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ABSTRACT 
 

The objective of this Thesis is to develop a methodological framework to guide the 

decision maker in selecting a decommissioning method for offshore wind farms which is 

supported by the majority of relevant stakeholders. Initially, a literature review has been 

conducted to find out which methods are available to decommission an off-shore wind 

farm and which criteria can influence the outcome.  

Two methods have been found in literature, namely partial and total removal of the 

foundation. Furthermore, twenty one (21) criteria have been found which could 

influence the results. These criteria can be divided in four categories which are 

economical, environmental, social and technical.  

Subsequently, a methodological framework was developed that included four steps. 

First, the possible decommissioning methods should be identified. Following on that, 

information should be collected and stakeholders should be selected. Subsequently, 

criteria should be selected and as last a multi criteria decision aid method should be 

used. It is expected that this procedure would lead to a decommissioning method which 

is supported by most of the stakeholders. 

To validate the methodological framework, a case study in the Netherlands has been 

selected. For this case study, four (4) stakeholders were identified and eleven (11) 

criteria were assessed. The outranking multi-criteria decision aid method PROMETHEE 

II was selected and results were obtained. Analyzing the results, it was possible to 

conclude that only one stakeholder preferred the total removal method while the other 

three stakeholders preferred the partial removal method. 

 

Keywords: wind power; decommissioning; off-shore; multi-criteria 
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CHAPTER 1. INTRODUCTION  

1.1 Background 

In the last 10 years, offshore wind power has grown exponentially. In 2005, around 

50000 MW was installed, whereas in 2014 around 370000 MW was installed (GWEC, 

2015). It is expected that the share of offshore wind power will keep increasing in the 

future. For example, offshore wind energy is one of the key targets for European 

countries to reach the 2020 targets. In 2008, The European Commission estimated that in 

2030, the European countries would have installed a capacity of 150 GW of offshore 

wind power (EU, 2008). 

The advantages of offshore wind energy compared to onshore wind energy are that the 

winds are typically stronger and more stable which results in a higher production. Also, 

the turbines have the potential to be bigger offshore than onshore, since it is expected 

that there will be less resistance of citizens and other stakeholders (EU, 2008). 

With an expected life time of circa 20 years, most of the wind farms have not been 

decommissioned yet. Hence, the first commercial offshore wind farm was build in 1991 

in Denmark (4C Offshore, 2015). Based on the expected life time, it is expected that the 

first wind farms will be decommissioned in a short future.  

Nevertheless, most of the research went into the construction and production phase of 

offshore wind energy and not in the decommissioning phase. Hence, with the 

decommissioning coming up in a short future, the impacts and costs need to be evaluated 

to find the optimal solution. 

1.2 Objective and research questions 

Since there are multiple aspects involved in the decommissioning process, the focus of 

this thesis lays in providing a methodological framework which can be used by decision 

makers to find the optimal decommissioning method. To be able to provide a 

framework, the following questions will be investigated:  
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 Which methods are available to decommission offshore wind farms? 

 What does the regulation state about decommissioning of offshore wind farms? 

 Which criteria have to be considered to find the optimal outcome? 

 Which tool can be used to find the optimal outcome?  

1.3 Justification for the research 

For decision makers, it is important to consider the different aspects which are involved 

in the decommissioning process. This needs to be done before the decommissioning 

method is selected, so it is possible to find the optimal outcome. Furthermore, several 

stakeholders are involved and their opinion should be considered as well. To guide the 

decision makers, a framework has been developed. 

1.4 Methodology 

A methodological flowchart, which describes the steps taken to find the optimal 

outcome, will be testified via a case study conducted in the Netherlands. The flowchart 

will be presented and described in Chapter 3. 

Furthermore, the different criteria will be evaluated with the help of a multi criteria 

decision aid. The data to evaluate the criteria will mostly be coming from literature and 

otherwise from own assessment. The case study is presented in Chapter 4. 

1.5 Outline 

In this paper, the following structure will be used. In Chapter 2, a literature review is 

provided whereby the different wind farm decommissioning methods and possible 

criteria to evaluate them are explained and further elaborated on. In the next Chapter 3, 

the methodology will be shown which includes the basic mathematics of the multi-

criteria decision aid (MCDA) method PROMETHEE II and in Chapter 4, a case study 

will be conducted. In Chapter 5, the results of the case study will be discussed. Finally, 

the report will end in Chapter 6 with conclusions and suggestions for further research.  
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CHAPTER 2. LITERATURE REVIEW 

2.1 Introduction 

In Chapter 2, the different wind farm decommissioning methods will be explored and 

described. First, the general process of decommissioning is mentioned. Following on 

that, two different methods of decommission are presented. The two commonly used 

methods are total removal and partial removal whereby also the regulation is mentioned. 

Afterwards, the process of a MCDA and criteria found in literature will be shown. The 

Chapter 2 will end with explaining the reasoning for selecting the used tool. 

2.2 General process of decommissioning offshore wind turbines 

In general, the process of decommissioning an offshore wind turbine is, in most cases, 

expected to be the reversal of the commissioning process (Pearson, undated; Januário et 

al., 2007; Kaiser & Snyder, 2012). Hence, the process would be subject to the same 

constraints as commissioning an offshore wind turbine (Pearson, undated). 

The process of decommissioning consists of several steps. The first step is the planning 

phase. In the planning phase, the contractual obligations and requirements from lease, 

operating, production, sales or regulatory requirements will be reviewed. Following on 

this, a plan is developed for the following phases and the process for finding the 

equipment is initiated (Kaiser & Snyder, 2012). 

Once the planning phase is done and decommissioning the wind turbine is about to start, 

the wind turbine will be disconnected from the grid and de-energized. Furthermore, 

liquids as gas and motor oil and other chemical components will be collected and 

removed (Statoil, 2010). 

Following on this, the blades will be removed. Afterwards, the hub and nacelle will be 

detached. As last, the tower will be removed. This can be done on several ways. For 

example, it is possible to cut the tower or to unbolt the tower (Kaiser & Snyder, 2012). 

Depending on the vessels used, different methods can be used. The ones used in the 

industry require three to six times lifting (Kaiser & Snyder, 2012). An overview of the 

process and different methods can be found in Figure 2.1. 
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Once the lifting process is finished, the different components should be transported to 

the shore. Based on the component, different options can be considered for disposing the 

material. For example: the nacelle and the hub may be disposed in a designated landfill 

or it might be possible to process them to remove the steel components and sell them as 

scrap (Kaiser & Snyder, 2012; Statoil, 2010). The cables will most likely be disposed in 

a landfill while for the blades there are two options: According to Kaiser & Snyder 

(2012), the blades will most likely be disposed. Nevertheless, it might also be possible, 

based on the state of the turbine blade, to sell the blades to other developers which can 

use the blades as a reserve. As last, it is most likely that the tower will be sold as scrap 

steel (Kaiser & Snyder, 2012). 

The described process of decommissioning can also be found back in different reports 

from developers of decommissioning different wind farms. For example, it can be found 

in the following reports: Statoil (2010), Greater Gabbard Offshore Winds lts. (2007), 

Lincs Wind Farm Limited (2010), RWE (2011) and Thanet Offshore Wind Ltd. (2008). 
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Figure 2.1: The commonly used decommissioning methods for offshore wind turbine decommissioning 

Source: Kaiser & Snyder, 2012 

 

2.3 Removal of Foundation 

2.3.1 Introduction 
The next step, after removal of the turbine, is the removal of the foundations of the 

turbines. At this moment, there are only two different methods known and these will be 

explained below. First, the total removal method will be explained and this will be 

followed by the partial removal method. 

2.3.2 Total removal of the foundation 
A generally accepted idea is that the site should be returned to the state it was before the 

wind farm. This would mean a revocation of all restrictions for shipping, fishing and 

navigation. 
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Based on this idea, there should nothing be left in situ and therefore everything including 

all the below bed components should be removed. When this is done, the state of the 

area should be restored mechanically to the physical characteristics as which there were 

before. It has to be mentioned that the recovery time depends on the local conditions 

such as hydrodynamics, sediment particle size and intensity of the activity (Smyth et al., 

2015). 

This idea is also in line with most of the international regulations which are set for 

offshore structures which also includes offshore wind turbines. 

One of the international laws, which is the United Nations Convention On the Law of 

the Sea (UNCLOS), states that any installations or structures which are abandoned or 

disused shall be removed to ensure safety of navigation, taking into account any 

generally accepted international standards in this regard by the competent international 

organization. Such removal shall also have due regard to fishing, the protection of the 

marine environment and the right and duties of other States (UNCLOS, 1982). 

The international standards UNCLOS refers to are the 1989 International Maritime 

Organization (IMO) Guidelines and Standards for the Removal of Offshore Installation 

and Structures on the Continental Shelf and in the Exclusive Economic Zone (IMO, 

1989). 

The IMO guideline states that abandoned or disused offshore installations or structures 

on any continental shelf or in any exclusive economic zone are required to be removed, 

except where non-removal or partial is consistent with the following guidelines and 

standards. The standard for abandoned or disused installations or structures standing in 

less than 75 m of water and weighting less than 4 000 tones in air, excluding the deck 

and superstructure is that they should be entirely removed (IMO,1989). Following those 

guidelines and due to the fact that most offshore wind development are planned for 

shallow waters in depth less than 75 m, it is possible to say that turbines should be 

totally removed. 

Another important international convention is the Oslo and Paris Convention (OSPAR) 

which has been signed in 1992 and has been entered in to force in 1999. The guidelines 
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of OSPAR states that dumping and the leaving wholly or partly in place, of disused 

installations within the maritime area is prohibited (OSPAR, 1998). 

Even though the legislation is in place, there are possibilities for partial removal due to 

exceptions in the regulations, which will be explained later. 

2.3.3 Partial removal of the foundation 
As mentioned earlier, there are a few exceptions in the regulations which allow partial 

removal of the foundations. In the IMO guidelines, it is stated that partial removal of 

installations is allowed if total removal is not technically feasible or would involve 

extreme costs, or it will impose an unacceptable risk to personnel or the marine 

environment (IMO, 1989). 

In the OSPAR Regulation, it states that a competent national authority can decide that a 

component of the wind farm can remain at the site as long it is ensured that the 

remaining parts do not have an adverse impact on the environment, the safety of 

navigation and other uses of sea. The status of the reaming parts should be monitored 

and if necessary, appropriate measures should be taken (OSPAR, 2008). 

Some countries also have their country-specific regulation about decommissioning. 

Later in this research, a case study in the Netherlands will be investigated, therefore the 

Dutch regulations of offshore decommissioning will be explained.  

The Dutch government has implemented their country-specific regulation about 

decommissioning, which states that it is recommended to cut the foundation at least 4 

meter below the seabed while it is allowed to leave the cables behind (RWS, 2014). 

Interpreting this rule, it is possible to say that both methods, partial removal and total 

removal, are possible in the Netherlands. 

The difference between partial removal and total removal is that with partial removal 

some parts can be left in situ. In most cases, this would be the scour protection and/or 

parts of the foundation. Furthermore, the area does not have to be brought back to the 

pre wind farm state. Nevertheless, also with the partial removal method the conditions 

will change and the recovery time for this depends on the local conditions such as 

hydrodynamics, sediment particle size and intensity of the activity (Smyth et al., 2015). 
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There are several methods available to remove a foundation partially. The methods can 

be external cutting the foundation, internal cutting the foundation or using explosives. 

Nevertheless, most likely cutting without using explosives will be preferred (Kaiser & 

Snyder, 2012). This would lead to two remaining options which are external and internal 

cutting. 

To be able to cut a monopile several steps must be taken. For external cutting, first mud 

has to be dredged to create an excavation pit. When this is done, it is possible to cut the 

monopile and to remove the pile. Following on this, the pit should be filled with mud 

again on a natural way (Kaiser & Snyder, 2012). This process can be seen in Figure 2.2. 

 

 

Figure 2.2: The process of removing a monopile foundation with an external cut 

Source: Kaiser & Snyder, 2012 

 

The process of internal cutting a foundation is different than external cutting. For 

internal cutting, first mud has to be pumped away. When this phase is done, it is possible 

to cut the turbine and remove the turbine (Figure 2.3) (Kaiser & Snyder, 2012).  
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Figure 2.3: The process of removing a monopile foundation with an internal cut 

Source: Kaiser & Snyder, 2012 

 

2.4 Multi Criteria analysis  

2.4.1 Introduction 
Multi-Criteria analysis tools have been developed for complex problems and it can be 

used where multiple criteria are involved. Involving multiple criteria might cause 

confusion in the decision making process and when confusion arises a logical, well-

structured decision-making process is not developed (CIFOR, 1999). 

According to Lahdelma et al. (2000), MCDA is a tool that can help with environmental 

decision making. This view is supported by Mendoza and Martins (2006) which states 

that MCDA is particularly useful for environmental management decisions, because it 

can incorporate the objectives of multiple stakeholder groups and it can handle a wide 

range of data types. 

It has been proven that a MCDA can be useful for a wide range of topics. For example, it 

has been used in forestry management (Sheppard & Meitner, 2005), selection of 

alternative-fuel vehicles (Yavuz et al., 2014), fishery management (Rosetto et al., 2015), 

sustainable environmental management (Khalili & Duecker, 2013), wind power planning 
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(Polatidis & Morales, 2014) and decommissioning offshore gas- and oil infrastructure 

(Fowler et al., 2014). 

2.4.2 Process 
Even though, different MCDA methods are available, the process of implementing them 

is quite similar. This process is described by several authors and it can consist of the 

following steps (Lahdelma et al., 2000; Linkov et al., 2004; Ananda & Hereth, 2009). 

Step 1: Define the decision objectives 

Step 2: Selecting the decision criteria which should reflect the decision objective. 

Step 3: Alternative options or scenarios should be selected. 

Step 4: The performance of each option is evaluated for each criterion. 

Step 5: Weight the different criteria according to their relevant importance. 

Step 6: Combining the weights and criteria evaluations into an overall performance 

estimate for each option. 

Step 7: Select an option based on the overall performance 

Most of these steps will be followed in this thesis and can be seen in the following 

chapters of the report. 

2.5 Criteria identification 

2.5.1 General introduction 
When selecting criteria, it should be kept in mind that they should represent the views of 

the different stakeholders. Furthermore, selecting the criteria is an important aspect in a 

MCDA, because the criteria define where the decision is based on (Kueppers et al., 

2004). It is expected that a wide range of stakeholders with different views will be 

involved in the decommissioning process. Therefore, it should be tried to have all the 

aspects included without putting an extreme emphasis on any of them. 

As far as the author knows, offshore wind turbine decommissioning has not been done 

before. This will lead to the following limitations. First of all, most of the criteria will be 

identified based on literature from papers which are published about gas- and oil 

infrastructure. Furthermore, data to assess the criteria will mostly come also from the 

gas- and oil industry or from models which are published and which can be used to asses 
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these criteria. As last, it might not be possible to find any data for certain criteria, at this 

moment, due to the lack of experience. When there is more experience in the 

decommissioning field, it would be possible to include them at a later stage. 

2.5.2 Introduction criteria 
Before identifying criteria from literature, a paper by Smyth et al. (2015) has been 

studied. This is, because not only the methods of decommissioning are different, but 

there will also be differences in economical, social and environmental aspects related to 

the different methods. Smyth et al. (2015) have investigated the strength and weaknesses 

of the two methods via a SWOT analysis. They concluded that the advantages for 

complete removal are that all shipping activity, fishing activity and previous habitat will 

be restored. Furthermore, it would be possible to use the site again for new development 

opportunities. 

The disadvantages related to this method are that there will be a significant impact on the 

habitats, increased financial implication for developers and that there is a lack of 

knowledge in the decommissioning process of offshore wind turbines.  

The strength of the partial removal method is that it is less intrusive on the new habitat 

that has developed on the site. In addition, this method is less expensive, so it would 

reduce costs for the developer and most likely there will be less sediment changes which 

can have an impact on the wider marine environment. Also, this method can reveal 

opportunities for recreational activities as for example fishing, diving and more. It might 

reveal opportunities, because the habitat at the site may be protected. As last, if possible 

the site could be opened for commercial fishing which may raise the catch yield of the 

fishers.  

Nevertheless, there are not only advantages but also disadvantages. For example, the site 

has to be monitored which would bring additional costs. There is also limited potential 

for future developments and the technology has not proven itself yet and therefore there 

is a lack of knowledge. Furthermore, non-indigenous species or invasive species could 

be spread by leaving components behind. 
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Since no offshore turbines have been decommissioned yet, it is hard to validate the 

conclusions of Smyth et al. (2015). Nevertheless some of the conclusions made by 

Smyth et al. (2015) can be supported by studies done on decommissioning of oil- and 

gas infrastructure. 

In the United States of America, there are several rigs-to-reef programs which allow 

partial removal of oil- and gas infrastructure. After decommissioning, the sites have been 

monitored and several studies have been done on the outcomes of the programs. 

A study done by Frumkes (2002) states that substantial evidence suggest that the 

biological production have been increased in most if not all California rigs which are 

participating in the program. Also Frumkes (2002) states that this will enhance the 

opportunities for recreational industries. 

A review done by Sayer & Baine (2002) states that decommissioned structures have the 

same characteristics as a reef. Also, it states that in terms of biodiversity the rigs-to-reef 

program in the Gulf of Mexico has been well recognized as a success. Furthermore, it 

has been said that both commercial fishing and the recreational industries can benefit 

from the reefs.  

Based on the earlier mentioned aspects, it is possible to argue that finding the optimal 

solution will be a challenge due to the wide range of aspects involved in it. Fowler et al. 

(2014) have introduced a MCDA for decommissioning oil- and gas infrastructure. They 

have introduced this, because decommissioning decisions in the offshore oil and gas 

industry are extremely controversial, since they affect a wide range of stakeholder 

groups with differing interest. This is, most likely, also the case for decommissioning 

offshore wind turbines. Based on the multiple aspects involved in the decommissioning 

process and the wide range of stakeholders affected by decommissioning, a MCDA 

could be helpful to find the optimal solution (Mendoza & Martins, 2006). 
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2.5.3 Overview of the criteria 
Based on the previous section, it is possible to say that a wide range of stakeholders is 

affected and involved by and during the decommissioning process. The stakeholders 

have different priorities and to be sure that their opinion is heard, different categories of 

criteria will be introduced. The categories are: Economic, Environmental, Social and 

Technical. In these categories, different criteria have been identified and an attempt has 

been made to equally emphasize the different categories. The list of criteria and the 

category they fall into can be found in Table 2.1. 

 

Table 2.1: List of identified criteria 

List of Criteria 

Economic Environmental Social Technical 

Cost of  

Decommissioning 

Increase in 

Biodiversity 

Opportunities for 

commercial fishing 

Repowering 

possibility of the 

site 

 

Monitoring costs Increase in biomass Opportunities for 

recreational 

industries 

 

Track record 

Maintenance costs Invasive species Navigation 

 

 

Liability costs Benthic impacts Public access 

 

 

 Water quality Risks 

 

 

 Emissions during 

Decommissioning 

Employment 

creation 

 

 

 Impact on marine 

Mammals 

  

 



 14 

2.6 Criteria description 

2.6.1 Economic Criteria 

2.6.1.1 Cost of decommissioning 
The costs of the actions taken are mostly included in the list of criteria. For example: 

The cost of installation has been used in wind power planning (Polatidis & Morales, 

2014), but also the criterion has been used for decommissioning purposes (Fowler et al., 

2014; Henrion et al., 2014). 

Since there is no experience in the decommissioning of offshore wind turbine, it is a 

challenge to find good estimations. Therefore, to be able to assess the criteria, a model 

created by Kaiser & Snyder (2012) will be used. In this model, they have given 

estimations for the time necessary for the decommissioning and the costs of the vessels 

used. Their model, however, is only for an internal cut at a depth of around the 4.5 meter 

under the mudline and their model is based on current technology and market conditions 

without corrections for inflation. 

With the help of the model, it is only possible to calculate the costs for the partial 

removal method. Therefore, another way of assessing the costs of the total removal 

method is necessary. As far as the author knows, there is no model created for assessing 

the costs of total removal, but there is an (recent) assumption made of the difference in 

costs between partial and total removal of infrastructure by the gas- and oil industry. The 

assumption is that total removal is around 30% more expensive than partial removal 

(Kemp, 2012). 

Even though, this assumption is for the gas- and oil industry, it is possible to argue that 

this assumption would also be valid for the wind industry. This assumption can be valid 

for the wind industry as well, because mostly the same techniques will be used to 

decommission the infrastructures. 
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2.6.1.2 Monitoring costs 
When leaving a component in situ, it is stated in the OSPAR regulation that the 

component should be monitored to see if it will not impose any risks to human beings or 

the environment (Smyth et al., 2015). The costs involved in this can be included in this 

criterion. This criterion has also been found in the MCDA for decommissioning oil- and 

gas infrastructure by Fowler et al. (2014). 

Nevertheless, there are no estimations found for monitoring costs in the literature. Also, 

most likely the cost will differ per site which will make it a challenge to estimate the 

costs for any particular case study. 

2.6.1.3 Maintenance cost 
When a component is left in situ, it should be monitored. Nevertheless, if the situation or 

the state of a component or environment changes, action should be taken to bring it back 

to the state or situation as it was before. Maintenance of components in situ has been 

mentioned as a economic criterion by Fowler et al. (2014). 

2.6.1.4 Liability costs 
When leaving a component in situ, the owner of the wind farm is liable for any 

accidents, injury of persons or damage to properties which happen, because of the in situ 

components. It might, however, be possible to transfer the liability rights to another 

agency or person. For example, in the rigs-to-reef programs the owner of an oil platform 

can transfer the rights to a state agency which is responsible for managing fish resources 

(Schroeder & Love, 2004). Furthermore, it might also be possible to take an insurance to 

avoid claims (Henrion et al., 2014). 

Nevertheless, it is not clear if transferring the rights or taking insurance would be 

possible in the wind industry. The risks involved with liability are also mentioned in the 

studies of Fowler et al. (2014) and Henrion et al. (2014). 
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2.6.2 Environmental Criteria 

2.6.2.1 Increase in Biodiversity 
Artificial reefs present elevated hard substrates introduced in an area where they did not 

exist before. This will stimulate colonization by species which are not natural present in 

an area where soft sediments predominate. Moreover, this extension could be seen 

through the whole water column which should allow different species to select their 

most favored depth (Cripps & Aabel, 2002). Based on the views of the stakeholders, 

increasing biodiversity can be a positive or negative impact (Cripps & Aabel, 2002) 

This criterion has been used before in two other studies. First of all, in a study done by 

Cripps and Aabel (2002) which have done an environmental and socio-economic impact 

assessment to compare different decommissioning methods of an oil platform in the 

North Sea. Second of all, this criterion was also included in a MCDA introduced for 

offshore decommissioning gas and oil-infrastructure by Fowler et al. (2014).  

2.6.2.2 Increase in biomass 
Artificial reefs will provide hard surface areas that should encourage befouling which 

may be crucial to the surrounding fauna (Cripps & Aabel, 2002). This could mean that 

the biomass can increase, which can be considered as important for several stakeholders.  

This criterion has been mentioned or used before in two studies. Namely, in a study done 

by Fowler et al. (2014) and a study done by Cripps and Aabel (2002). 

2.6.2.3 Invasive species 
An effect of introducing offshore man-made structures is that there is a possibility of 

introducing alien species which could be a threat to biodiversity. Introducing alien 

species can lead to a collapse of fishery and can cause local extinctions.  

It is possible that an offshore wind farm introduces invasive species, because offshore 

wind turbines not only introduce hard substrata in otherwise sandy-dominated bottoms, 

but it also provides new habitat for invasive species (Langhamer, 2012). 

The presence of invasive species on wind turbines in the North Sea have been recorded 

(Degrear & Brabant, 2009). Based on the fact that invasive species can have an 
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(negative) effect, this criteria should be included in the multi-criteria analyze. This 

criterion is mentioned by Fowler et al. (2014).  

2.6.2.4 Benthic impacts 
Decommissioning activities will have an effect on the benthic zone. For example, in the 

gas- and oil industries it has been noticed that decommissioning activities resort surface 

sediments, can create debris and the activities can contaminate sediments. Also, 

structures left in situ can change local currents (Cribbs & Aabel, 2002). Most likely the 

same techniques will be used and for that reason these effects could also be expected by 

decommissioning of offshore wind turbines. The earlier mentioned effects can all be 

included in this criterion. 

This criterion or aspects of it can be seen back in the MCDA`s by Fowler et al. (2014) 

and Henrion et al. (2014). Henrion et al. (2014) mentioned benthic impacts as a criterion, 

but did not assess it. Fowler et al. (2014) mentioned that decommissioning activities 

could scatter the debris, but they did not consider the other aspects.  

2.6.2.5 Water quality 
It might be possible that during the decommission phase, metals would be polluted in the 

water. This can cause contamination of the water and thus would have a negative impact 

on the water quality. It is expected that heavy metals would deposit again while the 

lighter hydrocarbon metals would stay in the water (Cripps & Aabel, 2002). Cripps & 

Aabel also estimated the impact on the water quality when an oil infrastructure would be 

partially removed. Based on the author’s knowledge, however, there are no results or 

estimations available for the total removal method, but according to the author it is 

expected that there is more chance on contamination when a structure is totally removed. 

The criterion, sometimes described in another word, is also mentioned in the studies of 

Henrion et al. (2014) and Fowler et al. (2014). 
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2.6.2.6 Emissions during decommissioning 
The vessels used for decommissioning will emit emissions which can have an impact on 

the environment or on human beings their health. Since emissions can have an impact, 

this criterion might be considered as an important factor for some of the stakeholders 

and therefore it could be assessed. 

2.6.2.7 Impact on marine mammals 
It is known that marine mammals often visit man-made structures in the sea. This is, 

because offshore structures attract fish and thus the local concentration of fish rises. 

There are two aspects known which can have an impact on marine mammals. First of all, 

if a structure is totally removed, the food source will also be removed and therefore it 

will have an impact on marine mammals. Nevertheless, this is not the only impact. 

During decommissioning activities, noise will be emitted which can have an (negative) 

impact on marine mammals (Henrion et al., 2014). It is known that during the 

construction phase noise can affect the behavior of marine mammals and that it can 

cause hearing impairment. If explosives are used to decommission wind turbines these 

impacts are also expected during the decommissioning phase (Madsen et al., 2006). 

The impact on marine mammals criterion has been used by Henrion et al. (2014). They 

also assessed this criterion for an oil platform. Their result is based on a scale from 0-

100. Leaving the structure in place has the highest score of 100, while partial removal 

scores 70. Total removal without explosives scores 50, while total removal with 

explosives scores 0. 

 2.6.3 Social Criteria 

2.6.3.1 Opportunities for commercial fishing 
The site could potentially be an opportunity for the fishing industry once a wind farm is 

decommissioned. This is, because fish population concentrates itself at man-made 

structures. Nevertheless, according to Smyth et al. (2015), this matters of two aspects. 

First, it matters if the fishing industry will have access to the site. It is expected that 

when the structure is totally removed that all the fishing activities will be restored while 

when a structure is partially removed this would not be necessary the case. If a structure 
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is partially removed, the opportunity depends on if the site will be assigned as a non-

fishing area to protect the habitat. If this is the case, it will not lead to an opportunity for 

the fishing industry (Smyth et al., 2015). 

Nevertheless, not only access can have an influence on the opportunity, but also the 

material which can be used for fishing. When a turbine is partially removed, the fishing 

industry cannot use some of the gears which they normally use while when the turbines 

and foundations are fully removed this would be possible (Henrion et al., 2014). 

In 2002, however, it was not expected that there will be huge opportunities for 

commercial fishing in the North Sea. This is due to the fact that on that moment rigs 

only provided habitat for less than 1% of the species which are of commercial interest. 

This makes it not easy to determine if commercial fishing can profit of an artificial reef 

policy in the North Sea (Sayer & Baine, 2002). Nevertheless, this could change in the 

future when more artificial reefs are introduced.  

In addition, this criteria (mentioned as ocean access) has been assessed by Henrion et al. 

(2014) and their conclusion was that for the Harmony platform in California, the 

opportunity for commercial fishing would be 22 out of 100 when a structure would be 

totally removed while for partial removal the score was 15/100. They based their score 

on the gears which can be used and the access possibilities. Nevertheless, their method 

of normalizing the scores is not explained.  

2.6.3.2 Opportunities for recreational industries 
Not only an artificial reef can give opportunities to the fishing industry, but recreational 

industries can also benefit from it. For example: the diving industry or the recreational 

fishing industry can benefit from it. This, however, depends on the biodiversity and the 

distance to the coast. 

It depends on the biodiversity, because as said earlier it is expected that species will be 

introduced which are normally not there. This could be of value for divers and for other 

recreational industries (Smyth et al., 2015). To be able to use these opportunities, the site 

should be accessible for the industries. 
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According to Smyth et al. (2015), partial removal gives opportunities to recreational 

fishing due to the fact that the habitat will be protected while it is allowed for those 

industries to access the site. Nevertheless, for total removal it is expected that it will not 

give any opportunity for the recreational industry. This is, because total removal of a 

structure will remove the entire habitat (Henrion et al., 2014).  

It has to be said that none of the earlier mentioned MCDAs have assessed this criteria. 

Nevertheless, in the North Sea recreational industries could benefit from artificial reefs 

close to the shore. It should be mentioned that the additional costs might influence the 

benefits for the recreational industries (Sayer & Baine, 2002). 

2.6.3.3 Navigation 
Structures in the sea can have negative influences on navigation systems of ships (Smyth 

et al., 2015). This can be considered as important for some stakeholders even though it 

has not been assessed before. When a structure is totally removed, all the influences on 

the navigation systems will disappear. Nevertheless, this is not the case for partial 

removal. Even if a foundation is cut 4 meter below the mudline, there would still be an 

influence on navigation systems (Smyth et al., 2015).  

2.6.3.4 Public access 
Normally, ships are not allowed to navigate through wind farms. Only the vessels which 

are supposed to work at the wind farm are allowed to visit the area. This could be 

considered as a problem for some of the stakeholders. Based on this, this criterion could 

be assessed.  

Removing all the structures would restore all the shipping activity while this is not 

necessary the case when structures are partially removed (Smyth et al., 2015). As 

mentioned earlier, partially removed structures can still have an influence on navigation 

systems. Also, artificial reefs could be protected and they might be able to damage some 

properties and therefore it could be possible that not all ships are allowed to sail through 

the site.  
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2.6.3.4 Employment creation 
Decommissioning offshore wind turbines has the potential to be a new industry and this 

might create new jobs. According to a study done by Greenpeace (2004) the range of 

skilled persons needed to decommission a wind turbine will be the same as in the 

commissioning phase. Another study assumed that during the installation of offshore 

wind turbines 7.1 jobs/MW per year are created (Rutovitz & Harris, 2012). Assuming 

that the study of Greenpeace is correct, it would mean that also 7.1 jobs/MW per year 

would be created during the decommissioning process. There is no data found for 

differences in job creation for partial and total removal. 

2.6.4 Technical  

2.6.4.1 Repowering possibility of the site 
When decommissioning a wind farm, it should be kept in mind that there might be 

challenges, based on the decommissioning method used, to repower the site later. For 

example, there can be technical issues. One of the technical issues is that when turbines 

are partially removed, it limits the potential for future developments while this is not the 

case when the turbines are fully removed (Smyth et al., 2015). 

Nevertheless, there could not only be technical issues, but there also could be 

economical issues. A study done by Del Rio et al. (2012) has investigated possible 

problems with repowering and one of them was financial issues. A way to overcome 

these problems is to have support systems for repowering. Not every support system, 

however, is suitable to overcome the problems and Del Rio et al. (2012) investigated 

which policy can support repowering and which cannot. The outcomes of this study will 

be used to assess the criteria, since it is expected that this can influence the decision for 

selecting a method.  

2.6.4.2 Track record 
Track record in decommissioning wind turbines is the amount of times a certain method 

has been used to decommission a wind farm. Having a better track record would mean 

more experience and this would reduce risks involved in the process. Based on the 

authors knowledge, on this moment no offshore wind turbine has been decommissioned. 



 22 

2.7 Stakeholders 

An important step in a MCDA is selecting and involving stakeholders. 

The first step which should be done in the process of selecting stakeholders is to identify 

the stakeholders and determine which stakeholder should take part in the process and to 

what extent. During this process, there must be explicit arguments for adding or 

dropping a stakeholder (Lahdelma et al., 2000).  

The identification of the stakeholders can be done based on the general problem 

statement whereby identification of stakeholders is mainly based on brainstorming. 

Furthermore, it is important that all the stakeholders or their representatives have the 

opportunity to participate and that they are involved in an early stage of the project 

(University of the Aegean, 2002). 

It is important that stakeholders are involved in the process, because this will not only 

enhance the support for the decision, but it will also satisfy the stakeholders involved or 

affected by the decision, because it is possible to show stakeholders that the decision 

making process followed rational, fair and legitimate procedures (Franco & Montibeller, 

2009). 

In renewable energy planning, stakeholders mostly consist of (group of) individuals, 

institutions and administrative authorities which have the possibility to directly or 

indirectly influence the decision making process.  

Also, stakeholders should play an important role in formulating the alternative and 

evaluating alternative scenarios as they are opposed to support specific proposal 

according to their own value system. This is also to reason that specific attention should 

be paid in selecting a decision-making group which reflects all the different points of 

view (Georgopoulou et al., 1997). 

Most likely, most of the stakeholders involved in the planning process would also be 

involved in the decommissioning process. Furthermore, it is expected that the same 

reasoning would count as during the planning process which is that stakeholders are 

opposed to support specific proposal according to their own value system. Therefore also 
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during the decommissioning phase specific attention should be paid in selecting a 

decision-making group which reflects all different points of view. 

The process of paying specific attention in selection stakeholders can be seen back in the 

gas- and oil industry already whereby Gas & Oil UK recommends to actively involve 

stakeholders in the decommissioning process and to carefully think about the selection 

of stakeholders (Gas & Oil UK, 2013). 

2.8 Weighting criteria in a MCDA 

To be able to rank the alternatives, the selected criteria should be weighted. Some 

advantages of weighting the criteria are that it could be a chance for minorities to 

influence the results and it could support public participation (Polatidis & Morales, 

2014).  

In general, it is possible to determine two main approaches in the techniques used for 

weighting the criteria (University of the Aegean, 2002). 

The two main approaches are:  

- Direct estimations of weights. This approach includes techniques which use for 

example: trade-off methods, ranking methods, verbal statements and pair wise 

comparison 

- Indirect estimation of weights. This approach includes techniques which base their 

weights on for example previous choices, ranking of alternatives or interactive 

estimation of weights. 

As can been seen above, there are a lot of different techniques available to weight the 

criteria. Nevertheless, not every method or technique is suitable for every MCDA and 

therefore special attention should be paid in selecting the technique (Polatidis & 

Morales, 2014). 

For example, most of the techniques are based on the interval weighting technique, 

where each criterion is assigned a value which reflects the relative degree of importance. 

Nevertheless, this requires in-depth knowledge of the relationships between the criteria 

and it is most unlikely that for decommissioning problems in-depth knowledge is 

available. Based on that knowledge, another technique is recommended for 
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decommissioning decisions which is the ordinal weighting technique (Fowler et al., 

2014). 

The ordinal ranking technique is a technique which requires the decision maker to rank 

the criteria in order of importance. The advantage of this technique is that it requires 

minimal knowledge from the decision maker and that it is probably the easiest technique 

to understand conceptually. This technique, however, has also its drawbacks. One of 

them is that it limits the number of ranking methods that can be applied. To be able to 

use the ordinal ranking in a cardinal ranking method, the results of the ordinal ranking 

should be converted into cardinal weightings based on estimations of the ordinal ranking 

(University of the Aegean, 2002).  

The earlier mentioned advantages of the ordinal ranking technique can also be found 

back in the reasoning of Fowler et al. (2014) to choose for the ordinal ranking technique. 

According to Fowler et al. (2014), the ordinal ranking technique will most likely work 

for decommissioning decisions, because input from a large amount of stakeholders can 

be obtained relatively cheaply and easily. Furthermore, the stakeholders are not required 

to judge the criteria on a level which is above their technical skills or beyond the limits 

of the data. 

Nevertheless, not only the ordinal ranking technique has been used in decommissioning 

decision making. A study done by Henrion et al. (2014) introduced a decision analysis 

tool for offshore decommissioning oil platforms and the tool which they created uses the 

swing ranking technology to assess the weights. 

The swing ranking technology is an algebraic, decomposed, direct procedure and it starts 

from an alternative with the worst outcomes on all the attributes. Following on this, the 

stakeholders can change one criterion from worst to best which is considered to give the 

largest improvement. This process will be repeated and based on the process; it is 

possible to determine the importance of each criterion. The criterion with the most 

preferred swing is the most important and is assigned with 100 points. The other 

attributes are ranked based on their magnitude expressed as percentages of the largest 
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swing. At the end, the percentages should be normalized to weights (University of the 

Aegean, 2002). 

Just as the ordinal ranking technique, the swing ranking technique has also its 

advantages and disadvantages. A few of the advantages are that it is relatively simple, 

transparent and easy to use. Nevertheless, a disadvantage of this technique is that people 

might respond without thoroughly understanding the consequences of their answers 

(Zardari et al., 2015).  

2.9 Performance Evaluation 

To be able to identify the scenario with the best performance, an overall evaluation is 

required. An overall evaluation should combine the performance scores of the criteria 

and their weightings with each other (Fowler et al., 2014). 

There are, however, several methods to find the best performing scenario. Several 

techniques, which use different methods, have been created to find out the best 

performing scenario and it is possible to categorize them in four different categories 

(Figure 2.4) (Polatidis et al., 2006). 

 

Figure 2.4: The different MCDA methods and their key aspects 

Source: Polatidis et al., 2006 
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A study done by Polatidis et al. (2006) has also examined the different techniques for 

renewable energy projects. Their conclusion is that outranking methods are more 

suitable for complex projects as for example renewable energy projects. They based their 

conclusion on the fact that outranking techniques permit a general ordering of the 

scenarios while having the possibility that some individual pairs are not compared when 

there is insufficient information available. The techniques using the utility theory are not 

able to do this, since they generate a score for each scenario which requires that all the 

criteria are directly comparable with each other even though this might not be always 

possible due a lack of data. 

Based on the author’s knowledge, there are two studies which have introduced a MCDA 

or similar techniques to that for decommissioning offshore oil- and gas infrastructure. 

Nevertheless, they have used different methods to evaluate the overall performance of 

the alternatives. The tool introduced by Henrion et al. (2014) uses a utility-based model 

and the technique they use is the Multi-attribute utility theory (MAUT). However, they 

have not justified their choice. 

Fowler et al. (2014) used a technique which cannot be placed in the outranking methods 

or in the utility-based theories category. The technique used by them can be best 

described as a selection of candidates in an election whereby in this approach instead of 

voters there are criteria and instead of candidates there are scenarios. Essentially, the 

scenario that receives the approval of most of the important criteria will be considered as 

the best-performing scenario.  

If none of the scenarios will have a majority of the important criteria than a process will 

be initiated to determine the dominant scenario. The performance of the scenarios is 

compared on a pair-wise manner whereby it will start with the most important criterion. 

The idea is that the performance value of one scenario is subtracted from the other in 

case of a successive criterion. If the sum of the values is above 0, it would be possible to 

say that the scenario would dominate over the other. 

The reasoning of Fowler et al. (2014) for choosing this technique is that this technique is 

simpler related to other MCDA approaches and this should increase the transparency and 
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should reduce conflicts. The simplicity of the model is that it is based on a simple voting 

principle which makes it more easily understood and completed by non-technical 

decision makers. Due to the fact that the method is simple, the likelihood of data or 

process manipulation will be reduced which should encourage the trust in the decision 

making process. In outranking methods, the evaluation technique might not be 

understood by non-technical decision makers and this would reduce the trust in the 

decision making process. 

2.10 Sensitivity analysis  

The aim of a sensitive analysis is to ascertain which uncertainties have the most effect on 

the results and whether plausible changes in values of criteria might change the ranking 

of the scenarios which could lead to a change of the preferred scenario (Henrion et al., 

2014). To be able to make the right decommissioning decision, an understanding of the 

sensitivity of the overall performance evaluation in relation to variations in criteria 

weighting and performance evaluations for each criteria is required. This is required, 

because most MCDA approaches may identify a best scenario while there is little or no 

difference between the scenarios. If the data would be precise or accurate, this would not 

lead to any problems. Nevertheless, in the case of decommissioning it is most likely that 

the data is not accurate and that there is uncertainty surrounding criteria. This will lead 

to the fact that minor distinctions between the scenarios are unlikely to be meaningful 

(Fowler et al., 2014). 

One way of doing a sensitivity analysis is to recalculate the overall performance 

following systematic variations of both the criteria and the weighting. Changing them 

could identify critical criteria whereby a slight change in the value of the criteria can 

change the ranking of the scenarios. Uncertainty in data of a critical criterion could 

negatively affect the outcome and therefore determining the sensitivity of the outcome is 

essential for decommissioning decisions (Fowler et al., 2014). 

There are also different ways of representing the uncertainties. One commonly used 

chart to represent the uncertainty is the tornado chart whereby the criteria are sorted on 

such a way that the criteria with the highest sensitivity is at the top and the criteria with 
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the lowest sensitivity is at the bottom. This structure gives the chart its typical tornado 

look (Henrion et al., 2014). 

2.11 Tool Selection 

There are several MCDA tools or methods available to guide decision makers through 

the process. A few examples are: PROMETHEE I-VI, ELECTRE I-V and MAUT. There 

is, however, not a single best MCDA method, only a suitable method for a certain case 

(Haralambopoulos & Polatidis, 2003). 

The tool used in this research project is PROMETHEE II and is chosen based on the 

following reasons. First of all, because PROMETHEE II is one of the most known and 

widely applied out ranking methods (Georgopoulou & Diakoulaki, 1998).  

Furthermore, PROMETHEE II follows a transparent computational model and can be 

easily understood by decision makers which are not familiar with relevant techniques 

(Georgopoulou & Diakoulaki, 1998). 

As last, PROMETHEE II is especially suitable for renewable energy developments 

where environmental and social criteria are evaluated alongside technical and economic 

criteria (Polatidis & Morales, 2014). 

2.12 Key aspects PROMETHEE II 

There are a few important key aspects in PROMETHEE II which should be mentioned 

and explained.  

First of all, PROMETHEE II has the advantage, compared to PROMETHEE I, that it has 

the ability to give a full ranking of the selected scenarios in a decreasing order of 

preference (Georgopoulou & Diakoulaki, 1998). 

Second of all, the stakeholders which are participating in the project have the ability to 

weight the different criteria to their own preference (Georgopoulou & Diakoulaki, 1998). 

In this case, this will be done based on a system whereby the stakeholders and decision-

makers can rank the selected criteria in their preferred order, whereby they also have the 

options to rank them equally or leave certain positions empty. This can be done to give 

more importance to certain criteria (Georgopoulou & Diakoulaki, 1998). 
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Another important aspect of PROMETHEE II is the threshold value. The threshold value 

of a certain criterion corresponds to the smallest difference a criterion should have when 

comparing different scenarios before the difference is considered to be important 

(Mareschal, 2011). In other words, this means that the differences in a criterion should 

be higher than the threshold value before one scenario is preferred above the other. 

Another reason why the threshold value has been built in is, because certain 

uncertainties can be in the evaluation of the criterion and on this way it is possible to 

capture the uncertainties (Haralambopoulos & Polatidis, 2003). 

PROMETHEE II will be the particular MCDA method used in the overall 

methodological framework for decision aiding in offshore wind farms decommissioning 

that will be presented below. 
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CHAPTER 3. METHODOLOGY AND DATA 

3.1 Introduction 

In Chapter 3, the methodology used in this research will be explained and further 

elaborated on. For this research, a flowchart with the process of coming to a 

decommissioning decision has been developed and the flowchart will be presented and 

described. Following on the flowchart, the basic mathematics behind PROMETHEE II 

will be explained. 

3.2 Process of decommissioning 

In this paragraph, a flow chart will be presented which will describe the methodological 

framework developed. Afterwards, the flowchart will be explained. The flowchart can be 

found in Figure 3.1. 
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Figure 3.1: A flowchart describing the used methodological framework 
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The process, which is shown in the flowchart, can be explained as following:  

When a wind farm is reaching the end of its lifetime, regulation states that the wind farm 

should be decommissioned. The first step is to investigate which decommissioning 

methods are possible and allowed. This should be done carefully due to the fact that, as 

mentioned earlier, decommissioning has been described as an extremely controversial 

subject. Furthermore, it should be done carefully, because some countries have their own 

country specific regulation. 

At this moment, the regulation in most countries allows for two different methods of 

decommissioning, which are partial removal of the foundation or total removal of the 

foundation. It should be noted that there could be differences per country if for instance 

cables are allowed to remain in situ or not. However, in the future it might be possible 

that other options would be allowed. For example, decommissioning gas- and oil 

infrastructure can already be done on more ways than only partial or total removal and 

these methods might be possible for turbines in the future as well. One example of 

another method is toppling. Toppling is when the foundation is pulled over. Once that is 

done, the foundation is allowed to settle to the seafloor (Schroeder & Love, 2004).  

When the possible methods have been found, it is time to find information about the 

different methods. The information could for example be the costs and impact on the 

environment of the different decommissioning methods. Also, the stakeholders should 

be selected at this moment, because as mentioned earlier decommissioning is an 

extremely controversial subject and stakeholders with contradicting opinions are most 

likely involved in the process. The stakeholders also should have an influence in the 

following step. 

The next step in the process is to select the criteria to evaluate the different options. A 

wide range of criteria should be selected, because most likely a wide range of 

stakeholders are involved in the decommissioning process. Moreover, it is recommended 

that stakeholders should participate in the selection of the criteria. The list of criteria can 

include following categories: Economical, Environmental, Social and Technical criteria. 

When the criteria are selected and assessed, they can be put into a MCDA and the result 
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of the MCDA should represent the preferred compromise outcome, which would be 

supported by most of the stakeholders. If this process is followed, it should reduce 

conflicts. 

3.3 Mathematics of PROMETHEE II 

As it is mentioned earlier in this paper, PROMETHEE II is an outranking method which 

performs pair-wise comparisons of alternatives. It is possible to describe the working of 

the tool in 5 general steps. 

The first step, which the tool does, is to perform pair-wise comparisons. These are 

performed in order to rank the alternatives according to a number of criteria. The 

equation of the pair-wise comparisons can be found below (Haralambopoulos & 

Polatidis, 2003; Behzadian et al., 2010). 

 

                            (1) 

Equation 1: The equation of the pair-wise comparisons where dj denotes the difference between the value of α 

and b for each criterion j.  

Source: Behzadian et al., 2010 

 

The second step is the application of the preference function. The preference function is 

a function which translates the differences between values of criteria of two different 

scenarios into a preference degree ranking from zero to one. The general equation used 

for this can be found below. Depending on the type of preference function, the general 

equation can be adjusted (Behzadian et al., 2010). 

 

                                      (2) 

Equation 2: The general preference function where Pj is the preference of alternative α compared to alternative 

b for each criterion j as a function of dj (α,b) 

Source: Behzadian et al., 2010 

 

Adjusting Equation 2, for a linear preference function would lead to the following 

equation: 
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          (3) 

Equation 3: Linear preference function. pj is the preference threshold for a criterion and qj is the indifference 

threshold for a criterion  

Source: Haralambopoulos & Polatidis, 2003 

 

When the decision makers have set their weighting on the different criteria, 

PROMETHEE II calculates an overall performance index (Equation 4) 

(Haralambopoulos & Polatidis, 2003; Behzadian et al., 2010). 

 

                                 
 
           (4) 

Equation 4: Equation to calculate the overall performance index π(α, b) of alternative α over alternative b, 

where wj is the weight associated with a criterion and A is a set of numbers which in this case means the 

elements of a and  b included in set A. 

Source: Behzadian et al., 2010 

 

The fourth step, which the tool does, is to calculate the outranking flows. There are two 

outranking flows, which are the positive outranking flow and the negative outranking 

flow. The positive flow indicates how much scenario ‘a’ is preferred over the other 

scenarios taking into account all the criteria. The higher the value of the positive flow, 

the better the scenario. The negative flow indicates how much the other scenarios are 

preferred to scenario ‘a’. The lower the value of the negative flow, the better the scenario 

(Haralambopoulos & Polatidis, 2003). The equations of the flows can be found below: 

 

   
 

   
                     (5) 

Equation 5: Equation to calculate the positive outranking flow  

Source: Behzadian et al., 2010 

 

 

   
 

   
                   (6) 

Equation 6: Equation to calculate the negative outranking flow  

Source: Behzadian et al., 2010 

 

The last step is to calculate the net outranking flow. The net outranking flow is the 

difference between the positive outranking flow and the negative outranking flow 

(Haralambopoulos & Polatidis, 2003). The equation can be described as follows:  
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                    (7) 

Equation 7: Equation to calculate the net outranking flow  

Source: Behzadian et al., 2010 

 

These mentioned steps described here only briefly describe the mathematics behind 

PROMETHEE II (See, Brans et al. (1986) for more detailed mathematics of 

PROMETHEE). 
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CHAPTER 4. APPLICATION OF THE METHODOLOGY AND RESULTS  

4.1 Introduction 

The goal of this thesis is to introduce a MCDA approach which can assist decision 

makers and offshore wind farm developers in selecting the optimal decommissioning 

method for their case. As explained earlier, the used tool is PROMETHEE II and new 

criteria can easily be added if there are new insights in the decommissioning process. 

Furthermore, the data can be easily adjusted for each case. This would make it possible 

to use this tool and the selected criteria as a base for other cases. 

4.2 Description of the case study 

To testify and validate the applicability of the tool and the selected criteria, a case study 

is conducted. The location of the case study is in the Dutch part of the North Sea and the 

wind farm has a capacity of 120 MW and can be seen in Figure 4.1.  

 

 

Figure 4.1: The location of the case study  

Source: Rijksoverheid, 2014 
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The selected wind farm Prinses Amalia has a capacity of 120 MW and exists out of 60 

wind turbines which generate about 422.000 MWh annually. It is expected that this 

reduces the CO2 emissions with 225.000 ton per year compared to the energy mix which 

there was before the wind farm was build. The used turbine type is the Vestas V80 2MW 

and the turbines have been in operation since 1 July 2008. The foundations used for the 

turbines are monopile foundations with a diameter of 4m. These have been drilled in the 

soil up to 25 meters below surface level. Furthermore, the scour protection has a 

diameter of 15m
2
 (Eneco, undated).  

In the environmental impact assessment from 2001, the proposed decommissioning 

method was partial removal of the foundation which would be cut 6m below surface 

level. Furthermore, there is a possibility that the cables need to be removed (E-

Connection, 2001). 

Nevertheless, the data they used is from 2001 or older and in the last years research in 

offshore wind energy has increased which could mean, based on new knowledge, that 

their proposed method might not be the optimal outcome anymore. Another important 

aspect why this case is investigated is that this will be one of the first offshore wind farm 

in the Netherlands which will be dismantled.  

4.3 Selected criteria 

Based on the available data, several criteria, which have been mentioned earlier in the 

literature review, are selected, assessed and used as input in the MCDA later on. The 

criteria can be found in Table 4.1.  
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Table 4.1: List of assessed criteria 

List of assessed criteria 

Economical Environmental Social Technical 

Cost of 

Decommissioning 

 

Biodiversity Opportunities for 

commercial fishing 

Repowering 

possibility of the 

site 

 

Monitoring costs Biomass Opportunities for 

recreational 

industries 

 

 

Maintenance cost Impact on marine 

mammals 

 

Public access  

 Invasive species   

 

4.4 Criteria Assessment 

In this section 4.4, the methods of assessing the different criteria will be shown and 

explained. 

4.4.1 Cost of decommissioning 
The cost of decommissioning will be assessed based on a model which has been 

published by Kaiser & Snyder (2012). With this model, the costs of removing the 

turbine, foundation, cable, substation, met mast, scour protection and clearance of the 

site can be calculated. The cost of disposing the material will be ignored due to the fact 

that there is a lack of data.  

The cost of removing the foundation is for removing a foundation partially. 

Nevertheless, the cost for removing a foundation completely is assumed to be 30% more. 

This is based on a recent assumption made by the gas- and oil industry (Kemp, 2012). 

The equations and input, which are mostly based on the paper of Kaiser & Snyder 

(2012), can be found below and will be divided in several sub categories which are costs 

of turbine removal, costs of the foundation removal, cost of removing the cables, other 

costs and total costs. Furthermore, it is preferred that the costs are as low as possible. 
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4.4.1.1 Costs of turbine removal 
The first step of assessing the cost of removing the turbine is to calculate the travel time 

of the vessel. This can be done via Equation 8: 

 

                  
                

               
          (8) 

 

It is assumed that a JU Barge vessel is used which has an average speed of 5 knots per 

hour. Also, the vessel will transport the decommissioned turbines to the shore instead of 

offloading it to another vessel. The distance to the port is 18.90 nautical miles. 

Following on this, the removal time of the turbine will be calculated. The removal time 

of the turbine is the time it takes to remove the blade, nacelle, hub and tower. The 

removal time will be based on the equation which can be found below. 

 

                                                  (9) 

 

In equation 9, C stands for vessel capacity and it is assumed that the vessel used can 

carry 4 turbines. RT stands for time needed to remove a turbine and it assumed that this 

takes 54 hours.  

The next step is to calculate the offloading time of the vessel. This depends on the 

capacity of the vessel (C) and the offloading time per turbine (O). 

 

                                (10) 

 

It is assumed that the offloading time per turbine is three hours. 

Furthermore, the vessel has to move between the turbines in field. This is called infield 

movement and is calculated via equation 11: 

 

                                              (11) 
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In equation 11, M is the time to move between the turbines. This is assumed to be six 

hours. 

With the outcomes of the equations above, it is possible to calculate the travel time, in 

hours, needed per trip. This can be done via equation 12. 

 

                              IM      (12) 

 

At this moment, it is assumed that the vessels are always working. This is, however, 

most likely not the case. Therefore, the time per trip needed will be adjusted for the time 

assumed that the vessel can work. This is assumed to be 85% and will be called the 

weather value (W). Adjusting equation 12 for this leads to formula 13: 

 

                                         (13) 

 

Most of the wind farms will have more wind turbines than the capacity of the vessel. 

This means that the vessel needs to do more trips. The number of trips can be calculated 

via equation 14. 

 

                     
                             

 
      (14) 

 

In our case, the total number of turbines, which will be decommissioned, is 60. 

The next step is to calculate the total time needed to remove the turbines. This can be 

done via equation 15. 

 

                                                         (15) 

 

So far only the time has been calculated, but there are also costs involved. The first step 

to calculate the cost is to calculate the daily cost (Equation 16). 
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                                                                  (16) 

 

The spread day rate (SDR) is the cost it takes to hire assisting crew for a day while the 

vessel day rate is the cost per day it takes to hire the vessel. In this case, the spread day 

rate is assumed to be $22 000 and it assumes that two tugs and two crew boats will help 

during the decommissioning process. The vessel day rate is assumed to be $64 200 

(Kaiser & Snyder, 2012). 

When the costs per day are known, it is possible to calculate the total costs. Formula 17 

can be used for that. 

 

                                   
   

  
         (17) 

 

For the case study, the calculated total cost for removing the turbines is $16 451 523 

which would mean that the cost per turbine is $274 192. 

4.4.1.2 Cost of foundation removal 
Now that the cost of removing the turbines is estimated, it is time to calculate the costs 

involved in removing a foundation. However, there are several assumptions made to 

calculate these costs. The first assumption made is that there is no down time. 

Furthermore, it is assumed that two vessels will be used. This is also known as the barge 

method. The barge method is selected, because it is expected that this method is cheaper. 

In addition, it is assumed that the foundation is cut circa 4.5 meter below mudline and 

that the internal cutting method is used. The costs are calculated on the following way. 

The first step is to calculate the time and costs of the two vessels. For the OSP support 

vessel, equation 18 will be used. 

 

                                                            (18) 

Whereby                                 (19) 
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In equation 19, TStabilize is the time needed to stabilize the vessel at the place of 

decommissioning while Tcut is the time it takes to cut the foundation. Furthermore, 

TPump is the time it takes to pump up the mud. This needs to be done to be able to 

remove the turbine. As last, Tmove is the time needed to move the vessel to the next 

turbine. 

It is assumed that the time to stabilize and move the vessel both takes 0.5 hours while the 

time needed to pump up the mud will take 4 hours. Furthermore, it is expected that it 

takes 16 hours to cut 1 meter and the diameter of the monopile is 4 meter.  

Following on this, it is possible to calculate the costs of the OSP support vessel. This is 

based on equation 20. 

 

                      
   

  
                                  (20)  

 

For the case study, the number of turbines is 60 and the day rate is assumed to be $7 500. 

The time that the removal vessel will be used can be calculated with formula 21. 

 

                                                  (21) 

 

The time to jack up, move the vessel to the next turbine and to lift the foundations are all 

assumed to be 4 hours each. 

The costs of the removal vessel is given as equation 22. 

 

                          
   

  
                                   (22) 

Whereby:                                                     (23) 

 

To calculate the daily costs in the case study, the vessel day rate is assumed to be  

$64 200 and the spread day rate is assumed to be $21 750.  

Summing up the costs of the removal vessel and the OSP vessel will lead to the total cost 

of removing a foundation partially and is shown in equation 24. 



 43 

                                             (24) 

 

This model, however, only estimates the costs of the partial removal method. Based on 

the assumption mentioned earlier, it is possible to estimate the costs of the total removal 

method. This is done via the following formula: 

 

                                                                   (25) 

 

For the case study, the costs of the partial removal method is estimated to be $3 872 250 

which is per foundation $64 537, while the costs of the total removal method (CTF) is 

projected to be $5 033 925 which is $83 898 per foundation. 

4.4.1.3 Cost of removing the cable 
Following on the earlier calculated costs, also the costs of removing the cables should be 

calculated. This will be done via the following equations and input. 

It is possible to divide the cables into two groups. The first group is the inner cables 

which are the cables between turbines. The other group is the export cables. The costs of 

the inner cables can be calculated as following: 

 

                                  
            

                    
             (26) 

 

In this case, it is assumed that the machine can remove 0.6 kilometer cable per day while 

the length of the cable is 45 kilometer (4C offshore, 2015). 

The next step is to calculate the costs of removing the inner cable per day. This can be 

done via equation 27. 

 

                                                                   (27) 

 

These costs are, for the case study, assumed to be $20 000 for the vessel day rate and for 

the spread day rate $12 000.  
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The last step to calculate the total cost of removing the inner cable is to multiply the 

costs per day with the days needed. This can be seen in equation 28. 

 

                                   (28) 

 

For the case study, the calculated cost to remove the inner cable is $2 400 000 

For the export cable, the same equations are used, but the input is different. The machine 

used to remove the external cable can remove 0.9 kilometer cable per day and the cable 

length is 28 kilometer (4C offshore, 2015). For the cost per day, the same assumptions 

are made. Nevertheless, there is an additional cost of $15 000 per day to retrieve the 

buried cables. For the case study, the cost of removing the export cable is estimated to be  

$1 462 222. When summing up those costs, as can be seen in equation 29, the total cost 

of removing the cables can be calculated. 

 

                                                            (29) 

 

The total cost to remove the cables is calculated to be $3 862 222. 

4.4.1.4 Other costs 
The scour protection, substation and met mast should be removed as well. Furthermore, 

the site should be cleared. All these actions will include costs. 

Due to the fact that no calculations have been found for the met mast and substations, it 

is assumed that the costs are similar to the costs assumed in Kaiser & Snyder (2012). 

They assumed that the cost for decommissioning the met mast is $185 000 and for 

decommissioning the substation the cost are assumed to be $502 000. Furthermore, they 

calculated that the costs for removing the scour protection would be $15 000 per turbine. 

Due to a lack of data, this assumption will be used to calculate the costs of removing the 

scour protection. Removing the scour protection in our case is estimated to cost around  

$900 000.  
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The last thing, which should be done in the decommissioning process, is clearing the 

seabed. It is assumed that the cost to do this is $16 000 per foundation which would lead 

to a total cost of $960 000 for the case study. 

4.4.1.5 Total costs 
The total costs of both methods can now be calculated. This can be done via summing up 

the different costs of the different methods. 

The total costs when using the total removal alternative can be calculated via equation 

30. 

 

                                                              

                                         (30) 

 

The total cost of the total removal method is $27 894 670. 

For partial removal, it is assumed that the cables will be left in situ together with the 

scour protection. Furthermore, the site does not have to be cleared. This leads to formula 

31. 

 

                                                         (31) 

 

The estimated cost of the partial removal method is $21 010 773. 

4.4.2 Monitoring costs 
As mentioned earlier, when leaving a component in situ the components should be 

monitored. This should be done to notice if it will not expose any risk to the environment 

or human beings. Nevertheless, no data has been found to assess this criterion 

quantitatively. Therefore, the author proposes the following way to assess this criterion: 
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Table 4.2: Assessing the monitoring costs (“…” means components mentioned in a lower scale are also taken in 

to this scale) 

Assessment criteria 

Scale (min) State of the wind turbine 

1 Fully removed 

 

2 Scour protection left in situ 

 

3 “..” + part of the foundation left in situ 

 

4 “..” + cables left in situ 

 

5 “..” + whole foundation left in situ 

 

6 “..” + substation left in situ 

 

7 “..” + met mast left in situ 

 

8 “..” + part of the tower left in situ 

 

9 “..” + tower left in situ 

 

10 Every component left in situ 

 

The author knows that there are several assumptions when assessing the criterion on this 

way. First of all, it is assumed that leaving an extra component in situ will contain extra 

costs. Second of all, it is assumed that the extra costs are proportional to each other, 

which means that the cost will raise with the same amount for every component left in 

situ. The author is aware that this is most likely not the case. For the case study, this 

would lead to a value of 1 for the total removal scenario and a value of 4 for the partial 

removal method. In this case, it is preferred to have an as low value as possible. 

4.4.3 Maintenance cost 
At this moment, no data has been found for the maintenance cost. Therefore, the earlier 

proposed method will be used to assess this criterion (Table 4.2). This also includes the 

same assumptions as mentioned earlier. Also, in this case, it is preferred to minimize the 

value.  
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For the case study, the following values have been found. For the partial removal 

method a value of 4 has been found and for the total removal method, a value of 1 has 

been found.  

4.4.4 Biodiversity 
Even though, other studies have used increase in biodiversity as criterion, this study will 

assess the biodiversity instead of increase in biodiversity. The biodiversity will be 

assessed based on real data. A study done by Vanagt et al. (2013) investigated the 

number of species on each component of the wind farm which has the author`s specific 

interest. At the scour protection, they found 41 species, while in total they found 85 

species on the foundation whereby only 2 species where shared between soft substrate 

and hard substrate.  

In addition, a study has been done before the wind park of specific interest was build. 

This means that there was no hard substrate available yet. This study also investigated 

the number of species and they found 115 species (Jarvis et al., 2004). 

To assess this criterion, two assumptions have been made. The first one is that the hard 

substrate species do not conflict with soft substrate species. In other words, the number 

of species in the soft substrate is not influenced by the introduction of hard substrate 

species. Furthermore, it is assumed that the 2 species which were shared between the 

soft and hard substrate were found on the scour protection. 

Based on the data and assumptions mentioned above, it is possible to calculate the 

biodiversity. When everything is removed, it is expected that the state of the 

environment will be returned to its pre wind farm state. This would mean that for the 

total removal method, the number of species would be 115. For the partial removal 

method, the amount of species is calculated as following: the species (115) found at the 

soft substrate plus the species found at the scour protection (41) minus the species (2) 

shared between the hard and soft substrate. This leads to a total of 154 species for the 

partial removal method. Furthermore, in this case it is preferred to have a higher 

biodiversity. 
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4.4.5 Biomass 
The biomass criterion will be based on real date therefore the same studies as in the 

biodiversity criterion are investigated.  

At the scour protection, an average biomass of 32.233 gram per meter was found 

whereas in the soft substrate an average biomass of 1.45 gram per meter was found 

(Vanagt et al., 2013; Jarvis et al., 2004). 

The numbers found in their studies can directly be used to assess the biomass. For the 

partial removal scenario this would mean that the biomass is 32.23 gram per meter, 

while for the total removal scenario the biomass is expected to be 1.45 gram per meter. It 

has to be noted that in this case, it is tried to maximize the biomass. 

4.4.6 Impact on marine mammals. 
This criterion has been assessed before by Henrion et al. (2014) and their result will be 

used. The author is aware that their result is for an oil infrastructure in the Gulf of 

Mexico. Nevertheless, no data has been found for the North Sea which justifies the 

usage of their data.  

Henrion et al. (2014) assessed the impact on marine mammals and they found the 

following values: Partial removal 70 out 100 and for the total removal method without 

explosives the result was 50 out of 100. Based on their preference, which is the higher 

the value the less impact there would be, it is possible to say that the partial removal 

method would affect marine mammals less. In our case, however, the lower the score the 

less impact there is, since the criterion is minimized while in the study of Henrion et al. 

(2014) the criterion was maximized which means the higher the value the less impact 

there was. This means that their values needs to be adjusted, which will lead to the 

following scores: 30 out of 100 for partial removal and 50 out of 100 for total removal 

without explosives. As can be seen, their scale is different and the data need to be 

adjusted for this. In this study a scale of 1 to 10 is used. The data will be adjusted via 

equation 32. 

 

                                                                

                  (32) 
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After using the equation, the following values have been found:  

3.7 out of 10 for the partial removal method and 5.5 out of 10 for the total removal 

method without explosives. 

4.4.7 Invasive species  
As mentioned in the literature review, invasive species have been found on wind 

turbines in the North Sea. To assess this criterion, which in this case is preferred to be 

minimized, the author argues that when more hard substrate is introduced in a soft 

substrate area, the more chance there is that invasive species will settle. To be able to 

assess this criterion, the amount of hard substrate left behind should be calculated. For 

the total removal method, there is no hard substrate left behind while for the partial 

removal method only the scour protection is left behind as hard substrate. To be able to 

assess this criterion, the area of the scour protections needs to be calculated. This will be 

done via equation 33. 

 

                                       (33) 

 

After filling in this equation, the area of hard substrate left behind for the partial removal 

is 23.56m
2
.
 

4.4.8 Opportunity commercial fishing 
Artificial reefs can provide benefits to the commercial fishing industries. Nevertheless, 

there are also limitations for the commercial fishing industry as explained earlier. Due to 

the fact that there is no data available, the results of Henrion et al. (2014) will be used. 

They assessed this criterion and their results for the Gulf of Mexico were that the 

opportunity for commercial fishing was 22 out of 100 when the infrastructure was fully 

removed while the score was 15/100 when the infrastructure was partly removed. It has 

to be noted that this was for an oil infrastructure. To transfer the values to the scale used 

in this research, equation 32 will be used. Filling in this equation, the following values, 

based on a 1 to 10 scale, have been found. For partial removal, a value of 2.35 has been 

found and for the total removal scenario, a value of 2.98 has been found. These values 
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seems reasonable for the North Sea, since Cripps and Aabel (2002) concluded that there 

are no opportunities for commercial fishing industries at artificial reefs in the North Sea. 

4.4.9 Opportunity for recreational industries 
As explained earlier in the literature review, there could be possibilities for the 

recreational industry and the author would like to introduce a new method to assess this. 

According to the author, the opportunity for the recreational industries matters of two 

sub-criteria. The first sub-criterion is the distance to the harbor. This is indirectly said by 

Cripps & Aabel (2002) which state that in the North Sea, artificial reefs could be 

beneficial for recreational industries if they are close to the shore. The second sub-

criterion, which is important according to the author, is the biodiversity at the site. The 

more diverse the biodiversity is the higher the value would be for the recreational 

industries.  

The distance to the harbor is 35 kilometer. However, this value needs to be converted to 

a 1 to 10 scale. It is assumed that when an artificial reef, which is in this case the 

offshore wind farm, is within the first ten kilometer that it will have the highest value. 

When the artificial reef is farther than 100 kilometer away from a port, it is assumed that 

this would not be beneficial for the recreational industries and therefore the lowest value 

of 1 will be given to an artificial reef which is farther away than 100 kilometer. The 

function to calculate the value of the sub-criterion is a linear function which means that 

for every kilometer farther away from the harbor, the value will be 0.1 lower. For this 

case study, this means that the value of the distance for both methods will be 6.5. 

For the second sub-criterion, a linear function will also be used. It is assumed that a 

biodiversity of 80 species or lower will not have any value for the recreational industries 

which means if the amount of species is 80 or less, the value will be 1. If the biodiversity 

is 190 species or higher, it is assumed that the value would 10.  

Due to the fact, that it is a linear function, it is possible to calculate the values for our 

case studies. At the site of specific interest, the biodiversity for partial removal is 154 

species while for total removal the biodiversity is 115 species. Transferring these values 
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to a scale of 1 to 10, this would mean for partial removal a value of 7.05 and for total 

removal a value of 3.86. 

To find the value for the criterion, the sub-criteria need to get a weighting and based on 

the weighting it is possible to calculate the value for the criterion. It is assumed that the 

biodiversity is more important than the distance which would lead to the following 

weightings: 60% for biodiversity and 40% for distance. A short summary and the value 

can be found in Table 4.3. 

 

Table 4.3: Summary of assessing the recreational industry criterion 

 Value partial 

Removal method 

Value total 

 Removal method 

Weighting 

Biodiversity 7.05 3.86 60% 

 

Distance 6.5 6.5 40% 

 

Value criterion 6.83 4.92  

 

4.4.10 Public access 
Having access to the sea can be considered as important for some stakeholders. 

Therefore, it is preferred to maximize the access to the site. Nevertheless, there is no 

data available for this and therefore the author proposes the following way to assess this 

criterion. Based on the industries which are allowed to assess the site a value, based on a 

scale of 1 to 10 will be given. The values can be found in Table 4.4. 
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Table 4.4: Assessment of the public access criterion 

Assessment of the public access criterion 

Scale (max) Access 

1 No access within 500 meter of the site 

2  

3 Access until the site, but not in the site 

4  

5 Access for recreational industries 

6  

7 Access for commercial fishing industry 

8  

9 Access for all industries but not public 

10 Access for public 

 

To be able to assess the criterion, several assumptions are made. The first assumption is 

that all access restrictions will be restored when a wind farm is totally removed. In other 

words, this means that everybody can access the particular site again. This would mean a 

value of 10 for the total removal method. For the partial removal method, it is assumed 

that the commercial fishing industry is allowed to access the site, but ships which are 

navigating to the harbor are not allowed to access it. This would mean a value of 7 for 

the partial removal method. 

4.4.11 Repowering possibility of the site 
According to the author, the possibility of repowering the site matters according to two 

different aspects. First of all, if components are left in situ, it is not possible to build a 

wind turbine at the places of the components. Furthermore, it depends on the support 

system of the country of specific interest. To be able to asses this criterion, these two 

sub-criteria need to be assessed. The author proposes the following way to assess the 

sub-criteria. 
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The first sub-criterion will be assessed based on percentage of the area available for the 

wind farms. The equation to calculate this can be found below. 

 

                      
                                  

                           
    )   (34) 

 

Calculating this for the total removal method, the answer is that 100% is available to 

build a new wind farm. For the partial removal method, the scour protection has a 

diameter of 15m
 
which leads to a covered area of 23.56m

2 
per turbine. Multiplying this 

with the amount of turbines leads to a total covered area of 1413.6m
2
 which corresponds 

to an available area of 99.86%. Nevertheless, these values have to be transferred to a 1 to 

10 scale. It is assumed that when there is less than 50% of the area available for new 

wind turbines, that the site will not be attractive anymore for new developments. This 

means that a value of 1 will be assigned when the available area is 50% or less. 

Furthermore, a linear function is used to transfer the values to a 1 to 10 scale. For the 

total removal method, the value is 10 and for the partial removal method the value is 

9.97. 

The second sub-criterion is the support system. In other words, there will be investigated 

if there is a support system for repowering. If there is not a support system for 

repowering, it is expected that repowering is less favorable and therefore the wind farm 

will be decommissioned. This criterion will be assessed based on a 1 to 10 scale which is 

based on a paper of Del Rio et al. (2011). They investigated which support systems are 

favorable to support repowering and which are not. They assessed the systems on 6 

different criteria. For every criterion they investigated if a support system is feasible or 

unfeasible for repowering. Translating this in such a way that it can be used for the case 

study leads to the following: when a support system, which is assessed by Del Rio et al. 

(2011), has been given an feasible for all the six criteria, it would have a score of 10. On 

the other hand, when a support system has been awarded with an unfeasible for all the 

criteria by Del Rio et al. (2011), it will have a score of 1. The values can be found in 

Table 4.5. As can be seen, no support system scores lower than a 5,5. 
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Table 4.5 Scale of the sub criterion support system 

Assessment of the support system sub-criterion 

Scale (max) Support system 

1  

 

2.5  

 

4  

 

5.5  

 

7 Tradable green certificates 

 

8.5 Tendering, Investment subsidies 

 

10 Feed-in tariffs, Production tax credits  

 

Due to the fact that the support system in The Netherlands is the tendering system, both 

methods will score a 8.5 for this sub-criterion. 

To be able to find a value for the criterion, the two sub-criteria need to get a weighting. 

It is assumed that the area available is more important than the support system. Based on 

this, the weightings are divided as following: 70% for the area available and 30% for the 

support system. The value for the criterion can be found in Table 4.6. 

 

Table 4.6: Assessing the possibility to reuse the site criterion 

 Value partial 

Removal method 

Value total 

 Removal method 

Weighting 

Area available 9.97 10 70% 

 

Support system 8.5 8.5 30% 

 

Value criterion 9.53 9.55  
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4.5 Decision matrix 

Table 4.7 presents the overall decision matrix. The criteria will be shown with the values 

of the previous section. Furthermore, the units of the criteria will be presented. Also, 

Table 4.7 will show if a criterion prefers to have a higher value or a lower value.  

 

Table 4.7 Decision matrix 

    Name of scenarios  

Criteria Max/Min Unit Total 

removal 

Partial removal 

Cost of 

Decommissioning 

 

Min [$] 27 894 670 21 010 773 

Monitoring costs 

 

Min [min:1, max:10] 1 4 

Maintenance costs 

 

Min [min:1, max:10] 1 4 

Biodiversity Max [Number of 

Species] 

 

115 154 

Biomass Max [g/m
2] 

 
1.45 32.23 

Impact on marine 

Mammals 

 

Min [min:1, max:10] 5.5 3.7 

Invasive species 

 

Min [m
2
] 0 23.56 

Opportunity 

commercial fishing 

 

Max [min:1, max:10] 2.98 2.35 

Opportunity for 

recreational industries 

 

Max [min:1, max:10] 4.92 6.83 

Public access 

 

Max [min:1, max:10] 10 7 

Repowering possibility 

for the site 

Max [min:1, max:10] 9.53 9.55 
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4.6 Determination of thresholds 

As explained earlier in the literature review, a threshold value is to determine if and 

when the differences between scenarios are considered to be important. Furthermore, 

threshold values can capture the uncertainty of the criteria evaluation (Haralambopoulos 

& Polatidis, 2003). This also verifies the usage of the significant units, since the 

uncertainty in the units is captured by the threshold value. 

In literature, several methods to determine the threshold values have been proposed 

(Thokala, 2011). The author, however, did an own assessment of determining the 

threshold values. The threshold values are based on the following reasoning. 

For the quantitative criteria, the threshold value is based on the uncertainty used in the 

engineering related industries. The industries assume that when calculating values that 

there is an uncertainty of 5%. For the threshold value, this uncertainty is multiplied with 

two, which means that the threshold value is circa 10% of the highest value. The 

threshold values can be found in Table 4.8. 

 

Table 4.8: Threshold values for the quantitative criteria  

Criteria Decommissioning 

costs 

 

Biodiversity Biomass Invasive 

species 

Threshold 

value 

$3 000 000 35 3.20 2.30 

 

For the criteria which are assessed on a qualitative way, the threshold is based on the 

criteria monitoring costs and maintenance cost. It was found useful to give them full 

preference. This led to threshold values of 3. This threshold value has been used for all 

the qualitative criteria except one. The threshold value of the criterion public access is 

determined to be 5. This is based on the fact that several assumptions were made in the 

assessment which justifies the use of a higher threshold value, since this can capture the 

uncertainties made in the assumptions. 
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4.7 Stakeholders 

For this case study, several stakeholders which have an opinion about the project or 

which can influence the decision making process have been identified. These 

stakeholders can be found in Table 4.9. 

 

Table 4.9: List of stakeholders 

List of stakeholders 

Environmental NGO`s TenneT (owner of export cable) 

 

Local population Commercial fishing industry 

 

Recreational industries Researchers 

 

Developer Sailors 

 

Municipality  Military 

 

From Table 4.9, four stakeholders have been selected to weight the different criteria. The 

stakeholders are chosen carefully so as to maximize the diversity of conflicting interests. 

The stakeholders will be explained below. 

 

1. Developer – The developer, assuming that he is the owner of the wind farm, 

should organize the decommissioning of the wind farm. The main interest of the 

developer will most likely be the economic aspects of the project.  

2. Municipality – The municipality their interest is that the wind farm will be 

decommissioned on such a way that most people and industries benefits or agrees 

with the proposed method.  

3. Environmental NGO`s – The environmental NGO`s main interest is the 

environmental aspects involved in the project. They will pay special attention to 

the impact on the flora and fauna with a special interest in the biodiversity. 

4. Recreational industries – The recreational industries might benefit from the 

decommissioned wind farm and therefore they are an important stakeholder. 
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They are mostly interested in the biodiversity and biomass, but also the 

maintenance or monitoring cost could be one of their interests. 

 

It has to be mentioned that the weightings of the stakeholders will not be based on 

interviews with them, but they will be interpreted by the author. This method has been 

chosen based on several reasons. First of all, the decommissioning process is not started 

yet and most likely this will take another 10 years before it will start. Second of all, there 

was not enough time to contact the stakeholders. The weightings are interpreted by the 

author, based on a system whereby the stakeholders and decision-makers can rank the 

selected criteria in their preferred order, whereby they also have the options to rank them 

equally or leave certain positions empty. This method has been chosen, because it is 

possible to give more importance to certain criteria (Georgopoulou & Diakoulaki, 1998). 

The interpreted weightings can be found in Table 4.10. 

As can be seen in Table 4.10, the weightings are very detailed. This can be traced back 

to the fact that the stakeholder can rank the criteria in preferred order. To be able to give 

the criteria the weighting it should get according to the ranking, it is chosen to use 

significant numbers. According to the author, using significant numbers is the best way 

to represent the preferred order given by the stakeholders. 

The interpreted weightings will in our case also be used as a sensitivity analysis. The 

interpreted weightings can be used for that, since the different stakeholders weight the 

different criteria different. Due to the fact that the weightings are different, it is possible 

to determine which weighting will influence the result. In other words, it is possible to 

see if weighting certain aspects higher or lower will change the results.   
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Table 4.10: Weighting of the stakeholders 

 Weighting of the stakeholders 

Criteria Developer Municipality Environmental 

NGO 

Recreational 

industries 

Cost of 

decommission 

 

16.49 1.82 2.38 1.63 

Monitoring costs 

 

14.95 1.82 2.38 10.87 

Maintenance cost 

 

14.95 1.82 2.38 10.87 

Biodiversity 

 

2.06 9.55 16.67 14.67 

Biomass 

 

2.06 9.55 11.90 14.67 

Impact on marine 

mammals 

 

7.22 13.17 14.88 7.61 

Invasive species 

 

2.06 9.55 14.88 10.87 

Opportunities 

commercial fishing 

 

11.34 15.45 5.96 4.36 

Opportunities for 

recreational 

industries 

 

11.34 14.55 9.53 16.30 

Public access 6.19 13.17 

 

8.33 6.52 

Repowering 

possibility for the 

site 

11.34 9.55 10.71 1.63 

 
 4.8 Results case study 

In Figures 4.2 to 4.5, it is possible to find the results of the different stakeholders.  

In Figure 4.2, which can be found below, the preferred outcome of the developer can be 

found. As can be seen, the developer prefers scenario 1, which corresponds with the total 

removal method.  
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Figure 4.2: Ranking of the developer 

 

 

Figure 4.3: Ranking of the municipality 
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In Figure 4.3, the preference of the municipality is shown. As can been seen, the 

municipality most likely prefers the partial removal method. 

In Figure 4.4, the outcome based on a weighting of an environmental NGO can be 

found. As can be seen, they prefer scenario 2 which corresponds with the partial removal 

method.  

 

 

Figure 4.4: Ranking of an Environmental NGO 

 

In Figure 4.5, the preference of recreational industries can be seen. Based on the figure, 

it is possible to say that they prefer the partial removal method above the total removal 

method. 
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Figure 4.5: Ranking of the recreational industries 
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CHAPTER 5. DISCUSSION AND ANALYSIS 
 

5.1 Introduction 

In Chapter 5, the results of the previous analysis will be discussed and further elaborated 

on. First, a general categorization was done based on the preference of the stakeholders. 

Following on this, the weightings of the stakeholders with the same preference are 

compared with each other. This was done to see if there are any similarities or 

differences between them. In case of any difference, the reasoning behind is provided. 

5.2 General categorization 

Analyzing the results of Chapter 4, it is possible to categorize the stakeholders into two 

categories in terms of their preference of the removal method. In category 1, preference 

is given to the partial removal method, whereas in category 2 the total removal method is 

more preferred. 

As can be seen, only the developer prefers the total removal method while the 

recreational industries, the municipality and the environmental NGO prefer the partial 

removal method. This can be traced back to the evaluation of the criteria weightings.  

In total, 11 criteria were involved in the analysis. Analyzing the criteria, it is possible to 

conclude that 6 of the criteria are in favor of the total removal method. On the other 

hand, 5 of them are in favor of the partial removal method. The stakeholders who prefer 

the total removal method have assigned higher weights on the criteria in favor of the 

total removal. The opposite is the case for the stakeholders who prefer the partial 

removal method, since they have put higher weights on the criteria in favor of the partial 

removal method. Table 5.1 is provided to investigate if this is the case. There the criteria 

with a weighting of 9% or higher for each stakeholder are shown. Also, the criteria are 

shown in a way that it is possible to see which method they are in favor of.  
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Table 5.1: Criteria in favor of the two methods combined with the stakeholder weighting 

Criteria in favor of 

total removal 

Stakeholder 

weighting 

Criteria in favor of 

partial removal 

Stakeholder 

weighting 

Monitor cost Developer (14.95%) 

Recreational 

industries (10.87%) 

 

Cost of 

decommissioning 

Developer (16.49%) 

Maintenance cost Developer (14.95%) 

Recreational 

industries (10.87%) 

Biodiversity Municipality 

(9.55%) 

Environmentalist 

(16.67%) 

Recreational 

industries (14.67%) 

 

Invasive species Municipality 

(9.55%) 

Environmentalist 

(14.88%) 

Recreational 

industries (10.87%) 

Biomass Municipality 

(9.55%) 

Environmentalist 

(11.90%) 

Recreational 

industries (14.67%) 

 

Opportunities for 

commercial fishing 

Developer (11.34%) 

Municipality 

(15.45%) 

Impact on marine 

mammals 

Municipality 

(13.17%) 

Environmentalist 

(14.88%) 

 

Public access Municipality 

(13.17%) 
Opportunities for 

recreational 

industries 

Developer (11.34%) 

Municipality 

(14.55%) 

Environmentalist 

(9.53%) 

Recreational 

industries (16.30%) 

 

Repowering 

possibility of the 

site 

Developer (11.35%) 

Municipality 

(9.55%) 

Environmentalist 

(10.71%) 

  

 

Table 5.1 verifies that the developer puts a higher weighting on the criteria in favor of 

total removal and that the recreational industries and environmentalist put a higher 
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weighting on the criteria in favor of the partial removal method. This does not count for 

the municipality. The municipality has given nearly equal weightings to both categories, 

but since there is not any absolute preference for most of the high weighted criteria in 

the total removal category, the municipality prefers the partial removal method. 

Furthermore, there are several remarkable differences noticed within the categories. The 

coming paragraphs will elaborate further on these differences. 

5.3 Category total removal 

As it is seen in Table 5.1, the stakeholder who prefers the total removal method have 

weighted 4 of the 6 criteria in favor of this method with more than 9%. This can possibly 

be traced back to the interests of the stakeholder. The developer is trying to keep the 

costs as low as possible. This means the developer will weigh the economic aspects of 

the project higher. Furthermore, the developer is also interested in opportunities in other 

industries that the developer can benefit from. As last, it is obvious that the developer is 

interested in the possibility of repowering the site.  

Based on the results of this case study, it is possible to say that stakeholders who have to 

bear the costs for the decommissioning or who are interested in the economic aspects of 

the project prefer the total removal method. 

5.4 Category partial removal 

The stakeholders who prefer this option are the recreational industries, the municipality 

and the environmentalist. As it is seen from Table 5.1, three stakeholders have given a 

weighting of 9% or more to at least 3 of the 5 criteria which are in favor of this method.  

Even though this looks similar, it is possible to categorize them in two different 

categories.  

The first category is the stakeholders who are concerned about the environment. It is 

possible to place the recreational industries and the environmentalist in this category. 

From the 4 criteria weighted higher than 9% by those stakeholders, 3 of them are in 

common. This corresponds to 60% of the criteria. This can be explained based on their 

intentions.  
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Environmentalists are concerned about the environment and therefore they weighted the 

environmental aspects such as biomass and biodiversity high while they have not given a 

high weighting to the cost.  

The recreational industries do care about the environmental aspects, because the better 

the environment the better the opportunities for the industries. On the other hand, they 

also care about the monitoring or maintenance cost, because the developer might ask for 

a certain amount of money for using the site if those costs are high. The environmental 

aspects are considered to be more important which is the reason why they prefer the 

partial removal method above the total removal method.  

The second category is stakeholders who want to maximize the profit for society and 

minimize the impact on the environment. Based on the weightings, it is possible to 

categorize the municipality in this category. They attempt to minimize the impact on the 

environment which is why they have given those criteria high weightings while they also 

want to maximize the profit for society. This is the reason why they have given a high 

weighting to the opportunities for the industries. 

Based on the results and the weighting of the stakeholders, it is possible to say that the 

two categories of stakeholders which prefer the partial removal method have different 

objectives. Nevertheless, they still prefer the same option.  

5.5 Finding a preferred method? 

Due to the fact that different stakeholders are involved in selecting the optimal outcome, 

the initial expectation was that it would be hard to find a preferred method. This study, 

however, proved that it is possible. 

As can be seen in the previous paragraphs, it is possible to determine 3 different types of 

stakeholders. First, the stakeholder who is concerned about the economic aspects of the 

project. Second, the stakeholder who is concerned about the environmental aspects and 

as last the stakeholder who wants to reach the optimal outcome for society.  

Based on the results, it is possible to say that most likely the partial removal method will 

be chosen in this case. This is based on the fact that 3 of the 4 stakeholders prefer this 

option which corresponds to two of the three identified categories. Nevertheless, it has to 
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be mentioned that in this case only 4 stakeholders have been selected while most likely 

more stakeholders will be involved in the process. This could first of all lead to possibly 

more categories. Second of all, it could lead to more stakeholders in one category. Both 

factors could influence the outcome. 

Nevertheless, the case study was performed to validate the framework and based on the 

results it is possible to say that using the framework is useful for decision makers, since 

as can be seen in this case study a preferred method has been found. 

5.6 Limitations 

There are several limitations to this research. The first limitation is that the entire 

research had to take place in a limited amount of time. The consequence of this limited 

amount of time is that the weightings of the stakeholders are interpreted by the author 

and not by real stakeholders. Furthermore, due to this limited amount of time only a 

limited amount of criteria could be assessed in the case study.  

Another limitation is that there was a limited amount of data available. This is, because 

offshore decommissioning of a wind farm has never been done before. The data used are 

mostly coming from the gas- and oil industry and own assessment.  
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CHAPTER 6. CONCLUSIONS AND RECCOMENDATIONS 

6.1 Conclusions 

The main objective of the thesis was to develop a methodological framework to guide 

decision makers in selecting a decommissioning method for offshore wind farms. 

Initially, a literature review has been conducted to find the different methods available to 

decommission an offshore wind farm. The different methods found in literature were 

partial and total removal of the foundation. Following on this, different criteria were 

found in literature which might influence the outcome. In total, 19 criteria have been 

found and categorized in 4 different categories, which are economical, environmental, 

social and technical criteria. The last thing done in the literature review was to select a 

MCDA tool which was used in the case study. The selected tool was PROMETHEE II. 

Based on the literature review, a methodological framework has been developed. The 

framework is designed to offer guidance for decision makers and consists of four steps 

which will preferably lead to a widely supported decision. The four steps are that first 

the possible decommissioning methods should be investigated. Once this has been done, 

information should be collected and different stakeholders should be selected. It has to 

be pointed out that the chosen stakeholders should represent diverse backgrounds and 

hold different positions. The third step is to select the criteria. The criteria should 

represent the earlier mentioned categories equally. As last, a MCDA should be used. 

To validate the methodological framework, a case study in the Netherlands was 

conducted whereby 11 criteria were assessed and four different stakeholders were 

selected. The results of this case study were that three of the four stakeholders prefer the 

partial removal method while the other stakeholder prefers the total removal method. 

Analyzing the weighting of the stakeholders, it was possible to categorize them in three 

different groups. The first group is stakeholders who care about the environment. They 

most likely prefer the partial removal method. Another group that prefers the partial 

removal method contains stakeholders who want to optimize the outcome for society and 
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environment. Furthermore, there is a group who are concerned about the economic 

aspects of the project and this group is expected to prefer the total removal method.  

Based on the case study, it is possible to say that most likely the partial removal method 

would be selected, since it is supported by majority of the stakeholders. This implies that 

using this framework is useful to guide the decision maker in finding the method which 

is supported by most of the stakeholders. The case study validated the advantage of 

using the proposed methodological framework. 

6.2 Recommendations 

For the future use of this methodological framework, several recommendations are 

addressed. First of all, in the future it would be advised to have real weightings from 

stakeholders and use weightings of more stakeholders. Furthermore, it is recommended 

to include more criteria. It is expected that more research will be done in the future about 

the different criteria which would make it possible to include them in a later stage. 

Additionally, since the results are sensitive to the input data an attempt should be made 

to utilize as much real data as possible. 

6.3 Suggestions for further research 

During the thesis, several questions or topics came up that could be a nice addition to 

this study. First of all, it would be useful to conduct a sensitivity analysis based on 

criteria instead of on the weighting. In other words, change the input of one criterion to 

figure out the influence of the criterion on the results. Also, it would be valuable to 

compare different MCDA tools with each other to see how they perform in the case of 

decommissioning offshore wind turbines. As last, repowering is an option which 

sometimes is considered instead of decommissioning a wind farm. It could be helpful to 

provide a MCDA to help the decision makers to decide if a site should be repowered or 

decommissioned.  
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