Germany (0.82) and Italy (0.82) lead in public engagement 
and consultation transparency, while Spain (0.77) and France (0.62) also show high levels of 
social awareness. Denmark (0.45) performs moderately, whereas Greece (0.27) and Sweden 
(0.09) record weak performance, reflecting limited public participation and communication 
initiatives. The social dimension thus underscores the growing importance of participatory 
governance and communication in ensuring the acceptance and smooth implementation of 
repowering projects. 

All in all, the pillar-wise analysis reinforces the findings of the baseline scenario by revealing 
that Denmark’s overall leadership is primarily driven by exceptional technical maturity and a 
balanced performance across the remaining pillars. Germany’s strong legal and social 
performance consolidates its position as a regulatory benchmark, while Spain combines top-
tier environmental management with increasing legal and social capacity. Italy displays 
environmental and social strengths but remains limited by technical constraints. Sweden’s 
readiness is uneven—technically and environmentally favorable, yet institutionally 
underdeveloped—whereas Greece remains weak across all pillars. 

Overall, these findings confirm that repowering maturity is inherently multidimensional. 
Countries that successfully integrate legal clarity, technical feasibility, financial stability, 
environmental responsibility, and public engagement achieve the highest overall 
performance. In contrast, those lacking coordination between these elements remain distant 
from the ideal repowering profile. The following chapter examines these results in relation to 
European policy trends and explores the implications for advancing repowering in Greece 
through the adaptation of best practices observed in the leading countries. 
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5.3 Discussion 

The results of the TOPSIS analysis and the subsequent pillar-wise evaluation provide a 
comprehensive overview of the current maturity of onshore wind repowering across the 
seven examined European countries. The findings highlight a clear hierarchy in repowering 
development, with Denmark leading, followed by Germany, Spain, and France, while Italy, 
Sweden, and Greece remain in the early stages of implementation. The variation across 
countries confirms that repowering readiness is not determined by a single determinant, but 
rather by the balanced coexistence of enabling factors across the financial, legal, technical, 
environmental, and social pillars. 

Denmark’s leading position demonstrates the importance of accumulated experience, 
institutional continuity, and efficient spatial planning. Its long-standing wind energy tradition, 
coupled with the ability to reuse existing infrastructure under clear administrative 
procedures, allows repowering to occur with minimal regulatory or public resistance. This 
combination of mature governance and high technical readiness sets the benchmark for 
successful repowering practice in Europe.  

Germany, ranking second, illustrates that even in advanced markets, high spatial pressure and 
grid congestion can limit technical feasibility despite excellent legal and financial frameworks. 
Its case underscores that the institutional readiness to promote repowering must be matched 
with proactive spatial and grid planning to ensure implementation at scale. 

Spain’s position as an environmental and social frontrunner highlights an alternative pathway 
toward repowering maturity. Although technical deployment remains limited, Spain’s strong 
environmental governance and high public acceptance create favorable long-term conditions 
for sustained repowering expansion. France exhibits a similar pattern of policy coherence and 
transparency, reflecting a structured regulatory environment that is gradually translating into 
practical outcomes. Both cases demonstrate the positive influence of integrated 
environmental and social governance on market development. 

Italy’s moderate position stems from an asymmetry between favorable economic conditions 
and underdeveloped technical and legal implementation. The country’s experience reflects 
the challenge of translating policy ambition and environmental innovation into tangible 
project outcomes.  

Sweden’s results confirm that even technologically capable and environmentally advanced 
countries may underperform if financial and institutional mechanisms are absent. This 
reinforces the principle that successful repowering requires coordinated policy support across 
all dimensions, not merely favorable technical or natural conditions. 

Greece’s position at the bottom of the ranking reflects the early stage of its repowering 
framework. Despite favorable electricity prices that could incentivize investment, the country 
continues to face significant legal, administrative, and technical barriers. The lack of explicit 
repowering provisions, limited spatial availability, and modest public engagement hinder its 
progress. However, the comparative results also provide valuable insights for Greece. The 
analysis suggests that replicating the policy coherence of Germany, the administrative 
efficiency of Denmark, and the environmental and social engagement of Spain could 
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substantially enhance Greece’s repowering maturity. Targeted reforms in permitting 
procedures, spatial planning, and stakeholder participation could align national practices with 
the European frontrunners and unlock the country’s significant repowering potential. 

More broadly, the results confirm that repowering represents not only a technical 
replacement of turbines but also an institutional and social process requiring integrated policy 
alignment. Countries that have developed comprehensive legal frameworks, predictable 
support mechanisms, and robust participatory practices show superior readiness to exploit 
existing wind resources efficiently and sustainably. Conversely, where policy fragmentation 
or regulatory uncertainty prevails, repowering remains limited or ad hoc. The results thus 
reinforce the European Union’s strategic emphasis on harmonized permitting procedures, 
circular-economy standards, and community involvement as preconditions for achieving the 
2030 renewable energy targets. 

In summary, the comparative analysis presented in this chapter reveals that repowering 
maturity across Europe follows multiple pathways, reflecting different combinations of 
technical, regulatory, and societal strengths. The diversity of these pathways underscores that 
no single policy model guarantees success. Instead, effective repowering frameworks emerge 
from the alignment of legal certainty, technical feasibility, environmental stewardship, and 
social legitimacy. These insights form the analytical foundation for the final conclusions and 
recommendations presented in the following chapters, which outline the key lessons for 
policy design and the strategic steps necessary to enhance the readiness of Greece and similar 
emerging markets for large-scale wind farm repowering. 
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6. Conclusions 

This study conducted a comprehensive comparative assessment of the maturity of onshore 
wind repowering in seven European countries—Denmark, Germany, Spain, France, Italy, 
Sweden, and Greece—using a Multi-Criteria Decision Analysis (MCDA) approach based on the 
Technique for Order of Preference by Similarity to the Ideal Solution (TOPSIS). Twelve criteria 
were defined and grouped under five key evaluation pillars: Financial, Legal, Technical, 
Environmental, and Social. The aim was to quantify and compare how advanced each national 
framework is in enabling repowering, thereby illustrating the diversity of progress and policy 
coherence across Europe’s onshore wind sector. 

The results of the TOPSIS analysis, performed under an equal-weight scenario, indicate that 
Denmark currently represents the most mature environment for onshore wind repowering, 
followed by Germany and Spain. These countries demonstrate well-established policy 
frameworks, stable market mechanisms, and clear permitting structures that facilitate 
repowering initiatives. France and Italy occupy intermediate positions, reflecting a 
combination of partial regulatory progress and remaining administrative or social challenges. 
Sweden and Greece ranked lower, illustrating that even countries with strong renewable 
energy potential may face significant institutional, regulatory, or social barriers to 
repowering. 

A closer examination of the results by pillar reveals that Denmark consistently performs well 
across all five dimensions, confirming its holistic approach to wind energy lifecycle 
management. Germany also exhibits strong performance, particularly in the legal and 
technical domains, owing to its extensive experience with wind energy and established 
repowering policies. Spain benefits from favorable financial conditions and growing policy 
attention, while France and Italy show mixed results due to administrative complexity and 
less cohesive repowering strategies. Sweden’s lower score reflects its relatively recent 
engagement in repowering activities, while Greece’s limited progress highlights the early 
stage of its repowering market development. Collectively, these findings demonstrate that 
repowering maturity is not solely a function of installed capacity or resource availability, but 
rather the result of consistent regulatory alignment, technical preparedness, and societal 
support mechanisms. 

From a methodological standpoint, the study demonstrated the suitability of MCDA—and 
particularly TOPSIS—for evaluating complex policy-driven processes such as renewable 
energy repowering. The method allowed for the integration of both quantitative and 
qualitative criteria under a unified analytical framework, ensuring transparency and 
replicability. However, the use of equal weights across all criteria represents an intentional 
simplification and a key limitation of the analysis. Equal weighting assumes uniform 
importance among financial, legal, environmental, and social aspects, which may not reflect 
the actual priorities of stakeholders in different national contexts. In addition, despite 
rigorous data normalization and cross-referencing, some discrepancies may persist due to 
variations in data sources, temporal coverage, and country-specific definitions of indicators. 
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Future research should focus on refining the evaluation framework by incorporating 
stakeholder-informed weighting schemes. The next step would be to rank the existing criteria 
according to the preferences of different stakeholder groups—such as policymakers, 
operators, investors, environmental organizations, and local communities, each representing 
the priorities of one or more evaluation pillars. This approach would allow the formulation of 
scenario-based assessments, where the relative importance of criteria shifts according to the 
viewpoint or objectives of each stakeholder group. 

To achieve this, the Analytic Hierarchy Process (AHP) could be employed in combination with 
TOPSIS. AHP would enable the systematic calculation of criterion weights based on pairwise 
comparisons derived from expert and stakeholder input. Once determined, these weights 
could be integrated into the TOPSIS model to produce differentiated rankings that capture 
the influence of stakeholder priorities on repowering maturity outcomes. Such an AHP–
TOPSIS hybrid framework would provide a more nuanced and policy-relevant representation 
of repowering dynamics across Europe, highlighting where trade-offs arise between financial, 
technical, environmental, and social objectives. 

Further extensions could include expanding the dataset to encompass a larger set of 
European or non-European countries, introducing temporal analyses to capture how 
repowering maturity evolves over time, or exploring correlations between repowering 
indicators and national energy or climate performance metrics. Additionally, future work 
could combine MCDA with energy system modeling or life-cycle assessment (LCA) techniques 
to quantify how repowering pathways affect emissions, cost-efficiency, and resource use at 
the system level. These enhancements would not only strengthen the analytical robustness 
of the framework but also position it as a tool for continuous policy monitoring and 
benchmarking across the European wind sector. 

In conclusion, this research contributes to the understanding of how European countries 
differ in their readiness and capacity to implement onshore wind repowering. It shows that 
successful repowering depends on a coherent combination of legal stability, financial 
feasibility, technical capability, and societal acceptance rather than on isolated policy 
measures. The proposed MCDA-based approach provides a structured foundation for 
evaluating such multidimensional progress and can serve as a methodological basis for future 
studies seeking to capture stakeholder priorities and evolving policy environments. By 
integrating stakeholder-driven weighting and temporal perspectives in future analyses, the 
evaluation of repowering maturity can evolve into a powerful decision-support tool, guiding 
policymakers and researchers toward a more complete and dynamic understanding of 
Europe’s renewable energy transition. 
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