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Collaboration in the offshore wind farm decommissioning supply chain 
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University of Groningen, Faculty of Economics and Business, Department of Operations, Landleven 5, 9747 AD, Groningen, the Netherlands   

A R T I C L E  I N F O   
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A B S T R A C T   

The purpose of this study is to explore how actors in the offshore wind farm decommissioning supply chain 
collaborate to manage collective uncertainties—external supply chain uncertainties shared among several supply 
chain actors. Semi-structured expert interviews with ten companies active in five different segments of the 
decommissioning supply chain in the Netherlands, Germany, and Belgium are conducted. Businesses currently 
utilize collaborative communication, information sharing, and joint knowledge creation to mitigate the adverse 
effects of collective uncertainties. However, collaboration is severely impeded by the presence of barriers such as 
intellectual property or the lack of resources. Nevertheless, opportunities to lower these hurdles and improve 
collaboration across the supply chain exist. This study contributes to the literature on collective uncertainties and 
supply chain collaboration in offshore wind decommissioning. Additionally, this paper provides practitioner- 
oriented insights to leverage supply chain collaboration in dealing with the decommissioning challenge.   

1. Introduction 

In recent years, an exponential growth of offshore wind farms 
(OWFs) around the world took place [1,2]. To achieve climate neutrality 
by 2050, the European Green Deal presupposes that Europe’s offshore 
wind capacity is increased from 12 GW (level in 2020) to a minimum of 
60 GW by 2030 and 300 GW by 2050 [3]. However, with a life expec-
tancy of 20–25 years [4,5], the operational period of offshore wind 
turbines (OWTs) is limited, and they will eventually have to be 
decommissioned. Topham et al. [6] estimate that 1800 OWTs will reach 
the end of life (EOL) phase by 2030 which results in the decom-
missioning of approximately 225 OWTs between 2020 and 2023 and 
1310 OWTs between 2029 and 2030 [7]. In the long term, these 
numbers will increase exponentially (20,000 OWTs are estimated to 
reach the EOL phase between 2030 and 2040) [8]. These illustrate the 
herculean task that the offshore wind industry (OWI) will face. Hitherto, 
the OWI focused on improving existing technologies and achieving 
operational efficiency, while widely neglecting decommissioning [5]. 
Thus, the (reverse) supply chain required for an efficient and environ-
mentally friendly decommissioning process is still very immature [9]. 

Decommissioning OWFs is challenging. The average blade length 
and weight for European OWFs is 58 m and 18 tons [6]. Performing 

dismantling activities for components of this size and weight, while 
being subject to challenging ocean conditions, requires adequate plan-
ning, highly specialized vessels, and skilled personnel. Engineering 
projects of such complexity are often subject to cost overruns [10,11]. 
They also have a significant environmental impact as removal activities 
disturb habitats and may even destroy marine life [12]. Decom-
missioning costs are estimated to range between €200.000–600.000 per 
MW depending on the project characteristics and scope [13]. For 3–4 
MW turbines, this would result in decommissioning costs of around € 
1–2 million per turbine, which is equivalent to 60–70% of the initial 
installation costs [14]. This makes decommissioning a considerable part 
of the total cost of energy and it is crucial to prepare for this phase to 
keep costs and environmental impacts minimal. 

Our paper is motivated by recent observations in the literature and 
practice. Based on a literature review, Topham and McMillan [5] pro-
vide an overview of tasks and activities typically involved in decom-
missioning offshore wind farms. They review existing methodologies 
and future plans and conclude that there is still a large amount of un-
certainty that remains. In addition, Topham et al. [8] highlight that 
“wind farms are starting to reach the end of life phase but there is still 
too much uncertainty on how to proceed with the decommissioning, as 
regulations are yet being formulated and are subject to review in some 

Abbreviations: DC Deconstruction company, EPCI Engineering; procurement, commissioning; installation, EOL End of life; LC Logistics coordinator, NDA Non- 
disclosure agreement; O&M Operations and maintenance, OWF Offshore wind farm; OWI Offshore wind industry, OWT Offshore wind turbine; PF Processing 
firm, PT Port; SCC Supply chain collaboration, WFO Wind farm operator. 
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cases (p.708).” The OWI involves different stakeholders [9–15], many of 
which are in the process of preparing for decommissioning. However, 
the juvenility of the OWI in general and decommissioning in particular 
results in a lack of knowledge and experience and the possibility to learn 
from existing techniques and processes is limited. Consequently, the 
decommissioning supply chain is exposed to many uncertainties that 
may seriously impede the decommissioning challenge. This paper draws 
on such uncertainties and particularly focuses on ‘collective un-
certainties’ [16]. These are external supply chain uncertainties shared 
among several supply chain actors. Because supply chain actors perceive 
and act upon collective uncertainties in divergent ways, managing them 
is critical for the coherence of the entire supply chain. Indeed, preparing 
for the decommissioning challenge is difficult for supply chain actors in 
presence of collective uncertainties, such as regulatory, timing, and 
process uncertainty. A certain knowledge spillover from the offshore oil 
and gas industry is expected [9], but offshore wind energy decom-
missioning occurs on a much larger spatial and temporal scale [5]. 

The plethora of collective uncertainties and the inherent complexity 
of challenges illustrate that no company in the OWI can master the 
decommissioning task alone. Supply chain collaboration (SCC) can aid 
firms in managing collective uncertainty [16]. Due to its immaturity and 
complexity, SCC may be particularly beneficial within the OWI [17,18]. 
Stentoft et al. [19] point out that especially the decommissioning pro-
cess would be supported by collaboration among participants in the 
supply chain. To exemplify, certain ports will have to develop special-
ized stripping-out and cutting-up facilities for processing activities [20]. 
Collaboration in the form of knowledge and information exchange with 
recycling companies could increase the efficiency of this process. 
Despite its benefits, currently, a low level of collaboration across the 
OWI supply chain can be observed [18,19]. It remains unclear how the 
different actors in the offshore wind farm decommissioning supply chain 
collaborate to manage collective uncertainty. Given this phenomenon, 
the overarching aim of this research is to identify opportunities for 
future SCC practices that could aid supply chain actors in mastering the 
decommissioning challenge. To achieve the research purpose, an 
exploratory study design is adopted. Semi-structured interviews with ten 
companies active within five different segments of the OWF 

decommissioning supply chain in the North Sea region were conducted 
to collect primary data. Outcomes from this research aid OWF decom-
missioning projects in better understanding collective uncertainties and 
how inter-organizational relationships can assist in mitigating the 
adverse effects of these. 

2. Related literature and conceptual framework 

The available literature mainly focuses on economic assessments and 
the operational decommissioning process. This section provides an 
overview of the OWF decommissioning process and identifies the supply 
chain actors involved. We consider the decommissioning supply chain as 
a process composed of a series of stages. Given the research question, we 
limit ourselves to the main steps and supply chain actors, though it is 
worth stressing that the decommissioning supply chain consists of a 
network of activities and actors [21]. In what follows, the concepts of 
uncertainty and SCC are explained, and their significance in the context 
of OWF decommissioning is highlighted. Ultimately, these are combined 
into a conceptual framework serving as the foundation for this study. 

2.1. Offshore wind farm decommissioning 

The process of decommissioning consists of a variety of inter- 
connected activities. There have been research efforts to map and 
evaluate the decommissioning process (e.g. Refs. [5,22,23]). Fig. 1 
provides a summary of the decommissioning process for OWFs. Table 1 
shows the main activities and participants per stage of the decom-
missioning process. The ‘decommissioning execution’ and ‘logistics’ 
stages are combined into ‘offshore activities & transportation’ since 
these are carried out by the same actors. 

2.2. Uncertainty 

The 20-25-year life expectancy of OWFs [4,5] makes it impossible to 
plan for the decommissioning phase prior to constructing the wind farm 
without uncertainties. The uncertainty is particularly high in decom-
missioning also due to the industry’s lack of knowledge and experience 

Fig. 1. The offshore wind farm decommissioning process (based on [5,22,23]).  
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[2,24]. Specifically, the process of decommissioning an offshore wind 
farm is plagued by internal and external supply chain uncertainties (cf. 
[25]). Internal supply chain uncertainties are internal to an organization 
and include, for example, a supply chain actor’s capability to carry out a 
decommissioning task. The source of external supply chain uncertainties 
is outside the organization and may (i) be limited to a relationship be-
tween two parties or affect a single actor (e.g., revolve around the timing 
of an order) or (ii) be shared among a broader set of actors. Considering 
the industry’s decommissioning preparedness, it is fitting to focus on the 
latter, which in the following we refer to as ‘collective uncertainties’. 

Collective uncertainties are external supply chain uncertainties shared 
among several supply chain actors. In contrast to individual uncertainties 
that affect a single supply chain actor, collective uncertainties may 
impact the entire supply chain. Managing collective uncertainties is 
critical. That is because supply chain actors conceive and make sense of 
collective uncertainties differently, and, as a result, they act upon col-
lective uncertainties in divergent ways. This may impede the coherence 
of the overall supply chain and can only be mitigated by means of 
collaboration among supply chain actors (c.f [16]). Vasconcelos Gomes 
et al. [16] highlighted collective uncertainties in the context of inno-
vation in ecosystems. They state that “the collective dimension refers to 
the extent of uncertainty: the number of actors affected by a particular 
uncertainty and/or the number of actors that perceive a similar uncer-
tainty” (p. 167). In comparison, in manufacturing supply chains a firm 
could face non-collective external uncertainties such as a competitor’s 
behavior with respect to promotion and pricing, while collective un-
certainties could revolve around, for example, changing government 
regulations with respect to material quality or recyclability [26,27]. We 
note that our focus on (collective) uncertainty rather than risk is driven 
by the maturity of offshore wind decommissioning practice and the clear 
need for innovation. While risk is typically associated with a known set 
of possible (primarily negative) outcomes in a given setting and their 
associated probabilities, collective uncertainties appear in contexts 
where the underlying problem’s novelty and stakeholders’ experience 
are such that it is difficult to know outcomes and likelihood in advance. 
It is frequently argued that uncertainty, rather than risk, should be the 
focus of a firm’s attention in such contexts [e.g., 28], which is why we 
restrict our attention to collective uncertainty. 

The OWF decommissioning process is indeed subject to many col-
lective uncertainties. To begin with, the moment when decommission-
ing activities will begin is uncertain. If economically viable, the owners 
may consider life extension or repowering options before removing the 
asset [6]. In that case, decommissioning might occur at a later stage than 
initially expected. Due to the long time span between commissioning 
and deconstruction, many technological and regulatory developments 
cannot be accounted for [8–22]. From a legislative perspective, the lack 
of a sufficiently clear framework for decommissioning is a crucial factor 
that increases uncertainty [8–30]. It is not sufficiently regulated what 
components need to be removed and what can be left in situ. This issue is 
further complicated through a lack of knowledge on the environmental 
impact of certain removal techniques [5]. Apart from the negative 

externalities such as seabed and noise disturbance, removal activities 
threaten marine life that might have developed around these structures 
[12]. Furthermore, laws on different waste-processing techniques might 
affect the possibilities for the recycling of OWF components [29]. 
Ambitious sustainability government targets or changes could impact 
decommissioning as this may result in varied conditions for the offshore 
deconstruction process and the processing of components [22]. Another 
uncertainty stems from the recyclability of certain components. Mate-
rials such as ferrous metals or aluminum can be recycled repeatedly 
without a significant loss in value [4]. The wind turbine blades, how-
ever, mainly consist of glass or carbon-reinforced composites, and 
currently, there is no sustainable solution available to recycle them 
[1–29]. Additionally, it is questionable whether a sufficient number of 
highly specialized vessels will be available to decommission OWFs [8]. 
Due to the various uncertainties that the industry faces, costs are diffi-
cult to forecast. 

2.3. Supply chain collaboration 

SCC can be defined “as a partnership process where two or more 
autonomous firms work closely to plan and execute supply chain oper-
ations toward common goals and mutual benefits” [31](p. 166). It is 
well-known that SCC is effective in mitigating uncertainties [32,33], 
gaining access to complementary resources [34], and obtaining valuable 
information [35]. Indeed, uncertainty reduction is a key objective in 
SCC [32]. SCC is of particular importance in face of collective un-
certainties as identifying, understanding, and managing collective un-
certainties require a transparent flow of information in between supply 
chain actors—each with a diverse perception of these uncertainties. 
Given the high level of complexity and the extent of collective un-
certainties, one would expect that SCC might be particularly fruitful in 
the OWI [17,18]. Nevertheless, despite the potential, the current level of 
collaboration is low. This indicates that there exist barriers to collabo-
ration in the OWF decommissioning supply chain. Singh et al. [36] 
ascertain that an understanding and awareness of disablers and enablers 
to collaboration is a prerequisite of effective SCC. Hence, it is critical to 
identify the barriers and opportunities to SCC in the OWF decom-
missioning in pursuit of managing collective uncertainties, which have 
thus far not been well-understood. 

Cao et al. [37] argue that uncertainty reduction is one of the main 
perspectives of SCC. Based on their conceptualization, this paper zooms 
in on three SCC aspects: collaborative communication, information 
sharing, and joint knowledge creation. Collaborative communication 
refers to the contact and transmission process between supply chain 
partners regarding frequency, direction, mode, and influence strategy 
[31] and it can be used to reduce conflicts and uncertainty, and improve 
supply chain relationships [37]. Information sharing is defined as “the 
extent to which a firm shares a variety of relevant, accurate, complete 
and confidential ideas, plans, and procedures with its supply chain 
partners in a timely manner [37, p.6617]”, and hence refers to a com-
pany’s willingness to exchange important information that would be 

Table 1 
Supply chain actors involved in the decommissioning process.  

Process 
Step 
Supply 
Chain Actor 

Project Planning and Preparation Offshore Activities & Transportation Waste Management Post-Decom. 

Decom. 
Execution 

Logistics 

Wind farm operators 

Decom. service providers 
Maritime contractors  

Logistics coordinator  
Ports  

Processing firms    
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beneficial for the supply chain partner [38]. Such transparency has been 
found to be useful in traditional supply chains to prevent demand dis-
tortions, but also serves as an effective means to improve 
decision-making in innovation ecosystems. In the OWF decommission-
ing supply chain, collaborative communication and information sharing 
could aid companies in generating a common understanding of uncer-
tainty which is required to ensure successful planning [39]. Joint 
knowledge creation can be described as the extent to which working 
together with supply chain partners aids an enterprise in developing a 
better understanding of and response to the market environment [38]. 
This, too, enables OWI supply chain actors to develop a better and 
shared understanding of a particular uncertainty but additionally, it 
might enable them to respond. 

2.4. Conceptual framework 

This study examines the following research question: How do the 
different actors in the offshore wind farm decommissioning supply chain 
collaborate to manage collective uncertainty? Fig. 2 provides the concep-
tual framework guiding our analysis. According to the framework, our 
analysis establishes a mapping of the various collective uncertainties in 
offshore wind farm decommissioning and the supply chain actors 
affected by these (see Table 1), noting that we group decommissioning 
service providers and maritime contractors into ‘deconstruction com-
panies’ (see Section 3.1). We are interested in how the supply chain 
actors use the SCC types ‘collaborative communication’, ‘information 
sharing’ and ‘joint knowledge creation’ to deal with the different col-
lective uncertainties they face, which is explained in Section 2.3. Lastly, 
as mentioned above there are barriers and opportunities in the use of 
SCC to manage collective uncertainty, which we will incorporate in our 
research design. 

3. Methodology 

3.1. Research design 

This research is of exploratory nature and adopts a qualitative 
research design using semi-structured expert interviews as the primary 
research methodology [40,41]. The primary advantages of expert in-
terviews in comparison with panel-based methods such as focus groups 
or Delphi methods lie in the researchers’ control over data collection and 
analysis and in allowing the generation of rich data [42,43]. This makes 
expert interviews particularly suitable for the purposes of the study, as 
we aim to obtain detailed information on supply chain actors’ opinions 
and attitudes about various phenomena across the supply chain. 

This study focuses on companies that will be involved in the OWF 
decommissioning supply chain. Ten companies active within five 

different supply chain segments were interviewed. Two companies of 
the same supply chain category were interviewed to improve general-
izability, and a higher number of interviews allows for identifying 
comparable patterns and gaining better insights into the issue [44]. It is 
important to remark that while six supply chain actors were identified in 
Section 2, the research design involves only five segments as maritime 
contractors and decommissioning service providers were grouped 
together as the “deconstruction companies” supply chain category. That 
is because decommissioning service providers are often hired as sub-
contractors and rely heavily on the main contractor. Companies were 
selected based on their current role in the OWI and were only considered 
if they have the intention to actively participate in the decommissioning 
business. As the decommissioning of OWFs in the North Sea region is 
investigated, firms from Germany, the Netherlands, and Belgium were 
contacted. To ensure a certain degree of experience, the interviewed 
experts have a minimum of two years of work experience in their current 
role. To obtain a high data quality and ethical reasons, full anonymity 
was granted to all interviewees. The supply chain categories, along with 
an overview of the participating companies and interviewed experts are 
outlined in Table 2. A detailed description of the interviewed companies 
is provided in Appendix A. 

3.2. Data collection 

The semi-structured interviews were carried out in the period 
April–May 2021. The iterative nature of semi-structured interviews 
allowed us to conduct preliminary data analysis and data collection 
simultaneously. The protocol can be found in Appendix B. Importantly, 
to not create bias leading questions around uncertainties were avoided, 
in line with the study’s exploratory nature (particularly with respect to 
prevailing uncertainties). Additionally, the company website, press ar-
ticles, annual reports, and firm documents were studied to increase the 
construct validity of the research. Each interview took between 40 and 
70 min. The conversations were recorded to ensure a higher transcript 
quality, thereby increasing internal validity. The interviewees were 
informed of the data collection and confidentiality procedures at the 
beginning of the conversation. All interviews were transcribed as soon as 
possible and sent to the interviewee to ensure that they have the pos-
sibility to review and make corrections if necessary. 

3.3. Data analysis 

The interview transcripts served as the foundation for the data 
analysis. A detailed description of the coding process and the resulting 
coding tree can be found in Appendix C. The data analysis was separated 
into three steps. Firstly, the data obtained from each company is 
analyzed individually. Secondly, the analysis is expanded by comparing 

Fig. 2. Conceptual framework.  
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statements of companies active within the same supply chain segment. 
Lastly, to consider the supply chain level, patterns across all supply 
chain categories were analyzed. To externally validate findings 
throughout the analysis process, results were compared to the existent 
literature. A complete overview of the measures undertaken to ensure 
reliability and validity can be found in Appendix D. 

4. Results 

We first provide an overview of collective uncertainties identified in 
our analysis and summarize how each supply chain actor perceives and 
safeguards against different collective uncertainties. Then, we turn our 
attention to the barriers to and opportunities for leveraging supply chain 
collaboration in managing collective uncertainties. 

Throughout the section, we consider quotes and statements from 

interviewees. The abbreviation following a quote indicates the inter-
viewee as mentioned in Table 2. For the reader’s convenience, we pre-
sent an overview of the participating companies, along with their supply 
chain categories in Table 3. It is important to note that what is presented 
in this table is based solely on the descriptive information provided by 
the interviewees—which we do not use to draw conclusions. 

4.1. Collective uncertainties and supply chain collaboration 

Our analysis revealed ten collective uncertainties that are prevalent 
across the decommissioning supply chain, as we summarize below. We 
identified two other uncertainties, namely environmental uncertainty 
and port space uncertainty (see Appendix D). These are left out of our 
discussion because they do not affect multiple supply chain categories, 
and, hence, cannot be considered as collective uncertainties. These un-
certainties are consistently identified as being critical in the decom-
missioning challenge and deemed to be collective as they are recognized 
in multiple supply chain categories. 

1. The regulatory uncertainty stems from the ambiguity of the legis-
lative conditions that apply to the decommissioning supply chain. 
It takes many different forms ranging from the absence of regu-
lations as to what can be left in situ upon decommissioning to the 
unpredictability of the environmental laws that might impede the 
use of a particular technology in recycling.  

2. The blade-recycling uncertainty refers to the uncertainty on 
whether and/or to what extent the wind turbine blades can be 
recycled. The fact that blades account for extensive amounts of 
material and are hard to transport, makes blade recycling 
particularly critical. While there is an ever-increasing number of 
initiatives to develop efficient blades recycling methods, to what 
extent these will be successful and economically viable is still a 
question mark.  

3. The liability uncertainty refers to the unclarity of ownership and 
responsibility throughout the decommissioning supply chain. For 
instance, it is not clear whether manufacturers will have extended 
producer responsibilities and if so whether and/or how this task 
will be passed on to the contractors.  

4. The technological uncertainty is a main source of concern as it is 
not yet known how wind farm decommissioning will be indus-
trialized. It entails a large variety of uncertainties that relate to 
the development of decommissioning techniques and equipment, 
neither of which are yet not well-established. 

5. The process uncertainty entails the procedural and spatial un-
certainties around the decommissioning process. For instance, it 

Table 2 
List of interviewees.  

Supply Chain 
Category 

Company/ 
Interviewee 
Abbreviationa,b 

Role of Interviewee(s) #Years in 
Position 

Wind Farm 
Operators 

WFO1 Head of Operations & 
Maintenance (balance of 
plant) 

2 

WFO2 Permit Manager 3 
Deconstruction 

Companies 
DC1 (a/b) DC1a: Regional Manager 

Offshore Wind/General 
Manager of Subsidiary 

5 

DC1b: Manager Business 
Development Offshore 
Wind 

4 

DC2 Commercial Manager 
Offshore Wind 

3 

Logistics 
Coordinator 

LC1 Sales and Project 
Manager 

2 

LC2 Sales Representative 3 
Ports PT1 Business Development 

Manager 
10 

PT2 Business Manager 
Offshore Wind and 
Logistics 

10 

Processing Firms PF1 Business Development 
and Project Manager 

4 

PF2 Head of Research and 
Development 

10  

a DC = Deconstruction company; LC = Logistics coordinator; PF = Processing 
firm; PT = Port; WFO = Wind farm operator. 

b Two representatives of DC1 participated in the interview. These are referred 
to as DC1a and DC1b. 

Table 3 
Overview of the Participating Companies (decommissioning is abbreviated as “decom.” and commissioning as “com.“).  

Supply Chain 
Category 

Wind Farm Operators Deconstruction Companies Logistic Coordinators Ports Processing Firms 

Company WFO1 WFO2 DC1 DC2 LC1 LC2 PT1 PT2 PF1 PF2 
General Grid 

connection: 
2015 
80 Turbines 
(5 MW) 

Grid 
connection: 
2021 
89 Turbines 
(4.3 MW) 

Main 
Contractor: 
Owns vessel 
fleet 

Sub- 
Contractor: 
Specialized 
in heavy 
lifting 

Joint 
venture: 2 
shipping 
companies, 
1 port 
terminal 
operator 

Full-service 
logistics: 
specialized 
in heavy and 
dangerous 
goods 

Pre- 
Installation 
and O&M 
Port: 9 
OWFs in 
installation, 
11 in O&M 

Installation 
and O&M 
Port: 16 
OWFs in 
installation, 
6 in O&M 

Recycling 
company 
involved in 
the chemical 
recycling of 
blades 

Recycling 
company 
that is 
currently 
processing 
wind farm 
material 

Attitude 
towards 
Decom. 

Necessary 
Evil 

Sufficiently 
accounted 
for 

Business 
Opportunity 

Business 
Opportunity 

Business 
Opportunity 

Business 
Opportunity 

Business 
Opportunity 

Business 
Opportunity 

Business 
Opportunity 

Current 
Business 
Activity 

Decom. 
Experience 

No decom. 
experience 

No decom. 
experience 

Offshore 
decom. 
experience 

Onshore 
decom. 
experience 

No decom. 
experience 

Onshore 
decom. 
experience 

No decom. 
experience 

Onshore 
decom. 
experience 

Currently 
testing on a 
small scale 

Actively 
involved in 
decom. 
(onshore 
materials) 

Collaboration 
Level 

Medium Low Medium Low Medium High High High High High  
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is hard for supply chain actors to establish a strategy without 
knowing where the point of downsizing—a critical node in the 
decommissioning network—will be.  

6. The market uncertainty refers to the uncertainty in the dynamics 
and the size of the decommissioning market. These will be driven 
by the contract schemes that will regulate the relationships be-
tween supply chain actors and the volume of material flows 
neither of which is easy to predict.  

7. The financial uncertainty stems from the doubts on whether 
decommissioning costs have been sufficiently budgeted for 
existing wind farms. This issue further elevates as it is hard to 
estimate decommissioning costs. 

8. The reusability uncertainty arises as it is not yet clear which ma-
terials will be sold in the second-hand market and reused. This 
has an immediate impact on the material flows through the 
supply chain and also translates into further uncertainty on the 
volume of materials that will be downsized to be recycled or 
disposed of.  

9. The timing uncertainty arises simply because it is not known when 
decommissioning will take place. It is ambiguous when the life-
time of existing wind farms will come to an end. This further 
intensifies due to technological initiatives that may lead to 
extended life times.  

10. The vessel availability uncertainty relates to the concerns on 
whether sufficient number of vessels will be available to carry out 
decommissioning. The vessel fleets purposed for wind farms have 
already been growing at a high pace and it is not clear whether 
further acceleration is feasible given capacity limits and financial 
considerations. 

To streamline our exposition and establish links between different 
collective uncertainties, we proceed by focusing on how each supply 
chain category perceives and safeguards against different collective 
uncertainties. We provide an overview of the supply chain categories 
that are affected by each of the collective uncertainties in Table 4 and 
the collaboration practices in different supply chain categories in 
Table 5. 

4.1.1. Wind farm operators 
The wind farm operators are subject to regulatory, timing, market, 

technological, and financial uncertainty. From a regulatory perspective, 
“the legal climate and laws may change which can have an effect on the 
wind farm.” (WFO2). Potential regulatory changes regarding health, 
safety, and environment due to government changes impede the plan-
ning for decommissioning (WFO1). Life extension options and potential 
economic decommissioning create timing uncertainty for the operators. 
WFO1 states that, if economically attractive, it “could be a scenario to 
reduce the number of turbines and take significantly fewer turbines with 
higher capacity to replace them.” Also, for WFO2 “this is always an 

interesting option”. The operators’ business case is also subject to the 
electricity price. In contrast to life extension, if operating the OWF is not 
profitable anymore, decommissioning might occur earlier than origi-
nally accounted for. According to WFO1, dismantling and waste disposal 
are unchartered territories, and that an industry and technology are 
starting to develop. Operators see technological uncertainty as an op-
portunity for having more efficient technologies for decommissioning. 
Nonetheless, “if someone comes up with a clever concept, the estimated 
prices are obsolete.” (WFO1). This illustrates how technological uncer-
tainty translates into financial and market uncertainty. WFO2 underpins 
this by expressing that “in 20 years, you can have new techniques, new 
costs. […] It is impossible to know what contracting will look like.” For 
the operators, decommissioning played a considerable part in the 
commissioning permit and overall decommissioning costs result in high 
financial uncertainty. 

To decrease technological, market, and financial uncertainties, 
WFO1 is talking to decommissioning service providers to estimate what 
techniques are used, what the market looks like, and how much 
decommissioning would cost if the wind farm were to be deconstructed 
right now. Also, interacting with recycling companies helps the operator 
to get a better idea of the process steps and the associated costs. 

4.2. Deconstruction companies 

The operators’ unclarity regarding the decommissioning strategy 
and its timing trickles down the supply chain and makes it challenging 
for deconstruction companies to estimate the extent of decommissioning 
activities. DC1a mentions two approaches towards deconstruction: “It 
could be a mirror image of the construction market. Whereby employers 
choose, what is called multi-contracting, so organizing multiple 
specialized companies for certain elements. But it could also be that 
employers basically say: this is where the wind farm is, you take care of 
it for me [EPCI]. Then, everything is decommissioned, including the 
disposal waste streams.” (DC1a). Here, EPCI (engineering, procurement, 
commissioning, installation) stands for an agreement where a single 

Table 4 
Collective uncertainties in the supply chain.   

Supply Chain Category 

Collective uncertainties WFO DC LC PT PF 
1. Regulatory 
2. Blade-Recycling  

3. Liability  
4. Technological 

5. Process   

6. Market 
7. Financial 

8. Reusability    
9. Timing 

10. Vessel Availability   

Table 5 
Supply chain categories, their current collaboration practices, and the uncer-
tainty they address.  

Supply Chain 
Category 

Current Collaboration Practices Uncertainty 
Addressed 

Wind Farm 
Operators 

Communication and information 
exchange with deconstruction 
companies and recycling firms 

Technological, 
Market, Financial, 
Process 

Deconstruction 
Companies 

Communication and information 
exchange with operators 

Timing, Market 

Communication and information 
exchange with supply chain partners 

Blade-Recycling 

Joint knowledge creation: 
workshops and conferences 

Technological, 
Market 

Logistics 
Coordinators 

Communication and information 
exchange with recycling firms and 
deconstruction companies 

Process, 
Technological, 
Financial 

Joint knowledge creation: 
workshops 

Process, 
Technological 

Ports Communication and information 
exchange with industry partners 
that will execute the 
decommissioning to form a cluster 

Regulatory, Process, 
Technological 

Joint knowledge creation: projects 
with recycling firms, startups, and 
scale-ups 

Blade-Recycling 

Processing Firms Communication and information 
exchange with wind farm operators, 
ports, recycling companies, and 
contractors to try to form a joint 
venture for decommissioning 

Liability, Regulatory 

Joint knowledge creation: projects 
with ports and academic 
representatives 

Blade-Recycling  
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contractor is in charge of the complete decommissioning process. If 
EPCI-contracting is chosen by the asset owner, the contractor could be 
accountable for the disposal of waste streams which makes them subject 
to further uncertainties surrounding the recyclability of wind turbine 
blades. DC2 is “acting as a subcontractor and not the main contractor”. 
Nevertheless, it is also concerned as “the responsibility for each 
decommissioning part” is not clear to the subcontractor either (DC2). 
From a regulatory perspective, one concern is that “it is not clear what 
can be left in situ.” (DC1b). DC1a also has doubts about “whether the 
early wind farms built up to 10 years ago budgeted accurately for the 
decommissioning.” This raises the question of who will be financially 
accountable if the asset owner’s budget is insufficient. 

In terms of collaborative activities to reduce uncertainty, DC1 is 
“having as many conversations as possible” so as to obtain information 
on “whether they [the operators] extend the lifetime or are going to cut 
it short” (DC1a). In anticipation of EPCI-contracting, DC1 is also 
“looking to find the right party that can help.” (DC1a). DC2 illustrates 
that the company relies on the main contractor’s collaboration network. 
Both companies participate in workshops and conferences to investigate 
potential removal techniques to alleviate technological and market 
uncertainty. 

4.3. Logistics coordinators 

The point of downsizing is critical for the logistics coordinators 
because it determines the length of transportation paths. LC1 elaborates: 
“The disposal company would like to open a scrapyard at the harbor. 
The components come in and are downsized and processed there. […] 
This area is far too expensive to become a scrapyard and should only 
serve for handling activities. The components come in, are cut into 
transportable pieces, and shipped […] to the inland scrapyards.” The 
lack of legislative standards for cutting techniques further intensifies this 
problem. LC1 highlights the lack of clarity on what techniques can be 
used from an environmental impact point of view. Also, it is unclear 
what can be left in situ and how the decommissioned components are 
classified during transport. Financial and technological uncertainty take 
the same form for the logistics coordinators as they do for the decon-
struction companies. The inability to estimate costs translates into un-
certainty regarding the market potential of decommissioning (LC1). LC2 
is unsure whether the same performance indicators will be applicable for 
uninstallation as for commissioning. Both logistics coordinators wonder 
whether it would be possible to disassemble a wind farm over a longer 
period. The availability of decommissioning vessels is another concern 
raised by LC1, as these vessels may be considered too small for larger 
turbines, while they have not been paid for at the same time. 

To cope with the uncertainty about the optimal point of downsizing, 
LC1 has communicated and shared information with recycling com-
panies and service providers to figure out at which point to downsize 
what components and to gain insight into available techniques and the 
cost of these, which helps to mitigate technological and financial 
uncertainty. 

4.3.1. Ports 
For the ports, it is important to have a site dedicated for decom-

missioning. PT1 stresses that “if there is no reservation of [port] space 
once the decommissioning comes, the owners will have a problem.” To 
make an area available for decommissioning activities, adequate volume 
estimation is essential. However, this is complicated through various 
uncertainties. Firstly, there is the uncertainty of component reusability, 
which is aggravated as processing techniques differ for the steel, cables 
and blades. Also, it is not sufficiently regulated what inner-harbor 
environmental standards must be fulfilled at the site of decommission-
ing. The blade-recycling uncertainty is particularly severe for the ports. 
PT2 states that “if you do not have a solution for it, it is negative value.” 
The expert adds that the port will not use its “area to lay it full of wind 
turbine blades with negative value.” Furthermore, considering that 

certain components can be reused on the secondhand market, certain 
components would not be downsized or processed in the harbor at all 
(PT1). Secondly, volume estimation is compounded through liability 
uncertainty. The fact that manufacturers want to protect their intellec-
tual property might interfere with decommissioning. It could be the case 
that manufacturers take back their products. For the same reason as LC1, 
the ports question whether vessels will be available for decommission-
ing. Another unknown regulatory aspect perceived by the ports is the 
responsibility in the event of the asset owner’s business termination, 
which is increasingly an issue for the older installed wind farms. 
Considering the lack of regulation surrounding decommissioning, PT1 
believes that the legislative processes will be insufficiently fast, and that 
the industry must establish best practices and regulatory standards. 

Both ports are highly engaged in collaborative practices to manage 
uncertainty. To set industry standards from a regulatory, process and 
technical perspective, PT1 is trying to collaborate with supply chain 
partners: “[..] soon, we will have a cluster of companies with different 
skills to offer to the owner.” Another aim of this cluster is to propose a 
strategy to the government to get regulatory approval. Both ports state 
that they are cooperating with recycling companies, startups, and scale- 
ups to find a solution for the blades to enhance circularity in the in-
dustry. PT1 is engaged in projects to foster design for decommissioning. 

4.3.2. Processing firms 
From the recycling firms’ point of view, the market potential of OWF 

decommissioning is dependent on the incoming material volumes. For 
instance, if operators opt for reuse or life extension, this heavily affects 
the processing companies’ business position since they cannot “build a 
recycling facility and then wait another five years for materials to 
come.” (PF1). Volume estimation is further complicated as “it is possible 
to have extended manufacturer responsibility. That would mean that the 
manufacturers would have to take back the products they released.” 
(PF1). This could result in less material reaching the recycling company 
than initially accounted for. PF1 is currently testing a chemical recycling 
method for the blades. The uncertainty surrounding this solution is high. 
It is questionable if the method will work on a commercial scale or 
whether it will be effective in the long run. PF2 indicates the availability 
of a scrapyard as the biggest issue. The recycling companies would 
prefer the scrapyard to be located at the harbor to limit transportation 
costs. But this requires going through “an extensive approval procedure” 
and substantial financial investments (PF2). This is unattractive for 
processing firms since “a company will not spend €500,000 on a permit 
without success of approval being guaranteed.” (PT2). The re-
sponsibility in case of environmental damage during the downsizing 
process is another question. 

To manage uncertainties, PF2 is currently trying to “form a con-
sortium with the wind farm operators, the ports, the recycling com-
panies, and the contractors.” The ultimate aim is to “form a joint 
company that acquires the permit and thus offers the complete decom-
missioning package. This company could then apply for decom-
missioning tenders at a European level while sharing the risk and 
financial burden.” (PF2). PF1 also believes that finding a solution hinges 
on “collaboration of the different stakeholders in the region.” (PF1) and 
participates in a joint project with ports and academia to reduce un-
certainty on material flows and the recyclability of blades. 

4.4. Barriers to supply chain collaboration 

Five barriers to collaboration to deal with collective uncertainty 
were identified on a supply chain level. 

4.5. Intellectual property 

One frequently mentioned hurdle to SCC is intellectual property. 
Information possessed by one supply chain actor would be valuable for 
another, but it could be harmful to the former to share this information. 
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DC1a mentions that “in order to gain knowledge on how the market-
place will look like, the biggest challenge is to get transparency from all 
parties.” Operators and the manufacturers are highlighted specifically. 
DC1a voices that “Most operators keep their cards as close to the chest as 
possible because […] whether they will extend lifetime or are going to 
cut it short has an impact on their position.“PT1 adds that “the owner is 
not so keen to share this information because they have a track record to 
keep in mind.” WFO1 explains that information that suggests opera-
tional issues in the wind park could lead to speculations on the market. It 
is not shared to avoid a potential backlash. Information sharing by the 
manufacturers is crucial for the recycling firms as they “need to un-
derstand the material that is coming in. […] That goes into detailed 
questions to the manufacturer which could be close to their intellectual 
property.” (PF1). This is a frequently encountered barrier. 

4.5.1. Cost/benefit ratio 
The unequal distribution between risk and financial compensation 

for supply chain actors emerges as a barrier to SCC, making the cost/ 
benefit ratio suboptimal for many parties. Several interviewees believe 
“that the owners will put a tender on the market for a decommissioning 
project […].” (PT1) This allows the owner to hand over the re-
sponsibility. PF2 is concerned that, in case of severe environmental 
damage during the processing of OWF components, “all the liability will 
be with the recycling firms while they only make approximately €10 
million on a €100 million decommissioning project.” PF1 confirms that 
“the recycling part is a very minimal part of the total costs of offshore 
decommissioning projects.” The uneven allocation of risk and benefits 
forms “a difficult basis for effective collaboration” from the processing 
firms’ perspective (PF2). 

4.6. Different incentives 

PF2 states that “the operators are electricity producers and have 
nothing to do with recycling. This means they put out a call for tender 
and thus solved the issue from their perspective. Why should they 
concern themselves with recycling? That is not their core competency. 
[…] Similarly, the maritime service providers do not have to deal with 
what is happening onshore. Their responsibility ends once the material 
is in the harbor.” This problem is aggravated by the high level of frag-
mentation within the OWI. In the case of older wind farms, multiple 
companies conducted the project together (PT1). Furthermore, the 
German, Belgian, and Dutch wind farms are rather small (i.e., 80 tur-
bines on average) compared to the UK, for example (LC1). Based on this, 
there are many smaller wind farms in this region of the North Sea which 
requires communication with a multitude of stakeholders. 

4.6.1. Lack of resources 
LC1 participated in a project to find engineering solutions to opti-

mize the decommissioning process. However, “engineering services cost 
money, and if the [project] had €10 million in government funds 
available, the companies that possess the engineering capabilities would 
have been more motivated to carry the whole thing.” (LC1). Without the 
funds available, innovative solutions were discussed, but did not make it 
to the cost-intensive testing stage. 

4.6.2. Immaturity 
If a company is not sure about its role in the decommissioning supply 

chain, it becomes difficult to collect and share information. LC2 points 
out that there are many “parties that are still trying to figure out their 
business case […] and thus are not so eager to work together.” Similarly, 
PT1 indicates that “for the time being, everybody is looking for their 
own market and their own business.” 

4.7. Opportunities for supply chain collaboration 

To improve the effectiveness of SCC in dealing with collective 

uncertainty, this research identified four opportunities. 

4.7.1. Owner/operator cooperation 
Collaboration between OWF owners regarding decommissioning 

could benefit them and the downstream supply chain. LC1 believes “that 
it would have positive consequences if decommissioning would be 
concentrated in such a way.” In a similar vein, WFO2 suggested that it 
could be beneficial if “there is some government fund where wind park 
builders pay provision” for decommissioning. For the owners, this could 
reduce the financial uncertainty as it would ensure that sufficient capital 
is available once decommissioning is due. On top of this, if owners 
bundle deconstruction activities, market volume could be increased 
which is beneficial for the downstream supply chain and the owner. 
Coordination between the OWF within a joint fund could also reduce 
fragmentation and potentially result in a standardized decommissioning 
strategy. This would significantly reduce technical and process uncer-
tainty in the OWI. 

4.7.2. Cross-competency consortia 
It is clear that “no single firm has all the required competencies” for 

decommissioning (PF2). This makes it interesting for the companies to 
form consortia to offer a complete end-to-end decommissioning package 
by bundling their resources. PT1 and PF2 are currently trying to achieve 
this, but it is perceived to be extremely difficult (PF2). Forming cross- 
competency consortia could foster involvement across supply chain 
segments and lower the ‘different incentive’ barrier significantly. PF1 
supports the need for this by saying that it is crucial “to understand what 
the different stakeholders are doing” to master the decommissioning 
challenge. Another benefit of cross-competency consortia would be the 
sharing of liability. The current uneven cost/benefit ratio across the 
supply chain impedes SCC and consortia would foster the equal distri-
bution of risk. Apart from diminishing barriers to SCC, cross-company 
consortia offer the possibility to impose regulatory standards and pro-
pose best practices out of the industry (PT1; PF2). 

4.7.3. Non-disclosure agreements 
The reluctance of certain supply chain members to share information 

is the most frequently perceived hurdle to SCC among the interviewees. 
LC2 realizes the “need to find a way to collaborate more between 
companies […] while also protecting intellectual property”. Information 
possessed by, especially the operators and manufacturers, is crucial for 
the downstream supply chain but often remains confidential. NDAs 
might offer a possibility to circumvent this problem. PF1 reveals that, 
within joint decommissioning projects, the company is “able to over-
come this problem through NDAs.” The intellectual property hurdle 
might be evaded through legally binding confidentiality agreements 
between the supply chain actors. 

4.8. Manufacturer involvement 

WFO1 states: “It [decommissioning] is not yet sufficiently considered 
during the production. At the moment, you receive subsidies for the 
construction of the plant while this black spot is neglected. The sole 
focus is on profit maximization.” Currently, the manufacturers’ re-
sponsibility for its products ends once they are sold (WFO1). To solve the 
second decommissioning challenge, there is the need to “produce 
recyclable components from today on.” (PT2). Hence, involving the 
manufacturers in collaborative activities offers the opportunity to make 
significant steps towards design for decommissioning. PF1 points to the 
importance of information that the manufacturer possesses, yet believes 
that the manufacturers “would not spend a euro [on recyclability] unless 
they are obliged through regulation.” 
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5. Conclusion 

5.1. Summary of main findings 

This research first identified the following ten vastly different col-
lective uncertainties present in the OWF decommissioning supply chain: 
regulatory, blade-recycling, liability, technological, process, market, 
financial, reusability, timing, vessel availability. Table 4 highlights that 
each supply chain actor is confronted with the majority of these col-
lective uncertainties, while at the same time the collective nature of 
these uncertainties becomes visible as each collective uncertainty affects 
the majority of supply chain actors. The set of ten collective un-
certainties displays a high level of variety, and shows that the collective 
uncertainties structure around legislative, technological, environmental 
and process factors. In line with earlier findings (see e.g. Ref. [8]), it was 
observed that high levels of uncertainty affect all players negatively, as it 
impedes adequate planning and preparation for decommissioning. 

The findings furthermore show—as demonstrated in Table 5 and 
Sections 4.1.1-4.1.5—that SCC is a vital instrument to manage collective 
uncertainties in offshore wind farm decommissioning, as various col-
lective uncertainties are dealt with using a range of SCC practices. 
Clearly the nature of collaboration and the collaboration partner de-
pends on the position of the focal supply chain actor, while there is 
awareness of the possible benefits of forming consortia with other sup-
ply chain partners. 

SCC in the context of OWF decommissioning is currently challenged 
by the presence of barriers (Section 4.2). This research identified intel-
lectual property, an uneven cost/benefit ratio, different incentives, the 
lack of resources, and immaturity as factors that currently impede SCC. 
However, Section 4.3 showed that opportunities for future SCC exist that 
have the potential to lower some of the existent barriers and thereby 
improve SCC to reduce collective uncertainties surrounding the EOL of 
OWFs. 

5.2. Implications 

This research has several practical and policy implications. It is 
important that manufacturers play a more prominent role in decom-
missioning, by means of proper incentives tied to regulations, or by 
having operators/owners demand design for decommissioning. To 
achieve this, auction designs and subsidies used in the allocation of OWF 
development contracts need to be reconsidered. This research also 
stresses that SCC is required to deal with collective uncertainties for an 
economically and environmentally friendly decommissioning process, 
and that there are barriers and opportunities in doing so. As a first step, 
managers need to understand these to overcome or exploit them, which 
requires a collaborative mindset. Finally, two phenomena are important 
to highlight: the need for regulation and the ‘trickle-down’ effect. 

Need for regulation. All participants are affected by regulatory 
uncertainty. Topham et al. [6] identified insufficient regulation on what 
components can be left in situ as an issue, while Jensen and Skelton [29] 
mentioned inadequate regulation about processing procedures. We 
propose that the lack of regulation stretches over more areas sur-
rounding the decommissioning supply chain. Responsibilities in case of 
the owner’s business termination or environmental damages are not 
clear. It needs to be regulated what (inner harbor) techniques can be 
used for the decommissioning and how the material is classified in terms 
of customs procedures. Manufacturer responsibility is another element 
that needs to be clarified. Especially for the logistics coordinators, ports, 
and recycling companies, it is crucial to estimate the incoming material 
volumes, which is highly dependent on whether manufacturers must 
take products back. 

Trickle-down effect. Timing uncertainty, perceived by the opera-
tors, trickles down the supply chain to the main contractors, sub-
contractors, and recycling companies and aggravates the issue from 
their perspective. For the downstream supply chain, information about 

the timing, decommissioning strategy, and the components to be 
decommissioned is crucial to estimate the business potential and prepare 
accordingly. Nevertheless, in line with Adedipe & Shafiee [22], infor-
mation possessed by the asset owner is seldom shared. The unwilling-
ness to share information forms a significant barrier to collaboration. 

5.3. Contribution 

This study contributes to offshore wind decommissioning literature 
and practice by being the first study taking a supply chain perspective to 
explicitly identify collective uncertainties surrounding the decom-
missioning of OWFs and how different supply chain actors perceive 
them, and to demonstrate how SCC is used to manage collective un-
certainties while identifying barriers and opportunities in doing so. To 
help implementing SCC, this study identified SCC-oriented solutions for 
managers to lower the collective uncertainty level. Most current col-
lective activities are still in a nascent stage. In the case of the operators, 
collaboration with competitors could be beneficial for decommissioning. 
For the companies that execute the decommissioning, forming cross- 
company consortia might be advantageous. This requires collaborative 
activities to advance to the next level. Cao & Zhang [31] also consider 
goal congruence, joint decision-making, and incentive alignment as 
important parts of SCC. These should become components of future 
collaboration activities between supply chain actors in the OWI. 

5.4. Limitations and future research 

In this study no manufacturers were considered. It would be inter-
esting to assess their attitude towards design for decommissioning, SCC, 
and responsibility for component recycling. Furthermore, this study 
presents collective uncertainties and collaboration practices at a fixed 
point in time. Adopting a longitudinal case study design allows assessing 
how the perception of collective uncertainties changes over time, and is 
useful for an evaluation of the effectiveness of SCC activities in miti-
gating the adverse effects of uncertainty. In terms of logistics and 
transportation, previous literature on the decommissioning process of 
OWFs has mainly focused on offshore activities. This thesis revealed that 
the onshore point of downsizing is critical for ports, logistics co-
ordinators, and processing firms. Quantitative studies that model 
different points of downsizing scenarios could be an exciting avenue for 
future research. 
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