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Summary 

Wind turbine blades are large, complex products made from a mix of ma-
terials but consist mainly of glass fiber composite materials that are diffi-
cult to reuse or recycle in a circular economy. For these reasons, the 
blades reaching their end of life have been landfilled, which is unsustain-
able and causes a loss of resources. Thus, new systems and value 
chains must be designed and implemented for end-of-life wind turbine 
blades in accordance with circular economy principles. Yet, the opera-
tionalization of circular economy is sparingly described in academic liter-
ature. 

The aim of this PhD dissertation is therefore to answer the following main 
research question: How can value chains for end-of-life wind turbine 
blades be designed, operated, and industrialized in accordance with 
a circular economy? This is supported by several objectives and four 
research sub-questions. The research sub-questions answered are: 1) 
Why do circular end-of-life value chains for wind turbine blades not exist 
today? 2) Which end-of-life value chain routes are potential end-to-end 
solutions for wind turbine blades and what technologies and processes 
are included in the design of these solutions? 3) How can fully functioning 
value chains for end-of-life wind turbine blades be operated at an indus-
trial scale to support a circular economy? 4) How can it be evaluated 
which circular value chains for end-of-life wind turbine blades should be 
industrialized and what variables influence this decision? To provide a 
comprehensive answer to the posed research questions, this PhD dis-
sertation combines seven individual research papers and is based on a 
mixed-methods approach.  

The first sub-research question is addressed in Chapter 5 by exploring 
and elaborating on barriers for establishing circular value chains through 
a combination of the results presented in Paper I combined with addi-
tional literature review and analysis. Paper I applies a mathematical mod-
eling using a Weibull distribution to the master data register for wind tur-
bines in Denmark to identify the future waste masses from wind turbine 
blades. Its findings show how the average time for decommissioning of 
wind turbine generators in Denmark is 29 years, which is 9–11 years 
longer that previous studies have predicted. In addition, the results of 
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Chapter 5 include the identification of eight barriers for implementing cir-
cular value chains for end-of-life wind turbine blades that must be solved 
or mitigated for circular solutions for waste management of wind turbine 
blades to become a reality.  

The second sub-research question is answered based on Paper II and 
a separate study of future research agendas and emerging technologies 
in Chapter 6. In Paper II, a systematic literature review methodology is 
combines with a meta-analysis of literature resulting in the development 
of a roadmap for sustainable value chains for wind turbine blades. The 
findings of Paper II were combined with a separate research study of 17 
ongoing collaborative research projects on end-of-life blades to map ex-
pected technological developments. The results of the two studies were 
consolidated in a modified roadmap for sustainable value chains for end-
of-life wind turbine blades that was discussed and validated by a group 
of academic and industrial experts. The roadmap includes eight inter-
linked process steps for the design of end-to-end value chains of six sus-
tainable end-of-life routes for wind turbine blades. Five of the routes per-
tain to circular principles of repurposing and recycling and include ce-
ment-co-processing, mechanical recycling, solvolysis, pyrolysis, and 
structural repurposing. The sixth route of incineration with energy recov-
ery is excluded, since it does not provide a sufficient level of material 
circularity. 

The third sub-research question is answered based on Paper III and 
Paper IV in Chapter 7, in which empirical findings are presented and con-
solidated from four industrial case studies of wind turbine blades at their 
end of life that have been recycled though circular value chains. The case 
study research methodology was applied and based on a comprehensive 
research protocol including research design, preparation, data collection, 
data analysis, and data sharing. Data was obtained from key actors 
through semi-structured interviews, site-visits, photos, product infor-
mation data sheets, and other relevant data, and followed by a compre-
hensive analysis within each case and across cases. The findings include 
the mapping of four end-of-life recycling value chains, all of which include 
more than ten metric tons of blade material being recycled through ce-
ment co-processing, pyrolysis, and mechanical recycling. Across the 
cases, it is found that end-of-life value chains must be designed as a 
complete system that include up to eight different value chain processes 
and multiple transportations. The findings are found to validate the 
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roadmap developed in Chapter 6 and demonstrate that functioning recy-
cling value chains for wind turbine blades are both technically and oper-
ationally feasible at an industrial scale. Additional, findings from Paper III 
are consolidated and presented in a framework for decommissioning of 
large complex products. 

The fourth sub-research question is answered based on findings from 
Paper V and Paper VI in Chapter 8. In Paper V, a structured literature 
review approach was applied and based on the findings of a three-step 
framework for sustainable decision-making. The framework was devel-
oped and adopts a multi-criteria decision-making approach. The frame-
work was successfully validated through an application and test with a 
Danish waste management organization to identify the preferred technol-
ogy for wind turbine blade sectioning on-site. Paper IV adopted a struc-
tured literature approach followed by scenario development and a frame-
work for future value chain assessment using life-cycle-assessment. The 
findings from both Papers I and VI include the development of two frame-
works for sustainable assessment of processes and technologies (Paper 
V) and of full future value chains (Paper VI). The findings also include the 
identification and presentation of a complex set of variables that should 
be included in these assessments.

The collective results of this dissertation are collected in a cohesive 
model for circular value chains for end-of-life wind turbine blades which 
summaries all of the identified value chain processes and technologies 
while considering the technological readiness level and circularity level. 
The results do not point out one preferred value chain route but illustrate 
that five end-of-life routes are feasible and present appropriate solutions 
for wind turbine blades at end of life. Nevertheless, most of the identified 
processes, including (1) on-site demolition, (2) on-site operations for sec-
tioning, (3) first pre-processing, (4) landfilling (of non-recyclable parts), 
and (5) second pre-processing, are almost identical across the four as-
sessed recycling routes. Thus, it is beneficial to optimize and standardize 
these processes across value chains.  
The findings from this dissertation lead to the conclusion that circular 
value chains for end-of-life wind turbine blades can be successfully 
achieved by (1) applying a value chain approach to system development; 
(2) applying the model of circular value chains for end-of-life wind turbine 
blades to design and implement industrial facilities; (3) assessing value 
chain routes using life-cycle-assessment and multi-criteria decision-
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making methods based on specific case variables; (4) working on stand-
ardization, optimization, and automatization of common value chain pro-
cesses between end-of-life routes to reduce complexity and cost; (5) in-
vesting in research and development to improve technological readiness 
levels of pyrolysis and solvolysis; and (6) ensuring collaboration between 
value chain actors, including sharing of knowledge and material data. 

The novel contributions of this dissertation include several frameworks 
for design, assessment, operationalization, and industrialization of end-
of-life value chains for wind turbine blades and for other large, complex 
products. In addition, this dissertation provides a cohesive model for cir-
cular value chains for end-of-life wind turbine blades that set a new state-
of-the-art for the research topic of circular economy implementation the 
in composite and wind energy sectors. The applied value chain perspec-
tive and use of empirical data from industrial cases provides a novel con-
tribution to both academia and practice. The results also contribute to the 
literature on circular economy and its implementation through the design 
and development of successful value chain solutions based on collabo-
ration between the involved stakeholders.  
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Resume 

Vindmøllevinger er store komplekse konstruktioner, fremstillet af en blan-
ding af materialer. De består hovedsageligt af glasfiberkompositmateria-
ler, som er svære at genbruge eller genanvende i en cirkulær økonomi. 
Derfor er vingerne indtil nu hovedsageligt blevet deponeret, når de har 
udtjent deres levetid, hvilket ikke er bæredygtigt og medfører tab af res-
sourcer. Nye systemer og værdikæder skal således designes og imple-
menteres til udtjente vindmøllevinger i overensstemmelse med princip-
perne for cirkulær økonomi. Samtidig er operationaliseringen af cirkulær 
økonomi sparsomt beskrevet i akademisk litteratur. 

Formålet med denne ph.d.-afhandling er derfor at besvare forsknings-
spørgsmålet: Hvordan kan værdikæder for udtjente vindmøllevinger 
designes, driftes og industrialiseres i overensstemmelse med en 
cirkulær økonomi? Dette spørgsmål understøttes af et antal mål og fire 
delforskningsspørgsmål. Delforskningsspørgsmålene er: 1) Hvorfor eksi-
sterer cirkulære værdikæder til udtjente vindmøllevinger ikke i dag? 2) 
Hvilke værdikæderuter er potentielle løsninger for udtjente vindmøllevin-
ger, og hvilke teknologier og processer indgår i designet af disse løsnin-
ger? 3) Hvordan kan fuldt fungerende værdikæder for udtjente vindmøl-
levinger drives i industriel skala for at understøtte en cirkulær økonomi? 
4) Hvordan kan det evalueres, hvilke cirkulære værdikæder for udtjente
vindmøllevinger, der skal industrialiseres, og hvilke variabler påvirker
denne beslutning? For at give et fyldestgørende svar på disse forsknings-
spørgsmål, sammenfatter denne ph.d.-afhandling resultater fra syv indi-
viduelle forskningsartikler, baseret på en kombineret metodisk tilgang

Første delforskningsspørgsmål behandles i Kapitel 5 ved at udforske 
og uddybe barrierer for etablering af cirkulære værdikæder gennem re-
sultater af Artikel I kombineret med yderligere litteraturgennemgang og 
analyse. Artikel I anvender matematisk modellering ved hjælp af en Wei-
bull-fordeling på data fra stamdataregisteret for vindmøller i Danmark, for 
at identificere fremtidige affaldsmængder fra vindmøllevinger. Resultatet 
viser hvordan den gennemsnitlige levetid inden nedtagelse for vindmøl-
levinger i Danmark er 29 år, hvilket er 9-11 år længere end tidligere un-
dersøgelser har forudsagt. Derudover omfatter resultaterne af Kapitel 5 
identifikationen af otte forskellige barrierer for implementering af 

7



cirkulære værdikæder for udtjente vindmøllevinger, som skal løses for at 
cirkulære løsninger til affaldshåndtering kan blive en realitet. 
 
Andet delforskningsspørgsmål besvares i Kapitel 6 på baggrund af re-
sultaterne fra Artikel II samt en separat undersøgelse af fremtidige forsk-
ningsdagsordener og nye teknologier. I Artikel II kombineres en systema-
tisk litteraturgennemgangsmetodologi med en meta-analyse af litteratu-
ren, hvilket resulterer i udviklingen af en model for bæredygtige værdi-
kæder for udtjente vindmøllevinger. Resultaterne af Artikel II kombineres 
med en separat forskningsundersøgelse af 17 igangværende samar-
bejdsprojekter om udtjente vinger for at kortlægge den forventede tekno-
logiske udvikling indenfor området. Resultaterne af de to undersøgelser 
kombineres i en modificeret model for bæredygtige værdikæder for ud-
tjente vindmøllevinger, som blev diskuteret og valideret af en gruppe aka-
demiske og industrielle eksperter. Modellen inkluderer otte sammenkæ-
dede procestrin der skal inkluderes i designet af værdikæder fra start til 
slut for seks forskellige bæredygtige teknologier der kan anvendes til 
genbrug eller genanvendelse af vindmøllevinger. Fem af værdikæderne 
vedrører cirkulære principper for genbrug og genanvendelse og omfatter 
teknologierne for cementproduktion, mekanisk genanvendelse, solvo-
lyse, pyrolyse og strukturel genbrug. Den sjette rute, materialeforbræn-
ding til energiudnyttelse, fravælges, da den ikke giver et tilstrækkeligt ni-
veau af materialecirkularitet. 
 
Tredje delforskningsspørgsmål besvares i Kapitel 7 med udgangs-
punkt i Artikel III og Artikel IV, hvor empiriske resultater præsenteres og 
konsolideres fra fire industrielle casestudier af udtjente vindmøllevinger 
der er blevet genanvendt gennem cirkulære værdikæder. Casestudiets 
forskningsmetodologi er baseret på en omfattende forskningsprotokol, 
som inkluderer forskningsdesign, forberedelse, dataindsamling, dataana-
lyse og datadeling. Data er indhentet fra nøgleaktører gennem semistruk-
turerede interviews, site-besøg, fotos, produktdatablade og andre rele-
vante kilder efterfulgt af en omfattende analyse inden for hver case og 
dernæst på tværs af cases. Resultaterne leder til kortlægningen af fire 
genanvendelsesværdikæder, der alle omfatter mere end ti tons vingema-
teriale, der genanvendes gennem cementproduktion, pyrolyse og meka-
nisk genanvendelse. På tværs af casene konstateres det, at genanven-
delsesværdikæder skal designes som et samlet komplet system, der om-
fatter op til otte forskellige værdikædeprocesser og flere separate trans-
porter. Resultaterne viser sig at validere værdikædemodellen udviklet i 
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Kapitel 6 og demonstrerer, at genanvendelsesværdikæder for vindmølle-
vinger er både teknisk og operationelt mulige i industriel skala. Yderligere 
leder resultaterne fra Artikel III til udviklingen af en model for nedlukning 
og nedtagning af store komplekse produkter. 
 
Fjerde delforskningsspørgsmål besvares i Kapitel 8 på baggrund af 
resultaterne fra Artikel V og Artikel VI. I Artikel V er der som metode an-
vendt en struktureret litteraturgennemgang, og baseret på resultaterne er 
der udviklet en tretrinsmodel for bæredygtig beslutningstagning. Model-
len er baseret på en metode for evaluering af mange kriterier (multi-crite-
ria decision-making). Modellen er succesfuldt valideret igennem en im-
plementering og test hos en dansk affaldsorganisation, for at identificere 
den foretrukne teknologi til sektionering af vindmøllevinger. I Artikel IV 
anvendes en struktureret litteraturgennemgang efterfulgt af udviklingen 
af en model for vurdering af fremtidige værdikæder ved hjælp af livscy-
klusvurdering (life cycle asessment). Resultaterne fra både Artikel V og 
VI omfatter udviklingen af to modeller for bæredygtig vurdering af proces-
ser og teknologier (Artikel V) og af fremtidige værdikæder (Artikel VI). 
Resultaterne omfatter også identifikation og præsentation af et komplekst 
sæt af variabler, som bør inkluderes i disse vurderinger. 
 
De samlede resultater af denne ph.d.-afhandling er samlet i en model 
for cirkulære værdikæder for udtjente vindmøllevinger, som opsummerer 
alle de identificerede værdikædeprocesser og teknologier, mens der ta-
ges højde for teknologisk udviklingsniveau samt cirkularitetsniveau. Re-
sultaterne peger ikke på én enkel foretrukken teknologi eller værdikæde-
løsning, men illustrerer, at fem forskellige ruter er mulige og præsenterer 
passende løsninger for udtjente vindmøllevinger. Ikke desto mindre er de 
fleste af de identificerede værdikædeprocesser tæt på identiske på tværs 
af de fire genanvendelsesværdikæder. Dette omfatter 1) nedrivning på 
stedet 2) vinge-sektionering 3) første forbehandling, 4) deponering (af 
ikke-genanvendelige dele) samt 5) anden forbehandling ved mekanik 
nedbrydning. Der kan således med fordel standardiseres og optimeres 
på disse processer på tværs af værdikæder. 
Resultaterne fra denne afhandling fører til den konklusion, at cirkulære 
værdikæder for udtjente vindmøllevinger med succes kan opnås ved 1) 
at anvende en værdikædetilgang til systemudvikling, 2) at anvende mo-
dellen for cirkulære værdikæder til udtjente vindmøllevinger til at designe 
og implementere industrielle faciliteter, 3) en vurdering af værdikæderu-
ter ved hjælp af beslutningstagningsmetoder baseret på 

9



livscyklusvurderinger samt evaluering af flere kriterier baseret på case 
relaterede variabler, 4) at arbejde med standardisering, optimering og au-
tomatisering af fælles værdikædeprocesser mellem de forskellige tekno-
logiske løsninger og værdikæder for at reducere kompleksitet og omkost-
ninger, 5) at investere i forskning og udvikling for at forbedre det teknolo-
giske udviklingsniveau for pyrolyse og solvolyse, og 6) at samarbejde på 
tværs mellem værdikædeaktører, herunder deling af viden og materiale-
data. 

De nye videnskabelige bidrag fra denne ph.d.-afhandling omfatter flere 
modeller for design, evaluering, operationalisering og industrialisering af 
værdikæder for udtjente vindmøllevinger og for andre store, komplekse 
produkter. Derudover leverer denne afhandling en sammenhængende 
model for cirkulære værdikæder for udtjente vindmøllevinger, som frem-
sætter en ny state-of-the-art inden for forskningsemnet vedrørende im-
plementering af cirkulær økonomi i komposit- og vindenergisektorerne. 
Det anvendte værdikædeperspektiv og brug af empiriske data fra indu-
strielle cases giver et nyt bidrag til både videnskaben og praksis. Resul-
taterne bidrager til viden om cirkulær økonomi og dens implementering 
gennem design og udvikling af succesfulde værdikædeløsninger baseret 
på samarbejde mellem de involverede aktører. 
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Creating new systems that support the green transition is more important 
than ever. To meet the goals of the Paris Agreement and the intentions 
of the latest United Nations Climate Change Conference (COP28) 
(United Nations, 2015a, United Nations, 2024) radical changes are 
needed. Thie goal of this legally binding contract between 196 countries 
and parties “to limit the temperature increase to 1.5°C above pre-indus-
trial levels.” (United Nations, 2015a), which signifies the urgency of the 
climate crisis but also the global political willingness to solve it.  

The term “pre-industrial levels” is used in the Paris Agreement, which 
testifies to the industrial contribution to this challenge and underlines that 
industries and organizations play a major role in achieving the set goal. 
For these ambitions to manifest, we must reduce climate impact and re-
source depletion, and our natural resources must be protected and 
treated as essential elements of our natural world. Thus, resources must 
be circulated in a circular economy (CE) for as long as possible to main-
tain resource values and avoid over-production and energy consumption 
(MacArthur, 2013). 

To achieve this change, materials should always be seen as value even 
when meeting their end-of-life (EoL), and systems designed for material 
circularity must be developed and implemented. As an engineer and a 
researcher, I find that we have an obligation to support this agenda and 
development with research and knowledge that can aid this transfor-
mation. Hence, this PhD dissertation has been conducted with the aim of 
identifying how to design, operate, and implement new industrial systems 
and their value chains for materials meeting the EoL. By studying the 
current challenge of EoL wind turbine blades (WTBs) in Europe, this dis-
sertation will outline processes, technologies, and decision-making-
methods for full EoL value chains. Of course, one research dissertation 
will not solve the problem, but the aim is to provide a piece of the puzzle 
by contributing to knowledge, science, and industry practices across 
value chains.  

In this dissertation, the domain of WTBs meeting the EoL will be studied. 
The wind power industry is at an early stage of establishing EoL value 
chains, while research illustrates how waste masses of EoL 

01 Introduction 
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WTBs will reach 325,000 tonnes yearly by 2050 in Europe (Lichtenegger 
et al., 2020). WTBs are large complex products (LCPs) made from mixed 
materials such as wood, PVC, and metals. The main component is fiber-
reinforced polymers (FRPs), which due to the nature and properties of 
the material present an immense challenge for material circularity 
(Mishnaevsky Jr et al., 2017). For this reason, WTBs have historically 
been landfilled or incinerated (Ribeiro et al., 2016) which is the least fa-
vorable option for waste management according to the European Com-
mission waste hierarchy and the circular economy principles (MacArthur, 
2013, European Commission, 2020b) since resources are lost and the 
material degradation can have a negative impact on the environment 
(Ramirez-Tejeda et al., 2017). 

With vastly increasing waste masses and with landfilling being the only 
available waste management option, the importance of establishing new 
circular systems for WTBs is clear – a fact also recognized by the wind 
energy sector (Jensen and Skelton, 2018). Yet, this challenge is also an 
opportunity to move both research and industry forward in designing and 
establishing viable EoL value chains for this purpose. The challenge is 
cross-sectoral; hence, to achieve large-scale solutions, systems must be 
designed and implemented across organizations through cooperation 
and cannot be achieved by single organizations alone (WindEurope, 
2020). To support this development where entire business eco-systems 
must cooperate to design new industrial systems and value chains, col-
laboration between research and industry is also important (Jensen and 
Skelton, 2018). This can aid the development of new industrial systems, 
ensure transparent assessments, generalizable conclusions, and result 
validity. 

Circular technologies and potential pathways for EoL WTBs – like struc-
tural reuse, mechanical recycling, chemical recycling, thermal recycling, 
and cement co-processing – have been identified as viable solutions, but 
are not yet available at an industrial scale (Beauson et al., 2021, 
Sakellariou, 2018). Previous and current research have primarily evolved 
around the technological potential of these EoL pathways rather than the 
full value chains required for scaling and industrialization (Appended Pa-
per II). Thus, there is a knowledge gap within practices for the design, 
operational execution, scaling and impact evaluation of the entire value 
chain (Beauson et al., 2021). Operations management perspectives, in-
cluding (1) sectioning of blades transportation, (2) design and 
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optimization of logistics, (3) pre-processing, and (4) considerations for 
natural the environment and working environment, are missing in partic-
ular. Hence, the aim of the research documented in this dissertation is to 
mature the value chains of these recycling technologies by designing and 
establishing the required value chain steps, including logistics, section-
ing, pre-processing, recycling, and post-processing of EoL WTBs, and to 
provide the frameworks and assessment tools needed for decision-mak-
ing and implementation.  

Zooming out of from the challenge faced by the wind power sector, full 
EoL solutions are needed for all sorts of products if the CE is to be real-
ized. From an engineering and systems perspective, there is an interest-
ing research gap in understanding the role of operations management in 
this context. Thus, the scientific research motivation is to investigate the 
design and implementation of new systems and value chains to assist 
the operational implementation of a CE, particularly the principle of recy-
cling. The objective of this research study is therefore to map the opera-
tional execution of recycling for CE implementation. 

This dissertation combines the results of my three-year PhD research 
program at University of Southern Denmark, Engineering Operations 
Management. The work presented in this dissertation, has been devel-
oped and conducted in close collaboration with research colleagues and 
industrial partners as part of the DecomBlades research project 
(DecomBlades, 2023). The DecomBlades research project was estab-
lished and completed to foster cross-sector collaboration with both indus-
trial and academic partners with the aim of enabling CE value chains for 
decommissioned wind turbine blades. The ten project partners have pro-
vided knowledge, data, and expertise as well as access to processes, 
materials, and suppliers. This has resulted in a unique research environ-
ment and generated research results and implications that are consid-
ered significant and meaningful contributions both to the industry and to 
academia.  
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01.01 Objectives and Research Questions 
Based on the scientific and industrial research motivation, an overarching 
set of research objectives were defined, leading to the main research 
question and four sub-research questions. The objectives of this disser-
tation are:  

• To identify and document the current state-of-the-art for EoL tech-
nologies and value chains for WTBs.

• To provide a complete roadmap of full EoL value chains in ac-
cordance with CE principles that can be implemented and oper-
ated at an industrial scale for future WTBs reaching their EoL.

• To design and document full end-to-end value chains for EoL
WTBs that have been validated by the actors in those value
chains.

• To identify and evaluate best practices across value chains and
recycling technologies including pre-processing and logistics op-
erations.

• To develop frameworks and decision support tools to evaluate im-
pact and feasibility of the potential value chains of decommis-
sioned WTBs, including assessment of sustainability.

• To solve a well-documented problem in materials recycling of
composites by creating a knowledge base for material recycling
in accordance with CE principles.

• To move both research and practice forward on the implementa-
tion of circular EoL value chains that can be upscaled internation-
ally and to set the standard for sustainable waste handling, thus
contributing to the green transition globally.

• To outline the role of operations management within operational
execution of CE principles, thus demonstrating new business sys-
tems for recycling and to document an approach that can be ap-
plied in other industrial contexts.
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01.01.01 Research Questions 

Based on the research objectives, the main research question that will be 
answered in this PhD dissertation is: 

Main research question: 
How can value chains for end-of-life wind turbine blades be de-
signed, operated, and industrialized in accordance with a circular 
economy? 

To support the answer to this research question, four sub-research ques-
tions are  
defined to address different aspects of the main research question, each 
with a set of objectives: 

• Sub-RQ1: Why do circular end-of-life value chains for wind
turbine blades not exist today?
The aim of the first sub-research question is to identify, under-
stand and map the main barriers to creating sustainable or circu-
lar value chains for EoL WTBs. This question is important to an-
swer in order to create a solid understanding and knowledge
base for solving the problem of circular management of waste
materials from WTBs. Sub-RQ1 is addressed and answered in
Chapter 5 in combination with Paper I.

• Sub-RQ2: Which end-of-life value chain routes are potential
end-to-end solutions for wind turbine blades and what tech-
nologies and processes are included in the design of these
solutions?
The aim of the second sub-research question is to identify, map
and consolidate the current state-of-the-art within research of
EoL management of WTBs. This is necessary to understand
what literature has already concluded and consolidate
knowledge into complete end-to-end value chain solutions. Thus,
the objective is to map the necessary processes and technolo-
gies that must be included in the design of future value chains in
accordance with CE principles. Thus, sub-RQ2 targets the de-
sign aspect of the main research questions and is answered by
Chapter 6 in combination with Paper II.
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• Sub-RQ3: How can fully functioning value chains for end-of-
life wind turbine blades be operated at an industrial scale to
support a circular economy?
The aim of the third research question is to document, map and
consolidate empirical cases of full EoL value chains for WTBs, to
fully understand how such value chains are operated and what
implications are present. The objective is to study multiple cases
representing different circular principles. This knowledge will ad-
dress an important gap in research on EoL WTBs specifically but
also the research gap of operations management as an enabler
of CE implementation. Sub-RQ3 addresses the operation as-
pect of the main research question and is answered by Chapter
7 in combination with Paper III and Paper IV.

• Sub-RQ4: How can it be evaluated which circular value
chains for end-of-life wind turbine blades should be indus-
trialized and what variables influence this decision?
The final aim of this dissertation is to address the ongoing dis-
cussion among both practitioners and academics of which EoL
value chain for WTBs is the preferred solution for future scaling
and industrialization. This is a very complex question that cannot
be answered without considering numerous criteria and agen-
das. Thus, the aim is to identify and test different assessment
methods for this evaluation. Sub-RQ4 targets the industrializa-
tion aspect of the main research questions and is answered by
Chapter 8 in combination with Paper V and Paper VI.

01.02 Delimitations 
To establish the research scope, several delimitations have been deter-
mined. This is done to focus the study and address the research ques-
tions precisely. The following delimitations apply:  

• This research will only address the EoL of WTBs that have al-
ready been produced and does not include the design, material
science or material selection of future blades for sustainable end-
of-life management. In other words, blades that are made of al-
ternative materials, such as recyclable resins, are excluded from
this research. This delimitation is in place, since such WTBs were
only launched in 2021 (Siemens Gamesa Renewable Energy,
2021), and given the design life of a blade of minimum 20-25
years (International Electrotecnical Commission, 2019b,
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International Electrotecnical Commission, 2019a) these WTBs 
will not reach their EoL for decades.  

• The research focus is on EoL value chains for WTBs located in
Europe. This delimitation is in place since the European coun-
tries are some of the first to meet the challenges of managing
EoL WTBs (Lichtenegger et al., 2020) and since they operate
under common European waste legislation (European
Commission, 2018).

• This dissertation is developed based on an engineering founda-
tion with a systems focus, thus focusing on processes, technolo-
gies, and industrial value chains. This dissertation will therefore
not include social-science or business perspectives and will not
seek to make contributions to theories within these research
fields.

• As stated, the focus of the research is on entire value chains and
the processes and technologies involved. However, this research
will not seek to describe, develop, or test the technical, chemical,
or mechanical specifications of the recycling processes covered.
Nor will the cost of establishing or operating the assessed circu-
lar value chains be addressed in this research. This is because
of the  varying technological readiness levels (TRL) of the re-
searched solutions and technologies (Paulsen and Enevoldsen,
2021). Thus, several processes are not established yet, resulting
in insufficient data for cost assessment.

• To scope this research, the CE principle of recycling is mainly
investigated, but structural repurposing and energy recovery are
also included. Yet, the principles for life-time extension including
reuse, repair, refurbish or remanufacturing (Potting et al., 2017)
are not included since these principles will extend the lifetime and
thus postpone the material meeting its EoL. Hence, these strat-
egies are considered very important and relevant strategies to
implement before EoL but must occur prior to the principles ad-
dressed in this dissertation of repurposing, recycling, and recov-
ering.
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01.03 Dissertation Outline 
This dissertation builds on six research papers that are consolidated in 
the four result chapters (5-8). In Chapters 5 and 6, the appended papers 
are combined and supported with additional literature, analysis, and dis-
cussion to address research gaps that enable a full answer to the re-
search questions and objectives. Chapters 7 and 8 both present and con-
solidate the findings of two papers each and discuss the combined results 
to answer the research questions. In combination, a full picture is pro-
vided of the research field, fulfilling the research objectives and questions 
posed in this dissertation. A seventh paper is included and discussed in 
Chapter 9. Figure 1 explains the sequence of chapters in correspondence 
with the appended papers and the posed research questions. Each chap-
ter is outlined here:  

• Chapter 1 contains the introduction to the dissertation, research
topic, research questions and objectives.

• Chapter 2 introduces the research context of the wind industry,
wind turbine generators, wind turbine blades – including material
and design.

• Chapter 3 lays out the theoretical concepts and foundations that
are addressed throughout the dissertation, including CE and sus-
tainability, operations management, and value chains.

• Chapter 4 describes the research design and explains the ap-
plied research methodology, while also reflecting on the implica-
tions of the research context on the research design.

• Chapter 5 answers the first sub-research question by exploring
and elaborating on barriers to establishing circular value chains
through Paper I and additional literature and analysis.

• Chapter 6 answers the second sub-research question through
Paper II and a separate study of future research agendas and
emerging technologies.

• Chapter 7 answers the third sub-research question by presenting
and consolidating empirical findings from Paper III and IV for EoL
value chains.
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• Chapter 8 contains a presentation and comparison of findings
from Papers V and VI to answer the fourth sub-research question
of how to evaluate and compare future value chain solutions and
map the variables influencing decision-making.

• Chapter 9 discusses the collective research results across the
different chapters and papers and presents a cohesive frame-
work based on the consolidated findings.

• Chapter 10 contains a full conclusion, an outline of the research
limitations, and a recommendation of future research.
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Figure 1 - Dissertation outline 
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With the discovery of electromagnetism by Danish physicist H.C. Ørsted, 
the foundation for generating electricity from wind was laid. Later, in 
1891, also in Denmark, Poul la Cour merged existing wind energy tech-
nologies with electromagnetism and developed a power generator driven 
by wind. By 1918, 3% of electricity consumption in Denmark was  covered 
by wind energy (Anderson, 2020). In 1956, the Danish engineer Johan-
nes Juul continued the development and built what is considered the first 
modern wind turbine generator (WTG) (Anderson, 2020). Later, in 1975, 
the Danish institution Tvind built the world’s biggest WTG at the time, 
which is still running today nearly 50 years later (Tygesen, 2022), and in 
1978 Henrik Stiesdal developed the “Danish concept” of wind turbines, 
which has been the dominating concept since (Mortensen, 2024). Den-
mark and Germany introduced national incentives for WTG producers as 
the first countries in the world, resulting in early adaption of R&D and 
manufacturing of WTGs (Anderson, 2020). Technical developments have 
been made globally in the wind industry over the past decades, but the 
development outlined explains why Denmark has a pioneering position 
in wind technology.   

Since then, the energy production capacity of WTGs has grown exponen-
tially, and WTG producers have pursued the competitive strategy of con-
tinuously introducing new and more efficient WTG models to win market 
shares. This is demonstrated by recent model launches reaching a ca-
pacity of 15MW (Memija, 2022) and OEMs even announcing the launch 
of a 22MW model by 2025 (Durakovic, 2023). The capacity increase has 
been facilitated by efficient and continuous material and engineering in-
novation. This innovation has driven the development of all parts of the 
WTGs, but specifically the WTBs have been the key to this increase in 
capacity, by introducing new blade designs and innovative materials for 
increased mechanical properties such as stiffness and strength 
(Anderson, 2020).  

The history and development of WTGs in Denmark is also signified by 
the large number of WTGs commissioned in Denmark. In 2022, electricity 
generation from WTGs reached 53.2% in Denmark (Energinet, 2022). 
However, due to the early adoption of wind energy in Denmark, an in-
creasing number of WTGs are reaching their EoL and will need to be 
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decommissioned. Denmark is therefore also one of the nations that must 
handle the challenge of WTBs first.    

02.01 An Introduction to Wind Turbine Blades and 
Composites 

A WTG consists of a foundation, tower, nacelle, and rotor. In the nacelle, 
electricity is generated by a generator, transformed to higher voltage, and 
sent into the grid via large cables. A number of sensors and control sys-
tems ensure that the WTG is operating and can be monitored and con-
trolled remotely (Anderson, 2020). The rotor consists of the hub and three 
identical WTBs. The primary function of the rotor is to harvest the wind 
and transfer the wind power into movement which drives the induction 
process in the nacelle. To optimize this function, the blades are large 
aerodynamic structures designed for optimum wind utilization, which is 
key for energy efficiency (Anderson, 2020). 

The length of the blades directly determines the rotor diameter and thus 
the area swept for wind power. In other words, the longer the blades, the 
more wind energy is harvested and the more energy output of the WTG. 
Around 1990, a typical blade had a length of 20 meters (Molina and 
Mercado, 2011). However, since then the length has grown rapidly with 
115-meter-long WTBs being launched in 2023 (Memija, 2022). The
length and geometry of the blade has increased the complexity and cost
of logistics and operations (Veers et al., 2003), which also applies at the
EoL.

A wind turbine typically has a design life of 20 years for onshore and 25 
years for offshore (International Electrotecnical Commission, 2019a, 
International Electrotecnical Commission, 2019b) and must through its 
entire lifetime withstand years of extreme weather conditions (Bortolotti 
et al., 2016). At the same time, the blades must be light weight and stiff 
for efficient energy production. Therefore, WTBs are made from FRP in-
cluding glass fibers (GFRP) and carbon fibers (CFRP), which ensures 
both performance and reliability (Mishnaevsky Jr et al., 2017). These ma-
terials are also commonly found in other industries including automotive, 
leisure boats, construction and aerospace (WindEurope et al., 2020). 

Figure 2 depicts the design and materials of a WTB and illustrates how 
WTBs are made from a combination of materials but consist primarily of 
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GFRP. They also include other materials such as wood, metals, coatings, 
cobber, and foams, such as PVC, and increasingly utilize CFRP materials 
for improved material performance (Mishnaevsky Jr et al., 2017, Morini 
et al., 2021, Sakellariou, 2018). 

A WTB has an aero foil design for optimal wind utilization which includes 
a round leading edge and a pointed trailing edge (Bortolotti et al., 2016, 
Anderson, 2020). The thickness of the WTB differ around the cross-sec-
tion and the blade length, with the maximum thickness being around the 
root end (Mishnaevsky Jr et al., 2017).  

All the materials are molded together in large molds that are designed 
and shaped according to the individual blade model. Here, materials are 
first layered according to the blade design specification, and then resin is 
infused and cured, either at room temperature or by application of addi-
tional heat, through the process of vacuum infusion molding. After this 
process, the blade is one complete structure (Mishnaevsky Jr et al., 
2017). 

GFRP materials used in WTB manufacturing are characterized by the 
combination of thin glass fiber filaments, either in the form of mats, tows 
or prepreg, combined with a polymer-matrix in the form of a resin, typi-
cally based on epoxy, polyester, or vinyl ester (Mishnaevsky Jr et al., 
2017). When combined through this process, the resin fills the small gaps 
between the filament and, when cured, creates a bond which creates a 

Figure 2 - Figure made by author based on Morini, A. A., et al. (2021) and Jensen and 
Skelton (2018) 
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light-weight material with high-performing mechanical properties of stiff-
ness and strength (Anderson, 2020). It is important to note that different 
blade OEMs use different blade designs and materials. The material sys-
tems for the GFRP material differ especially between manufactures and 
are considered one of the main value propositions. These material differ-
ences can influence the EoL management and secondary applications of 
materials (Sakellariou, 2018). It is, however, common for OEMs to use 
thermoset-based resin systems, which by nature cannot be re-heated or 
re-shaped after curing (Kazemi et al., 2021). As the resin is used through-
out the entire WTB structure, this also applies to the entire blade. How-
ever, even though composite materials are reliable and ensure high per-
formance, due to the nature of the materials, they are difficult to separate 
at their EoL. Thus, EoL composite materials have so far largely ended up 
as landfill, which has been an easy, accessible and a low-cost solution 
(Ribeiro et al., 2016). Also, virgin composite materials are not considered 
a scarce or valuable resource; thus, the pressure for finding sustainable 
alternatives has been low. The barriers to implementing circular waste 
solutions are further analyzed and discussed in Chapter 5.  

The Wind Europe association predicted in 2020 that 350,000 metric tons 
of blade material would be decommissioned by 2030 with Spain, Ger-
many and Denmark facing the largest volumes first (WindEurope, 2020). 
These predictions warn that decommissioned WTBs present a significant 
challenge in terms of EoL management and material circularity. The rapid 
increase in predicted waste volumes and the lack of sustainable options 
for handling this material constitute a “burning platform” for the develop-
ment and implementation of sustainable and circular value chains.  

02.02 DecomBlades – the Research Project 
This PhD dissertation has been connected to the DecomBlades research 
project on CE value chains for decommissioned WTBs. The project 
started in January 2021 and ended in January 2024 with a vision of de-
veloping and demonstrating circular recycling of wind turbine blades to 
enable a fully sustainable wind power sector (DecomBlades, 2023).  

The cross-sector consortium was set up to investigate the scaling poten-
tials of promising recycling technologies for composite materials, with a 
focus on developing full scale solutions that would be both economically 
and environmentally sustainable. Through a common vision and 
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objectives, the DecomBlades project addressed both challenges and op-
portunities associated with the establishing of large-scale recycling solu-
tions for WTBs. This included the infrastructure and identification of mar-
ket potentials of recycled materials.   

Ten Danish partners participated in the project, including Vestas Wind 
Systems, Siemens Gamesa Renewable Energy, LM Wind Power, Ørsted 
Wind Power, MAKEEN Power, FLSmidth, H.J. Hansen, Technical Uni-
versity of Denmark (DTU), University of Southern Denmark (SDU), and 
Energy Cluster Denmark. The industrial partners in the DecomBlades 
project represent different fields of expertise and detailed knowledge 
across potential value chains for decommissioned blades. Vestas Wind 
Systems, Siemens Gamesa Renewable Energy and LM Wind Power all 
participated as manufactures of WTBs and supplied knowledge of de-
signs, compositions, and materials. Ørsted participated as an operator of 
WTGs and supplied knowledge on blade locations. This knowledge sup-
ported the partners from the recycling industry in their understanding of 
future waste streams. 
Three industrial partners brought expertise about three promising EoL 
solutions for processing of composite materials, i.e. mechanical recy-
cling, pyrolysis, and cement co-processing, with the aim of developing 
business cases and scaling up technologies. H.J. Hansen offered end-
of-life blade logistics, and pre-processing of blades such as cutting and 
shredding. MAKEEN Power supplied knowledge and facilities for pyroly-
sis and FLSmidth supplied knowledge about production facilities for ce-
ment production.  

The academic partners included University of Southern Denmark and 
Technical University of Denmark, participating to ensure academic rigor 
in the assessment of material flows, value chains and technologies, and 
in mechanical testing of recovered materials. Multiple participants from 
each organization have been involved throughout the three-year project. 
The project has included large workshops with all participants approxi-
mately every three months. Bi-weekly meetings and additional ad-hoc 
meetings have been held throughout the project for coordination and in-
formation sharing. I have personally participated actively in the project, 
including workshops, meetings, and report generation. Thus, the work 
presented in this dissertation has been developed and conducted in the 
context of the DecomBlades project and vision. The implications of this 
context on research design and methodology are addressed and 
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discussed in Chapter 4 – Methodology. The DecomBlades project was 
funded by the Grand Solutions research program of Innovation Fund 
Denmark (grant number: 0177-00006B) 

02.03 End-of-life Wind Turbine Blades 
As part of this dissertation, a full systematic literature review was con-
ducted and consolidated in the appended Paper II. The findings from Pa-
per II are presented and discussed in relation to sub-RQ2 in Chapter 6, 
while the full overview of literature findings, including concepts, themes 
and topics, are found in Paper II. 
In addition to the literature review, a short introduction of key terms per-
taining specifically to WTBs are introduced below.  

In this dissertation, distinction is made between WTB decommissioning 
and WTB EoL. The term “decommissioning” is often applied in industries 
dealing with large complex products and is defined as “a formal process 
to remove an installation from an active status at the end of its service 
life” (Paik, 2022). The term “decommissioning projects” builds on this def-
inition, but includes the activities of planning, preparation and post-de-
commissioning as well as the specific activities of the actual removal 
(Centre for Energy Resources, 2018). 

The term “end-of-life (EoL)” refers to a product that can no longer be used 
(Vanson et al., 2022), and in this dissertation the EoL of a WTB is con-
sidered to be when a WTB can no longer be used according to its original 
purpose. Thus, at the EoL the circular principles of maintenance, repair 
or refurbishment are no longer possible. However, the empirical findings 
from this dissertation have also revealed that even though WTGs (and 
WTBs) might be decommissioned, that does not mean that they have 
reached their EoL. The WTG can be commissioned again elsewhere or 
the WTBs can be reused again as spare parts for WTGs at other wind 
farms.  
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The purpose of this chapter is to position this PhD dissertation by intro-
ducing and defining key concepts and to outline the theoretical back-
ground of supply chains, value chains, operations management, circular 
value chains, and the operational execution gap in CE transition. The in-
troduced concepts and theoretical principles define the theoretical back-
ground on which this dissertation is built with a focus on CE in value 
chains and operations management. 

03.01 Supply Chains and Value Chains 
Supply chain management was first introduced as a term by Oliver and 
Webber (1982), who argued that a supply chain management approach 
was required to improve how supply chains performed. A supply chain is 
defined as “A network of connected and independent organizations mu-
tually and co-operatively working together to control, manage and im-
prove the flow of materials and information from supplier to end users” 
(Aitken, 1998), while supply chain management is the management of 
upstream and downstream relationships to deliver customer value 
(Christopher, 2016). The definition implies the close management of re-
lationships, making it different from the concept of logistics. As argued by 
Christopher (2016), the term chain could also be exchanged with the 
word network, and thus supply chain management, or supply network 
management, are considered the same. 

The term “value chain” is often used interchangeably with the term “sup-
ply chain”, yet the value chain concept builds on the supply chain con-
cept, and they are not the same thing. According to Porter (1985), who 
first coined the value chain concept, the primary activities of a value chain 
is inbound logistics, operations, outbound logistics, marketing and sales, 
and services. This is supported by activities within firm infrastructure, hu-
man resource management, technology development, and procurement 
(Porter, 1985).  
A competitive advantage can be achieved based on how organizations 
perform these activities to deliver customer value and differentiate them-
selves from their competitors (Christopher, 2016). Porter (1985) argued 

03 Theoretical Background and Key 
Concepts 
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that if an organization does not enjoy a competitive advantage within an 
activity, it should be outsourced to a partner with better capabilities. Yet, 
this action would also lead to a higher level of management. Thus, value 
is no longer created by a single organization, but depends on all the con-
nected organizations, meaning that the supply chain becomes a value 
chain. The term value chain will therefore be adopted in this dissertation 
as new waste solutions will be investigated in relation to design, opera-
tion, and industrialization in co-creation between organizational partners, 
based on their respective competencies and capabilities.  

03.02 Sustainable Operations Management 
A key concept applied throughout this dissertation is operations manage-
ment, which is an essential part of all value chains. The definition of op-
erations management adopted in this dissertation is by Slack et al. (2010) 
and states that “operations management is the activity of managing the 
resources which produce and deliver products and services”, which can 
include people, facilities, machinery and knowledge. The building blocks 
of any operation is processes. Processes are defined as “an arrangement 
of resources that produce some mixture of products and services” (Slack 
et al., 2010). These building blocks, their characteristics, and their se-
quence transform inputs for the efficient creation of a product or service, 
and if standardized can result in reduced cost, lead times and improved 
quality (Slack et al., 2010). 

Building on the above definitions, businesses can therefore be analyzed 
at three levels i.e. at supply network level, at operational level and at pro-
cess level (Slack et al., 2010). This dissertation explores and analyzes all 
three levels, i.e. (1) the full supply network/value chains of EoL WTB op-
erations and management, (2) the operational processes, their se-
quence, and the flow of material resources between them for product 
value creation, and finally (3) individual technical processes for EoL WTB 
material resource processing. 

The triple bottom line (3BL) was first introduced by Elkington (1998) as a 
measure to ensure sustainable operations, through the three pillars of 
people, planet, and profit. The 3BL has since then been one of the back-
bones of sustainable operations management where organizations work 
to reduce, measure and report on the three aspects in their operations 
and their value chains (Kleindorfer et al., 2005). In relation to the planet 
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aspect, also referred to as environmental impact, reducing energy and 
resource consumption in value chains and operations is central to reduc-
ing CO2 emissions and resource depletion. Back in 2005, Kleindorfer et 
al. (2005) called for operations management research to include the 
planet and people aspects in both research and practice due to (1) in-
crease in cost of materials and energy, (2) public pressure for sustainable 
practices, (3) increasing customer demand for sustainable products, and 
(4) people aversion to globalization.

03.03 Circular Economy 
To further position this study, the theoretical concept of CE is introduced. 
CE promotes the idea of reducing unsustainable linear flows of material 
and energy into circular systems where resources are used in consecu-
tive cycles (Korhonen et al., 2018). Korhonen et al. (2018) clearly ex-
presses the logic behind why CE should be implemented by stating: “It 
makes common sense, that if you extract a resource from nature and 
work hard for it to become a product or a service that has an economic 
value, you use this value many times, not only once”. Since 2010, the 
Ellen MacArthur Foundation has been one of the leading academic au-
thorities in defining and exploring the concept and practices of CE. In this 
research, the following definition by the Ellen MacArthur Foundation is 
adapted: “The circular economy is a system where materials never be-
come waste and nature is regenerated. In a circular economy, products 
and materials are kept in circulation through processes like maintenance, 
reuse, refurbishment, remanufacture, recycling, and composting.” (Ellen 
MacArthur Foundation, 2024). The CE principles highlighted by this defi-
nition are: Reduce, Reuse, Recycle and Recover, also referred to as the 
4R framework (Kirchherr et al., 2017). Other and more elaborate versions 
of the frameworks have been proposed, such as a the 6R framework 
(Sihvonen and Ritola, 2015) and the 10R framework (Potting et al., 2017). 
Nevertheless, the 4R framework remains the most widely adopted one 
(Kirchherr et al., 2017). 

CE as a concept has been created mainly by practitioners and policy-
makers and has been criticized for being superficial and unorganized in 
academic literature (Korhonen et al., 2018). In a study by Kirchherr et al. 
(2017), 114 definitions of CE were systematically analyzed, and findings 
showed that the CE concept is highly diffuse, used differently by scholars 
and often excludes the waste hierarchy. A repetition of the study by 
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Kirchherr et al. (2023) analyzed another 221 definitions of CE from 2017 
until 2023, where findings concluded that CE has more meaning for aca-
demia than for practice, thus emphasizing the need to turn concepts into 
practical applications to create real impact. In terms of criticism, Corvellec 
et al. (2022) goes even further by concluding that CE is focused on eco-
nomic rather that social impact, and with simplified contributions to envi-
ronmental impact. Thus, CE becomes a reassuring discourse for policy-
makers rather than “an actual solution to actual problems” (Corvellec et 
al., 2022).  

For CE to create sustainable development, all three dimensions of sus-
tainability must be positively impacted, i.e. environmental, social, and 
economic impact (Korhonen et al., 2018). CE is often considered as a 
sustainable concept and solution, but since CE as a concept focuses on 
material flows based on technological and economic perspectives 
(Corvellec et al., 2022), it can in fact result in negative impacts on the 
environment and society (Velenturf and Purnell, 2021). The recovery and 
recycling of materials in a CE can result in new energy demands and use 
of water, while materials are not kept in the cycle consecutively. To avoid 
this, CE must contribute to sustainability using a systems perspective that 
considers the optimization of social, environmental, technical, and eco-
nomic value through the entire value chain (Velenturf and Purnell, 2021). 
Nonetheless, if done right and based on the application of critical sustain-
ability assessments, CE can be used as a platform for sustainable devel-
opment (Korhonen et al., 2018) and be beneficial for sustainability 
(Geissdoerfer et al., 2017). Thus, research and scientific work are 
needed to ensure that CE results generate a positive environmental im-
pact (Korhonen et al., 2018).  

03.04 Circular Value Chains 
As stated by Kleindorfer et al. (2005), “We do not pay attention to the 
end-of-life recovery of materials or energy, nor to proper disposal issues. 
These green supply-chain issues are important.” To address this issue 
and implement sustainable CE, new systems and value chains for circu-
lar material management are required. Circular supply chains are defined 
as “the configuration and coordination of the supply chain to close, nar-
row, slow, intensify and dematerialize resource loops” (Geissdoerfer et 
al., 2017). This can be aided by the introduction of reverse supply chains, 
as a way to take back products from customers at EoL and include 
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product collection, reverse logistics, inspection, determining future route, 
remanufacturing or disposal (Kleindorfer et al., 2005).  

Building on the circular supply chain definition, the theoretical concepts 
of value chains and CE outlined in the previous sections, can be com-
bined as circular value chains. This is explored in a study by Eisenreich 
et al. (2022), in which a circular value chain framework is developed 
based on Porters original value chain framework. Eisenreich et al. (2022) 
concluded that the involvement of external stakeholders in the value 
chain was the key to successful CE implementation. In their study of cir-
cular value chains for plastics, Johansen et al. (2022) concluded that “the 
transition to the circular economy should be made across the entire plas-
tics value chain in order to ensure circular design, production, use and 
waste management”. Johansen et al. (2022) also found that LCA should 
be applied to compare and explore recycling value chains, but that re-
search struggles to do this due to lack of data. 

In summary, the term (EoL) circular value chain has been applied in this 
PhD dissertation, to describe a full industrial system for products reaching 
their EoL, which is co-created by all stakeholders and includes end-to-
end operations and processes with the purpose of achieving and imple-
menting CE principles.   

03.05 Circular Economy and the Operational 
Execution Gap 

CE can be implemented both in individual organizations and their supply 
chains (micro level), industrial systems (meso level) and cities or nations 
(macro level) (Jackson et al., 2014). At the micro level, organizations will 
have a large impact and contribute significantly to a successful CE. The 
role of operations management in CE is evident, and operations manage-
ment can aid the CE transition by proposing networks for increased col-
laboration and new business models (Zanjirani Farahani et al., 2022). 
Yet, research into CE implementation at the micro level is limited 
(Barreiro‐Gen and Lozano, 2020). 

Several studies have sought to identify the barriers, drivers, opportuni-
ties, and practices for organizational engagement in CE. In this context, 
Kumar et al. (2019) studied the manufacturing sector, and Bressanelli et 
al. (2019) conducted a systematic literature review that identified 24 
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challenges associated with redesigning supply chains. Based on these 
results, Bressanelli et al. (2019) proposed a framework for practitioners 
linking challenges to levers to overcome said challenges. Similarly, 
Govindan and Hasanagic (2018) also presented a multi-perspective 
framework for the barriers, drivers and practices for CE implementation 
in supply chains, and Lieder and Rashid (2016) proposed CE implemen-
tation strategies. Govindan and Hasanagic (2018) identified general prac-
tices for cleaner production including partner collaboration, logistics, and 
implementing technical equipment and facilities for material handling. 
However, both studies concluded that legislation and policies will play an 
important role for future CE transition and lack perspectives of opera-
tional execution (Govindan and Hasanagic, 2018, Lieder and Rashid, 
2016). Common for CE implementation at the micro level is that organi-
zations tend to focus their efforts only on reducing production waste and 
recycling materials (Barreiro‐Gen and Lozano, 2020). To expand on the 
many options for CE implementation, Kalmykova et al. (2018) identified 
45 different CE strategies and also presented a database of cases for CE 
implementation. 

The CE transition relies on broad alliances between stakeholders such 
as producers, consumers, policymakers, and scholars, which empha-
sizes the fact that CE implementation is complex (Kirchherr et al., 2023). 
Yet, as stressed by Barreiro‐Gen and Lozano (2020), there is a clear gap 
between CE theory and CE practices. To bridge this gap there seems to 
be a need for increased collaboration with stakeholders. The importance 
of support from stakeholders is also stressed by Lieder and Rashid 
(2016), who proposed a CE implementation strategy in an industrial man-
ufacturing context using a concurrent top-down and bottom-up approach. 

Most research addresses a strategic level of CE engagement and imple-
mentation. Thus, there is a need for exploration of the operations man-
agement perspective to address the direct operational implications and 
challenges when implementing new value chains for recycling and recov-
ery. In other words, for CE to have the desired societal impact, it must be 
understood how practices are implemented operationally and what their 
direct impacts and consequences are to the processes and the people 
involved. 
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While the thesis outline was introduced in Chapter 1, the general re-
search design and methodology will be introduced in this chapter. Fur-
thermore, the methodology and research designs of the individual papers 
are described briefly while full elaborations are found in the appended 
Papers I-VII. Since the applied methods of the individual papers are al-
ready described in detail in the appended papers, this chapter will specif-
ically focus on the case study methodology and methods of data gather-
ing as this has been the primary method of empirical data collection. 
Hence, this chapter describes the overall research design and consider-
ations for this dissertation as a collective piece of research. Finally, the 
role and impact of the DecomBlades research consortium on the re-
search design is also reflected upon. 

04.01 Overall Research Design 
This research was designed based on a practice-oriented approach, 
where the objective was to contribute to knowledge within the research 
field of EoL management of composites and WTBs (Dul and Hak, 2007). 
However, theoretical contributions are also achieved through the devel-
opment of generalizable conclusions, proportions, and frameworks (Dul 
and Hak, 2007). Research within the field of operations management can 
have different theoretical purposes including (1) exploration to identify 
new research areas and needed contributions, (2) theory building to iden-
tify and describe contracts, variables and relationships, (3) theory testing 
to verify developed theories, and (4) theory elaboration and refinement 
(Voss et al., 2016, Dul and Hak, 2007). This dissertation includes re-
search studies with the purposes of exploration, theory building and the-
ory testing. To achieve this, an inductive research approach has first 
been adopted (Papers I-III) for exploration, theory building and framework 
development. Then a deductive research approach has been applied 
(Papers IV and V) for theory testing of the developed frameworks.  
Operations management deals with both physical and human elements 
in an organization or system (Voss et al., 2002), and consequently a 
mixed-methods approach can be effective to comprehensively address 
research topics involving human and physical elements.  

04 Research Design and 
Methodology 
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The research design of this dissertation consists of a mixed-methods ap-
proach utilizing both the method of systematic literature review, qualita-
tive methods including a single case study and a multiple case study, and 
quantitative methods including mathematical modelling and multi-criteria 
decision-making. These methods have been applied in the appended pa-
pers (I-VI) to fulfil the research objectives and answer the posed research 
questions. I have found that a mixed-methods approach was especially 
useful when studying a complex system to provide a multidimensional 
perspective on processes, decision-making and value chains where dif-
ferent entities including organizations, technologies, and material flows 
interact.  

Figure 3 summarizes the research question, method, purpose, and data 
collection method of each of the appended papers. In Papers I and II, the 
future material waste flows and a state-of-the-art roadmap for EoL WTBs 
have been developed. This has been done through the application of 
mathematical modelling (Weibull distribution) and systematic literature 
review (Tranfield et al., 2003). Paper III includes a single in-depth case 
study for theory building, with the purpose of identifying practices for op-
erational execution, understand the underlying decision-making pro-
cesses and the relationships between stakeholders (Yin, 2018, Voss et 
al., 2016). Thus, key constructs and variables are defined and elaborated 
based on empirical evidence (Dul and Hak, 2007). The propositions and 
frameworks developed through Papers I, II, and III were then tested and 
extended by an empirical multiple case study in Paper IV of four repre-
sentative cases (Dul and Hak, 2007, Yin, 2018). In addition to this work, 
paper V zooms in on decision-making processes by first developing a 
framework based on prior literature and then conducting an empirical test 
and validation of the framework, which both include theory building and 
testing elements (Voss et al., 2016). Paper VI takes a theory building ap-
proach to decision-making by proposing a framework for assessment of 
future value chain scenarios. The final appended Paper VII includes a 
study of the researcher’s role in the development of new sustainable eco-
systems based on focus group interviews with field experts that are ana-
lyzed and consolidated (Miles et al., 2018, Saldaña, 2021), leading to the 
development of a framework for drivers, barriers and required abilities for 
researchers as a third-party facilitator for new sustainable business eco-
systems.      
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Figure 3 - Research design and methodology of appended papers 
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04.02 Systematic and Structured Literature Reviews 
The systematic literature review is a methodological approach to litera-
ture search, identification, selection, assessment and data synthesis, to 
ensure a systematic, transparent and repeatable approach to reviewing 
academic literature (Tranfield et al., 2003). The method ensures that rel-
evant findings and results across existing literature are identified, re-
viewed, and reported to reach a state-of-the-art of a research field or topic 
upon which future research can build (Tranfield et al., 2003). Thus, it is 
often adopted as a stand-alone method for research studies since it is 
very comprehensive. However, it can also be combined with other re-
search methods. The systematic literature review has been applied in 
Paper II, where the objective was to create a state-of-art of academic 
literature within EoL WTBs. In this study, the systematic literature review 
approach was based on the principles presented by Tranfield et al. 
(2003). These principles consist of three stages: (1) Planning the review, 
(2) Conducting the review, and (3) reporting and dissemination. Stage 1
included identifying the need for review, preparing a proposal for review,
and developing a review protocol. Stage 2 included identification of re-
search, selection of studies, assessment of study quality, data extraction
and data synthesis. The final stage included reporting recommendations
and putting evidence into practice (Tranfield et al., 2003).

Besides the systematic literature review approach, structured literature 
reviews are an integral part of each presented research paper to identify 
relevant literature, research results and knowledge gaps within the field 
of research on CE for EoL WTBs. For this purpose, the methodology pre-
sented by Hart (2018) and Dekkers et al. (2022) has been applied to cre-
ate a transparent, objective and repeatable process to literature identifi-
cation and review, but without the aim of creating a new state-of-the-art 
of a specific research field or topic. Thus, the comprehensiveness and 
aim are different from those of the systematic literature review (Hart, 
2018, Dekkers et al., 2022). The structured literature review approach 
was applied in Papers III, V and VI.  
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04.03 Case Study Research 
Empirical research methods based on data from the real world can tie 
theory and practice together and make important research contributions 
(Flynn et al., 1990). For this PhD research study, a qualitative empirical 
study approach has been applied, utilizing the case study methodology. 
The case study research methodology originates in the social sciences 
and is frequently applied in operations management. The method allows 
for a current phenomenon to be studied in its natural setting using multi-
ple sources of evidence and observation of actual practices (Yin, 2018, 
Voss et al., 2016). The method is suitable when research questions seek 
to understand complex and complete phenomena and can both be ap-
plied in exploration of new research areas, theory building and theory 
testing (Dul and Hak, 2007, Flynn et al., 1990, Voss et al., 2002) and is 
particularly suitable for theory building (Eisenhardt and Graebner, 2007). 
Thus, the method was found to be suitable for the purpose of this re-
search of investigating how the domain of EoL WTB can adapt CE prac-
tices adopting a theory building and testing approach.  
There are both advantages and disadvantages to utilizing a case study 
approach. Case studies are a great source of detailed data and provide 
depth to an emerging topic and can provide unique and important 
knowledge in a new field where research is yet fragmented or unexplored 
(Yin, 2018). The limitations pertain to the risk of bias and generalizability 
pf conclusions. Hence, a detailed and carefully thought-out research de-
sign is essential to ensuring that the empirical data will answer the re-
search questions and to overcoming the limitations (Voss et al., 2016). 

04.03.01 The research process 

‘To create a structured research design, the methodology proposed by 
Yin (2018) was adapted and used throughout this PhD to conduct multi-
ple case studies. The methodological approach is depicted in Figure 4, 
and highlights the fact that the planning phase, including the identifica-
tion of a research gap and need for empirical data and case studies, was 
uncovered as the result of Paper II. This was followed by the design 
phase where case sampling was conducted. A theoretical case sampling 
approach was taken, meaning that all included cases were selected 
based on an assessment of suitability to the research question in terms 
of illuminating and elaborating on the studied concepts on EoL WTBs and 
CE (Eisenhardt and Graebner, 2007). The assessment of suitability was 
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based on commonality in defined unit of analysis, a variance between 
cases of defined variables, variance in EoL routes, and accessibility of 
cases. This was done to ensure that the obtained data would be qualified 
and valid for answering the research questions. The variables assessed 
for case sampling were blade geometry and mass, blade quantity, recy-
cling route and technology, blade owner, location, and waste manage-
ment partner (WMP). All variables are described in appended Paper IV, 
(Figure 3).  

The preparation phase comprised the development of a research proto-
col for data collection and obtaining access and approval to informants. 
The next phase included data collection through multiple sources of ev-
idence, which is further outlined later in this chapter. All cases were stud-
ied in real time, meaning that they were current cases that were actively 
followed. The advantage of this was to get up-to-date data and infor-
mation in a rapidly changing environment (Voss et al., 2016). Finally, the 
data was analyzed both within each case and between cases. Based on 
learnings, multiple iterations between preparation, data collection and 
analysis were implemented to adjust the process to optimize the output 
and validate information.    

The application of the case study methodology outlined above and in Fig-
ure 4 resulted in four cases that were analyzed, and results are shared 
in Papers III and IV. First, a single in-depth case study was completed 
and created the data foundation of Paper III which allowed for new and 
detailed insights of EoL value chains and operational execution and per-
formance. The single-case approach enabled a high degree of manage-
rial and technical information and data to be gathered. In addition, it al-
lowed for an understanding of the decision-making processes along the 
value chain and organizational interrelationships (Yin, 2018).  

In Paper IV, the design and operation of EoL value chains for WTBs were 
illuminated by all four cases, since multiple case studies can improve ex-
ploration of the research question (Eisenhardt and Graebner, 2007). 
Thus, this method provided an ideal opportunity for to documenting, as-
sessing, and designing new industrial systems. The challenges and 
knowledge uncovered through the multiple case study were not unique 
to the specific cases and thus representative for all WTBs and their EoL 
challenges. This allows for results to the generalizable (Yin, 2018).  
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Figure 4 - Case study research methodology adapted from Yin (2018) 
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04.03.02 Empirical Data Collection and Analysis 

During the initial phases of the research period, information was obtained 
through meetings, unstructured interviews, and personal communication 
such as conversations or informal meetings, for instance, bi-weekly co-
ordination meetings, project seminars and planned workshops. When 
working with many industrial partners, a lot of information is shared in 
informal settings, which is important for the gathering of research data. 
Retrieving data in this manner was specifically beneficial in the beginning 
of the research period to get an overview of the industrial setting, identify 
areas for further investigation and as a PhD researcher to have personal 
contact with industrial partners. This information was used to inspire the 
research design and scope of the research project.  

In the multiple case study, several sites were investigated, and available 
information was gathered with as much detail as possible (Flynn et al., 
1990). For the case studies, the primary sources of data were semi-struc-
tured interviews with key informants involved with the different decom-
missioning/EoL cases. This involved the WTB owners and their con-
tracted partners such as logistics and waste management companies. 
For construct validity and data triangulation, multiple sources of data and 
evidence were used (Yin, 2018), and key informants have in all cases 
reviewed the results in an iterative process for validation as suggested 
by Voss et al. (2016). All sources of information from the cases are listed 
below in Table 1 and will be elaborated in the sections below in more 
general terms, while the specific data collected, and number of interviews 
are described in Papers III and IV. 

Semi-structured interviews were conducted based on an interview proto-
col containing the structure of the interview and the included questions 
that were to be asked of the respondent to ensure a clear connection 
between the research question, theory and the empirical data (Yin, 2018). 
This was important to ensure that the data gathered in the interviews and 
on-site visits would answer the research questions, and that the reliability 
of the outcome was increased (Yin, 2018). Yet, the interviews also al-
lowed for follow-up questions and for capturing case-specific detail (Flynn 
et al., 1990). Informants were selected based on their role in the case 
and their knowledge about the procedures and technologies involved. 
Examples of questions from the interview guide are found in appended 
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Paper III, while the number of informants, their title and their respective 
organization are listed in Paper VI, Figure 4.  

Table 1 – Data collection methods 

Method of data collection Examples 
Unstructured interviews/ 
personal communication 

Conversations 
Informal meetings 

Semi-structured interviews Interviews with key informants from case companies 
Site visits Physical visits to sites where EoL WTBs were handled 
Pictures Pictures of sites, blades, processes, or equipment 
Workshops / meetings Formal meetings with agenda and minutes of meetings 

Planned workshops 
Written communication Emails 

Minutes of meetings 
External communication 
Websites 

Written documentation and 
reports 

Industrial reports  
Data sheets 
Company procedures 
Official guidelines and procedures 

Interviews were conducted during visits to sites engaged in processing 
and material handling. This also allowed for pictures to be taken, which 
were used as a source of information to obtain and document technolo-
gies, equipment, practices, or other details. After data collection on site, 
the obtained data was verified and improved by the informants in a dou-
ble-looped verification process, which improved data accuracy and valid-
ity. 

Throughout the project period a large number of workshops and meetings 
were held with DecomBlades partners and with other relevant organiza-
tions. The workshops were aimed at several outputs but were overall 
seeking to align the goals and expectations of the partners and identify 
common challenges and practices. However, data and case details were 
also provided through both workshops and meetings, of which minutes 
were taken made to document what was said and agreed. This ensured 
traceability and alignment of information obtained between participants. 

Other modes of data gathering were utilized which included written com-
munication, written documentation, and reports. Written communication 
included especially emails and written notes from informants. Particularly 
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quantitative data were shared through emails and data sheets cumulated 
throughout the project. Written documentation included internal reports 
from the industrial companies, invoices, quotes, process descriptions, 
Excel sheets containing product data etc.  

The gathered data was analysed across cases to match patterns and 
compare differences to ensure external validity and generalizable results 
(Dul and Hak, 2007). The collected data was analyzed based on a se-
quential categorization of processes and technologies throughout the 
EoL value chains. For the in-depth case study in Paper III, the decision-
making processes were supported by quotes presented by the interview-
ees according to the approach by Rockmann and Vough (2023). For the 
remaining cases presented in Paper IV the focus was on processes and 
technologies, and quotes were not included. 

04.04 Responsible Conduct of Research 
Data collected from interviews, observations, and site visits can be bi-
ased due to the bias of the interviewee or the interviewer and observer. 
Such bias can potentially impact the data collected and thus the results 
and findings (Yin, 2018). Therefore, I have been aware of these mecha-
nisms throughout the process and made sure that measures were taken 
to avoid any bias on the part of and from partners that could lead to mis-
conduct of research. An important tool is transparency, which is applied 
through the research design, systematic logging of data and observa-
tions, and through data triangulation. This thoroughness is therefore de-
scribed and presented as part of the research design to assure readers 
that responsible measures were taken, thus leading to robust findings.  

For the sake of validity and replicability, responsible conduct of research 
is important, but particularly in this research project, misconduct of re-
search could also lead to greenwashing. Greenwashing is a term used to 
describe companies that try to appear “greener” and more sustainable 
than they actually are in order to gain economic advantages (de Freitas 
Netto et al., 2020). As this research project seeks to develop circular 
value chains for the wind turbine industry, there is a risk that misleading 
results will contribute to greenwashing. This would not only be misleading 
for the public but could also lead to future waste solutions that do not fulfil 
the aim of creating sustainable waste practices for WTBs. Thus, the 
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project setup and the partners involved represent a unique opportunity to 
make impactful research but with potential pitfalls that must be avoided.  

The entire project was managed through a legally binding contract and a 
non-disclosure agreement between the partners of the DecomBlades re-
search project, meaning that data must be handled accordingly. The data 
collected consisted of a mixture of qualitative and quantitative data. Be-
cause of this, the documentation of data differs depending on the mode 
of collection, and the data is stored in a secure OneDrive cloud folder 
solution provided by the university. This solution also provided data back-
up and security.  However, data files cannot be shared publicly outside 
the research group at the university.  

04.04.03 Research Design in the Context of DecomBlades 

Working under the agreement of the DecomBlades project enabled 
unique access to knowledge and data from highly relevant and engaged 
industrial and academic partners. However, this commitment has also in-
fluenced the research design, which is important to reflect upon. 
Throughout the three-year PhD period, the overall project had to deliver 
several milestones and outputs, which to some extent moved the re-
search in a certain direction. The funding of the project by Innovation 
Fund Denmark implied an expectation of the outcome being somewhat 
positive and operationalizable. It has therefore been important to con-
sider and reflect on possible conflicts of interest and impacts on research, 
and on possible bias towards positive findings. Even though access to 
case studies and data was enabled through the project collaboration, it is 
believed that the detailed and carefully thought-out research design pre-
sented in this chapter clearly conveys the appropriateness and applica-
bility of the chosen methods and the transparency of the data collection 
and analysis. At the beginning of the project, data sharing was challenged 
by opposition on the part of the industrial partners to sharing details with 
other partners. I then experienced how trust was built over time, both be-
tween the project partners, and in relations with me as a researcher, 
which led to greater openness and s satisfactory level of data sharing. 
This change was crucial for the empirical data collection and reporting, 
but also demonstrated how my participation in the DecomBlades re-
search project enabled this research. 
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My involvement in the DecomBlades project has impacted where I started 
searching for appropriate and suitable case studies. Since a sufficient 
number of cases were identified by the project partners, I did not need 
additional cases from organizations outside the project, which could po-
tentially have impacted results. Yet, the cases included in this research 
were selected based on a protocol, which did exclude some cases from 
the DecomBlades partners. 

It has been a clear priority to me as a researcher to publish as much of 
the collected data as possible, and the project agreement has not limited 
my ability to publish. On the contrary, I have found that the agreement 
allowed access to data that would not otherwise have been obtainable. 
In the few instances, where data has been considered confidential, nor-
malizing data, or transferring it to another format was found to be a solu-
tion. Metadata such as how data was collected, when, where, by whom 
and from whom etc. was equally important for the validity of the data, and 
most of the metadata has been shared in this dissertation. 

In summary, even though I as a researcher have the freedom to choose 
the appropriate research methodology, the framing of a project will impact 
the way we approach research. It is, however, important to emphasize 
that the research design of this dissertation has not been dictated or in-
fluenced by the project partners. However, it is also important to stress 
that transparency is needed about partner cooperation, data collection 
and the chosen methodology due to the nature of the project and the 
project agreements.  
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Part II 

Research Results 
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To study how value chains for decommissioned WTBs can be designed, 
operated, and industrialized according to CE principles, it is essential to 
understand the reasons why these systems do not already exist. Thus, 
in this chapter, the barriers to creating circular EoL value chains for WTBs 
will be identified and analyzed to understand the industrial context and 
industry-specific challenges influencing blades meeting their EoL. This 
chapter will therefore answer the first sub-research question: 

Sub-RQ1: Why do circular EoL value chains for wind turbine blades 
not exist today? 

To answer the research question, several topics will be analyzed and 
elaborated based on a European and Danish context. First, the topic and 
context of landfilling and the current alternatives will be outlined, followed 
by an analysis of the role of blade ownership and available material infor-
mation based on a literature review approach. Then, the lifetime of WTBs 
and expected future waste volumes will be assessed, including a thor-
ough review of existing literature, followed by a presentation of Paper I – 
Method for estimating the future annual mass of decommissioned wind 
turbine blade material in Denmark. The key points from the discussion in 
Paper I are elaborated further in the following section on waste volume 
uncertainties and implications for EoL value chains. Finally, a review and 
analysis of grey literature from the public media in Denmark is presented 
to assess the public perception of wind energy and the EoL issues of 
WTBs, and how this has impacted the development of new EoL solutions. 
To summarize findings, a framework – barriers to circular value chains 
for EoL WTBs – is presented at the end of the chapter. Eight key barriers 
are identified and collectively answer the posed research question and 
create a baseline for future efforts to establish circular EoL value chains 
for WTBs.   

05 Circular End-of-life Value Chains 
for Wind Turbine Blades:  Why 
the Industrial Scale Solutions are 
Absent 
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05.01 Landfilling and Current Alternatives 
The main route for EoL WTBs that have been available on an industrial 
scale is landfill (Larsen, 2009, Ribeiro et al., 2016). Landfilling of WTBs 
typically includes pre-processing the blades into sections of 6-8 meters 
to reduce size and volume before they are taken to a landfill site. A landfill 
site typically consists of a pit covered with a liner and a collection system 
for leachate and drainage. Solid waste is then placed in the pit, and once 
it is full, methane gas recovery systems are installed, and the pit is cov-
ered with soil (Nanda and Berruti, 2021). 

There are several reasons why landfilling WTB waste is not considered 
a viable or sustainable waste route: (1) it is estimated that the WTB ma-
terial will take up to 1 million years to decompose in landfills as it consists 
primarily of glass (Kumari et al., 2022); (2) The degradation of the mate-
rial can have a negative impact on the local environment (Ramirez-
Tejeda et al., 2017, Halliwell, 2010); (3) Materials are not reused, refur-
bished or recycled in accordance with SDG12, which contributes to the 
natural resource depletion crisis (United Nations, 2015b); (4) The embed-
ded value and energy of the material are lost (Ramirez-Tejeda et al., 
2017); and (5) The negative public perception of landfill can lead to a 
decrease in acceptance of wind energy in general (Ramirez-Tejeda et al., 
2017). For these reasons, landfilling is considered the least favorable 
waste management option in a CE (MacArthur, 2013).  

Landfill sites are nonetheless largely available globally and used for many 
types of waste (Nanda and Berruti, 2021). Landfilling is often locally avail-
able and cost-effective and has therefore been the most widely available 
option for WTBs at the EoL (Ramirez-Tejeda et al., 2017). Yet, for the 
reasons stated above, the Wind Europe association has called for a Eu-
ropean landfill ban for WTBs (WindEurope, 2022b) and has investigated 
the possibilities for implementing alternative waste solutions 
(WindEurope et al., 2020). In Germany, the Netherlands, Austria, and 
Finland, bans on landfilling and incineration of composite waste are al-
ready in place, while more countries are expected to follow 
(Chatziparaskeva et al., 2022). Even though Denmark is yet to introduce 
a landfill ban for WTB’s, operators in the industry, such as Ørsted and 
Vattenfall, have committed to ending landfill with immediate effect 
(Ørsted, 2021, Vattenfall, 2021). So far, other regions such as USA and 
Asia have not made similar calls or introduced legislation. In the study by 
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Cooperman et al. (2021), it was concluded that landfilling of WTBs would 
not pose a challenge for landfill capacity in USA in the future. 

Back in 2009, Larsen (2009) described how landfilling of WTBs at EoL 
was on the way out; yet, by 2024 industrial-scale alternatives remain very 
limited. While WTBs are classified as “non-hazardous waste” recycling 
their materials remains a challenge due to the difficulty of recycling and 
the limited infrastructure available (Beauson et al., 2021). Some estab-
lished alternatives to landfilling exist such as incineration and cement co-
processing. Incineration allows for the WTB material to be burned and 
used for energy recovery. Yet, only the organic material fractions can 
burn and generate energy, and thus up to 60% of the WTB waste ends 
up as ash, which is typically landfilled (Jensen and Skelton, 2018). Thus, 
incineration is not considered a sustainable alternative (Ramirez-Tejeda 
et al., 2017). The route of cement co-processing is similar to incineration, 
but the heat generated from burning the material is used to heat the ce-
ment kilns, and the glass fiber fractions are used to replace sand and 
limestone in cement mixtures (Paulsen and Enevoldsen, 2021). This 
route was originally developed on a commercial scale by Zajonz Logistics 
GmbH, Holcim Ltd, and Fiberline Composites A/S in 2010 (Sakellariou, 
2018). These alternatives are later described and elaborated on in Chap-
ter 6 and Paper II but so far recycling of the WTB material is not cost-
effective compared to landfilling (Halliwell, 2010).  

05.02 Blade Ownership and Material Information 
WTGs are large and costly constructions and, like with other products, 
responsibility for them rests with the owner. In this context, it means that 
when the WTG reaches its EoL, the owner is responsible for handling the 
demolition and waste. WTGs can be owned by private persons, private 
consortia, municipalities, public energy agencies, private energy organi-
zations and in some cases OEMs. The diversity of ownership is demon-
strated in the multiple case study presented in Paper IV. In all instances, 
the owner must handle the full project including the WTBs or employ one 
or more partners to do so. This effectively results in a diverse group of 
owners that must handle WTBs for which no sustainable waste manage-
ment route currently exists.  
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To manage the WTBs at their EoL, it is important to know about the blade 
material composition and geometry. Without this knowledge, it is difficult 
to design and create a system of sustainable waste management pro-
cesses. Therefore, it is essential for owners and material recyclers to 
have access to this information from the OEM. In April 2023, the Decom-
Blades research project launched a material passport with the intent of 
this becoming the new standard for the industry (DecomBlades, 2023). 
The material passport includes a full specification of blade materials and 
geometry. The level of information shared in the material passports was 
determined in a collaboration between the OEMs and waste manage-
ment partners to ensure that the level of detail provided is sufficient to 
design and implement waste management processes without disclosing 
any confidential information. Such material passports provide the blade 
material and geometry information needed to start creating unified value 
chains to manage WTB waste.  

05.03 Legislation and Standards 
The role and effect of legislation on the development of new technologies 
and value chains to handle EoL WTBs have been vividly discussed 
among stakeholders in the industry, academics, and policy makers. The 
topic was raised at the End-of-Life Issues & Strategies (EoLIS) confer-
ence in 2022, where it was highlighted that the wind industry supports the 
landfill ban and the design and scaling of new sustainable options. Leg-
islation can be a powerful tool in promoting sustainable behaviors such 
as recycling (Beauson et al., 2021). However, it is also suggested that 
this development will not be intensified through the push of legislation 
even though it might secure more research funding. This comes down to 
the fact that legal obligations and funding do not necessarily result in the 
availability of the right competences and efficient processes (Jensen, 
2019). 

The European Union (EU) has adopted several waste disposal directives, 
which require monitoring to ensure compliance with environmental regu-
lations. One of the key legislative acts is the Waste Framework Directive 
(2008/98/EC) (European Commission, 2018), which sets waste manage-
ment goals for EU member states, and thus directs how waste should be 
handled. The directive promotes a waste management hierarchy that pri-
oritizes waste prevention, reuse, recycling, and recovery before disposal 
(landfill). Other legislative acts of relevance to WTB waste include the 
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Industrial Emissions Directive (2010/75/EU) (European Parliament and 
Council of the European Union, 2010) and the Landfill Directive 
(1999/31/EC) (European Parliament and Council of the European Union, 
1999), which outline the standards for incineration and landfill in the EU, 
respectively. Germany has been one of the first movers in establishing a 
national waste management policy based on CE principles for material 
handling also referred to as the Circular Economy Act (Kreis-
laufwirtschaftsgesetz - KrWG) (The Bundestag, 2012). This law imple-
ments the EU Waste Framework Directive (European Commission, 2018) 
and addresses reuse and recycling of waste in production processes and 
avoidance of waste production. The aim is to ensure sustainable disposal 
of waste and promote resource efficiency though reuse and recycling. 
According to paragraph 6, waste management measures must align with 
the waste hierarchy prioritize: (1) prevention, (2) repairing for re-use, (3) 
recycling, (4) other recovery (including energy recovery), and finally (5) 
disposal (landfilling) (The Bundestag, 2012). This means that landfilling 
is a last resort and should only be used if all other options have been 
exhausted. This applies also to WTBs, where owners should aim for 
higher levels of circularity. In 2009, Germany also implemented a ban on 
landfilling of waste with an organic content higher than 5%, which effec-
tively also covers WTBs due to the resin component being defined as 
organic (Chatziparaskeva et al., 2022, Cherrington et al., 2012). Other 
countries have introduced similar policies, e.g. Austria, Finland, and the 
Netherlands. In the Netherlands, WTB owners cannot landfill WTB waste 
unless they can document that the alternative is more expensive in EUR 
per ton. However, at the moment the alternative of mechanical recycling 
entails higher costs, meaning that effectively WTBs still end up as landfill 
(Chatziparaskeva et al., 2022). 

Another tendency that could potentially lead to a change of EoL manage-
ment, is the use of non-price criteria in public tendering processes when 
establishing new WTG sites. Such criteria have recently been introduced 
in the Netherlands (WindEurope, 2022a) and are qualitative criteria that 
are implemented to consider aspects other than price when evaluating 
WTG projects and selecting WTG suppliers. They include initiatives to 
protect the local environment and the sustainable removal wind farms 
after EoL (WindEurope, 2022a).  
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Besides directives and policies, there are standards that OEMs can adopt 
such as the DIN quality assurance standards. DIN 4866 standard 
(Deutsche Institut für Normung e.V. (DIN), 2020) on “Sustainable Dis-
mantling, Disassembly, Recycling and Recovery of Wind Turbines” is 
specifically relevant for EoL WTBs. Developed by a consortium of 25 
companies, the standard presents recommendations on how to secure 
the construction site, on dismantling, and qualifications needed, to com-
ply with occupational health and safety and environmental protection reg-
ulations. However, the standard does not provide any environmental or 
technical r guidelines for recycling but suggests that the highest grade of 
material re-use or recovery should be applied, and to only utilize energy 
recovery or landfilling as a last resort. 

05.04 Lifetime and Waste Volumes  
WTBs have a design life of 20 years for onshore models and 25 years for 
offshore models according to the IEC 61400 design standards ((IEC), 
2019a, (IEC), 2019b). The design life is the minimum time of operation, 
but many factors affect decommissioning decisions. As part of Paper I, 
which is presented in the following section, a literature review was con-
ducted to identify research studies projecting the future waste mass from 
WTBs. An overview of literature that addresses future waste flows, in-
cluding their applied methodology, geographical area of analysis, as-
sumed lifetime of the WTBs, data gathering approach and timespan for 
the modelling is presented in Table 2. As shown in the table, numerous 
articles have studied EoL WTB waste flows in various geographical con-
texts to predict where and when WTBs must be handled (Andersen et al., 
2016, Chen et al., 2021, Cooperman et al., 2021, Deeney et al., 2021, 
Heng et al., 2021, Lefeuvre et al., 2019, Lichtenegger et al., 2020, Liu 
and Barlow, 2017, Sommer et al., 2020, Sultan et al., 2018, Tazi et al., 
2019). 

Common for all the reviewed studies is that it is assumed that the life 
span of WTBs is close to their design life (i.e. 20 or 25 years). The study 
by Liu and Barlow (2017) predicts up to 2 million metric tons of WTB 
waste annually worldwide by 2025. At a European scale, Lichtenegger et 
al. (2020) estimates that 325 thousand metric tons of waste must be han-
dled annually, also by 2050. While these predictions indicate large waste 
masses, so far, a relatively low number of WTGs have been decommis-
sioned, and this discrepancy led to the formulation of the research aim 
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for Paper I. Contrary to the reviewed academic publications in Table 2, 
the Danish National Energy Agency expects onshore WTGs to have an 
average lifespan closer to 35 years (Energistyrelsen, 2020). Thus, if 
WTBs are decommissioned later than expected, this effectively influ-
ences the actual volumes and waste flows making it less attractive to 
invest in EoL technologies. Hence, it is important to understand when 
waste masses will materialize as this will also have implications for the 
development of new value chains for handling the waste. In the following 
section, Paper I is presented and addresses the future waste flows of 
WTBs based on actual decommissioning data from Denmark.  
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Table 2 - Literature overview for WTB waste flow modelling 
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05.05 Paper I – Method for Estimating the Future An-
nual Mass of Decommissioned Wind Turbine 
Blade Material in Denmark 

In the following sections the purpose, methodology, findings, contribu-
tions, and implications of Paper I are presented. The paper was done in 
collaboration with researchers from the Technical University of Denmark 
(DTU) and was published in Journal of Wind Energy in 2024. The lead-
author was Asger Bech Abrahamsen, PhD and Senior Researcher from 
DTU while my contributions were research scoping, literature review and 
paper review. The full paper is appended. 

Purpose – It is essential to estimate the future mass of WTB waste to 
establish feasible EoL solutions and value chains. Previous literature has 
assumed that the lifetime of a WTB was equivalent to the design life of 
the blade. However, data from Denmark indicates that this is not the case. 
Thus, the purpose of this study is to estimate the future waste mass of 
EoL WTBs in Denmark based on the master data register from the Dan-
ish Energy Agency. Furthermore, the aim is to describe the decommis-
sioning of WTBs in Denmark as a depletion process of the different in-
stallation years with one general distribution as a function of time. 

Methodology – This research utilizes the “Master data register for wind 
turbines” provided by the Danish Energy Agency, which holds data on all 
wind turbines commissioned in Denmark since 1977. The data includes 
commissioning and decommissioning dates for all WTGs. Based on the 
data, a model of the evolution of the onshore WTB mass installed in Den-
mark is proposed. Using a Weibull distribution, the model is based on a 
general relation between the mass and length of the WTBs, which is es-
tablished using literature data. The depletion of the WTG fleet is deter-
mined as the ratio between the decommissioned turbine blade mass by 
2021 and the installed blade mass of a certain installation year. Based 
on the analysis, an estimate of the future decommissioning blade mass 
of the Danish onshore and offshore fleet is provided.  

Findings – Based on the proposed model using a Weibull distribution 
and the analysis of the data, it is found that the estimated average time 
to decommissioning for WTBs in Denmark is 29 years. This is when half 
of the WTB mass of a given installation year is decommissioned. 
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Compared to previous studies, which assume the design life of 20 years 
as the time to decommissioning, the findings of this research show that 
in Denmark the actual decommissioning time is nine years later. Further-
more, the findings conclude that the WTB mass being decommissioned 
in Denmark will peak at 2000 metric tons a year in 2028 and again at 
5000 metric tons in 2045. Based on the model and Weibull distribution 
describing the Danish onshore WTG data, only 1.7% of WTBs will be 
decommissioned at the end of their design life of 20 years.  

Novel contribution and research implications – The findings are in 
significant contrast to previous EoL WTB mass prediction studies as find-
ings suggest that there is a substantial delay between the WTB design 
life and the decommissioning time of around nine years. This underesti-
mation of the real EoL time for WTBs has important implications for the 
development and industrialization of recycling value chains, which re-
quire a certain amount of WTB material to make a profitable business 
case. Thus, these results also provide an understanding of why circular 
EoL value chains for WTBs do not exist today. Future research is sug-
gested where the proposed fleet depletion model of this paper is applied 
to other European countries to create a total estimate of the future WTB 
waste mass in Europe.  

05.06 Uncertainties in Expected Waste Volumes and 
Implications for EoL Value Chains 

Paper I included a discussion of the potential uncertainties associated 
with the expected waste volumes. This section will present the main 
points of this discussion and how this will affect the development of new 
EoL value chains for WTBs. As presented in a previous section on blade 
ownership, WTBs are owned by a diverse group of owners, who are re-
sponsible for decommissioning the blades. Thus, the owner also deter-
mines when the WTB is seen as waste, and several factors can influence 
when this decision is made.  

The global energy crisis starting in 2021 hit hard in Europe and caused 
the price of electricity to increase (International Energy Agency, 2024b). 
Thus, keeping WTGs in operation and postponing decommissioning can 
be profitable when operating and maintenance costs remain below the 
sales price of the electricity produced. Another source of uncertainty is 
that even though a WTG or WTB is decommissioned, it does not 
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necessarily mean that it has reached its EoL. Older WTGs can be resold 
to secondary markets for a second operation period, but it is not docu-
mented how large a fraction of decommissioned WTGs are resold. It can 
therefore not be assumed that the WTB mass decommissioned is equiv-
alent to the WTB mass that must be handled at EoL.  

These uncertainties can both lead to a slower depletion of WTBs that 
must be managed at their EoL. As previously noted, the depletion rate 
will affect the attractiveness for investments and establishment of EoL 
value chains and technologies for potential investors and waste manage-
ment partners. The business case for the organizations that invest in new 
solutions can be affected negatively without sufficient waste volume, 
which can cause a lack of profitability and closure of the organization. If 
waste masses are appearing in a slower rate as suggested in paper I, it 
can have a positive impact as it provides the industry with more time for 
developing and scaling EoL technologies and value chains. The negative 
consequence is that the “burning platform” for establishing new sustain-
able solutions is less urgent for the owners, ad less attractive for investors 
of EoL value chains.  

05.07 Public Perception of the Wind Energy Sector – a 
Danish Context 

Besides the industry and policy makers, external stakeholders such as 
the public and the media have an influence on the discourse of the tech-
nical developments and how the industry is perceived. Public opinion 
might lead to further legislation or change in perception of the industry as 
a whole. Part of the PhD study included a study of the public perception 
of the EoL management of WTBs in a Danish context. The study aimed 
to identify the general discourse in Danish media of EoL management of 
WTBs and how the discourse has developed over time. 

A narrative literature review of grey literature published in Denmark was 
therefore conducted in the Danish national media archives called Infome-
dia. The search applied a systematic keyword approach and included 
both printed and digital articles from over 2500 sources published since 
1990 (Infomedia, 2022). Furthermore, snowballing was applied to identify 
other relevant articles such as press releases etc. that were not included 
in the initial search. Sixty-nine articles were identified, assessed, and 
classified as either positive, negative, or neutral towards the WTG 
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industry on the topic of EoL WTBs. A full reference list of the sixty-nine 
articles is found in Appendix IIX and the full assessment can be provided 
upon request. Yet, this section includes the main findings.   

Figure 5 - Public discourse in Danish grey literature on EoL WTBs 

Based on this assessment, the discourse was identified for five-year pe-
riods from 2001-2022 and illustrated in Figure 5. As the figure illustrates, 
the general discourse and perspective on EoL WTBs in the Danish media 
varied over the period investigated. As clearly indicated by the findings, 
coverage of the topic of EoL WTBs in the Danish news media has in-
creased rapidly since 2001. Between 2000 and 2015 there was an almost 
equal distribution of positive and negative articles on the topic but with 
only a small number of articles per period. A shift in the discourse oc-
curred in the period from 2016 to 2020, which marked a turning point for 
the wind power industry. In this period, the number of publications in-
creased and with only nine of the 26 articles being positive. In the recent 
years, a significant increase in coverage of the topic can be seen com-
mencing with a range of articles with a negative discourse in the years of 
2019 and especially 2020. Yet, in the most recent period from 2021 to 
mid-2022, a shift in the opposite direction occurred with 16 positive arti-
cles out of a total of 27. 
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At regular intervals, stories on the reoccurring topic of ‘wind turbine 
blades are a waste problem’ emerge in different versions. Yet, the over-
arching topics of the articles have not changed significantly for over 20 
years. The main challenges described include: (1) increasing waste vol-
umes, (2) limited end-of-life options, (3) underdeveloped and costly tech-
nologies, (4) lack of industrial scale solutions, (5) landfill options are avail-
able at a low cost, and (6) a lack of regulation providing no incentive to 
seek and develop alternative methods. The last point is seen as a nega-
tive incentive to find alternative solutions and causing a slow develop-
ment in overcoming barriers to improve the EoL options. The industry’s 
main response to this argument has been that waste volumes have 
simply not been significant enough to establish dedicated value chains at 
reasonable costs. While various projects have been undertaken during 
the past 20 years targeting EoL for WTBs, recent years have seen a more 
rapid development in terms of process technologies but also strategic 
targets, initiatives, and collaborations. This trend has also been evident 
in Danish media, resulting in a significant increase in coverage in 2021-
2022, as illustrated in Figure 5. 

The analysis of the Danish media discourse on EoL WTBs shows that 
the topic has contributed to negative publicity for the wind industry in gen-
eral. Landfill of decommissioned WTBs has been, and still is, a black spot 
on the green image that the wind industry seeks to promote of their prod-
ucts and the technology in general. Nevertheless, the articles and stories 
told by the Danish media not been entirely negative, and positive aspects 
such as innovation initiatives and collaboration between partners in the 
industry have been highlighted. This trend has since changed, and the 
discourse was mainly positive during the years of 2021 and 2022, driven 
primarily by industry initiatives to end landfill of WTBs. Thus, the study 
concludes that innovation projects, such as DecomBlades, can change 
the public discourse.  
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05.08 Discussion and Conclusion – Barriers to Circular 
Value Chains for EoL WTBs 

To understand why circular EoL value chains for WTBs are not present 
today, several themes and barriers have been analyzed and outlined in 
this chapter. The analysis has resulted in the identification of eight main 
barriers that explain why sustainable EoL value chains for WTBs are not 
in place. The eight barriers are consolidated in Figure 6 and elaborated 
on in the sections below and highlight important aspects that must be 
addressed by research, the industry and policy makers. Even though the 
challenges of EoL WTBs have been known for years, the low and un-
predictable volumes of waste have made it difficult to create industrial-
scale solutions other than landfill. The results from Paper I demonstrated 
that simply assuming a standard lifetime of a WTB equivalent to its design 
life will result in an overestimation of waste volumes. This is a problem 
for waste management organizations that should invest in the knowledge, 
equipment, and capacity needed to treat WTB waste, as they would need 
relatively consistent material flows and volumes to create a business. 
They have not been available so far.  

Figure 6 - Barriers to circular value chains for EoL WTBs 

While the blade material complexity outlined in Chapter 2 constitutes a 
significant challenge to creating new EoL solutions, the low and unpre-
dictable waste volumes are also found to be impacting the lack of alter-
native technologies at an industrial scale. The use of landfilling has 
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therefore been a favorable solution given its wide availability, accessibil-
ity, and low cost.  

The findings have shown that EoL management has not been a concern 
until recently due to limited waste legislation. However, in the recent 
years, new international directives and national landfill bans have in-
creased the motivation to solve the challenge of WTBs at their EoL. Fur-
thermore, the findings also show that there was a low pressure from the 
public until around 2019, since when the topic has attracted increasingly 
negative attention. This tendency is also highlighted in Paper II presented 
in Chapter 6, where findings show that academic literature on the topic 
vastly increased from 2017.  

WTBs are large complex products of varying lengths, geometries, and 
material compositions. These variations are barriers to designing circular 
waste solutions with standardized operations. Thus, to create such solu-
tions, waste management organizations must also have access to suffi-
cient material and geometry information to manage EoL operations 
and sell the secondary materials for new applications. This information 
has not been readily available so far, and the recent launch of the product 
material passport is therefore an important contribution to overcoming 
this barrier.  

Even though the findings presented in this chapter emerge primarily from 
a Danish context, they are still considered to be generalizable across Eu-
rope to some extent. National differences, for example within legislation, 
public perception, knowledge etc., can influence the extent and effect of 
a given barrier. The barrier of low and unpredictable volumes of waste 
can also vary since WTG fleet depletion rates are influenced by national 
factors such as incentives to upgrade existing WTG with new blades, as 
seen in France (Tazi et al., 2019), or high energy prices, leading to WTGs 
operating for longer. However, barriers to do with material complexity, 
lack of industrial-scale technologies, ease and cost of landfilling, opera-
tional issues of large complex products and lack of material and geomet-
ric information are considered general across markets, since these per-
tain to the technical development and the nature of the WTBs.  

In conclusion, the answer to the research question is multi-faceted as 
findings show at least eight main barriers to creating sustainable value 
chains for EoL WTBs. As Figure 6 highlights, there are essential barriers 
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that must be overcome to facilitate the design, operation, and industriali-
zation of circular value chains for WTBs. However, some of the barriers 
are already being addressed. The need for collaboration and the lack of 
available technologies are addressed by the many collaborative industry 
and academic research projects on the topic which will be analyzed in 
Chapter 6. The pressure from the public has increased since 2019 with 
negative press, but in recent years, positive stories on new technological 
developments have appeared. The lack of available material and geom-
etry information has been addressed by the introduction of the material 
passport standard, and finally, the low incentive to exclude landfill is ad-
dressed by owners self-imposing landfill stops and the introduction of 
non-price criteria in tender processes for new WTG sites. In other words, 
progress is happening but there are still barriers to tackle.  
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In Chapter 5 it was established why sustainable industrial-scale value 
chains for EoL WTBs are not in place today. Furthermore, based on re-
sults from Paper I, it was concluded that even though future waste vol-
umes of WTBs might be delayed, a significant increase in waste is still to 
be expected in the coming decades. Thus, with vastly increasing waste 
volumes and a lack of industrial-scale EoL solutions, there is a clear prob-
lem to be solved. In this chapter, technologies and processes that could 
be potential solutions for EoL WTBs are therefore explored, by adopting 
a value chain perspective to answer the following research question:  

Sub-RQ2: Which EoL value chain routes are potential end-to-end 
solutions for wind turbine blades, and what technologies and pro-
cesses are included in the design of these solutions? 

To answer this research questions, two studies will be presented and 
elaborated on, followed by a consolidation of the results from each study 
as outlined in Figure 7. 

Figure 7 - Outline of method for consolidation of research results. 

First, Paper II titled: ‘State-of-the-art value chain roadmap for sustainable 
end-of-life wind turbine blades’, is presented. Paper II adopts a system-
atic literature approach and includes a review of 61 publications 

06 Development of Roadmap for 
End-of-life Wind Turbine Blades 
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pertaining to the topic of EoL WTBs identified through academic litera-
ture. Through a meta-analysis of the publications, all findings are mapped 
in the roadmap for sustainable value chains for WTBs. The findings of 
Paper II do not include results or themes that have not yet been published 
in academic literature. Thus, to understand the newest developments on 
the topic, a second study was developed and completed. The study is 
titled ‘Research projects and emerging technologies from 2020-2023 for 
circular economy and end-of-life management of wind turbine blades’. 
This study consisted of a review of 17 ongoing research projects on EoL 
management of WTBs. The project characteristics were mapped, includ-
ing new emerging research fields and technologies. The findings from the 
study were discussed and validated by key academic and industrial ex-
perts. Finally, to answer the second sub-research question, the findings 
of the two studies were consolidated and elaborated on in a modified 
roadmap for sustainable value chains for WTBs. The modified framework 
was shared, evaluated, and discussed in a focus group interview, where 
seven industrial stakeholders representing EoL value chains processes 
were included. 

06.01 Paper II – State-of-the-art value chain roadmap 
for sustainable end-of-life wind turbine blades 

In the following sections, the purpose, methodology, findings, contribu-
tions, and implications of Paper II are presented. The paper was pub-
lished in Journal of Renewable and Sustainable Energy Reviews in 2024. 
For full paper, see Appendix II: 

Purpose – The purpose of this research study was to identify and map 
complete state-of-the-art value chain routes for EoL management of WTB 
waste, including the technical, operational, and logistical-processes 
needed to establish fully functional value chains for EoL WTBs. The study 
aim was two-fold as it first examined the state-of-the-art in the academic 
literature for EoL WTB value chains for to determine the topics and 
themes addressed in research so far. Secondly, the study examined how 
fully functional sustainable EoL WTB value chains are designed and op-
erated from the original site and until secondary products are manufac-
tured. 

Methodology – The study adopted a systematic literature review meth-
odology to identify all relevant academic literature and provide a 
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reproduceable and transparent state-of-the-art analysis of the research 
field. A literature search strategy including six steps was developed lead-
ing to the identification of 61 publications that were included in the review. 
The publications were screened based on a pre-defined protocol consist-
ing of four themes that represent the processes and activities required for 
EoL value chains for WTBs. Under the four themes, 16 research topics 
were identified, and each publication was screened and coded according 
to the topics that it addressed. The publications were also coded accord-
ing to publication year, applied research methodology and geographical 
origin. A meta-analysis of the findings across the reviewed publications 
was conducted, which resulted in a presentation of the state-of-the-art of 
academic literature and the development of the roadmap for sustainable 
EoL value chains for WTBs. 

Findings – The study presents an overview of academic literature ac-
cording to four research themes of: (1) planning and assessment of EoL 
value chain projects, (2) EoL value chains and operations, (3) R-technol-
ogies, and (4) material properties and application. The findings showed 
that 50% of the reviewed publications consist of literature reviews, 25% 
were lab-studies of R-technologies, while the remaining 25% were a mix 
of various data modelling approaches and a few case studies. The study 
showed that research has predominantly been conducted in the USA and 
Northern Europe. A key finding was that no empirical case studies of full 
EoL WTBs projects were documented in literature, which leaves a 
knowledge gap. Empirical cases and data are important for the develop-
ment and design of new EoL value chains and to identify and research 
solutions of operational challenges. The study also showed that R-tech-
nologies for WTBs is the research theme that has received the most at-
tention. The research topic of operations and logistics, such as blade sec-
tioning, transport, and pre-processing of WTB material, has been almost 
absent. Thus, it is concluded that a clear knowledge gap exists regarding 
the research theme of EoL value chains and operations. Research on 
partner collaboration, future waste masses, the environmental impact of 
R-technologies and the impact of legislation was also found to be
scarcely addressed in academic literature.  Secondly, the study presents
a novel framework: the roadmap for sustainable value chains for WTBs
depicted in Figure 8. The roadmap presents six EoL routes, each repre-
senting a potential EoL solution and R-technology pertaining to the circu-
lar strategies of material repurposing, recycling, or energy recovery. The
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routes include all the necessary value chain process steps of (1) disman-
tling and preparation, (2) sectioning of blades for transport, (3) 1st prepro-
cessing, (4) 2nd preprocessing, (5) material processing (R-technology), 
and (6) final product or application. Within each value chain, the potential 
technology and equipment that can be applied are listed. 

Figure 8 - The roadmap for sustainable value chains for WTBs from Lund and Madsen 
(2024)(From Paper II, Appendix II) 

Novel contribution and research implications – The study provides 
two novel contributions to the field of EoL WTBs. First, it provides the first 
comprehensive systematic review and value chain perspective in aca-
demic literature on EoL WTBs and highlights important knowledge gaps 
for future research. Second, it presents a novel roadmap for sustainable 
value chains for WTBs. The roadmap provides a complete state-of-the-
art value chain overview, which both academics and practitioners can 
adopt to design, operationalize, and scale future waste solutions. Thus, 
the study findings have important implications for both industrial organi-
zations wanting to contribute to future EoL value chains as well as WTB 
OEMs and owners seeking to improve their level of material circularity 
and thus their environmental impact.    
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06.02 Research Projects and Emerging Technologies 
from 2020-2023 for Circular Economy and End-
of-life Management of Wind Turbine Blades 

The purpose of Paper II was to assess the state-of-the-art in the aca-
demic literature. However, research results take time to be published and 
not all technical developments are necessarily reported in the academic 
literature. Thus, a research study was developed and conducted with the 
aim of identifying and assessing research projects currently in progress. 
The focus was on the project descriptions and reported findings to eval-
uate how these results could influence the current state-of-the-art pre-
sented in Paper II. The study provides an overview of 17 collaborative 
research projects that have been initiated since 2020 (after the start of 
the DecomBlades research project) on the topic of circular EoL compo-
sites and WTBs. The 17 research projects were presented and de-
scribed, including partners, funding, research aims, and aspects of the 
value chain for EoL WTBs addressed. Key research findings from the 
projects were identified and reported, and finally it was explained how 
these findings influence future research agendas for EoL management of 
WTBs to achieve a higher level of circularity.  

06.02.01 Methodology 

The study presented in this section was developed based on two com-
bined approaches. First, a comprehensive list of research projects devel-
oped by the project members of the IEA Wind Task 45 obtained from the 
Technical University of Denmark was used as a data base (International 
Energy Agency, 2024a). The list included all identified research projects 
pertaining to WTBs and the repurposing, recycling, or prevention of 
waste. The list was screened, and research projects initiated at the same 
time or after the start of DecomBlades were included (2020-2023) to cap-
ture information that had not been part of the assessment made prior to 
starting the project. The identified research projects were investigated 
based on available online project information as most of the projects had 
not yet published any results. To standardize the assessment, all the re-
search projects were screened based on: Name of project, kick-off year, 
external funding agency, external funding amount, technologies investi-
gated, included partners, original project description and value chain 
steps addressed. Following this process, the findings from the analysis 
were grouped according to themes and the results were elaborated on. 
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Solvolysis was found to be the technology that had seen most research 
progress in the period, and it has therefore been addressed in a dedi-
cated section. 

The second approach was to assess and validate the results. First, the 
research findings were peer-reviewed and discussed with two senior re-
searchers from the research field for further insights and a validation of 
the results. Second, the technical details and developments of the solvol-
ysis technology from the CETEC project were validated through a struc-
tured interview (Flynn et al., 1990) with the Senior Specialist – Sustaina-
bility and Advanced Materials from the OEM who was a part of the CE-
TEC research project group.  

The scope of this study was to provide technological insights and to iden-
tify new initiatives in the three-year period. The method for this study was 
not exhaustive, and there might be projects or developments that were 
not included. However, the approach, the number of identified projects 
and the subsequent triangulation process are deemed sufficient for the 
study aim. Finally, the study did not include an assessment of TRL or 
direct recommendations of technologies or processes for future value 
chains. This was because it was found almost impossible given the (lack 
of) available information from the research projects in progress and the 
current TRL of the technologies.  

06.02.02 Analysis and Results 

Table 3 presents the 17 projects including their main project characteris-
tics. In the following sections, the main findings will be presented. 
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Table 3 - Research projects on EoL of WTBs initiated in 2020-2023 

Project name  Kick-
off 
year 

External funding 
agency 

External funding 
amount (EUR) 

Classification of 
research focus  

Primary  
technology  
researched 

No. of 
partners 

Value chain steps 
addressed 

Blades2Build (European 
Commission, 2023a, 
Blades2build, 2023) 

2023 EU - Horizon  € 12,362,239.68  Recycling Cement, struc-
tural reuse 

14 Not clearly  
described  

EoLO-HUBs (European 
Commission, 2023b) 

2023 EU - Horizon  €   9,994,682.38  Recycling Solvolysis and 
Pyrolysis 

15 Steps 1-6  

REFRESH (European 
Commission, 2023f) 

2023 EU - Horizon  € 11,462,602.00  Recycling Mechanical re-
cycling and py-
rolysis 

11 Steps 1-6 

Project from University 
of Sydney (Williamson, 
2023) 

2023 NA Recycling Pyrolysis NA Step 5 - Pyrolysis 

TURBO (European 
Commission, 2023g) 

2022 EU - Horizon  €   6,813,734.00  Prevention Reduce produc-
tion scrap  

9 NA 

Wind Value (Wind 
Value, 2023) 

2022 Irish Research 
Council 

NA Decision support NA 3 NA 

RECREATE (European 
Commission, 2023e) 

2022 EU - Horizon  €   8,358,044.00  Recycling / 
prevention 

Green solvoly-
sis and electro 
fragmentation 

21 Focus on steps 5 
and 6 

ESTELLA (European 
Commission, 2023c) 

2022 EU - Horizon  €   4,966,474.00  Prevention New resin 13 NA 

CIRCUBLADE (Chalmers 
Industriteknik, 2023) 

2022 Vinnova  €      301,724.14  Repurposing Structural re-
use  

9 Steps 1-6 

REKOVIND2 (RISE, 2023) 2022 Swedish Energy 
Council 

  €      103,448.28 Repurposing/  
recycling 

Solvolysis, py-
rolysis, me-
chanical recy-
cling.  

NA Not clearly  
described  

EuReComp (European 
Commission, 2023d) 

2022 EU - Horizon  €   8,903,632.50  Recycling Recycling - not 
specified 

20 Not clearly  
described  

CETEC (Ahrens et al., 
2023, CETEC, 2023)  

2021 Innovation Fund 
Denmark 

 €   1,409,395.97  Prevention Chemical pro-
cessing:  
solvolysis  

4 Step 5 - material 
processing  

WindLEDeRR (MaREI, 
2021)  

2021 Sustainable En-
ergy Authority of 
Ireland 

Repurposing Repurposing - 
specific pur-
poses  

7 Not clearly  
described  

VIBES (European 
Commission, 2023h)  

2021 EU - Horizon  €   4,224,039.25  Recycling  Chemical pro-
cess - Solvolysis  

13 Step 5 - Material 
processing  

SUSWIND (National 
Composites Centre, 
2021)  

2021 NA - possibly the 
National 
Composites 
Centre 

Recycling Mechanical re-
cycling and ce-
ment co-pro-
cessing  

13  Steps 1-6 

ZEBRA (LM Wind Power, 
2023, JEC Composites, 
2022) 

2020 Unclear   € 18,500,000.00  Prevention New resin 7 NA 

CARBO4POWER 
(European Commission, 
2020a) 

2020 EU - Horizon  €   6,996,860.75  Prevention New material 
systems  

19 NA 
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06.02.03 Funding and Partners 

Thirteen of the 17 projects involve seven or more partners. Common for 
most of the projects is that partners include a mix of universities, research 
institutions, blade producers, blade owners and material or technology 
providers. Most projects include a WTB OEM, but none of the projects 
include multiple OEMs. Nine out of 17 projects are funded by the EU 
through the EU Horizon program. Besides it being a significant number 
of projects receiving funding from EU, they all consist of 9-21 partners 
and have received a total of EUR 74 million in direct funding. Most pro-
jects involve a relatively low investments by the participants compared to 
the funding received. The projects that received the most funding are 
Blades2Build and REFRESH, both started in 2023 and have received EU 
horizon funding of EUR 12.3 million and EUR 11.4 million, respectively. 
From this brief financial overview, it can be concluded that there are sig-
nificant funding possibilities through the EU Horizon program and that 
there is a growing interest and willingness to address and invest in solu-
tions for EoL WTBs and material circularity.  

06.02.04 Research Focus and Technologies 

The 17 projects address various aspects of EoL management of WTBs, 
from prevention initiatives to recycling technologies. The research focus 
of the projects varies: Two projects, Blades2Build and SUSWIND, ad-
dress cement co-processing. REFRESH, REKOVIND2, and SUSWIND 
focus on mechanical recycling. Four projects, EoLO-HUBs, REFRESH, 
REKOVIND2 and the (unnamed) project by University of Sydney, focus 
on pyrolysis. Three projects research new resin material systems for fu-
ture blade production. The three projects are ESTELLA, ZEBRA and 
CARBO4POWER. Five projects, EoLO-HUBs, RECREATE, 
REKOVIND2, CETEC, and VIBES, all do research into solvolysis. Finally, 
one project is focusing on structural reuse, being the project of CIR-
CUBLADE. The TURBO project focuses on reduction of scrap in initial 
blade production, while the Wind Value research project seeks to provide 
support for decision makers. 

By categorizing the projects by their research focus, it becomes clear that 
solvolysis (chemical recycling) followed by pyrolysis (thermal recycling) 
are the technologies receiving the most attention. Common for both py-
rolysis and solvolysis is that the TRL is currently low at levels 7 and 5, 
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respectively (Paulsen and Enevoldsen, 2021). Yet, with the current in-
vestments and research focus on these technologies, significant pro-
gress could be made in the coming years. This is supported by the de-
velopment of the pyrolysis process achieved by the DecomBlades project 
which is reported in appended Paper IV, and by the development of sol-
volysis announced in 2021 by Siemens Gamesa Renewable Energy with 
the recyclable blade (Siemens Gamesa Renewable Energy, 2021) and 
by Vestas and the CETEC project in 2023 (CETEC, 2023). Both projects 
are described further below.  

06.02.05 Value Chain Design 

The roadmap for sustainable EoL value chains for WTBs developed in 
Paper II (Figure 8) identified six main routes that a WTB can go through 
at its EoL, including six overall process steps. As part of the current study, 
it has been assessed which of these value chain steps each research 
project contributes to (if any), and results are listed in Table 3. 
Based on the project descriptions, it was found that Blades2Build, EoLO-
HUBs, REFRESH, CIRCUBLADE and SUSWIND are taking a value 
chain approach by addressing steps 1-6, meaning operations on site, 
pre-processing, and logistical processes, as a part of the research pro-
ject. This implies an acknowledgment of the need for value chain design 
of all involved processes, and of the fact that more and more projects 
include these aspects in their project objectives and scope. However, 
several of the projects also deep-dive into step 5 – material processing 
for solvolysis and seek to develop this further, including RECREATE, CE-
TEC, and VIBES.  

06.02.06 Main Developments Since 2020 

Besides the 17 projects reviewed in this study, three major technical de-
velopments were announced during the period. First, in 2021, Siemens 
Gamesa Renewable Energy announced the launch of a new recyclable 
blade as the first OEM in the industry (Siemens Gamesa Renewable 
Energy, 2021). The development was a new resin system that allowed 
blades made with a modified resin to be recycled in the future through a 
chemical recycling process. The fact that the blade could be recycled 
marked a new beginning for recyclable resin systems. Other projects 
have been identified that aim to achieve similar results such as 
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CARBO4POWER (European Commission, 2020a) and ESTELLA 
(European Commission, 2023c). 

Second, in 2022, the ZEBRA project announced that they had succeeded 
in making the world’s largest thermoplastic blade using a new resin tech-
nology. The blade was produced by LM Wind Power and served as a 
prototype for the project to test the recyclability of the materials (JEC 
Composites, 2022). Common for both these technological developments 
is that they are based on new resin technology and that the advantage of 
recyclability cannot be achieved until the blade reaches its EoL. These 
results do therefore not influence already existing blades and their recy-
clability. 

The third announcement was made by Vestas and the CETEC project at 
the beginning of 2023 (Hill, 2023). The project announced that they had 
successfully separated cured epoxy resin from the remaining material 
fractions in Vesta’s epoxy blades using a chemical solution. The differ-
ence between this and the other identified projects is that the method 
enables separation of materials in existing blades. Thus, this technologi-
cal development could have implications for EoL value chains for WTBs. 
For this reason, the results from the CETEC project will be further de-
scribed in the next section. 

06.02.07 Solvolysis Results from the CETEC Project 

To obtain more information on the CETEC project, an interview was 
made the Senior Specialist in Sustainability and Advanced Materials from 
Vestas who participates in both the CETEC project and a follow-up pro-
ject. The information and findings from the interview are summarized 
here below and have been verified by the informant (Senior Specialist – 
Sustainability and Advanced Materials, 2023). 

The initial CETEC project was finalized in early 2024, but a two-year fol-
low-up was already started in 2023 by project partners Vestas, Stena Re-
cycling and Olin. The aim of this project is to mature the solvolysis tech-
nology from its current stage of test runs of 100-1000g of material to a 
TRL of 6, with a test amount of 1 ton. The objective of the project is to 
reach a point where it can confidently be decided what a facility and setup 
for the processes should look like, and whether it is feasible to build or 
not. The project will be concluded in 2025. The developed solvolysis 
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technology includes a two-step process for separating the resin fraction 
of WTBs from the remaining materials. The process can run on both full 
WTB sections and grinded WTB material. Besides EoL WTBs, composite 
production waste can also undergo this process.  

The first step is to submerge the WTB material into a solvent catalyst 
fluid, which transforms the cured epoxy resin material into a powder. The 
powder can then be fully separated from the remaining material fractions 
in the WTB. Since the solvent just acts as a catalyst, solvent consumption 
of is minimal. The solvent used is not disclosed but is said to be a stand-
ard chemical material currently procurable. Step two is a chemical recy-
cling process whereby the epoxy powder is processed through an extra 
process step at the epoxy manufacturing facility, transforming the epoxy 
resin into what is chemically the same as virgin material and which can 
be used at the same level, thus substituting virgin materials (Ahrens et 
al., 2023). 

The solvolysis process developed by the CETEC project does not ad-
dress EoL management of WTBs in terms of on-site operations, logistics 
or pre-processing (value chain steps 1-3). Furthermore, the CETEC pro-
ject has not investigated how the developed solvolysis process influences 
the quality or the cleanliness of the glass or carbon fibers. Nor does it 
address the recycling of glass fibers, wood, PET foam or any composites 
made with polyester, vinyl ester etc. from the blades. The process is 
tested only on the epoxy system used by Vestas and on no other epoxy 
variations. Thus, to summarize, there is still a great need for the value 
chains presented in Paper II to be addressed. However, this development 
is a positive step forward in that the solvolysis process can be used as a 
separation process (value chain step 4) followed by further material pro-
cessing through other technologies such as remelting of the glass fibers. 

06.02.08 Sub-conclusion – Research Projects and Emerging Tech-
nologies from 2020-2023 for Circular Economy and End-
of-life Management of Wind Turbine Blades 

Seventeen research projects in progress and initiated since 2020 have 
been classified according to project focus, primary technologies re-
searched, number and nature of partners, and how they link to the value 
chains needed for processing EoL WTBs. Common for the projects are 
that most projects is cross-collaborative and include multiple partners. 
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The projects are mostly based on external funding with the EU Horizon 
program being the primary funding agency. A total of EUR 74 million has 
been received from EU Horizon across nine projects between 2020-2023. 
The main research focus of the projects is on solvolysis and pyrolysis, 
indicating a growing interest in the potentials of these technologies. Dur-
ing the period, the main technological developments are within recyclable 
resins, solvolysis, and pyrolysis. It is also acknowledged that for full value 
chains to be realized, additional steps of product refinement must be ex-
plored.  

06.03 Modified Roadmap for Sustainable Value Chains 
for End-of-life Wind Turbine Blades 

Paper II presented a roadmap for sustainable value chains for end-of-life 
wind turbine blades in Figure 8, which was derived from the state-of-the-
art in academic literature. The roadmap consists of six value chain steps 
and six potential EoL routes for WTBs. However, as shown in the second 
study on research projects and emerging technologies presented in this 
chapter, recent technical developments have occurred that must be con-
sidered. In addition, the proof of concept (PoC) for the pyrolysis route 
developed in the DecomBlades project, described later in Paper IV and 
Chapter 7, has also led to additional insights and findings as regards the 
pyrolysis route. These additional findings are important to answer the re-
search question of which EoL value chain routes are potential end-to-end 
solutions for WTBs and what technologies and processes should be in-
cluded. Thus, based on a consolidation of the findings from the two pre-
sented studies, a modified version of the roadmap presented in Paper II 
has been developed. The research findings and modified roadmap have 
been shared, evaluated, and validated through a focus group interview, 
where seven industrial stakeholders representing both OEMs and the 
thermal, chemical, and mechanical recycling routes were included. 
Based on this evaluation, a few adjustments were made, resulting in the 
roadmap presented in Figure 9. The roadmap was found to be accurately 
presenting the challenges pertaining to creating full-scale value chains 
for EoL WTBs. The feedback from the focus group interview included the 
importance of the addition of steps 6 and 7 to the roadmap and the fact 
that research and development is still needed on the output materials to 
reach commercialization.  
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Figure 9 - Modified roadmap for sustainable end-of-life value chains for WTBs 
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The findings and their prospective impact on future value chains for EoL 
WTBs are visualized in the modified roadmap in Figure 9. All the modifi-
cations to the roadmap in the form of additional value chain steps, new 
technologies, new process steps and new products are marked in blue. 
The additional or modified EoL routes are presented with dotted lines/ar-
rows. 
Besides two additional value chain steps, the findings particularly on the 
solvolysis and pyrolysis processes have resulted in modifications. These 
include the use of solvolysis as a 2nd pre-processing step that future 
value chains could utilize for material separation even for large sections 
of WTB material. The two steps of solvolysis conducted in the CETEC 
project are also depicted, including the resin as a new product. The route 
of thermal recycling, i.e. pyrolysis, has also been modified to take account 
of the findings and learnings from the DecomBlades PoC. The PoC re-
sulted in learnings of (1) the need for product refinement, (2) remelting of 
recovered glass fibers substituting virgin materials, and (3) the use of re-
covered fibers directly in plate production for new nacelle covers (Chapter 
7 and Paper IV). The main modifications between the original roadmap 
in Figure 8 and the modified roadmap Figure 9 are listed and explained 
here according to the value chain steps:  

• Incineration with energy recovery: The route of incineration is only
slightly above landfill in the waste hierarchy because of the lack of
circularity and low utilization of resources (MacArthur, 2013). For this
reason, this route is not considered as a circular solution and should
be avoided if other routes are available. It has therefore been removed
from the roadmap.

• Steps 1 to 3: Based on the findings, no modifications were needed.

• Step 4: Addition of chemical separation process. For the route of
chemical recycling, chemical separation – solvolysis step 1 – has
been added to as a 2nd pre-processing technology. The chemical
separation process can be applied to both WTB material sections as
well as mechanically recycled material.

• Step 5: Addition of chemical recycling process. For the route of chem-
ical recycling, solvolysis step 2 has been added as a material pro-
cessing step in accordance with the findings of the CETEC project.
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• Steps 6 and 7: These new value chain steps – Output material and
product refinement – have been added to the roadmap as findings
show a need for an improved understanding of refinement of output
materials from the material processing in step 5. Step 6 describes the
material coming from the material processing step that is yet to be
further refined to be of value for potential customers. Step 7 describes
the specific refinement processes needed to turn processed materials
into new products.

• Step 6: Addition of six output materials. In the thermal recycling route,
the output materials of liquid, gas, ash, and fibers have been added
to represent the material that must be further refined. In the chemical
recycling route, the output material of liquid has been added since,
findings also show that this must be further refined into oil-based prod-
ucts. In the mechanical recycling route, the output material of decon-
structed WTB material has been added to highlight the possible need
for further refinement depending on the final new product application.

• Step 7: Addition of seven product refinement processes. For the ther-
mal recycling route, four refinement processes have been added to
illustrate the respective refinement processes of the output material
from the pyrolysis process. For the chemical recycling route, a sepa-
ration and refinement process of the liquid is added, and for the me-
chanical recycling route, material sorting, and processing are added
depending on the final new product application.

• Step 8: This step was previously referred to as step 6. In this step six
new output products have been added to illustrate the research find-
ings concerning, in particular, the chemical and thermal recycling
routes.

06.04 Implications and Further Research 
The modified roadmap for sustainable value chains for of end-of-life wind 
turbine blades illustrates the potentials of future EoL value chains given 
current and expected future developments. However, the roadmap 
should not be considered as the final solution, but rather as input for ex-
ploration and future research.  
Based on a systematic literature review, Paper II showed that no case 
studies of EoL value chains have been reported in literature so far. Thus, 
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further research is suggested to include such case studies of EoL WTB 
projects, to obtain further details and operational insights, and to validate 
the roadmap in an empirical context. What is illustrated by the research 
findings is that there are several technical solutions to facilitate circular 
EoL management of WTBs. Currently, the routes of structural repurpos-
ing, cement co-processing, and mechanical recycling are technically fea-
sible. In other words, no evidence is found to suggest that these routes 
cannot be performed with the current technologies, thus suggesting that 
scaling of these solutions is a question of knowledge, collaboration, and 
investment – and not of technical feasibility. 

The results have several implications. First, the roadmap provides an 
overview of the state-of-the-art and highlights where more research is 
needed. The roadmap is the first of its kind to utilize a value chain ap-
proach to map end-to-end routes for EoL WTBs. The six identified routes 
and their subprocesses provide practitioners and owners with an over-
view of available routes, including processes and technologies, for their 
EoL WTBs. Thus, with the roadmap, it is simpler for owners to sustainably 
manage their EoL WTBs. Second, the roadmap provides both owners 
and potential waste management partners with a tool for collaboration 
and co-creation of new EoL value chains. This implication also raises the 
need for more research into how owners and waste management part-
ners are collaborating to facilitate such value chains. Third, the findings 
have implications for the development of chemical and thermal recycling, 
but further research is necessary for these routes, especially steps 6 and 
7 (output materials and product refinement). However, findings from the 
assessment of research projects in progress also show that these routes 
are the ones receiving the most attention and funding, indicating that de-
velopments for these routes are likely in the near future. Fourth, the find-
ings also show that all routes must go through value chain steps 1 – 4, 
and yet results from Paper II show that little attention has been given to 
these processes. Thus, there is a need for research to identify best prac-
tices in these processes, especially since they are complex due to the 
nature of the blades being large complex products with varying lengths, 
geometries, and material compositions. Finally, it should be noted that 
the roadmap does not indicate which route is better in terms of levels of 
circular principles. However, the findings and conclusions of this chapter 
constitute an important baseline for future research, and it is suggested 
that assessments of the different EoL routes be conducted, including their 
TRL, level of circularity, environmental impact, and cost.  
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06.05 Conclusion 
This chapter set out to investigate which technologies and processes are 
potential solutions for EoL value chains for WTBs. Paper II addressed 
this research aim through a systematic review of academic literature on 
EoL WTBs. The findings of Paper II included a full assessment of all the 
technologies and processes that may work as potential solutions for EoL 
WTBs. The study proposed a roadmap for sustainable value chains for 
EoL WTBs, including six potential routes. Second, to investigate recent 
technological developments not yet documented in academic literature, 
a study of research projects and emerging technologies from 2020-2023 
for CE and end-of-life management of WTBs was conducted. The study 
concluded that there is an increased research focus on the technologies 
of solvolysis and pyrolysis, which is demonstrated by the number of re-
search projects in progress and recent announcements of research find-
ings. These developments have been compiled with the findings from Pa-
per II in a modified version of the roadmap for sustainable value chains 
for end-of-life wind turbine blades. In conclusion, the modified roadmap 
combines the state-of-the-art with the newest technological develop-
ments and thus specifies in detail how future EoL value chains for WTBs 
can operate and which technologies and processes are potential solu-
tions for EoL value chains for WTBs. 
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This chapter builds on the research outcomes of Chapter 6 which identi-
fied potential EoL routes for WTBs. The outcome resulted in a roadmap 
for sustainable value chains for WTBs that was developed based on a 
meta-analysis and consolidation of literature findings that did not include 
any empirical cases of EoL WTBs. Hence, to build on these findings and 
move the research field forward, further technical and operational insights 
must be obtained through empirical studies to validate and elaborate on 
the findings from Chapter 6. This chapter will therefore include empirical 
findings from four cases to shed more light on the design and operations 
of fully functioning value chains for EoL WTBs. This chapter will therefore 
answer the following research question:  

Sub-RQ3: How can fully functioning value chains for end-of-life 
wind turbine blades be operated at an industrial scale to support a 
circular economy? 

First, the chapter briefly outlines the literature on EoL management for 
large complex products (LCPs) in general. It then builds on the findings 
and implications of Papers III and IV. Paper III will be presented to answer 
how decommissioning of LCPs is designed and operationally conducted 
to support the CE principles of reuse and recycling. Paper III adopts an 
in-depth single case study methodology and studies a full EoL value 
chain for 21 WTBs destined for either reuse or recycling in cement co-
processing. The study focus is on practices, challenges and decision-
making behind the design and operational execution. 

Next, Paper IV is presented, which answers the research question of how 
fully functioning recycling value chains for EoL WTBs can designed and 
operationally executed to support the CE. The paper adopts a multiple 
case study approach, and four different EoL recycling value chains are 
investigated. Paper IV builds on the learnings from Paper III and adds 
three additional empirical case studies, each of which documents all the 
value chain processes applied for EoL solutions following CE principles. 
However, in this study the focus is on similarities across cases for 
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standardization of future industrial-scale value chains. Finally, findings 
across Paper III and IV are briefly discussed and concluded on.   

07.01 Circular Economy in Decommissioning of Large 
Complex Products 

Zooming out from the domain of WTBs, other types of LCPs meeting their 
EoL are found to present similar challenges. LCPs such as aircrafts 
(Keivanpour et al., 2015), offshore oil and gas platforms (Vidal et al., 
2022) or constructions (Yu et al., 2021, Ghaffar et al., 2020, Knoth et al., 
2022) are considered highly complex since they contain high material 
volumes, complex material compositions and fragmented waste sources, 
making circular EoL management difficult and resource-intensive (Yu et 
al., 2021, Ghaffar et al., 2020). To achieve CE in this context, it is essen-
tial that CE principles such as reuse or recycling of materials are estab-
lished at the highest possible level to secure materials and their value for 
new secondary applications (Potting et al., 2017). However, decommis-
sioning methods covering project management, decision-making, and 
operational processes are scarcely addressed in the existing literature 
(Topham and McMillan, 2017).  

Studies from the construction industry find that to introduce circular waste 
practices, continuous interlinked processes are required. This includes 
waste identification, source separation, pre-demolition audits, robotic 
sorting, mobile on-site operation, manufacturing processes onsite and 
off-site, quality management, policies, and regulations (Yu et al., 2021, 
Ghaffar et al., 2020). Vidal et al. (2022) develops a conceptual framework 
for decommissioning of offshore gas and oil platforms and finds that de-
commissioning projects are complex and must involve several stakehold-
ers such as governments, operators, and engineers.  
The results from Knoth et al. (2022) indicate that barriers to material cir-
cularity include limited infrastructure, a lack of pilot projects, lack of col-
laboration throughout the value chain, stagnant regulations and finally a 
lack of training in the circular design processes. Therefore, studying em-
pirical cases of decommissioning projects and their value chains, collab-
orations, practices, and challenges can address the current gaps in liter-
ature and practice. This research gap will therefore be addressed by Pa-
pers III and IV, which include four empirical case studies of full decom-
missioning projects. 
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07.02 Paper III – Circular Economy Operations for 
Large Complex Products at End-of-life: The Wind 
Turbine Case 

In the following sections, the purpose, methodology, findings, contribu-
tions, and implications of Paper III are outlined and presented. An earlier 
version of the paper was presented at the European Operations Manage-
ment Association conference in Leuven, 2023 (EurOMA 2023). After this, 
the paper was further developed through a three-month research stay at 
University of Cambridge, Institute for Manufacturing, in close collabora-
tion with Associate Professor, Dr Veronica Martinez. At the time of sub-
mission of this dissertation, the manuscript had been submitted for jour-
nal publication. For full paper, see Appendix III. 

Purpose – LCPs including wind turbines and their blades present com-
plex challenges at their EoL due to material variations, volumes, and 
complexity. Therefore, it is critical to establish circular EoL routes for 
LCPs aligning value chain operations with CE principles. Even though 
CE implementation has gained increasing attention, research studying 
the role of operations management in implementation of CE is scarce. 
Thus, this research aims to study how decommissioning of LCPs is de-
signed and operationally conducted to support CE principles, particularly 
reuse and recycling, through identifying the operational processes and 
building blocks for CE implementation. 

Methodology – First, this study includes a structured literature review to 
identify the phases of decommissioning and understand the building 
blocks for operational execution and performance in EoL management of 
LCPs. Based on a meta-analysis of current literature, themes and prac-
tices have been synthesized into a framework for material circularity in 
decommissioning of LCPs. The findings from literature particularly iden-
tified the third project phase of operational execution as a knowledge gap. 
Thus, the second part of this study applied an in-depth empirical case 
study method to study operational execution practices for CE. The case 
included the end-to-end decommissioning process of 21 WTBs in Finland 
that were going to be reused or recycled. Data was collected through 
semi-structured interviews with informants, a site visit, technical data, and 
pictures that went through a double-looped verification process with the 
informants. The case study systematically documents the operational 
and logistical processes involved in project execution, and findings were 
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consolidated in a framework for decommissioning of LCPs and discussed 
in relation to existing literature.  

Findings – First, the findings from the literature review identified four 
main decommissioning project phases, each including a number of activ-
ities. The four phases were: (1) overall planning, (2) preparation for de-
commissioning, (3) operational execution, and (4) post-decommission-
ing. These findings were consolidated in a framework for CE in decom-
missioning of LCPs. However, in particular the third project phase of op-
erational execution was found to be scarcely addressed in the literature 
while identified as being a crucial part of CE implementation. The results 
from the in-depth case study specifically addressed the operational exe-
cution phase of a decommissioning project for EoL WTBs. The case 
study included the CE principles of reuse and recycling and a total of 
seven main activities for operational execution of LCPs were identified. 
The activities were elaborated on and outlined in the framework for CE in 
decommissioning of LCPs. They were (1) on-site demolition, (2) section-
ing material into transportable sizes, (3) transportation to pre-processing 
and material reuse, (4) material pre-processing for recycling, (5) trans-
portation to recycling facilities, (6) material recycling, and (7) material re-
fining and secondary application. The framework provides practitioners 
and researchers with a step-by-step project management approach fo-
cusing on the operational implications of decommissioning of LCPs. The 
study results also illustrate the complexity and challenges faced in de-
commissioning operations but highlight the importance of operational ex-
ecution for successful material circularity. Finally, it was confirmed that 
complex decision-making is needed and involves tradeoffs between 
safety aspects, environmental factors, social aspects, cost, technological 
feasibility, and political factors. 

Novel contribution and research implications – This research has 
several important implications. The detailed insights provided by the in-
depth case study and the developed framework can provide academics 
and practitioners with knowledge on the operational processes needed 
for EoL projects of LCPs. In particular, the findings will support future re-
search and projects pertaining to increased material circularity for EoL 
products. The results elaborate the decommissioning phases of the 
LCPs, which have been missing from theory and practice. Thus, the novel 
contribution of this research concerns the impact and role of operations 
management on CE implementation. The case study is the first to be 
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documented in academic literature concerning a full end-to-end value 
chain for a WTB case, and thus addresses the call for empirical data spe-
cifically in this research domain, which makes an important contribution 
to the wind power industry.  

07.03 Paper IV – Value Chains for Recycling End-of-life 
Wind Turbine Blades: A Multiple Case Study 

In the following sections, the purpose, methodology, findings, contribu-
tions, and implications of Paper IV are presented. The paper is based on 
four empirical case studies. The paper is single-authored and at the time 
of submission of this dissertation, the manuscript had been submitted for 
journal publication for review. For full paper, see Appendix IV: 

Purpose – A previous research study (Paper II) found that the academic 
literature on EoL management of decommissioned WTBs is dominated 
by literature reviews, and that data and knowledge on industrial-scale so-
lutions for circular waste management are lacking. Especially empirical 
data and real EoL WTB following circular pathways are absent in the lit-
erature. Thus, there is a knowledge gap in terms of investigating how full 
value chains can be designed and operated at an industrial scale and 
including all planning, operational, and logistical processes. This 
knowledge is required to understand how full value chain systems can be 
designed and industrialized to support the vastly increasing number of 
EoL WTBs blades. Hence, this study answers the research question of 
how fully functioning recycling value chains for EoL WTBs can be de-
signed and operationally executed to support the CE. 

Methodology – This study adopts a multiple case study methodology to 
study four empirical cases of end-to-end recycling value chains for EoL 
WTBs. To study how variables may influence the design and operational 
execution for material recycling, the case sampling was based on a care-
fully designed approach considering six variables: (1) blade geometry 
and mass, (2) blade quantity, (3) recycling route and technology, (4) 
blade owner, (5) blade location, and (6) waste management partner. Four 
cases were identified, and all involved EoL value chains pertaining to the 
CE principle of recycling and represented variance within the six defined 
variables. The recycling technologies were all at a minimum TRL of 
seven, and included pyrolysis, cement co-processing and mechanical re-
cycling. In all cases the data was gathered through semi-structured 
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interviews completed with key personnel from the blade owners and the 
waste management partners involved in each case. First, the data was 
analyzed for each individual case and mapped according to the sequence 
of value chain processes described. This included the responsible organ-
ization and applied technologies and equipment. Next, the results across 
the cases were grouped and aligned according to their operational activ-
ities for cross-case comparisons. The findings were consolidated in de-
tailed case descriptions followed by a complete value chain roadmap for 
all four cases. 

Findings – The study findings include the identification, documentation, 
and analysis of four recycling value chains that can be completed at an 
industrial scale for WTBs reaching their EoL. Findings show that to de-
sign and operate an industrial-scale recycling value chain, up to eight 
different process steps are required. These are identified as: (1) on-site 
demolition, (2) sectioning for transport, (3) first pre-processing, (4) land-
filling of non-recyclable parts (if applicable), (5) second pre-processing, 
(6) material recycling, (7) post-processing, and (8) material refining and
application. In addition, four different steps of transportation can be nec-
essary. The results conclude that the variables of blade model, geometry,
quantity, weight, owner, waste management partner, and recycling tech-
nology influence the number of applied process steps in the EoL value
chain. However, multiple processes are recurrent across cases and not
dependent on the material recycling technology. These value chain steps
include on-site demolition, sectioning of the blades for transportation, pre-
processing of material, and mechanical shredding. It is thus suggested
that these processes are standardized and automated for improved effi-
ciency. Through this study, it was found that to implement CE principles,
such as recycling, a full value chain setup is required. This includes mul-
tiple complex operations, transportations, and organizations, which illus-
trates that recycling involves more challenging and extensive operations
than is indicated by the existing literature. Challenges associated with
finding suitable equipment, ensuring a good working environment, work-
ing outdoors, pollution and cleaning are emphasized. Nevertheless, it is
concluded that the design and operational execution of recycling value
chains for EoL WTBs is indeed feasible from a technical and cross-sector
collaborative point of view.
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Novel contribution and research implications – This study is one of 
the first to document multiple end-to-end recycling value chains for WTBs 
at EoL. The lack of empirical data has been well-documented in previous 
studies, and thus the data and detailed case descriptions presented are 
a novel contribution with implications for both academia and practitioners 
seeking to establish industrial-scale recycling systems. Findings demon-
strate that planning and execution across multiple geographical locations 
and partners is necessary, which results in highly complex value chain 
design and management. Hence, present and future value chain partners 
can benefit from the contributions of this research when establishing full 
industrial recycling solutions. Data and results can also be applied in fu-
ture research seeking to assess the environmental impact of recycling 
value chains for blades. A novel theoretical contribution is made to the 
literature on operations management and value chain design for on im-
plementation of CE. Particularly, the study showcases the fact that CE is 
not as clean as the concept; rather it is difficult and actual hands-on work 
that calls for practical and technical solutions.  

07.04 Discussion 
The results presented in this chapter showcase four diverse full-scale 
EoL value chains and address the lack of empirical studies of EoL WTBs 
in academic literature. This knowledge is needed to move the research 
field forward and facilitate industrial-scale adoption, as emphasized by 
the results of Paper II. The findings in this chapter make a practical con-
tribution to CE literature, and address the knowledge gap between CE 
theory and practice highlighted by Barreiro‐Gen and Lozano (2020). 

The empirical case studies from Paper IV expand on the modified value 
chain roadmap developed in Chapter 6 (Figure 9) by testing the thermal 
recycling, mechanical recycling, and cement-co-processing routes. In ad-
dition, the in-depth case study from Finland of 21 WTBs shows the appli-
cation of the CE principle of reuse. First and foremost, the empirical data 
from the case studies validates the eight value chain steps proposed in 
the value chain roadmap (Figure 9), which are (1) on-site demolition and 
dismantling, (2) sectioning for transportation, (3) 1st pre-processing, (4) 
2nd pre-processing, (5) material processing (recycling), (6) & (7) product 
refinement of output materials, and (8) new product application.  
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The results do, however, provide a more detailed picture of the opera-
tions involved in the various recycling routes and the decision-making 
behind. Thus, the value chain routes are documented and validated in an 
industrial setting. It demonstrates that no matter which of the three tested 
recycling routes are followed, some level of WTB sectioning and pre-pro-
cessing is required and that several transportation steps are involved. 
Mechanical shredding is also applied in all cases, which was also sug-
gested by the value chain roadmap in Chapter 6. Case D from Paper IV 
also validates the pyrolysis route and the potential for glass re-melting 
suggested in Chapter 6. In case D, the pyrolysis technology was demon-
strated at an industrial scale, and materials underwent several processes 
and post-processing for product refinement. This has important implica-
tions for the development of future value chains utilizing the pyrolysis 
technology and glass-remelting, and it documents the value chain system 
that must be in place for this to work at an industrial scale. 

Across the two presented papers, successful material recycling was 
found to be dependent on well-designed value chains aligned both up-
stream and downstream with suppliers. This means that the initial pro-
cesses of sectioning and pre-processing are designed according to the 
specifications of the subsequent material recycling processes and the de-
sired secondary product. This emphasizes that future recycling solutions 
for EoL WTBs must be seen as full value chain systems with processes, 
technologies, logistics and multiple partners involved. This finding sup-
ports the findings by Govindan and Hasanagic (2018) on the importance 
of partner collaboration, logistics and implementing technical equipment 
and facilities. 

The study findings from Paper III also provided a clear framework for de-
commissioning of LCPs, addressing the call by Topham and McMillan 
(2017) for more detailed planning of decommissioning processes. Even 
though this study focusses mainly on EoL WTBs, the study findings also 
align with the previous research conducted in the construction sector, 
where circular waste management requires continuously interlinked pro-
cesses such as source separation, sorting and processing, remanufac-
turing processes onsite and offsite, and quality management (Ghaffar et 
al., 2020). 

In addition, the findings from the four cases show that the initial value 
chain processes are the same across recycling value chains. Thus, 
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processes can be standardized and optimized as they are not found to 
be dependent on WTB model, size, or material composition. Hence, if 
operational practices can be standardized, they can become more effi-
cient or automated, and as proposed by Ghaffar et al. (2020) this could 
include robotic sorting or mobile on-site operation. 

The study results demonstrate the importance of overcoming barriers to 
material circularity such as the lack of pilot projects and collaboration in 
the value chain (Knoth et al., 2022). In this regard, the results of Paper III 
show how to ensure collaboration in the design and operation of decom-
missioning projects, and Paper IV showcases four projects for material 
circularity.  

07.05 Conclusion 
The two studies of Papers III and IV combined answer the third sub-re-
search question. The research results have been established based on 
a detailed empirical data set of four case studies documenting how fully 
functioning circular value chains for EoL WTBs can be designed and op-
erated. In conclusion, to design and operate fully functioning value chains 
for EoL WTBs in accordance with CE principles, the following points ap-
ply: 
• All phases of decommissioning/EoL must be designed in alignment

based on a value chain approach and CE principles.
• A full decommissioning project should consist of four phases: (1) over-

all planning, (2) preparation for decommissioning, (3) operational ex-
ecution, and (4) post-decommissioning.

• In the third phase of operational execution, up to eight separate pro-
cess steps and four separate points of transportation may be required.

All steps in the EoL value chain must be designed as a single complete 
system in which all processes are developed and aligned in accordance 
with the specifications of the desired secondary product made from the 
WTB waste. Partner collaboration upstream and downstream in the value 
chain is found to be essential to designing and operating successful EoL 
value chains, in order to obtain data, knowledge and utilize expertise 
within technologies and waste handling. Finally, all four cases demon-
strated fully functioning value chains for EoL WTBs in accordance with 
CE principles, concluding that all three recycling routes are technically 
and practically feasible.  

103





The previous chapters have answered the question of how to design and 
operate different value chain routes for EoL WTBs pertaining to the cir-
cular principles of reuse, repurposing, and recycling of materials. A ques-
tion that remains to be answered is how to compare and evaluate the 
impact of the different technologies and EoL routes, and which variables 
should be considered when making this assessment. As demonstrated in 
Paper IV, Figure 2, the different EoL routes are at different levels of cir-
cularity and TRL. Furthermore, the aspect of cost for investments and 
operations are also to be considered. This chapter will therefore answer 
the following research question:  

Sub-RQ4: How can it be evaluated which circular value chains for 
end-of-life wind turbine blades should be industrialized and what 
variables influence this decision? 

To answer this research question, two separate studies will be presented. 
First, Paper V looks at decision-making from an operational perspective 
by zooming in on a single value chain process. A Three-Stage Frame-
work for Sustainable Decision-Making (3-SuDeM) was developed and 
adopted a multi-criteria decision-making methodology. The framework 
was tested and validated with a waste management company to identify 
which equipment was preferred for sectioning WTBs in future industrial-
scale value chains. Next, Paper VI studies how future value chains for 
EoL WTBs can be assessed and evaluated through a combination of life 
cycle assessments (LCA) and multi-criteria decision-making (MCDM). In 
Paper IV, a framework for this assessment was developed to consider 
future EoL scenarios for WTBs characterized by different TRLs and levels 
of economic feasibility, environmental impact, social impact, and circular-
ity. The findings of both studies are consolidated in Figure 10 to provide 
an overview of the variables identified as influencing the assessment of 
value chain scenarios. Finally, the results of this chapter are briefly dis-
cussed and concluded on to answer the posed research question. 

08 Evaluation of Circular Value 
Chains for End-of-life Wind 
Turbine Blades 
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08.01 Paper V – Sustainability Assessment of New 
Technologies using Multi-Criteria Decision-Mak-
ing: A Framework and Application in Sectioning 
End-of-life Wind Turbine Blades   

In the following sections the purpose, methodology, findings, contribu-
tions, and implications of Paper VI are presented. The article was written 
in collaboration with two co-authors and published in Renewable and 
Sustainable Energy Reviews in 2023. For full paper, see Appendix V: 

Purpose –Research has so far primarily addressed EoL technologies for 
WTBs, and a knowledge gap is identified pertaining to operations and 
logistical practices prior to recycling, including cutting and sectioning op-
erations needed in complete EoL value chains. Several practices and 
technologies have been identified as potential solutions for sectioning op-
erations for WTBs. However, it remains unclear how to evaluate which of 
the different technological options for cutting is preferred and which crite-
ria should be included in this evaluation. Therefore, the purpose of this 
study was to develop and validate a full framework that can aid the sus-
tainability assessment of technologies.  

Methodology – First, this research adopted the approach of a structured 
literature review. Literature was reviewed with a focus on assessment 
aims, research domains and applied assessment framework and/or 
methodology to identify relevant methods for sustainability assessment 
of technologies. The analysis led to the identification of MCDM as the 
most suitable method for assessment. Next, based on a consolidation of 
key literature findings, a complete step-by-step framework for sustaina-
bility assessment using MCDM analysis was developed. The developed 
framework was then tested for validation in cooperation with a waste 
management company with practical experience in sectioning WTBs. 
Through this process, four relevant alternatives of technologies for sec-
tioning WTB were first identified and discussed. This was followed by an 
evaluation grounded in a 3BL approach including environmental, social, 
and financial criteria. Criteria for evaluation were identified through litera-
ture and through workshops with the company. The criteria were then 
ranked through a Delphi study approach to reach consensus between the 
participants, concluding the global and local weighting of all criteria. Data 
for each criterion was retrieved from suppliers, product specifications of 
each technology, literature, and experts in the company. The MCDM 
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method of Technique for Order of Preference by Similarity to Ideal Solu-
tion (TOPSIS) was then applied to complete the evaluation. To validate 
and discuss the results, two separate sensitivity studies were completed. 

Findings – The findings from the literature review concluded that the 
MCDM evaluation method was the most accepted method for sustainable 
decision-making since it allows for multiple criteria to be covered, but with 
different importance being given to each criterion. Literature findings 
were consolidated in a conceptual framework named the Three-Stage 
Framework for Sustainable Decision-Making (3-SuDeM). The 3-SuDeM 
framework addresses the identified research gap by proposing a system-
atic step-by-step approach to sustainable decision-making by consider-
ing multiple criteria. Stage 1 includes the definition of the main goal of 
decision-making and the identification of: alternatives for evaluation, sus-
tainable criteria, data input and weightings of criteria. Stage 2 includes 
the problem analysis, selection, and completion of the MCDM method. 
Stage 3 includes the problem resolution, including a sensitivity analysis, 
leading to a final stakeholder evaluation of the most sustainable solution 
against the originally defined goal. The findings from the 3-SuDeM case 
application with the waste management company included the identifica-
tion and inclusion of four technological alternatives for blade sectioning, 
and 15 assessment criteria pertaining to the 3BL. Findings based on the 
analysis indicated that the preferred technology for sectioning WTBs was 
an excavator with a saw blade fixture. This caused the waste manage-
ment company to consider this option instead of a fuel-powered handheld 
saw that they had previously used, and to justify investing in the excava-
tor with a saw blade fixture as a long-term investment. Nevertheless, the 
results are based on a single application, including the priorities of the 
specific organization and a set of assumptions for the data collection. 
Thus, the result should be considered as a preliminary guideline for other 
organizations.  

Novel contribution and research implications –The implications of this 
study are twofold. First, the 3-SuDeM framework proposed and applied 
in this research provides an important contribution to literature on MCDM 
and industrial sustainability implementation by providing a structured 
three-stage approach to complex decision-making. Secondly, the results 
have implications for practitioners and provide a method and demonstra-
tion of how to evaluate and select sustainable technologies in future value 
chains. The framework makes sustainable decision-making 
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approachable and manageable directly in industrial settings. The findings 
particularly support the development of EoL value chains for WTBs by 
identifying an excavator with a saw blade fixture for cutting operations. 
This technology can be applied in full industrial value chain solutions that 
consider cost, environmental, and social aspects of those value chains. 

08.02 Paper VI – Sustainable End-of-life Value Chain 
Scenarios for Wind Turbine Blades 

In the following section, the purpose, methodology, findings, contribu-
tions, and implications of the Paper VI will be presented. The paper is 
found in Appendix VI and has been presented at the WindEurope Annual 
Event in Copenhagen 2023. Afterwards the paper was published in Jour-
nal of Physics, the Conference Series. The paper was written in collabo-
ration with colleagues from the Institute of Green Technology and Uni-
versity of Southern Denmark. My contributions were to the research 
scoping, data collection, literature review, and paper review.  

Purpose – Sustainable recycling value chains for EoL WTBs are yet to 
be commercialized and become widely available to provide a feasible al-
ternative to landfilling or incineration. Yet, research assessing the sus-
tainability of future EoL solutions for WTBs based on a full value chain 
approach and empirical data has so far been absent. To conduct such 
assessments, trade-offs between the environmental, economic, and so-
cial impacts should be considered including the value and circularity level 
of potential secondary products. However, the literature review did not 
identify any established framework for sustainability assessment of 
emerging recycling scenarios. Thus, the purpose of this research was to 
develop a framework that can be used to evaluate different future EoL 
value chain scenarios at different levels of technological readiness, eco-
nomic feasibility, environmental impact, social impact, and circularity.  

Methodology – Based on a value chain approach to full EoL scenarios 
of recycling technologies for WTBs, a framework was developed and pro-
posed. These scenarios included mechanical recycling, pyrolysis and ce-
ment co-processing that are at different TRL due to various technological 
barriers. A landfill scenario was also included as a baseline scenario. The 
scenarios were developed and defined based on workshops and meet-
ings with industrial organizations with expertise and experience in EoL 
operations and with WTB OEMs that provided blade data and 
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specifications. Data was then compiled and analyzed through the appli-
cation of material flow analysis and LCA. Initial results highlighted that 
the assumptions made concerning avoided products in trade-off account-
ing had a high impact on results. To account for these challenges, future 
versions of each recycling scenario were developed based on the shared 
socio-economic pathways (SSP) for 2030, 2040 and 2050 developed by 
the Intergovernmental Panel on Climate Change (IPCC). For each path-
way, best, middle, and worst-case scenarios were considered. Finally, 
findings including case descriptions, proposed assessment methods and 
future scenarios were combined into a proposed framework.   

Findings – The study results include the development and alignment of 
four different recycling value chains: mechanical recycling, pyrolysis, ce-
ment co-processing and a baseline landfill scenario. A number of tech-
nological options were applied as part of the value chain assessment, 
such as equipment for shredding, size and specification of shredding 
blade material fractions, transportation modes and post-processing op-
tions. Each recycling value chain was aligned with three SSP scenarios, 
i.e. SSP1, SSP2 and SSP5, and three timeframes for 2030, 2040 and
2050. Five assessment methods were identified as suitable for evaluating
the different value chain scenarios. Yet, the key challenge was that these
methods do not consider (1) the differences in TRL and circularity levels,
(2) a non-weighted evaluation of environmental, economic, and social
sustainability, and (3) the acuteness of increasing waste volumes from
EoL WTBs. Thus, to address these challenges, the framework of emerg-
ing-scenarios assessment was proposed. The framework is based on the
integration of LCA and MCDM for decision-making. The framework in-
cludes five main steps for assessment: (1) prospective LCA, (2) shared
socio-economic pathway scenarios, (3) developing aligned scenarios, (4)
applying MCDM method, and (5) considering EoL scenarios over time.

Novel contribution and research implications – The assessment 
framework proposed in this study can serve as the basis for evaluating 
and comparing the impact of future EoL value chains for WTBs. The novel 
framework addresses the complexity of evaluating technologies at vari-
ous levels of circularity and TRL, while also considering the future devel-
opment of these technologies, which has been overlooked in literature so 
far. Thus, this research has implications for academics and practitioners 
involved in the design and implementation of future EoL value chains for 
WTBs as it outlines a method for evaluating emerging technologies that 
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have not yet been implemented, and thus provides managerial insights 
for a timeframe up until 2050. This approach can also be adapted to other 
industrial domains where similar challenges are faced.  

08.03 Discussion 
The results and implications of the respective studies are discussed sep-
arately in each of the appended papers. In this section, the combined 
results are discussed in connection with the fourth sub-research question 
posed at the beginning of the chapter. In relation to EoL management 
and technologies for WTBs, other studies have applied the LCA method-
ology (Morini et al., 2021, Ratner et al., 2020, Sakellariou, 2018) or an 
MCDM methodology (Deeney et al., 2021, Delvere et al., 2019). Hence, 
the approaches are not unknown in literature. Nonetheless, Paper V is 
the first to apply this method directly for selecting technologies for EoL 
value chains. The results show how MCDM methods such as TOPSIS 
can assist single organizations in decision-making for sustainability. 

Paper VI is the first to propose an assessment framework using a com-
bined prospective LCA and MCDM approach that can address the com-
plexity of evaluating technologies and value chains yet to be developed. 
The prospective LCA method can be applied for full value chains and 
requires data from several organizations and background systems. This 
can assist the assessment of new industrial systems outside single or-
ganizations. LCA studies are increasingly used, in both academia and by 
industry and policymakers, to document and assess the environmental 
impact of products, value chains or systems (Jegen, 2023). However, a 
standard LCA method does not consider other variables such as cost, 
social responsibility, TRL levels etc. Therefore, the contributions of Pa-
pers V and VI are important as they highlight the necessity of combining 
the LCA approach with more variables for assessment, which can be 
done through the application of a MCDM method. This applies especially 
when evaluating future scenarios where data is limited.  

Several variables were identified by the two studies as influencing deci-
sion-making for selecting and scaling specific processes and technolo-
gies (Paper V) and entire value chains (Paper VI). The variables for de-
cision-making have been merged in Figure 10 to present a complete 
overview of variables that should be considered in future decision-making 
when comparing and assessing EoL technologies and value chains. 
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Figure 10 has direct implications for future research and for practitioners 
as it provides a novel overview of variables that influence decision-mak-
ing and which assessment methods to apply.  

The findings from the two studies highlight the complexity in evaluating 
very different variables and how this can influence decisions. The trade-
off between cost, environmental performance, level of circularity and TRL 
is a particularly complex task to assess. This dissertation does not in-
clude LCA assessments of future value chain scenarios as this is outside 
of the research scope. However, future research is suggested where the 
data presented in Chapter 7 is applied to the assessment methods pro-
posed here in Chapter 8. It is therefore important to stress that the results 
of the presented studies merely answer the question of which methods 
can be used for decision-making and determine which variables should 
be considered, while demonstrating how to apply these methods. How-
ever, the results do not determine which are the preferred future value 
chains or technologies for EoL WTBs. So far, the weight and impact of 
the variables still depend on the priorities of the organizations involved. 
This could be impacted in the future through changes in legislation, 
standards, or non-price criteria in tender processes, which will be dis-
cussed further in Chapter 9. 

Figure 10 - Variables for decision-making. 
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08.04 Conclusion 
In this chapter, two studies are presented and elaborated on to answer 
the question of how to evaluate which circular value chains for EoL WTBs 
should be industrialized and what variables influence this decision. In Pa-
per V it was found that the most widely applied method for sustainable 
decision-making is the MCDM method. A complete Three-Stage Frame-
work for Sustainable Decision-Making (3-SuDeM) was developed and 
successfully tested with a Danish waste management partner to assist 
the selection between four different technologies for WTB sectioning. The 
method was found to positively aid the decision-making process, making 
sustainable decision-making approachable and manageable. Paper VI 
proposed a five-step framework of emerging-scenarios assessment that 
integrates a prospective LCA approach and MCDM methodology. The 
framework considers the challenges of acuteness of increasing waste 
volumes, the differences in TRL and circularity levels, and the lack of 
weighted environmental, economic, and social sustainability variables. 
The framework also aligned the assessment of each future recycling 
value chain scenario with SSP scenarios and different timeframes up until 
2050. The developed framework may work as a platform for evaluating 
and assessing future scenarios of circular value chains and can provide 
managerial insights for decision-making as to which value chains should 
be industrialized over time. Hence, to evaluate which circular value 
chains for WTBs should be industrialized the assessment methods of 
MCDM and prospective LCA can be applied. Findings across the two 
studies highlighted that a complex set of variables should be considered 
in the assessment. These include circularity levels, local availability of 
technologies, TRL, expected waste volumes, SSP scenarios, data avail-
ability, future technical developments, cost, environmental, and social as-
pects.  
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Research on circular waste management in the domain of the wind tur-
bine industry is attracting increasing interest both in academic literature, 
in popular media and among practitioners. Particular attention has been 
paid to WTBs made from complex composites materials as they are cur-
rently landfilled, and the challenges of designing, implementing and op-
erating circular supply chains have been almost absent. Hence, this PhD 
research dissertation set out to study “how value chains for end-of-life 
wind turbine blades could be designed, operated, and industrialized in 
accordance with a circular economy?”.  

To answer this research question, four sub-research questions were de-
fined and answered separately in Chapters 5-8: (1) Why do circular end-
of-life value chains for wind turbine blades not exist today? (2) Which 
end-of-life value chain routes are potential end-to-end solutions for wind 
turbine blades, and what technologies and processes are included in the 
design of these solutions? (3) How can fully functioning value chains for 
end-of-life wind turbine blades be operated at an industrial scale to sup-
port a circular economy? And (4) how can it be evaluated which circular 
value chains for end-of-life wind turbine blades should be industrialized 
and what variables influence this decision? 

In this chapter, the results and contributions of this dissertation as a col-
lective piece of research will be synthesized and discussed in accordance 
with existing literature and in relation to the research objectives. The dis-
cussion is divided into four sections: (1) Recycling technologies and so-
lutions, (2) Future end-of-life value chains for wind turbine blades, (3) 
How to overcome barriers for EoL value chain industrialization, and (4) 
Implementation of CE through operations management.  

As stated in Chapter 4 on methodology, this dissertation takes a practice-
oriented approach, meaning that the main contribution is focusing on 
practice and knowledge. That said, the research results have also in-
cluded important results for CE literature and theory, and thus the final 
part of this discussion addresses the research results in relation to CE 
literature and the theoretical contributions of this research.  

09 Discussion 
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09.01 Recycling Technologies and Solutions 
Across the study results presented in this PhD dissertation, six EoL value 
chain routes were identified as alternatives to landfilling and were all 
found to be feasible solutions for WTBs. The routes include incineration 
with energy recovery, cement co-processing, mechanical recycling, ther-
mal recycling, chemical recycling, and structural repurposing. The routes 
were first derived from a synthetization of literature findings based on a 
systematic literature review in Paper II, which resulted in a state-of-the-
art value chain roadmap. The recycling value chain routes were then 
tested through one in-depth case study (cement co-processing) in Paper 
III and further elaborated on in an additional three case studies in Paper 
IV (cement co-processing, pyrolysis, and mechanical recycling). Com-
mon for the identified routes is that they can all be implemented from a 
technical, operational, and logistical point of view. In addition, they in-
clude many similar operational and logistical processes that could be 
streamlined and standardized across the various routes. The following 
sections will discuss the key findings pertaining to recycling routes, ex-
cluding incineration and structural repurposing.  

09.01.01 Mechanical Recycling 

The process of mechanical recycling was both found to be a scalable 
solution in its own right, and to work as a pre-processing method for the 
other recycling routes. Mechanical recycling was found to be the most 
common recycling solution mentioned in academic literature (Paper II), 
with a high TRL level (Paulsen and Enevoldsen, 2021), and with numer-
ous secondary applications demonstrated (Fonte and Xydis, 2021, Rani 
et al., 2021, Jensen and Skelton, 2018, Rahimizadeh et al., 2019). 

The results of this study confirm that a feasible circular value chain de-
signed around mechanical recycling can be operated and industrialized, 
which was demonstrated fully by case B in Paper IV. In addition, the pro-
cess was found to be utilized for pre-processing in the value chains for 
cement co-processing, pyrolysis, and solvolysis, which was demon-
strated in cases A, C and D in Paper IV, and which is consistent with 
notions made by Rani et al. (2021) and Mishnaevsky (2021). Thus, an 
interesting finding is that the mechanical recycling process is strongly ex-
pected to be part of all future recycling value chains. This means that the 
development and scaling of this technology is important for future EoL 
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solutions. It can therefore be argued that research, investments, and ef-
forts to develop and standardize this technology are needed in all cases. 

Because of the TRL, maturity and accessibility of the mechanical recy-
cling technology, it is arguably the preferred route for EoL WTBs at the 
time of writing this dissertation. Previous studies have also found it to be 
the preferred option in terms on environmental impact (Delvere et al., 
2019, Liu et al., 2019). However, depending on the secondary applica-
tions of materials derived from mechanical recycling, circularity levels can 
vary significantly. The secondary product applications will also have an 
EoL, where recycling through solvolysis and pyrolysis is an option. Yet, 
the EoL routes for secondary application products remain unknown. In 
terms of timelines the mechanical recycling route can be an appropriate 
solution in the short term and until alternative routes have been further 
developed. In the medium and long term, mechanical recycling will still 
be required as pre-processing for the remaining routes.  

09.01.02 Cement Co-processing 

Besides mechanical recycling, cement co-processing was found to be the 
only technology that is currently available at an industrial scale with facil-
ities in Germany and Finland (Sakellariou, 2018, Kuusakoski Recycling, 
2022). Yet, in this PhD study, it was also found to be the least favorable 
option in terms of material circularity level. The route is less commonly 
referred to in literature compared to the remaining recycling routes (Paper 
II), but cement co-processing is reported to be a potential solution for 
WTBs and composite material, among others by Sakellariou (2018) and 
Paulsen and Enevoldsen (2021) noting that it is at the highest TRL level. 
The recycling value chain design was defined and validated in Chapter 
5, while it was documented, assessed, and analyzed in cases A and C in 
Papers III and IV. Because of the nature of cement co-processing, where 
the resin fraction is incinerated for heat in the cement kiln, the level of 
material circularity is the lowest out of the assessed recycling technolo-
gies (Figure 2, Paper IV). Results from Paper VI also showed that the 
environmental benefits associated with the cement co-processing route 
are highly dependent on the fuel type substituted in the cement plant. 
Hence, the potential environmental gain of the process must be analyzed 
based on the fuel type used in each facility and their geographical cir-
cumstances. Based on these findings, cement co-processing has been 
found to be technically feasible and scalable while the value chain 
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processes supporting the route were defined and operationally con-
ducted. Yet, it is also the least favorable route in terms of material circu-
larity, and it is therefore recommended that the route be used in a short 
term until routes with higher circularity levels have been further devel-
oped.  

09.01.03 Pyrolysis 

In this PhD study, the results include a full documentation of a value chain 
for pyrolysis (case D, Paper IV), and the results demonstrated that this 
route was feasible at an industrial scale. Pyrolysis has been described in 
literature as a potential solution but also as a complex process at a low 
TRL (Paulsen and Enevoldsen, 2021), as having no current facilities 
(Naqvi et al., 2018) and as being and energy-intensive process (Ramirez-
Tejeda et al., 2017). To address these findings, the PoC project reported 
in case D, Paper IV, was the first project to present an end-to-end value 
chain design and execution of the pyrolysis process for two full WTBs i.e. 
of 10 metric tons of materials. The project focused on the glass fibers and 
demonstrated that fibers recovered from EoL WTBs could be remelted to 
make new fibers by substituting up to 2% virgin raw materials in glass 
fiber production. Thus, if the results from the PoC project are further de-
veloped and scaled, the value chain will be fully circular for the glass fiber 
fraction of WTBs, where recovered glass fibers directly replace virgin ma-
terials. So even though the pyrolysis process uses energy in the recovery 
process, the final material substitution may be at a higher level in terms 
of circularity. This raises the question of whether recycling technologies 
with higher energy consumption can be justified by the higher level of 
material circularity achieved and the impact of avoided virgin raw materi-
als. This can be evaluated using the LCA-method, which was found to be 
applied by both Ratner et al. (2020) and Sakellariou (2018) to evaluate 
EoL solutions for WTBs. In Paper VI, a framework was suggested for 
prospective LCA analysis which considers these aspects, but which also 
considers the future development of the surrounding systems based on 
the SSP scenarios.  

This dissertation does not aim to conduct an environmental evaluation of 
the identified value chains but points out, however, that this is required 
from the point of view of assessment and decision-making. The pre-
sented value chain roadmap (Figure 9) and the PoC project (case D, Pa-
per IV) collectively present how a full end-to-end industrial value chain for 
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pyrolysis can be designed and executed at an industrial scale. This is 
considered to be the first step towards improving the TRL level for pyrol-
ysis and towards creating full value chain solutions based on this tech-
nology in the future. Given the high level of material circularity and the 
successful outcome of the PoC, pyrolysis is deemed to be a realistic and 
feasible solution for EoL WTBs once further research and development 
has been done.  

09.01.04 Solvolysis 

The solvolysis technology is found to be the least mature recycling tech-
nology and is thus not considered to be a potential solution in the short 
term. The process was frequently mentioned in literature such as in 
Mattsson et al. (2020) or Ribeiro et al. (2016), but remains at a low TRL 
of 5-6 (Paulsen and Enevoldsen, 2021). Since the technology requires 
little or no heat in addition to a chemical solution, the energy consumption 
is lower than for the pyrolysis process. The composite fractions of fibers 
and resin are still separated and can be refined and reused separately 
for new purposes. Given the low TRL, solvolysis has not been included 
in the empirical case studies, but other research projects have aimed at 
maturing this technology, including the CETEC project (CETEC, 2023), 
where positive results and chemical processes were demonstrated in 
Ahrens et al. (2023). However, the CETEC project focused only on 
epoxy-based resins and not polyester or vinyl ester. Findings from Chap-
ter 6 showed that further research into the industrialization of the solvol-
ysis process has already started. In addition, five collaborative research 
projects were also identified, such as VIBES (European Commission, 
2023h) and EoLo-HUBs (European Commission, 2023b), that are target-
ing the development of the solvolysis technology. This could lead to an 
improved TRL in the coming years and thus the possibility of scaling and 
industrializing solvolysis as an EoL solution. This finding was included in 
the modified roadmap framework in Figure 9, which consolidated findings 
in Chapter 6 and demonstrated that the solvolysis recycling technology 
could be a future solution for EoL WTBs. Thus, if the development efforts 
are successful and results in increased TRL, the solvolysis route and the 
associated value chain can be scaled and industrialized and present a 
feasible EoL solution for WTBs. Yet, findings of this research indicate that 
this route will require further development and testing to reach maturity, 
making it a long-term solution compared with the other recycling routes.  
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09.02 Future End-of-life Value Chains for Wind Turbine 
Blades 

09.02.05 The Value Chain Perspective 

Perhaps one of the most important contributions from this research is the 
value chain perspective to material and waste management at EoL for 
WTBs. The results of Paper II showed that the academic literature has 
not been researching the required value chains and technologies to sup-
port material recycling. Few studies, like Liu et al. (2019) and Rentizelas 
et al. (2021), have adopted a value chain perspective, but as a means to 
other research ends, and not based on empirical data. Krauklis et al. 
(2021) also included some processes like disassembly, material selection 
and recycling but did not systematically study these processes. Beauson 
et al. (2021) developed a model for an EoL WTB value chain but focused 
on key decision-making points and the criteria to be included in the as-
sessment. However, the framework presents the routes of reuse, repur-
posing, recycling, and recovery, but does not outline the associated value 
chains. Thus, the findings of this research contribute to the work by 
Beauson et al. (2021), Rentizelas et al. (2021) and Krauklis et al. (2021) 
by expanding on each of the operational and logistical steps of the circu-
lar value chains. In Chapter 5, the review of collaborative research stud-
ies in progress targeting EoL WTBs showed that five projects have also 
adopted a value chain perspective, including the research projects 
Blades2Build, EoLO-HUBs, REFRESH, CIRCUBLADE and SUSWIND, 
which clearly indicates that this will be a research focus going forward 
(Blades2build, 2023, European Commission, 2023b, European 
Commission, 2023f, Chalmers Industriteknik, 2023, National Composites 
Centre, 2021).  

The collective results of the PhD dissertation present a novel contribution 
to research and practice by adopting the perspectives of value chain de-
velopment and operations management to elaborate and expand on cur-
rent knowledge. Previous studies such as Ratner et al. (2020) have re-
marked that great uncertainty surrounds the evaluation of EoL value 
chains for WTBs due to a “lack of primary data” and “because of the va-
riety of logistic solutions for supply chains” (Ratner et al., 2020). Accord-
ingly, the empirical data and results of this research of fully functioning 
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value chains constitute a novel contribution to knowledge within this re-
search field.  

09.02.06 Value Chain Design and Execution Frameworks 

Two of the objectives of this research was (1) to develop frameworks and 
decision support tools to evaluate impact and feasibility of the potential 
value chains of decommissioned WTBs, including assessment of sus-
tainability and (2) to design and document full end-to-end value chains 
for EoL WTBs that have been validated by the actors in those value 
chains. To fulfil these objectives, several frameworks have been devel-
oped based on research findings. First, the roadmap for sustainable EoL 
value chains for WTBs was developed in Paper II and further elaborated 
on and validated by the actors in the value chain in Chapter 6. The frame-
work presents how fully functioning end-to-end value chains can be de-
signed for six potential EoL routes including material flow, operational 
processes, logistical processes, and applied technologies. Then, the 
framework for CE in decommissioning of LCPs developed in Paper III 
proposed how the entire decommissioning project for LCPs should be 
conducted. This includes all decommissioning activities of (1) planning, 
(2) preparation, (3) operational execution, and (4) post-decommissioning.
These frameworks were empirically validated and elaborated on through
the empirical findings of Paper IV. In addition to this work, the Three-
Stage Framework for Sustainable Decision-Making (3-SuDeM) devel-
oped and validated in Paper V can be applied to assist stakeholders and
organizations in value chains with sustainable decision-making. The re-
sults showed that applying the framework helped practitioners to qualify
their decision-making process within the individual value chain activities.
Finally, the scenario development and framework for assessment pre-
sented in Paper VI illustrated how to assess and evaluate entire future
value chains considering different levels of circularity, TRL, cost, and
timeframes.

09.02.07 Value Chain Processes – the Potential of Standardization 

An important finding from both the modified roadmap of Chapter 6 (Figure 
9) and cases A-D from Chapter 7 was that up to eight separate opera-
tional processes and four separate instances of transportation can occur
in a full value chain for EoL WTBs, including (1) on site demolition, (2)
on-site operations for sectioning, (3) first pre-processing, (4) landfilling (of
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non-recyclable parts), (5) second pre-processing, (6) material recycling, 
(7) post processing, and (8) material refining and application (Paper IV).

However, each process can include separate equipment, operations (and 
operators), location of workplace (indoor and outdoor), safety measures, 
organizations, management etc. Thus, these are complex systems that 
require planning, collaboration, and operational execution, which can be 
supported by the framework for CE in decommissioning of LCPs pro-
posed in Paper III (Figure 6). That said, by applying a value chain per-
spective, the results from this PhD study have shown a clear commonality 
between the processes needed across potential EoL routes. In fact, it 
was found that processes 1-5 listed above are close to identical across 
the different recycling routes. This is an important finding as it signifies 
that efforts and investments in developing these processes will be 
needed no matter what recycling route is applied. Thus, it would be ben-
eficial in all cases to identify potentials for optimization and standardiza-
tion across value chains. 

A surprising, yet critical finding to support this development is that results 
did not show any significant operational differences in the value chain 
processes due to the material or composition differences of the blades. 
This is important knowledge since the blade composition varies based on 
manufacturer and model (Mishnaevsky Jr et al., 2017). However, results 
from Papers IV and V showed that different technological solutions ap-
plied in value chain processes, such as equipment for sectioning, can 
vary based on organizational preferences and assessments. The 3-
SuDeM framework developed and validated in Paper V for selection of 
sectioning equipment suggested that an excavator with a circular saw 
attachment was the preferred technology for WTB sectioning processes. 
While this technology was also recommended by Jensen and Skelton 
(2018), the result is dependent on the input from the test organization. 

Another interesting finding resulting from the empirical cases (Paper IV), 
was that all the cases involved hundreds of kilometers of transportation 
by truck to move the materials between value chain processes. This was 
not found to be addressed in the literature so far but will have an environ-
mental impact. This finding highlights the potential of either exploring al-
ternative modes of transportation, or establishing value chain processes 
in close geographical proximity to each other in order to reduce energy 
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consumption and lead-times as well as material handling, such as load-
ing/un-loading etc.  

Findings from the empirical case studies in Chapter 7 showed that to 
scale all the EoL routes, environmental and safety measures must also 
be implemented in all processes, especially when working on site. This 
includes collection of dust and debris and ensuring a safe workplace for 
operators, which emphasizes the fact that when designing new value 
chains, or eco-systems, you are also designing jobs. These aspects of 
EoL management have not been identified in current literature and are 
therefore a novel contribution.  
These results are particularly interesting since they demonstrate how 
challenges can be mitigated and identified potential can be fulfilled. Thus, 
the operational execution of EoL management of WTBs can and should 
be optimized and standardized.  

09.02.08 Model for Circular Value Chains for Wind Turbine Blades 

A main objective of this research was to provide a complete roadmap of 
full end-of-life value chains in accordance with CE principles that can be 
implemented and operated an at industrial scale for future WTBs reach-
ing their EoL. While Paper I shed further light on the expected waste vol-
umes, the remaining research studies (Papers II-VI) and results from 
Chapters 6-8 all contribute to this objective. To fulfil the defined objective, 
a cohesive roadmap model consolidating and synthesizing results across 
Papers II-VI has been developed and is presented in Figure 11 - Circular 
value chains for EoL WTBs. The model also fulfils the set objective of 
how to identify and evaluate best practices across value chains and re-
cycling technologies, including pre-processing and logistics. The model 
is considered to be a main contribution to both practice and academia 
and to present a new state-of-the-art for EoL WTB value chains. 

The model starts with a blade being decommissioned and then presents 
all the potential circular strategies and interrelated value chain processes 
that the WTBs can follow for blade reuse, structural repurposing, or recy-
cling through either cement-co-processing, mechanical recycling, solvol-
ysis or pyrolysis. 
The model both considers the TRL for all the routes, i.e. the future devel-
opment and availability of technologies, while also considering the level 
of circularity. This is visualized through the use of different colors to show 
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if the value chain process can be implemented in the short, medium, or 
long term. Specific timeframes are not set, since this depends on invest-
ments and efforts in research and innovation, but the figure illustrates the 
expected sequence of value chain availability based on the research find-
ings. Yet, an important result is that all the short-term value chain pro-
cesses have been demonstrated at an industrial scale through cases A-
D (Papers III and IV) and could therefore be implemented with the 
knowledge presented in this dissertation and with existing technologies.  
As depicted, the EoL WTB should aim to reach the highest level of mate-
rial circularity possible at the time of decommissioning. Hence, if reuse is 
an option, this is what should happen before other alternatives and so 
forth. The value chains are continuously supported by assessments using 
pLCA or MCDM methods based on case specific variables for decision-
making as listed in Figure 10, and as demonstrated in Papers V and VI. 

The results of this dissertation do not point to one route or technology 
being preferred over all others. Based on the results, all the assessed 
EoL routes are expected to be feasible and to present an appropriate EoL 
solution for WTBs but with different timeframes for full development and 
implementation. Yet, most of the pre-processes and logistical processes 
are not dependent on this development and are crucial to all the routes. 
Thus, in unity all the EoL routes present a full solution to the waste chal-
lenge of WTBs.  
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Figure 11 - Circular value chains for EoL WTBs
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09.03 How to Overcome Barriers to End-of-life Value 
Chain Industrialization  

In this study the establishment of circular value chains for EoL WTBs has 
been documented from a technological perspective that can be achieved 
in the short term. Figure 11 outlines all the identified circular value chains 
for EoL WTBs, including processes and technologies and how to assess 
these in terms of cost, environmental, and social impact based on case 
variables. Chapter 5 addressed the question of why these solutions are 
not yet available at an industrial scale, and in Chapter 5 eight main barri-
ers to circular value chain implementation were presented in Figure 6. 
This section will discuss how to mitigate and overcome these barriers 
with the results described in Chapters 5-8. 

The barrier of low and unpredictable volumes of waste was unfolded 
in Paper I and showed how a more accurate forecasting of future waste 
flow was achieved using empirical decommissioning data from Denmark. 
The analysis resulted in an important finding, which showed that the av-
erage lifetime before decommissioning was 29 years. This stood out as 
a significant result, since previous studies have determined a lifetime of 
18-20 years without using empirical decommissioning data (Lichtenegger
et al., 2020, Andersen et al., 2016, Cooperman et al., 2021). Yet the
method and results of Paper I may also be applied in other geographical
contexts. Thus, the method demonstrates how to mitigate this barrier and
improve waste volume predictions to assist EoL value chain stakeholders
in decision-making for timing and investments.
A topic not addressed in this dissertation is FRP waste from WTB pro-
duction, which also represents a potential waste flow. Since blades are
produced in a steady flow across OEMs, the composite waste from pro-
duction facilities could be a waste stream that would also be suitable for
inclusion in the proposed recycling value chains. While the research pro-
ject TURBO (European Commission, 2023g) aims to reduce this waste
mass, it is suspected that the waste that cannot be avoided could be re-
cycled through the same processes as the EoL WTBs. If so, this would
also mitigate the problem of low and unpredictable waste volumes.

The second barrier identified was material complexity caused by the 
nature of composite materials, in this case GFRP, which are thermoset-
ting plastic based. While several projects such as Zebra (LM Wind Power, 
2023) or the recyclable blade by Siemens Gamesa Renewable Energy 
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(2021) have tested new recyclable resin systems, the benefit of these 
systems will not be obtained until EoL, which will be up to three decades 
after production according to results from Paper I. Thus, this barrier must 
be addressed for existing WTBs. Results of this research demonstrate 
how existing WTBs can, in fact, be recycled despite of the material com-
plexity, but that this requires a full value chain designed specifically for 
this purpose. Thus, this barrier can be overcome through the implemen-
tation of value chains developed and presented in this research.   

The third and fourth barriers were the lack of alternative technologies 
at an industrial scale and low cost and easily assessable landfilling, 
which has also been addressed through this research, where four recy-
cling value chains have been designed, validated, and demonstrated for 
industrial scaling. To mitigate these barriers, efforts should be made to 
implement value chains, and to support this development, the self-im-
posed landfill bans by Ørsted, Vattenfall and Wind Europe (Ørsted, 2021, 
Vattenfall, 2021, WindEurope, 2022b), could be introduced industry-
wide. This could be effective from the point of view of equal competition 
and of improving development and investment conditions for circular EoL 
solutions. 

The fifth barrier identified was the limited waste legislation causing low 
incentive for new solutions. Beauson et al. (2021) noted that legislation 
is a powerful tool when it comes to promoting sustainable EoL options, 
while Jensen (2019) argued that legislation does not guarantee compe-
tencies or efficient processes. The fully designed, validated, and tested 
value chain solutions presented in this research thus address this call, by 
providing knowledge for efficient EoL processes. In addition, it also pro-
vides a knowledge foundation for policymakers and can serve as input 
for future legislation for the waste management of composites, which 
then would mitigate this barrier.  

A study of the public perception of the wind energy sector presented in 
Chapter 5, constituted in the sixth identified barrier. The findings illus-
trated in Chapter 5 proved that until 2019 there was an overweight of 
positive stories in the public media about wind energy and EoL blades. 
After 2019 this changed, and predominantly negative stories were pub-
lished about the lack of sustainable EoL options for WTBs. Even though 
this shifted back by 2021 with a focus on solutions, the interest and pres-
sure from the public and the public media remained high, with 27 articles 
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published in the Danish media in 2021-2022 alone. The pressure is ex-
pected to remain, creating a continuous encouragement for WTB owners 
to seek circular and sustainable EoL options for WTBs.  

An identified barrier pertained to the lack of available material and ge-
ometry information. This information is required for recyclers to design 
appropriate EoL value chains, as this will influence processes and equip-
ment, as well as the final secondary applications. As described in Chapter 
5, the product material passport was developed and launched by the De-
comBlades project in 2023 (DecomBlades, 2023). The material passport 
standard may help to overcome this barrier since the required information 
can now be obtained from OEMs. This does, however, require a full ad-
aptation and implementation of the material passport standard across 
OEMs and blade models.  

That said, the empirical results of this research study did not show any 
significant variances in EoL value chain processes like sectioning, pre-
processing, or logistics depending on blade material or geometry. This 
finding is therefore highly relevant to overcoming the last identified barrier 
of WTBs being large complex structures with high variations in length, 
geometry, and material composition. These variables have been ex-
plored through the empirical case studies of Chapter 7, where findings 
showed that even though these variations could impact the project lead-
time and type of equipment applied, the main value chain processes and 
sequences were the same.  

A striking result was that information sharing and collaboration across the 
value chains were found to be essential for mitigation of all barriers. The 
empirical findings from the case studies of Chapter 7 support this notion 
and demonstrate the types of actors/organizations involved, and how and 
when they are involved.   
The cost impact of circular EoL solutions has not been addressed in this 
research but does influence decision-making, as found in Papers V and 
VI. Profit-driven organizations are naturally cost-oriented, but even so,
based on the research findings, it is encouraged that the level of material
circularity should weigh the most and be a main driver for decision-mak-
ing on future EoL routes. In other words, to achieve circular EoL value
chains, it should be accepted that until full industrialization has been
reached, alternatives to landfill can come at a higher cost.
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09.04 Implementation of Circular Economy 
While the industrial domain studied in this research was the wind energy 
sector, and specifically EoL WTBs, the research findings also contribute 
to theory and knowledge on CE and its operational implementation. In 
literature, as much as 221 definitions of CE have been proposed while 
the important knowledge gap concerning the operational execution of CE 
implementation remains (Kirchherr et al., 2023). Yet, Kirchherr et al. 
(2023) concluded that CE potentially has more meaning to academia 
than to practice. This is a notion supported by Corvellec et al. (2022), who 
criticize CE for being too theoretical, while Barreiro‐Gen and Lozano 
(2020) also pointed out the gap between CE theory and CE practice. If 
CE is not implemented and operationalized, it will remain at a strategic 
and conceptual level and not produce any real impact. Thus, an important 
contribution by this research is how operations management can aid the 
implementation of CE through tangible practices and frameworks for CE 
implementation. In particular, with a focus on the circular principles of 
reuse, repurpose and recycling (Kirchherr et al., 2017, Potting et al., 
2017) at a micro level focusing on supply chains (Jackson et al., 2014).  

09.04.09 Practices and Frameworks 

This research set out to move forward both research and practice as re-
gards the implementation of circular EoL value chains, to contribute to 
the sustainable development and implementation of CE as called for by 
Korhonen et al. (2018). This objective has been fulfilled through the re-
sults of this study where full EoL value chain systems have been devel-
oped, including frameworks and models for decision-making and imple-
mentation. For CE to make a positive contribution to sustainability (3BL), 
Velenturf and Purnell (2021) found that a systems perspective must be 
adopted that considers all three aspects of the 3BL through the value 
chain. The research approach of value chain design and assessment 
adopted in this PhD dissertation thus supports this notion. In addition, the 
results expand on the findings by Velenturf and Purnell (2021) by provid-
ing the methods and frameworks for CE value chains development and 
assessment based on the 3BL.  
Among the results of this research, the framework for CE in decommis-
sioning of LCPs (Paper III), the Three-Step Framework for Sustainable 
Decision-Making (Paper V), and the framework of emerging-scenarios 
assessment (Paper VI) have been developed. All three frameworks 
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present a direct contribution to literature by proposing how CE can be 
implemented at a value chain level based on collaboration (Zanjirani 
Farahani et al., 2022). This includes value chain development (Paper VI), 
large EoL projects for LCPs (Paper III), and decision-making at a process 
level (Paper V). The assessment methods developed and validated in 
Papers V and VI both contribute to the critical assessments needed of full 
value chain solutions to ensure that CE implementation is indeed sus-
tainable (Korhonen et al., 2018). 
The findings contribute to previous research that has explored the prac-
tices that can be adapted by organizations to implement CE (Kalmykova 
et al., 2018), the barriers to and opportunities for manufacturing and sup-
ply chains (Kumar et al., 2019, Govindan and Hasanagic, 2018) and CE 
implementation strategies (Lieder and Rashid, 2016). The methods and 
technologies needed for CE implementation at the micro level are pro-
vided which Barreiro‐Gen and Lozano (2020) found to be scarcely ad-
dressed in literature.  

09.04.10 Value Chain Collaboration 

The findings of this study also highlighted the importance of collaboration 
throughout the (future) EoL value chains for operational execution of CE 
principles. The research results support the findings by Eisenreich et al. 
(2022) and Johansen et al. (2022) that involvement of stakeholders in the 
value chain is key for successful CE implementation. This has been 
demonstrated throughout the research results where EoL value chains 
have been co-created and validated by actors in the system (Chapters 6 
and 7) and by the fact that impact assessments of full value chain solu-
tions require data and knowledge from all value chain entities (Paper VI). 
The cross-sector collaboration demonstrated by the DecomBlades pro-
ject has also shown how cooperation in the value chain paves the way 
for new technologies and solutions, such as case D, Paper IV. The col-
laboration to create new systems does not only present an interesting 
contribution to literature on CE implementation, but also sets a great ex-
ample for other industries on how to approach similar challenges.  

Another important contribution of this research is the fact EoL value 
chains have been developed and validated by the actors within the sys-
tem. The methods and frameworks developed in this research can assist 
in evaluating the impact, feasibility, and effectiveness of new systems 
across organizations and value chains with multiple stakeholders. These 
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findings support the results of Kirchherr et al. (2023), who found that CE 
implementation relies on collaboration between stakeholders. Barreiro‐
Gen and Lozano (2020) also called for collaboration to bridge the gap 
between CE theory and practice, and the research results of this disser-
tation demonstrate how this can be done through collaboration between 
competitors, suppliers, universities, and other stakeholders identifying 
and testing solutions.  

09.04.11 Implications for Other Industrial Domains 

In addition to the above-mentioned implications, an objective of this re-
search was to demonstrate new business systems for recycling and set 
examples for other industries. While EoL WTBs were the main unit of 
analysis, the results, frameworks, and models developed can also benefit 
other industrial sectors working towards EoL value chain design and im-
plementation. Applying a value chain perspective was found to be a com-
prehensive and detailed approach to developing new EoL systems, and 
one that could be applied to other industrial systems. In addition, the 
framework for CE in decommissioning of LCPs developed in Paper III 
could also be applied in other sectors where complex LCPs need to be 
handled at EoL such as constructions, vessels, submarines etc. How-
ever, further research for test and validation is proposed in these con-
texts. Finally, the specific EoL value chains for WTBs developed in this 
research could also be applicable in other industries where composites 
are used such as aerospace, leisure boats, or the construction sector. 
This may require modifications to some of the processes or technologies, 
but it is suspected that the solutions could be largely utilized. Thus, future 
research is suggested to test the EoL value chains in different industrial 
domains.  

09.04.12 Trade-off Between Technological Readiness Level, Level 
of Circularity and Cost 

A key contribution from this research to the field of CE is the uncovering 
of circularity levels versus TRL and cost. As demonstrated by Figure 11, 
some EoL value chains could be established in the short term while other 
systems aiming for higher levels of circularity are further developed. In 
addition, it points out the importance of ensuring that new systems make 
an overall positive environmental contribution which should be assessed 
using LCA as proposed in Paper VI.  
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While the research results and Figure 11 imply that the highest possible 
level of circularity should be aimed for, they also raise the question of 
whether lower levels of circularity should be adopted until solutions with 
higher levels of circularity have reached a high TRL. In other words, 
should you spend resources implementing a EoL value chain with a low 
level of circularity but a high TRL? Or should you wait and invest in im-
proving TRL of technologies with higher levels of circularity?  
While this research does not directly address how development and op-
erating costs influence EoL value chain development, it is an important 
aspect from a business- and profit perspective as the implementation of 
circular systems could come with a higher cost than the current linear 
alternatives. Yet, if profit-driven organizations have benefited monetarily 
from using valuable earth resources, they should ensure that these re-
sources are not lost and lose their value. If so, it also raises the questions 
which stakeholders should manage and cover this cost, and how should 
it be managed? These questions might be of a more political nature but 
need answering for CE to become a reality.   

09.05 Paper VII – The Operations Management Re-
searcher’s Role: The Observer or the Facilitator 
of New Sustainable Business Eco-systems? 

In addition to the discussion of research results and contributions, a sep-
arate research study has been completed to explore how researchers 
can and should collaborate with industrial stakeholders for CE implemen-
tation. The manuscript is appended as Paper VII and raises the question: 
What is the operations management researcher’s role: the observer or 
the facilitator of new sustainable business eco-systems? This conference 
manuscript was developed and presented at the conference of the Euro-
pean Operations Management Association (EurOMA) 2023 in Leuven, 
Belgium. The content and results have also been presented and dis-
cussed at the Scandinavian Academy of Industrial Engineering and Man-
agement (ScAIEM) 2023 conference in Kongsberg, Norway. The manu-
script was developed to reflect on my own role as a researcher within a 
large collaborative research project such as DecomBlades. Thus, the pa-
per does not directly answer the research questions posed in this disser-
tation and has therefore not been included in the main research results. 
Yet, the manuscript provides an important contribution to my own learn-
ing, and meta-reflection of what it requires to be a researcher in this 
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research context. Hence, the study contributes to the discussion of the 
barriers, drivers, and abilities of operations management researchers to 
engage as facilitators of new sustainable business systems.   

Purpose – To create sustainable impact, shared best solutions must be 
implemented across industries, value chains and eco-systems, rather 
than within single organizations. For this purpose, collaborative research 
projects with multiple stakeholders can be a way forward for creating new 
innovative solutions for sustainable practices. In this context, projects 
where coopetition is involved, i.e. where competing organizations collab-
orate towards shared goals, can lead to successful solutions, with the 
support of a neutral facilitator. Given the increasing numbers of collabo-
rative research projects between research and academia, this study sets 
out to investigate how a researcher can or should engage in research 
projects for new sustainable business systems where coopetition is in-
volved. It particularly sought to explore the barriers, drivers, and abilities 
of researchers to engage in such projects and what role they should play. 

Methodology – In this research study, a literature review was first con-
ducted on the relationships between the concepts of coopetition, busi-
ness eco-systems and industrial sustainability. Based on the review, a 
conceptual framework was developed to explain the relationships be-
tween these concepts. Based on the conceptual framework, the role of 
the operations management researcher was explored and elaborated on 
based on empirical data. For data collection, four individual round-table 
discussions were held at the 10th conference of the Scandinavian Acad-
emy of Industrial Engineering and Management in Uppsala, Sweden, 
where 24 junior and senior scholars participated from the field of indus-
trial engineering and operations management. The groups were given 
four questions to spark discussions and reflections. All group discussions 
were recorded, transcribed, and coded using descriptive text coding fol-
lowed by a synthesizing of identified themes and topics. The findings 
were elaborated on using key statements from participants and consoli-
dated in a new framework. 

Findings – The findings from the literature review indicated that having 
a neutral third-party as a facilitator is a driver of successful coopetition 
between organizations. Furthermore, it found that coopetition can be a 
driver for successful industrial sustainability and new business eco-sys-
tems. Thus, the findings suggested a positive relationship between 
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neutral facilitation in projects involving the constructs of coopetition, in-
dustrial sustainability, and the formation of new business systems. The 
empirical findings suggested that the role of the researcher as a third-
party facilitator can be a positive enabler in this context. The results were 
consolidated in a framework of drivers, barriers and required abilities for 
operations management researchers as third-party facilitators for new 
sustainable business ecosystems. The findings showed that at least ten 
barriers and nine drivers for collaboration and facilitation are present for 
researchers engaging in multi-stakeholder projects. Ten researcher abil-
ities were also identified as important for a researcher to possess and 
apply to mitigate the identified barriers and support the identified drivers. 
The main themes detected included the blurred lines between research 
and consulting, concerns of facilitating – such as not being able to pub-
lish, stress, or ability of being unbiased, and the fact the researcher’s role 
can change over time.  

Novel contribution and research implications – The proposed frame-
work is a novel contribution to literature that consolidate the viewpoints 
and experiences from the operations management research community 
and elaborates on how researchers can and should engage in research 
projects. The findings have implications for researchers in general but 
specifically scholars involved in collaborative projects with industrial part-
ners aiming at the development of new sustainable systems. Thus, re-
sults also contribute to a higher awareness among researchers, which 
can lead to improved research outcomes in the field of operations man-
agement. Finally, it elaborates on the responsibilities of research(ers) as 
a part of society and as an enabler to ensure sustainable societal devel-
opment.    
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This PhD dissertation set out to study “How value chains for end-of-life 
wind turbine blades can be designed, operated, and industrialized in ac-
cordance with a circular economy”. To answer this research question four 
sub-research questions were defined and answered, based on a mixed-
method research design, resulting in seven appended papers (I-VII) com-
bined with additional studies, analyses, and findings compiled in Chap-
ters 5-8. The combined results of this dissertation were discussed and 
elaborated on in Chapter 9.  

This chapter will conclude on the collective research findings of the dis-
sertation and provide a full and cohesive answer to the main research 
question. To do this, the conclusions of the four sub-research questions 
are first summarized and linked to the main research question. This is 
followed by a conclusion across this PhD dissertation as a collective 
piece of research. Finally, the research limitations and recommendations 
of future research will be elaborated on.  

10.01 Overall Conclusion 
First, sub-RQ1 set out to understand “why circular EoL value chains for 
wind turbine blades do not exist today?” The question was answered in 
Chapter 5. Based on the results from Paper I combined with additional 
research findings of barriers to circular EoL value chains, it can be con-
cluded that circular EoL value chains for WTBs are required to responsi-
bly handle the composite waste of the increasing numbers of WTBs being 
decommissioned. Grounded in historical decommissioning data from 
Denmark, it was found in Paper I, that the average time for WTB decom-
missioning is 29 years. This is 9-11 years longer than forecasted by pre-
vious studies, which implies that waste volumes may be delayed. Based 
on the findings in Chapter 5 it can also be concluded that there are at 
least eight key barriers to creating sustainable value chains for EoL 
WTBs. These findings are presented in Figure 6 and collectively answer 
the question why circular EoL value chains are not a reality.  
The eight barriers include: (1) low and unpredictable volumes of waste, 
(2) material complexity, (3) lack of alternative technologies, (4) low cost
and accessibility of landfilling, (5) limited waste legislation, (6) low pres-
sure from the public until 2019, 7) large complex products, and (8) lack

10 Conclusion 
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of material and geometry information. These barriers must be overcome 
to facilitate the design, operation, and industrialization of circular value 
chains for WTBs. 

Second, sub-RQ2 addressed the design aspect of the main research 
question, by answering the questions: “Which EoL value chain routes are 
potential end-to-end solutions for wind turbine blades and what technol-
ogies and processes are included in the design of these solutions”. Find-
ings were consolidated in Chapter 6 and in Paper II. 
Based on the findings from a systematic literature review presented in 
Paper II, it can be concluded that from a theoretical perspective there are 
six potential end-to-end value chain routes that can be applied as solu-
tions for EoL WTBs. The six routes are collected in a cohesive roadmap 
(Figure 8) and include: (1) Structural repurposing, (2) thermal recycling, 
(3) chemical recycling, (4) cement co-processing, (5) mechanical recy-
cling, and (6) incineration with energy recovery. However, it is concluded
that incineration with energy recovery is not a circular strategy and that
this route should not be used for EoL WTBs.
Based on a study and analysis of technological developments for EoL
WTBs from 2020-2023 presented in Chapter 6, it can be concluded that
there is an increased research focus on solvolysis and pyrolysis and that
new promising research results have been achieved. These findings
were compiled with the findings from Paper II in a modified version of the
roadmap for sustainable value chains for end-of-life wind turbine blades
(Figure 9). A consolidation of research results from Chapter 6 identified
eight value chain steps, which were: (1) Dismantling and preparation, (2)
Sectioning for transportation, (3) 1st pre-processing, (4) 2nd prepro-
cessing (5) material processing, (6) output material, (7) product refine-
ment, and (8) new product.
In conclusion, the modified roadmap with the eight value chain steps con-
solidates the academic state-of-the-art with the newest technological de-
velopments and thus specifies in detail how future EoL value chains for
WTBs can be designed, including which technologies and processes are
potential solutions for EoL value chains for WTBs.

Third, sub-RQ3 addressed the operation aspect of the main research 
question, by answering the question: “How can fully functioning value 
chains for end-of-life wind turbine blades be operated at an industrial 
scale to support a circular economy?” In Chapter 7, four case studies of 
EoL value chains for WTBs were completed, analyzed, and documented 
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in Papers III and IV, which provided comprehensive empirical data on 
how fully functioning circular value chains for EoL WTBs can be designed 
and operated at an industrial scale.  
Based on the findings presented in Chapter 7, it can be concluded that 
designing and operating fully functioning value chains for EoL WTBs in 
accordance with CE principles requires that: (a) all phases of decommis-
sioning/EoL must be designed based on a value chain approach and CE 
principles; (b) a full decommissioning project should consist of four 
phases, i.e. overall planning, preparation for decommissioning, opera-
tional execution, and post-decommissioning; (c) all phases must be de-
signed and operationally executed according to the highest circularity 
level possible; (d) within the third phase of operational execution up to 
eight steps and four separate points of transportation may be required.   
All steps in the EoL value chains must be designed as one complete sys-
tem where all processes are developed and aligned in accordance with 
the specifications of the desired secondary product made from the WTB 
waste. In addition, partner collaboration upstream and downstream in the 
value chain is found to be essential to assess, design and operate suc-
cessful EoL value chains. 
Finally, all four cases demonstrated functioning value chains for EoL 
WTBs in accordance with CE principles for recycling. Based on these 
results, it can be concluded that the recycling routes of cement co-pro-
cessing, mechanical recycling, and pyrolysis are technically and practi-
cally feasible to operate for over ten metric tons of WTB material. In ad-
dition, it was concluded that the operational execution of each empirical 
case required up to eight process steps and four separate points of trans-
portation. These findings were in alignment with the proposed value chain 
roadmap for EoL WTBs (Figure 9) and thus validated its application. 

Fourth, sub-RQ4 studied the aspects of circular value chain industriali-
zation by answering the questions: “How can it be evaluated which cir-
cular value chains for EoL WTBs should be industrialized and what vari-
ables influence this decision?” 
Findings from Paper V concluded that the most frequently applied 
method for sustainable decision-making was the method of Multi-Criteria 
Decision-Making (MCDM). A complete Three-Stage Framework for Sus-
tainable Decision-Making (3-SuDeM) was developed and successfully 
tested in collaboration with a Danish waste management organization to 
assist in the evaluation of and selection between four different technolo-
gies for WTB sectioning. It was concluded that applying the proposed 

137



framework positively aids the decision-making process by making sus-
tainable decision-making approachable and manageable.  
Findings from Paper VI resulted in a proposed five-step framework of 
emerging-scenarios assessment that integrates a prospective LCA ap-
proach and MCDM methodology to consider: (1) the challenges associ-
ated with the acuteness of increasing waste volumes, (2) differences in 
TRL, (3) difference in circularity levels, (4) the lack of weighted environ-
mental, economic and social sustainability variables, and (5) SSP sce-
narios and different timeframes until 2050.  
In conclusion, to evaluate which circular value chains for WTBs should 
be industrialized, the assessment methods of MCDM and prospective 
LCA can be applied. Findings across Papers V and VI highlight the need 
to evaluate a complex set of variables in the assessments, including cir-
cularity level, local availability of technologies, TRL, expected waste vol-
umes, SSP scenarios, data availability, future technical developments, 
cost, environmental, and social aspects. These were collected and illus-
trated in Figure 10. 

Based on the combined results of this PhD study, it is concluded that the 
circular principles of reuse, repurposing and recycling can be applied for 
EoL WTBs. The routes of the three circular principles applied in the con-
text of EoL WTBs are consolidated and summarized in Figure 11, which 
illustrates how to design, operate, and industrialize circular value chains 
for EoL WTBs. The study concludes that when a WTB is decommis-
sioned, it should first be assessed if it can be reused as spare parts, either 
as it is or following repair or refurbishing. If this is found not to be an 
option, it should be assessed if the circular strategy of structural repur-
posing can be applied. Following this, an assessment of case variables 
through the methods of MCDM and LCA should be conducted to deter-
mine which of the four recycling routes of mechanical recycling, cement 
co-processing, pyrolysis or solvolysis should be applied in the given cir-
cumstances. 

Findings throughout this study showed that the recycling technologies are 
not at the same TRL. Thus, based on research and development, the 
routes can be implemented within different timeframes. However, from 
an operational, and logistical point of view, there are no obstacles to in-
dustrialization. In the short term, the routes of cement co-processing and 
mechanical recycling are feasible and acceptable routes for EoL WTBs. 
All value chain steps and technologies required to implement and scale 
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these routes exist today. Yet, cement co-processing is found to be at the 
lowest circularity level and should therefore only be used until other so-
lutions become available. In the medium term, the thermal recycling route 
of pyrolysis was also found to be an appropriate route as results show 
that through pyrolysis, glass fibers can be separated from the resin frac-
tions to allow the materials to be recycled separately. The pyrolysis case 
reported and analyzed in this research study concerning two full WTBs 
showed that the value chain for pyrolysis is also feasible, but that further 
development is needed to reach a higher TRL. However, the case results 
found that recovered fibers can replace virgin materials in the production 
of new glass fibers, which can then be used for new WTBs. In the long-
term, results led to the conclusion of solvolysis also being a promising 
and applicable EoL route allowing for fiber and resin separation. How-
ever, it is the EoL route that is currently at the lowest TRL compared to 
the other technologies, and it needs further development and testing to 
reach industrial maturity.  

The collective findings of this research show that the design and devel-
opment of full value chains in collaboration between the involved actors 
is key for successful circular waste solutions. By applying a value chain 
perspective, this PhD study has shown how the first five value chain pro-
cesses, i.e. (1) site demolition, (2) on-site operations for sectioning, (3) 
first pre-processing, (4) landfilling (of non-recyclable parts), and (5) sec-
ond pre-processing, are close to identical across the four assessed recy-
cling routes. In addition, it can also be concluded that there are no signif-
icant operational differences in the value chain processes due to material 
or composition differences of the WTB. It was, however, found that the 
technologies used for the processes, such as sectioning equipment, de-
pended on organizational preferences, knowledge, and availability. Thus, 
based on these results it can be concluded that there are several poten-
tials for process optimization and standardization of value chain pro-
cesses 1-5, including geographical dispersion of facilities, transportation 
modes, process automatization and working environment measures.  

The applied value chain perspective and the use of empirical data from 
industrial cases are found to be novel contributions to both academia and 
practice on how a WTB reaches a state of a new product through up to 
eight individual processes and four points of transportation. The findings 
are significant as they demonstrate how circular systems can be de-
signed, operated, and industrialized based on a value chain approach to 
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process design, logistics, stakeholder collaboration and co-creation. 
Thus, the results have implications for theory on operational execution 
and implementation for CE in practice.   

In summary, the model in Figure 11 - Circular value chains for EoL WTBs, 
merges the value chain processes that should be included to design, op-
erate, and industrialize circular value chains for EoL WTBs. It is con-
cluded that circular value chains for EoL WTBs are technically and oper-
ationally feasible and can be achieved by (1) applying a value chain ap-
proach to system development, (2) applying the model of circular value 
chains for EoL WTBs to design and implement industrial facilities, (3) as-
sessing value chain routes using LCA and MCDM methods based on 
specific case variables, (4) working on standardization, optimization and 
automatization of value chain processes common to the various EoL 
routes to reduce complexity and cost, (5) investing in research and de-
velopment to improve TRL of pyrolysis and solvolysis, and (6) establish-
ing collaboration between value chain actors, including sharing of 
knowledge and material data. By doing so, circular value chains for EoL 
WTBs can and should soon be a reality. 
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10.02 Research Limitations 
This dissertation has combined seven research papers to answer the 
main research question and four sub-research questions posed. While 
important results and contributions to literature, knowledge and theory 
have emerged, there are some limitations to this study that should be 
considered, and which open for new research agendas.  

This research study has adopted a case study methodology for empirical 
collection and analysis, and while this method has clear advantages as 
outlined in Chapter 4, it also has some limitations. Four cases have been 
studied in detail, yet, including more cases could capture more variance 
between cases. Also, the included cases were based in Denmark or Fin-
land, which could have implications for how the EoL operations were de-
signed and executed. Thus, future research should include more empiri-
cal industrial case studies in other geographical contexts to further vali-
date and test the findings of this research. In addition, case studies from 
other industries utilizing similar composite materials are suggested for 
future research to test if the EoL value chain systems developed in this 
study could, in fact, also be applied for other products. Other methods of 
empirical data collection and analysis are also suggested such as sur-
veys with a broader range of actors.  

The waste volumes that were included in the four presented empirical 
studies are also relatively low, compared to the forecasted waste vol-
umes. Yet, due to low TRL and early stage of implementation of circular 
EoL value chains, relevant cases with higher volumes were not identified. 
This limitation could have an impact on how EoL value chains are de-
signed in terms of capacity and applied equipment or technology. Espe-
cially the less mature routes such as pyrolysis and solvolysis are yet to 
be studied based on larger volumes of waste. Thus, future research 
should include higher volumes of waste, especially for the routes of sol-
volysis and pyrolysis. 

While several opportunities for standardization were identified and dis-
cussed in Chapter 9, these results point towards the need for optimization 
of EoL value chains across processes as regards transportation modes 
and distances, social impacts, and process automation. Each of these 
areas are potential paths for future research.   
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The fact that I as a researcher have been working in close collaboration 
with industrial partners through the DecomBlades projects has, as dis-
cussed in Chapter 4, both provided unique opportunities and access to 
data. Yet, having engaged with other organizations could potentially have 
an impact on results, which is a limitation to this study. Thus, future re-
search is suggested to test and validate the results with other actors in 
the wind energy sector.  

The study pertains to a European context and in some instances to a 
Danish context such as in Paper I. Even though the geographical bound-
aries of this study were scoped as part of the research delimitations, ge-
ographical differences in other countries or regions, such as legislation, 
industrial context, or political context, are not captured. Future research 
should therefore seek to validate and expand on the presented findings 
of this research in other geographical contexts. 

10.03 Recommendations of Future Research Paths 
Despite promising results from this study, several questions and research 
topics still remain. Future studies on the topic of EoL WTBs and compo-
site materials are therefore recommended and are listed below to set the 
direction of further research: 

1. Focus on full value chain solutions.
Future research should continue to explore full value chain per-
spectives for CE operationalization and implementation. This
should both consider EoL WTBs, but also other industries work-
ing with LCPs or composite-based products.

2. Continued validation and testing of developed frameworks.
The frameworks and methods developed in this research should
be further tested and developed through more cases looking at
other geographical contexts, higher waste volumes and different
EoL routes.

3. Optimization and standardization of operations.
The value chain processes identified across the various EoL
routes should be standardized for optimization while focusing on
reducing transportation, social and environmental impacts and
increasing the TRL.
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4. Explore collaboration/partnerships across the value chain.
Future research should seek to understand the effect and role
of collaboration and coopetition in sustainable and circular sys-
tem developments and implementation.

5. Industrialize the process of mechanical recycling.
Future research should further investigate how to develop and
industrialize the process of mechanical recycling for both EoL
WTBs and other composite products.

6. Innovate and develop the solvolysis route.
Findings suggest that solvolysis will have an increased role in
the value chains for EoL WTBs and should be explored further
as a method for material separation and for material recycling.
This includes an investigation of the quality and cleanliness of
glass fibers from the solvolysis process.

7. Continue development and scaling of pyrolysis.
The learnings and successful outcome of the PoC for the pyrol-
ysis process (presented in case D, Paper IV) should be further
developed into a full industrial-scale facility. This will require fur-
ther research in operations management and standardization of
the process.

8. Investigate composite production waste.
As noted in the discussion, a way of securing a steadier inflow
of waste materials is by including WTB composite production
waste in the proposed value chains. However, the feasibility and
scaling of this must be further researched and developed.

9. Investigate processing/refinement of output materials.
For both the technologies of solvolysis and pyrolysis, the output
materials must be further processed and refined to represent a
value for off takers. These processes must be further re-
searched and innovated for optimal product outputs, especially
pertaining to the retrieved resin fractions.

10. Commercialization
The commercial value of secondary products made from EoL
composite materials must be further explored to commercialize
the identified EoL value chains. Thus, future efforts must be tar-
geting the identification of applications, customers, and product
value for secondary products.
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