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ABSTRACT 

 

 

The aim of this thesis is to evaluate different repowering alternatives from the viewpoint 

of increasing power production from existing offshore wind farms (OWF), as some of the first 

commissioned OWFs are approaching the end of their expected lifetime. The thesis presents a 

literature review of components and financial aspects that are of importance for repowering of 

OWFs. In the literature review, risks and uncertainties regarding repowering are also lifted and 

analysed. The thesis contains a case study on Horns Rev 1 OWF, where three different 

repowering scenarios are evaluated by technical and financial performance, aiming to compare 

the cost of repowering alternatives. The design of the case study is based around previous 

studies of offshore repowering having focused mainly on achieving the lowest possible 

levelized cost of energy (LCoE) and highest possible capacity factor, often resulting in 

suggested repowering utilizing smaller wind turbines than the existing ones. 

In order to evaluate the financial viability of repowering alternatives, the software 

RETScreen Expert was used to estimate the annual energy production (AEP) after losses and 

calculate the net present value (NPV) and LCoE for lifetime extension and full repowering 

utilizing different capacity wind turbines. Input values from the literature as well as real wind 

resource measurements from the site was utilized to achieve as accurate results as possible. 

The result of the case study shows that repowering of OWFs have the possibility of 

providing a very strong business case with all scenarios resulting in a positive NPV as well as 

lower LCoE than the benchmarked electricity production price. Although the initial investment 

cost of the different repowering alternatives presented in this thesis still are uncertain to some 

extent, due to the lack of reliable costs for repowering alternatives, this thesis provides a base 

for further research regarding the repowering of OWFs. 

 

Keywords: Offshore Wind Power Development, Offshore Wind Farm, Offshore 

Repowering, Lifetime Extension, Decommissioning, Levelized Cost of Energy, Net Present 

Value, Financial Analysis, Feasibility Study, End of Life Scenario, Annual Energy Production. 
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NOMENCLATURE 

 

AEP Annual Energy Production 

CAPEX Capital expenditure 

DECEX Decommissioning expenditure 

EoL End of Life 

IRR Internal Rate of Return 

LCoE Levelized Cost of Energy 

NPV Net Present Value 

OPEX Operational expenditure 

OWF Offshore Wind Farm 

TSO Transmission System Operator 

WACC Weighted Average Cost of Capital 
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1. INTRODUCTION 

The first offshore wind farm (OWF) repowering project was completed with the 

repowering of the Swedish wind farm Bockstigen in late 2018 (Gerdes, 2018). The repowering 

project thereby took the initial step into an emerging market of offshore repowering, a market 

that up until now have not been relevant (Buchsbaum and Patel, 2016; Morthorst and Kitzing, 

2016). Repowering of onshore wind power developments have been performed for some time, 

with studies showing the significant environmental benefits of the repowering concept 

(Martínez et al., 2018). 

OWFs, like all other energy producing assets, will eventually reach the end of their 

operational lifetime (WindEurope, 2017). For OWFs, there are currently three end of life (EoL) 

scenarios that are relevant when the operational lifetime comes to an end, lifetime extension, 

repowering and decommissioning (Luengo and Kolios, 2015). Since more and more OWFs are 

approaching the end of their technical lifetime, it is of interest to examine the impacts and 

opportunities that repowering can have on the continuously increasing development of offshore 

wind power. According to WindEurope (2017), it is critical to not only develop new wind 

energy projects, but also have a pro-active approach to both repowering and lifetime extension 

of existing assets in order to meet the objective of having at least 50% of European electricity 

produced by renewables by 2030. The pro-active approach for repowering and lifetime 

extension is important since some aged wind energy assets will have reached the end of their 

useful lifetime by 2030, thereby not contributing to the production of renewable energy. 

In northern Europe, offshore wind power developments have existed for nearly three 

decades, with a significant growth in the last two (Rodrigues et al., 2015; WindEurope, 2016). 

Relatively shallow water depths, good wind resources, subsidies, private investors and national 

energy plans have allowed countries in northern Europe to take the initial steps and develop the 

offshore wind industry (Arrambide et al., 2019; Rodrigues et al., 2015). Some of the earliest 

commissioned OWFs have already been decommissioned and several others are approaching 

the end of the expected lifetime. With ten OWFs needing to be either repowered or 

decommissioned within the coming decade, repowering projects are expected to increase 

significantly (Topham and McMillan, 2017).  

All trends points towards a significant increase in offshore wind power developments 

and repowering of existing wind farms have the potential to take a substantial part of this 
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increase. As the only real case, repowering of Bockstigen OWF showed a large increase in 

energy production, availability and capacity factor with partial repowering, using refurbished 

components of wind turbines with not much higher installed capacity than their predecessors 

(Momentum, 2019). 

One of the major benefits of repowering OWFs is the utilization of offshore sites with 

great wind resources, since the earliest OWFs were developed in the best sites. Due to the 

existing OWF there is also very reliable wind resource data for these sites that allows for the 

optimization of the repowering project (WindEurope, 2016). Other benefits are that some of the 

components of the existing OWF can be reused, thereby spreading out their cost over a longer 

project life. According to Sun et al. (2017), repowering can be seen as a possible solution to 

lower the high decommissioning costs of OWFs by reusing the foundations from the first 

generation of an OWF. Replacing aged wind turbines with the latest most advanced wind 

turbine technology will provide grid support as well as improved integration of the variable 

wind resource into the grid (WindEurope, 2017).  

The offshore wind industry aims to lower the levelized cost of energy (LCoE), which is 

the sum of all costs over the lifetime divided by the produced energy, of offshore wind power 

by performance improvement in the entire value chain to less than 100 € per MWh by 2020 and 

less than 70 € per MWh by 2030 (SET-Plan, 2018). In 2018, the global weighted average LCoE 

for offshore wind was 114.4 € per MWh, 20% lower than in 2010. The primary cost reduction 

drivers for the recent decrease in LCoE for offshore wind power are improved capacity factors 

due to increased hub height and larger wind turbine rotors, economics of scale and innovations 

in technology, installation and logistics (IRENA, 2018). Repowering of aged OWFs can present 

a contributing act in order to both modernize the European wind turbine fleet as well as driving 

further cost reductions of offshore wind power (WindEurope, 2017). 

Offshore wind power developments have experienced a tremendous growth in the last 

decade and a major breakthrough was made when Hollandse Kust Zuid I and II in the 

Netherlands were announced as the first zero subsidy OWFs in March 2018, showing that 

offshore wind power is capable of carrying its own costs (Arrambide et al., 2019). Offshore 

wind turbine size has also increased significantly with the average installed wind turbine 

capacity currently being almost 7 MW (WindEurope, 2019a). 

This thesis is based on the assumption that both energy consumption and production of 

renewable energy is expected to rise, thereby creating an increased demand in renewable energy 
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production assets. Due to the rapid development of offshore wind technology, early 

commissioned OWFs have become outdated with more advanced technology being available. 

Existing research regarding repowering of OWFs have mostly been focusing on the 

optimization of repowering e.g. achieving the lowest possible LCoE. This has resulted in 

repowering strategies consisting of replacing the existing wind turbines with models of similar, 

or lower rated capacity. Although case studies according to this repowering strategy have 

provided good results regarding the performance of the OWF, power production is not 

significantly increased. 

The aim of this thesis is to build on existing research regarding offshore repowering and 

cost components of offshore wind power developments. In addition to this, the aim is to perform 

a cost comparison between different repowering alternatives for OWFs and compare 

alternatives from the viewpoint of increasing energy demand and increased power production 

from an existing OWF. A case study for the repowering of Horns Rev 1 OWF with three 

suggested repowering alternatives is performed in order to evaluate the financial performance 

and to distinguish the actual cost difference of the presented repowering alternatives. 

RETScreen Expert have been used for the case study in this thesis, enabling simple 

comparisons between the financial performance of the repowering alternatives for OWFs. The 

results from this thesis will hopefully help distinguish repowering alternatives for OWFs and 

present the advantages and disadvantages between them, providing knowledge about the 

possible business cases that repowering can offer. 

The scope of this thesis is cost comparisons of repowering alternatives for OWFs at 

relatively shallow water depth, close to shore and with a regular grid layout. The reason for this 

is that most of the commissioned OWFs that are currently subject to repowering are located in 

this type of offshore sites. 

This work could possibly provide information for evaluation of EoL alternatives already 

at the design phase of future OWFs in order to have an already existing plan for the end of the 

OWF’s operational lifetime. For future OWFs, it can be a significant benefit to design and 

construct in a way that ensures compatibility and upgradability of repowering alternatives 

regarding, for instance, foundation dimensions, structural strength and limitations of inter-array 

grid and transformer station. Future proofing of components could however lead to increased 

investment costs. 
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After this introduction, this thesis is organized in the subsequent order. Chapter 2 

introduces offshore wind power developments and components of importance for repowering 

of OWFs. OWF layout optimization and repowering optimization is also presented as well as 

financial aspects and OWF cost components. Throughout the literature review, current 

knowledge of importance for offshore repowering is presented as well as gaps in the research. 

The chapter wraps up in some conclusions regarding the literature review. Chapter 3 will 

describe the utilized methodology, comprised of the different repowering scenarios, utilized 

software, input parameters and wind resource assessment. Chapter 4 presents the results of the 

performed case study, followed by discussion and analysis of the results in Chapter 5. Finally, 

Chapter 6 presents the conclusions of this thesis as well as suggestions for further research. 
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2. LITERATURE REVIEW 

2.1 Introduction of Offshore Repowering 

Repowering is the concept of replacing or refurbish the existing wind turbines in a wind 

farm when it reaches the end of its useful lifetime. The first commissioned OWFs were 

constructed for a technical lifetime of about 20-25 years, and currently, several of the earliest 

commissioned OWFs are approaching this age (Topham et al., 2019). 

Since offshore wind power development is expected to increase significantly in the 

coming years, and most likely decades, there is also a need to further investigate the possibility 

of repowering OWFs. Since many more OWFs will need to be repowered in the coming years, 

many different repowering strategies will need to be evaluated. Offshore wind power 

development and investments have increased immensely in the last decades and the technology 

has matured. Future outlooks show that offshore wind will expand rapidly and the cost of 

offshore wind power developments will continue decreasing (IRENA, 2018). 

In late 2018, Momentum Group A/S performed the first ever repowering of an OWF. 

This was done on the small five wind turbine, 2.75 MW capacity OWF Bockstigen near to the 

Swedish island of Gotland (Gerdes, 2018). At Bockstigen, the old 550 kW capacity wind 

turbines were replaced with the blades and nacelles of refurbished Vestas V47-660 kW wind 

turbines, thereby increasing the total installed capacity of the wind farm to 3.3 MW. The towers, 

foundations and grid connection were kept from the existing wind farm. Upon completing the 

repowering of Bockstigen, the expected lifetime of the OWF was extended by 15 years and the 

expected annual energy production has been doubled from 5.5 GWh to 11 GWh, all at a cost of 

less than 5 million euro (Momentum, 2019). 

Academic research on the repowering process of OWFs is sparse, mostly focusing on 

optimization of the repowering process and wind farm layout. There has been some research 

conducted on onshore repowering, however, the differences between the two are more apparent 

than the similarities. The majority of the research that has been found focuses on the 

decommissioning of OWFs at the end of its useful life. Decommissioning of an OWF is one 

option that the operator can consider when the EoL is approaching. At the end of the expected 

lifetime of a wind power project, different repowering alternatives present options that could 

extend the lifetime of a project (Topham et al., 2019). Research about the EoL scenarios for 

OWFs has recently increased after having had a focus mostly on construction, development and 

operation of OWFs (Hou et al., 2017; Topham and McMillan, 2017). 
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Since the trend for offshore wind power developments is that OWFs are constructed 

farther from shore, and at greater depths, it can be beneficial to separate developments at 

nearshore sites and developments far from shore. This is beneficial since the cost of offshore 

wind power greatly depends on the distance to shore and the water depth, and the cost is 

significantly lower for offshore wind power developments at nearshore sites. Klinge Jacobsen 

et al. (2019) define OWFs as being located nearshore if they are located at a maximum of 15 

kilometres from shore. For the work in this thesis, OWFs that are located at nearshore sites are 

especially interesting since most of the OWFs that are subject to repowering are constructed 

relatively close to shore, as well as at relatively shallow depths. Some examples of OWFs that 

are of about 15-20 years old and located approximately 15 kilometres from shore are: Horns 

Rev 1, Nysted (Rødsand 1), Samsø, Tunø Knob, Middelgrunden, North Hoyle, Scroby Sands 

and Kentish Flats. Together these projects comprise of more than 600 MW installed capacity 

(Hasager and Giebel, 2015; Klinge Jacobsen et al., 2019; Rodrigues et al., 2015). 

According to Klinge Jacobsen et al. (2019), visual impacts from an OWF can almost be 

neglected if an OWF is more than 15 km from the shore, leading to the disappearance of the 

trade-offs between public resistance and investment cost. For OWFs constructed closer to shore, 

the lower investment costs need to be assessed against the less favourable wind conditions, as 

well as the increased public resistance. 

The order of content in the literature review chapter is as follows. A description of the 

components involved in OWF developments will be presented together with a short summary 

of the wind resource assessment. After this, a description of the different EoL scenarios that are 

available for OWF will be presented. Financial aspects of OWF repowering and the different 

cost components involved in offshore wind power developments is presented after this, 

followed by conclusions regarding the literature review. 

 

2.2 Offshore Wind Farm Development Components 

OWF developments consist of several different components which will be described 

below. Some components are connected to the development of the OWF, such as the wind 

resource assessment, environmental impact assessment, design, project management and 

consent, while others are more associated with the construction of the OWF, such as the wind 

turbines, foundations, inter-array cabling and transmission to shore. Most components can 

differ widely depending on the design and configuration of the OWF. 
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2.2.1 Turbines 

Offshore wind turbines are composed of a tower, nacelle and a rotor, which is made up 

of the hub and the blades (Kaiser and Snyder, 2012a). The generator, power-converter, 

transformer and monitoring and control equipment are usually contained in the nacelle (Islam 

et al., 2014). The nacelle also houses the gearbox, in cases of a gearbox-driven wind turbine. 

Wind turbines are currently designed for a technical lifetime of 25 years (Luengo and 

Kolios, 2015). However, offshore wind turbines are often certified for a lifetime expectancy of 

25-30 years, due to the fact that wind conditions are less turbulent for offshore sites which 

decrease the fatigue loads on the wind turbines (Carrasco et al., 2006; Krohn et al., 2009). 

Gearbox-driven wind turbines tend to have shorter lifetime and requires more frequent 

maintenance (Islam et al., 2014). 

The rated capacity of installed offshore wind turbines has increased significantly during 

the last decade, and in 2018, the average rated capacity of installed wind turbines was 6.8 MW. 

For comparison, newly installed offshore wind turbines in 2000-2010 had an average rated 

capacity between 2-3 MW (WindEurope, 2019a). The increased installed rated capacity wind 

turbines can be seen in Figure 1. 

 Selecting a suitable wind turbine for an OWF is one of the most critical challenges 

when it comes to offshore wind power developments. The wind resource, wind turbine class, 

environmental requirements, power capacity, turbine cost, energy production, warranty and 

support, technology and track record, available operation and maintenance facilities, electrical 

Figure 1: Average rated capacity of newly installed wind turbines offshore per year. Source: WindEurope (2019a). 
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losses and losses from wake effects are all aspects that impact the selection of the wind turbine 

(Arrambide et al., 2019; Brower, 2012). 

During the course of its lifetime, a wind turbine will, just as with all other machinery, 

experience a loss in performance. This is however something that normally is not accounted for 

when calculating the LCoE of wind power projects (Staffell and Green, 2014). In their study, 

Staffell and Green (2014) examined how the performance of onshore wind farms in the UK 

changed over time, which showed that the output from wind turbines decreased with about 1.6% 

per year and experienced a significant lowering of their capacity factor. A similar study has not 

been found for wind turbines located offshore, and it might not be fully comparable. However, 

it can be used as a guideline for the decreasing performance of offshore wind turbines. A 

declining capacity factor will lead to a lower lifetime energy production, which in turn leads to 

an increased LCoE. If the degradation becomes too significant, this would imply that the 

economic lifetime of a wind turbine is shorter than the technical lifetime (Staffell and Green, 

2014). 

 

2.2.2 Wind resource assessment and power production 

Energy production is possibly the most essential parameter when it comes to the 

development of a wind power project and evaluation of the project’s feasibility. Therefore, this 

section will describe the most essential parts, concepts and methodologies for the estimation of 

energy production, which is of importance when it comes to the repowering of an OWF. 

First of all, it is worth noting that a reliable production estimation of an offshore wind 

power project is highly dependent on accurate wind measurements. Wind measurements from 

met masts at the actual site are not only something that is often needed in order to secure 

investments, but also important to reliably know exactly how the wind conditions are at the site. 

The better the available data on the wind conditions at the site, the more accurately the 

calculations of the expected energy production can be performed. Average wind speed, 

turbulence intensity and standard deviation, atmospheric pressure, temperature and the 

predominant wind direction are all parameters that describe the wind characteristics of a 

specific site (Arrambide et al., 2019). 

Average wind speed is essential for estimating power production and it can be retrieved 

from measurements on site, where all the valid wind speed measurements are compiled into an 

average wind speed (Brower, 2012). In order to estimate how much energy a wind turbine 
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produces in one year, both the annual distribution of wind speeds and direction of wind must 

be known (Sempreviva et al., 2008). For this purpose, the Weibull frequency distribution is the 

most widely used (Pérez et al., 2013; Serrano González et al., 2017). The Weibull distribution 

gives a good approximation of the probability of a wind speed occurring, normally divided into 

ranges of 1 m/s. The Weibull probability density function as a function of wind speed of a 

certain wind speed 𝑣, is given by Equation 1 (Brower, 2012). 

 

𝑝(𝑣) =
𝑘

𝐴
 (

𝑣

𝐴
)

𝑘−1

𝑒−(
𝑣

𝐴
)

𝑘

        (1) 

 

The scale parameter, 𝐴 is in m/s and 𝑘 is the shape factor which decides the width of 

the distribution. Values of 𝑘 range between 1 and 3.5, where higher values gives a more narrow 

distribution (Brower, 2012). 

Since wind speed in the atmospheric boundary layer varies with height, there is need to 

extrapolate the recorded wind speed to the correct height, for instance if the hub-height of a 

proposed wind turbine is at a different height from the ones on which the wind measurements 

were performed (Arrambide et al., 2019). The wind speed 𝑣, at a given height is determined 

with Equation 2. 

 

𝑣 = 𝑣0  (
ℎ

ℎ0
)

𝑛
         (2) 

 

Where 𝑣0 is the mean wind speed at the measured height, ℎ is the height that the wind 

speed will be extrapolated to, ℎ0 is the height of the measurement and 𝑛 is the wind shear factor. 

Wind shear is defined as the variation in wind speed with height. For offshore sites in a 

temperate climate, a wind shear factor 0.10-0.15 is typical (Brower, 2012). 

The amount of energy that can be produced by a wind turbine depends on the wind 

speed, rotor swept area, and density of the air (Sempreviva et al., 2008). The efficiency of the 

wind power system also impacts the power production. The power output can be expressed with 

Equation 3 (Arrambide et al., 2019; Islam et al., 2014).  

 

𝑃 =
1

2
𝜌𝐴𝑣3 𝑛𝑒𝑓𝑓          (3) 
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Where 𝑃 is the power output from the wind turbine, 𝜌 is the air density, 𝐴 is the rotor 

swept area, 𝑣 is the wind speed and 𝑛𝑒𝑓𝑓 is the efficiency of the wind turbine system. From this 

equation, it can be understood that higher air density, wind speed and larger rotor swept area as 

well as increased efficiency will increase the power production from a wind turbine. 

Temperature and atmospheric pressure thereby also impact the production since air density 

changes with these. As a result, data is also collected on these parameters when site 

measurements are conducted. 

A power curve describes the electrical output of a given wind turbine at different wind 

speeds (Sempreviva et al., 2008). The cut-in wind speed is when the wind turbine starts 

producing power, meaning that the rotor produces enough power to compensate for losses in 

the drive train and cover the turbine’s internal energy consumption (Hau, 2013). At the rated 

wind speed, the wind turbine is producing at rated capacity, which is the nameplate capacity of 

the wind turbine, and above the cut-out wind speed the wind turbine will automatically shut 

itself down to prevent damage (Hau, 2013; Sempreviva et al., 2008). The power curve for the 

Vestas V80 2MW wind turbine, utilized at Horns Rev 1, can be seen in Figure 2. 

In order to estimate the annual energy production (AEP) of an OWF, the results of the 

wind resource assessment are combined with the wind turbine power curve (Hasager and 

Figure 2: Power curve for a Vestas V80, utilized for Horns Rev 1 offshore wind farm. 
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Giebel, 2015). Equation 4 can be used for calculating the AEP for the whole wind farm (Brower, 

2012; Pérez et al., 2013). 

 

𝐴𝐸𝑃 = 8766 ∑ 𝜌𝑠
𝑁𝑠
𝑠=1 ∑ [∫ 𝑃𝑤(𝑣𝑖)𝑑𝑣

𝑣𝑖𝑛

𝑣𝑜𝑢𝑡
]

𝑁𝑇
𝑖=1      (4) 

 

Where 8766 is the average number of hours per year, 𝑁𝑠 is the number of speed bins 

from the Weibull distribution, 𝜌𝑠 is the probability of the wind speed to be in speed bin 𝑠. 𝑁𝑇 

is the number of wind turbines in the wind farm, 𝑣𝑖𝑛 is the cut-in and 𝑣𝑜𝑢𝑡 is the cut-out wind 

speed as defined by the power curve, 𝑃𝑤(𝑣𝑖) is the produced amount of power by wind turbine 

𝑖, for the corresponding wind speed at the hub height 𝑣. Equation 4 calculates the gross AEP 

before losses for all the wind turbines based on the wind speed at hub height. There are several 

different variations of the equation for calculating the AEP, depending on e.g. if direction of 

wind are included or not. 

Capacity factor is the ratio between the actual energy produced and the rated capacity. 

The capacity factor for a full year can be retrieved from Equation 5 (Arrambide et al., 2019). 

 

𝐶𝐹 =
𝑁𝑒𝑡 𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑀𝑊ℎ)

𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 (𝑀𝑊) ∗  𝐴𝑛𝑛𝑢𝑎𝑙 ℎ𝑜𝑢𝑟𝑠 (ℎ)
     (5) 

 

The average capacity factor for offshore wind in Europe is 37% (WindEurope, 2019b). 

However, some OWFs have a capacity factor as high as 56% (Arrambide et al., 2019). For 

example, the capacity factor of Horns Rev 1 and Horns Rev 2 is 41.9% and 49.2% respectively 

(Rodrigues et al., 2015). The two planned OWFs Vesterhav Nord and Syd, also located on the 

Danish west-coast, are expected to have a capacity factor of up to 52% (Nielsen, 2018). 

All OWFs experience losses in production of different kinds and these needs to be 

included in the estimation of the generated power. Losses can be divided into wake losses, 

availability losses, environmental losses, electrical losses, turbine performance and curtailment 

losses. It is essential that the losses are estimated accurately in order to estimate the long-term 

financial performance of an OWF (Brower, 2012; Hasager and Giebel, 2015). 

Wake losses, or array losses, are caused by the wake that is created downwind of a wind 

turbine. These wakes decrease the wind speed as well as increase the turbulence. All wind 

turbines downwind in the area of the wake will experience a reduction in energy production 
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(Pérez et al., 2013). The increased turbulence of the wind will also increase the loads on the 

wind turbine that is affected by the wake (Brower, 2012). As can be understood, wind turbines 

situated inside of the OWF can experience more wake losses since they may be impacted by 

the wake from several upstream wind turbines (Hou et al., 2017). Wakes from upstream wind 

turbine will significantly impact the performance of a wind turbine, producing typically 10-

20% less power compared to an undisturbed wind turbine (Archer et al., 2018; Sun et al., 2017). 

However, for wind directions that are perfectly aligned with the rows or columns, wind speeds 

that are lower than the rated speed and for layouts with very short spacing, the losses can be as 

much as 70% (Archer et al., 2018). 

Several studies have focused on wake modelling and the efficiency and correctness of 

different wake models. In Archer et al. (2018), a review of different available wake loss models 

showed that the Jensen and XA models stands out with consistently strong performance. The 

Jensen model is also the most widely used wake loss model, being used in software such as 

WindPRO and the Wind Atlas Analysis and Application Program (WAsP), and has been 

recommended for energy estimations of OWF (Pérez et al., 2013). It has, however, been found 

that many models used for wake loss estimation tends to significantly overestimate the 

maximum wake losses compared to measurements within an OWF (Hasager and Giebel, 2015). 

In a study regarding the wind farm efficiency of Nysted (Rødsand 1), it was shown that for 

wind speeds up to 15 m/s, the change in wake losses is about 1.3% per increased or decreased 

rotor diameter spacing (Barthelmie and Jensen, 2010).  

Availability is considered the amount of time that either a wind turbine, or an OWF, is 

operationally capable of generating power according to the rated capacity, given that the wind 

speed is sufficient. Availability losses of 2-3% are typically assumed for energy production 

estimations (Brower, 2012). For this loss type, both regular and unexpected maintenance are 

considered (Arrambide et al., 2019). Availability of a wind turbine will most likely contribute 

to lower energy production over time since old wind turbines fail more frequently. 

Electrical losses occur in all electrical components of an OWF. Aggregated, these losses 

amount to about 2-3% (Brower, 2012). For projects where the transmission system operator 

(TSO) are responsible for the transport cable, e.g. if the OWF system boundary is the offshore 

substation, the operator will benefit of selling power before the electrical losses from the export 

cable. Germany and Denmark are examples where the TSO stands for the cost of connecting an 

OWF to the onshore grid (Serrano González et al., 2017). 
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Turbine performance losses include all losses that can be derived from the wind turbine 

not operating under optimal conditions. This can be yaw misalignment, calibration errors, blade 

pitch inaccuracies, high turbulence, high wind control hysteresis, etc. Aggregated, the losses 

due to suboptimal operation of a wind turbine could reach 2-3% (Brower, 2012). 

Environmental losses are things such as the accumulation of ice, soil or degradation of 

the blades. It can also be shutdown of a wind turbine due to lighting strikes or very high or low 

temperatures (Brower, 2012). Weather conditions is also something that can have double effect 

on the losses. For instance if there is a breakdown of a wind turbine during bad weather, the 

conditions can also hinder the repair of the wind turbine (Petersen et al., 2015). Environmental 

losses are difficult to estimate, however losses between 1-6% are typical (Brower, 2012). 

Curtailment losses emerge when, for instance, some wind turbines within an OWF are 

shut down during specific wind directions, this is in order to limit wear on components due to 

wake-induced turbulence. Curtailments can also be imposed by the TSO as part of balancing 

the grid. Curtailment losses might not be an issue and typically account for between 0-5% 

(Brower, 2012). A summary of typical values for the above categories of losses can be seen in 

Table 1. 

 

Table 1: Typical production losses for wind farms. Recreated with data from Brower (2012). 

Typical Production Losses       

Wake Losses [%]   10-20 

Environmental Losses [%]   2-3 

Electrical Losses [%]   2-3 

Turbine Performance [%]   2-3 

Curtailment Losses [%]   0-5 

Availability Losses [%]   2-3 

 

 

2.2.3 Foundations 

Foundations for offshore wind power developments is one of the most critical 

components when it comes to the design and development of an OWF (Wu et al., 2019). The 

foundation is the main component of the support structure for the wind turbine, which is also 

made up of the transition piece and scour protection. The transition piece is the connection 

between the wind turbine and the foundation, providing both absorption characteristics and 

enabling easier attachment of the tower. Scour protection is placed around the foundation to 
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protect the support system from being degraded by ocean conditions (Kaiser and Snyder, 

2012a). In the rest of this work, foundation is also assumed to include scour protection and the 

transition piece. 

Since the foundations not only need to support the weight and loads from the wind 

turbine, but also the extreme loads exerted on the foundations from the harsh nature of the sea, 

they need to be designed in a way that can withstand the complex combination of forces and 

loads of varying frequency, amplitude and direction that causes long-term cyclic loads on the 

support structure (Wu et al., 2019; Ziegler et al., 2019).  

In recent years there has been a lot of attention on the development of floating 

foundations for offshore wind turbines due to the trend of developing offshore wind power at 

greater depths, where bottom-fixed foundations might be uneconomical. However, due to this 

work being focused on repowering of OWFs commissioned at a time where sites were relatively 

close to shore and at shallow depth, no further attention will be given to floating foundations. 

There are primarily four different types of bottom-fixed foundations for offshore wind 

turbines existing today, gravity base, monopile, tripod and jacket foundations (Kaiser and 

Snyder, 2012a). Of these, monopile foundations are by far the most commonly used, making 

up 81.5% of all installed offshore foundations in Europe (WindEurope, 2019a). Monopile and 

gravity base foundation can be seen in Figure 3. 

Figure 3: Monopile (left) and gravity base (right) foundations for offshore wind power developments.  

Source: Wind Turbines: Fundamentals, Technologies, Application, Economics (p. 682-683) by E. Hau, 2013, Springer, 

Berlin, Heidelberg. 
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Gravity base foundations are reinforced concrete caissons that are floated to the wind 

farm site and filled with, for instance, sand or rocks as ballast (Lesny and Richwien, 2011; 

Petersen et al., 2015). They are placed on the seabed and utilize the weight of the foundation to 

withstand loads and forces from both the wind turbine, transition piece and the sea (Wu et al., 

2019). Gravity base foundations are cheaper to construct than other bottom-fixed foundations. 

However, due to the massive weight of the structure, demands on construction facilities 

supporting the weight and heavy lifts increase the installation costs. For gravity base 

foundations there is also need for dredging and preparation of the seabed prior to the installation 

(Kaiser and Snyder, 2012a). Gravity base foundations are normally designed according to their 

load bearing capacity (Lesny and Richwien, 2011). Due to the relatively low load bearing 

capacity of a gravity base foundation, and that it needs to be designed so it has sufficient 

capacity to support not only its own weight, but also all the loads and forces of the wind turbine 

and the surrounding environment, gravity base foundations are more suitable for seabed 

conditions composed of compact clay, sand and rock (Wu et al., 2019). It is also important that 

the soil layers below the structure have sufficient bearing capacity since the foundation transfers 

all the structural loads into the seabed (Lesny and Richwien, 2011).  

Gravity base foundations have mostly been used for OWFs at a water depth of less than 

10 meters, which also means that with increasing depth for OWF developments, gravity based 

foundations are less used today. However, during the early days of offshore wind power 

developments, gravity based foundations were widely used (Wu et al., 2019). Because of this, 

several of the first OWFs that will be subject for repowering, utilize gravity base foundations. 

Monopile foundations are steel tubes that are piled or drilled into the seabed, which the 

transition piece then can be attached to (Petersen et al., 2015). Monopiles are the simplest type 

of foundation for offshore wind turbines, acting as an extension of the tower into the seabed 

(Lesny and Richwien, 2011). Typically, the diameter of a monopile foundation is 3-8 m and 

about 20-40 m of the monopile is driven into the seabed (Kaiser and Snyder, 2012a; Wu et al., 

2019). The thickness of the steel tube, and the depth that the monopile is driven into the seabed 

depends on such factors as the soil conditions, water depth, design load and environmental 

conditions. For softer seabed conditions, increased thickness and deeper driven monopiles are 

needed (Kaiser and Snyder, 2012a). 

In a study by Negro et al. (2017), dimensions for monopiles that are utilized for 

commissioned OWFs are presented and it is clear that monopile diameters are increasing with 
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increasing wind turbine capacity. It is still unclear to what degree it is possible to construct a 

larger wind turbine and tower on an existing monopile, and this has to be further researched. 

Monitoring, that have been conducted on installed monopiles, have shown that 

monopiles actually have higher stiffness than expected from the design. Therefore, new design 

methods can possibly reduce the weight of the monopile and the depth of which it is driven into 

the seabed (Wu et al., 2019). The manufacturing of monopile foundations are relatively easy 

and inexpensive. This, in combination with the monopile being a manageable construction that 

can be installed at a low cost, have helped monopiles to be utilized intensively for OWF 

foundations (O’Kelly and Arshad, 2016; Wu et al., 2019). 

According to Lesny and Richwien (2011), the operational lifetime of a foundation for 

an offshore wind turbine is usually assumed to be 50 years. This is the case for Nysted (Rødsand 

1) OWF, where the gravity base foundations have been projected to last for 50 years (Topham 

and McMillan, 2017). In some cases, a gravity base foundation could even have a projected 

lifetime of 100 years (Hou et al., 2017; Miñambres, 2012; Topham and McMillan, 2017). 

Therefore, for the design of the foundation it is important to consider all the cyclic loadings that 

will be exerted on the foundation during the whole operational lifetime, also including the 

occurrence of extraordinary loads. The factors of which the foundation design is dependant are 

mainly seabed conditions, water depth, available construction technology and available 

installation equipment (Lesny and Richwien, 2011). 

As a result of the trend of offshore wind power developments being constructed at 

greater depths, where monopile foundations are a less favourable option, the use of tripod and 

jacket foundations have increased in recent years (Kaiser and Snyder, 2012a; WindEurope, 

2019a). However, since very few of the early offshore farms, which are now subject for 

repowering, use foundation types other than gravity base and monopile, no further attention 

will be paid to jacket and tripod foundations in this work. 

The structural strength and performance of monopile foundations is an important 

consideration when assessing the possibility of repowering an OWF, and this has been 

researched in Wu et al. (2019) and Ziegler et al. (2019). This consideration is, however, outside 

of the scope of this work. 
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2.2.4 Transmission, substation and inter-array grid 

OWFs are connected to the grid via transmission cables (Kaiser and Snyder, 2012a). 

Depending on the distance to shore and the installed capacity of the wind farm, different types 

of transmission should be utilized. The substation of an OWF can either be situated within the 

wind farm site with the use of an offshore platform, or it can be placed onshore if the wind farm 

is close to shore and the installed capacity is not very large (Petersen et al., 2015). For short 

transmission distances, medium voltage transmission cables can be used. Typically, these 

cables have voltage levels of between 24 and 36kV (Kaiser and Snyder, 2012a). Medium 

voltage transmission cables have not been used for commissioned OWFs located more than 15 

km from the coast and with an installed capacity of above 100 MW, since this is no longer 

profitable (Rodrigues et al., 2015). For large distances and installed capacity, the substation is 

placed offshore in order to minimize electrical losses from transmission. When utilizing an 

offshore substation, the substation transformer collects the power from all the wind turbines 

within the array and increases the voltage level. High voltage cables then transfer the power to 

an onshore transformer (Petersen et al., 2015). Large OWFs with more than 300 MW installed 

capacity that are 11-20 kilometres from shore, usually need two substations, as well as two 

export cables (Kaiser and Snyder, 2012a). The capacity of transmission cables from an OWF 

to shore usually have twice that of the OWF (Hau, 2013).  

The inter-array grid in an OWF collects the power from all the individual wind turbines 

of the farm and transmits the power to the substation (Petersen et al., 2015). The cable is 

connected to the transformer of the wind turbine, which steps up the voltage to 10-36 kV from 

the lower voltage output from the wind turbine (Kaiser and Snyder, 2012a). Typically, the cable 

Figure 4: Typical layout of the inter-array collecting cables, substation and export cable. 
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is buried 1-2 m below the seabed and connects to the next wind turbine in the array. The cable 

layout of the array is usually in lines that all connect to the common substation. A typical layout 

of the inter-array collection cables, substation and export cable can be seen in Figure 4. 

The predicted lifetime of inter-array grid and export cables have been estimated to be 

40 years (Hou et al., 2017). For Nysted (Rødsand 1) OWF, the transmission system is predicted 

to last for 50 years (Topham and McMillan, 2017). 

 

2.2.5 Design and project management 

Design and project management of offshore wind power developments consist of 

several different tasks that are connected to the development of a project. This can be, wind 

resource assessment, geophysical and bathymetric surveys, environmental impact assessment, 

construction management, wind turbine acquisition, contract negotiation, permission, 

insurances and financing costs (Gonzalez-Rodriguez, 2017). For repowering of OWFs, project 

management will also include tasks such as assessment of structural strength of existing 

components. Due to repowering of OWFs being a new operation, the design and project 

management of offshore repowering are likely to experience additional costs while the new 

activities are learned. 

The design and project management component tend to not be impacted to a great extent 

by the size of the project, thereby lowering their cost share with increasing OWF size 

(Gonzalez-Rodriguez, 2017). Design and project management, and its impact on repowering of 

OWFs will not be further studied in this work except as a cost component for offshore 

repowering in Section 2.9. 

 

2.3 End of Life Scenarios for Offshore Wind Farms 

When an OWF reaches the end of its expected service life, it is time for the owner and 

the operator to decide which EoL scenario is most suitable for the wind farm. According to 

Ortegon et al. (2013), this is assumed to be either when the wind turbine has reached its designed 

technical lifetime, has been subject to failure or fatigue or no longer satisfy the expectations of 

the owner. The EoL scenarios that are relevant for OWFs are lifetime extension, repowering 

and decommissioning (Luengo and Kolios, 2015). 

In order to prevent complications regarding the EoL scenarios for OWFs, and to 

minimize the costs and environmental impacts, EoL scenarios should be studied from the 
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beginning of initial development (Hou et al., 2017; Topham and McMillan, 2017). Profitability, 

performance and reliability of the existing wind farm; expected profit from lifetime extension 

and full repowering; and cost-benefit ratio between the different EoL scenarios are all important 

aspects to consider for the decision on which EoL scenario that should be carried out for an 

OWF (Luengo and Kolios, 2015). 

In the existing literature there has been a good deal of focus on the decommissioning of 

wind turbines and OWFs. Repowering of OWFs is a relatively new focus area which is getting 

more and more attention. Several studies have been performed regarding the repowering of 

onshore wind farms, mostly due to onshore wind power development being a more mature 

technology and onshore wind farms being older that their offshore counterparts. Some 

experience can be taken from repowering of onshore wind farms and wind turbines. However, 

the impacting policies, the often smaller size of onshore wind farms as well as the transportation 

and less accessible site locations for OWFs, presents a clear difference between the two. 

For this work, it is suggested that there are three possible EoL scenarios for OWFs; 

lifetime extension/partial repowering, full repowering and decommissioning. Further 

descriptions of the different EoL scenarios follow in Sections 2.4 – 2.6 and costs will be 

described in Sections 2.8 – 2.9. 

Although mostly outside of the scope of this work, environmental impacts from 

different EoL scenarios are important to consider when an OWF is reaching the end of its 

expected lifetime. The environmental impacts from offshore wind power developments differ 

among the different phases of the project lifetime, where the largest impacts occur during the 

installation phase (Petersen et al., 2015). Repowering as well as decommissioning of OWFs 

will lead to a new period of high activity at the wind farm site. Depending on the amount of 

work that is needed for the selected EoL scenario, the environmental impacts will have differing 

magnitudes. A useful method for assessment of the environmental impacts is to combine the 

impact level together with the duration of the impact. Impact level is the amount of activity and 

impact of the development and the duration which this impact is present (Petersen et al., 2015). 

Environmental impacts from repowering and decommissioning of OWFs have been researched 

in Kerkvliet and Polatidis (2016), Ortegon et al. (2013), Smyth et al. (2015) and Topham and 

McMillan (2017). 
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2.4 Lifetime Extension and Partial Repowering 

Lifetime extension of an OWF is when necessary activities are performed to enable the 

OWF to operate for a longer period than the initial designed lifetime, therefore this relies on 

there being enough structural strength left (Topham et al., 2019). For partial repowering, it is 

suggested that this includes the replacement of key components of the wind turbine, such as the 

drivetrain, hub and blades, but still utilizing the existing foundation and tower (Topham and 

McMillan, 2017). The difference between lifetime extension and partial repowering is rather 

unclear in existing literature. Lifetime extension described by Luengo and Kolios (2015) is 

similar to partial repowering described by Topham and McMillan (2017). Lifetime extension 

is described as when the most critical internal subsystems, such as the generator and gearbox, 

as well as the blades of the wind turbine are replaced (Luengo and Kolios, 2015). Partial 

repowering, or refurbishment, is described as when components such as rotor, blades, gearbox, 

drivetrain and power electronics are replaced, while utilizing the existing foundation and 

electrical system. Partial repowering can also include the replacement of the tower (Hou et al., 

2017; Topham and McMillan, 2017). 

For lifetime extension of a OWF, it is assumed that the foundation, tower and grid 

connection are kept as is, even though it is essential to conduct a thorough assessment of the 

overall state of the wind turbine (Luengo and Kolios, 2015). The difference seems in this case 

only to be the difference between the possibility of replacing the tower of the wind turbine. To 

minimize the risk of confusion between lifetime extension and partial repowering, it is 

suggested that they are seen as a similar scenario for the rest of this work and they will be 

mentioned interchangeably. 

The possibility for lifetime extension of an OWF is to a large extent dependant on wind 

turbine manufacturers, or second party manufacturers, to supply new, as well as spare parts for 

wind turbines that at the point of lifetime extension can be more than two decades old. 

Refurbishment was considered for the Swedish OWF Yttre Stengrund. However, Vattenfall 

decided to decommission the OWF instead due to difficulties in obtaining spare parts for the 

wind turbines and the high cost to upgrade the wind turbines and gearboxes (Topham and 

McMillan, 2017). The decommissioning of Yttre Stengrund instead became the first OWF in 

the world to be decommissioned (Vattenfall, 2016). In addition to availability of refurbished 

components and spare parts, lifetime extension is technologically possible only if the 

foundations, tower and wind turbine have sufficient structural strength remaining. Assessment 
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of the remaining structural strength for different OWF components presents an issue due to the 

need of proper low-cost assessment methods. It is already common practice to install strain 

gauges on foundations which can provide information about the structural strength of the 

monopile, however, since much of the monopile is below the seabed, structural strength 

assessment of the whole monopile is difficult to perform (Ziegler et al., 2019). In order to solve 

this issue, Ziegler et al. (2019) provided a methodology for extrapolating the loads on monopile 

foundations from strain gauges. When replacing existing wind turbines with the same type, 

there might not be increased costs for strengthening of the foundations since most existing 

foundations are over-dimensioned (Hou et al., 2017, 2016). The offshore wind energy industry, 

since lifetime extension provides an opportunity of lowering the LCoE, is preparing for longer 

possible lifetime for new OWFs (Ziegler et al., 2019).  

 

2.5 Full Repowering 

When performing a full repowering, existing wind turbines are replaced by new ones, 

often with higher installed capacity (Hou et al., 2017; Luengo and Kolios, 2015; Topham et al., 

2019; Topham and McMillan, 2017). The new wind turbines are installed on the existing 

foundations if possible, either with the use of the existing tower, if it is of sufficient strength 

and height, or with the installation of new wind turbines including tower on the old foundations 

(Topham et al., 2019). For full repowering utilizing much larger wind turbines, new foundations 

will also be needed. Some components of the existing OWF might be kept, such as inter-array 

grid and substation, and utilized as much as possible. However, if the installed capacity is vastly 

increased, these components might have insufficient capacity and need to be replaced or 

upgraded. In cases where the new wind turbines have a larger rotor diameter than their 

predecessor, distance between the individual wind turbines within the OWF will need to be 

revised since the wake losses might increase significantly. Distance between individual wind 

turbines needs to large enough to make sure that the wake losses and turbulence do not become 

unacceptably large, which in turn leads to increased loads on the wind turbines and thereby 

shorten the lifetime of the wind turbines (Pérez et al., 2013). Therefore, it might be needed to 

only utilize some of the existing foundations when optimizing the layout of the repowered 

OWF. Alternatively, the OWF can be repowered with new wind turbines of similar size as the 

existing ones. The newly installed wind turbines could favourably be dimensioned in a way so 

that the repowered wind farm utilizes the existing electrical system and foundations to the 
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highest degree possible. Just as with partial repowering and lifetime extension of an OWF, it is 

important to thoroughly assess the structural strength of the foundations that will be reused. 

Repowering with higher capacity wind turbines will result in an increased power 

production from the OWF. However, larger wind turbines are more expensive and therefore 

increase the investment cost of the repowering (Hou et al., 2017). According to Topham and 

McMillan (2017), repowering of an OWF is sometimes considered already from the beginning 

of the project and therefore the seabed is leased for double the time as the expected lifetime of 

the project. If the site has shown to be good for extraction of wind energy, repowering should 

be considered before the final decommissioning of the OWF. 

There has not yet been any full repowering commissioned for an OWF to date, and 

therefore, no existing methodologies have been published. Case studies that have been 

performed are described in Section 2.7. Lately, repowering of OWFs has been getting more 

attention. For example, the owner of the Danish OWF Middelgrunden have announced plans to 

repower the 20 Bonus 2 MW wind turbines with wind turbines of the same size but with higher 

capacity when it reaches the end of its expected operational lifetime in 2025. This could extend 

the lifetime of the OWF by another 25 years (Tsanova, 2018). 

Since all OWFs are unique in regards to aspects such as size, foundation type, weather, 

seabed conditions and distance to shore, together with the fact that no actual full repowering of 

an OWF has been performed, it is difficult to present a common methodology for the 

repowering of OWFs (Hou et al., 2017). There is also a great variety in how to repower an 

OWF. For instance, wind turbines of different sizes can be utilized for the repowering as well 

as the same or fewer wind turbines. The possibility of performing a full repowering is also 

dependant on the structural strength of the foundations and the possibility of strengthening 

them. The state of the inter-array grid and transformation cables are also an important factor. 

One of the major benefits of full repowering is that with many years of accurate wind 

resource measurements, the site is well known to the developer and if the layout is optimized 

in a proper way, the repowered OWF can potentially promise very good performance 

(WindEurope, 2016). 

 

2.6 Decommissioning 

Decommissioning is the last phase of an offshore wind power project, with the aim of 

restoring the site to, or as close as possible to its original state (Hou et al., 2017; Luengo and 
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Kolios, 2015; Topham and McMillan, 2017). Typically, the decommissioning process consists 

of reversing the commissioning and installation process of the wind farm (Kerkvliet and 

Polatidis, 2016). Usually, a decommissioning plan needs to be included in the initial 

development phase of a wind power project in order to receive permission for the construction 

of the wind farm. However, this can differ depending on the country in which the OWF is 

located in (Topham and McMillan, 2017). According to Topham, et al. (2019), 

decommissioning of an OWF is the most important EoL scenario since it will always be the 

final phase of the project, regardless of whether repowering or lifetime extension have been 

performed prior to decommissioning. 

Disconnecting the wind farm from the grid is the first step, followed by the dismantling 

of the individual wind turbines (Kaiser and Snyder, 2012a; Kerkvliet and Polatidis, 2016). 

Blades, hub and nacelle can be dismantled separately or together in order to minimize the 

number of lifts (Kaiser and Snyder, 2012a). Due to the high cost and risks of offshore 

operations, disassembly of wind turbines should be conducted onshore to as high degree as 

possible (Topham and McMillan, 2017). 

Regarding the decommissioning of the foundations, they can be either partially removed 

or totally removed from the site. For partial removal of the foundation, some parts of the 

foundation, scour protection or cabling can be left at the site. Total removal of the foundation 

means that the wind farm site should be restored to the state it had before the wind power 

project, which means that everything needs to be removed and the seabed should be restored 

mechanically to its initial state (Kerkvliet and Polatidis, 2016; Topham and McMillan, 2017). 

For the decommissioning of Yttre Stengrund, the concrete foundations were cut at the level of 

the seabed (Vattenfall, 2016). 

It is difficult to entirely remove a monopile foundation due to the size, penetration depth 

and the weight of the monopile (Topham and McMillan, 2017). Therefore, it is more common 

to cut the monopile a few meters below the seabed. This can be done by either external cut, 

where excavation around the monopile enables access to cut of the pile from the outside; or 

internal cut, where soil and mud from inside the monopile are pumped out so the monopile can 

be cut from the inside (Kaiser and Snyder, 2012a). After both of these methods, the excavation 

is refilled, covering the remains of the foundation, and the seabed is restored. 

For the removal of gravity base foundations, the ballast is removed from the concrete 

caisson enabling the structure to be buoyant again. Therefore, a vessel that is capable of 
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performing this is needed (Topham and McMillan, 2017). There might be compact sediments 

around the foundation that need to be cleared before the lifting of the foundation. Once floating 

again, it can be either towed in to shore or lifted onto a transportation vessel. After the 

foundation have been removed, the seabed below the foundation then needs to be restored to 

pre-existing state (Topham and McMillan, 2017). Depending on the degree of which the 

foundation has adapted to the marine environment and what risks that might derive from it, the 

base of the foundation could be left on the seabed and just the tubular section on which the wind 

turbine are connected are cut off (Topham and McMillan, 2017). Scour protection is usually 

expected to be left at the site after the decommissioning in order to minimize the disturbance 

on the seabed since the scour protection has become a part of the marine environment (Kaiser 

and Snyder, 2012a; Topham and McMillan, 2017). This is also the case for the foundations, 

around which marine life might have flourished during the lifetime of the project. Therefore, 

the total environmental impact of the wind power project might be greater if the foundations 

are removed (Smyth et al., 2015). Studies from the oil and gas industry have shown that leaving 

concrete structure as is has the least impact on the marine environment (Hou et al., 2017). 

Both the inter-array cables and the export cables can be either partially removed or 

totally removed from the site (Kaiser and Snyder, 2012a; Topham and McMillan, 2017). There 

might be some areas where the cables must be removed entirely, for instance if the area will be 

used for commercial fishing, maintenance dredging or if the cables will interfere with any other 

operation. However, it is common that the cables are allowed to be left beneath the seabed 

(Kaiser and Snyder, 2012a). Total removal of subsea cables is also considered to cause 

substantial disturbance to the seabed when excavated and pulled out of the seabed, creating 

trenches that needs to be restored, as well as leading to a higher decommissioning cost (Topham 

and McMillan, 2017). Leaving the inter-array and export cables buried beneath the seabed is 

the most commonly used technique suggested (Topham and McMillan, 2017). 

If the wind farm utilizes an offshore substation, this needs to be either emptied or sealed 

off to ensure no spillage of hazardous and harmful pollutants before the removal is conducted 

(Topham and McMillan, 2017). A heavy-lift vessel is needed since the offshore substation 

usually is the heaviest component of the entire wind farm. The offshore substation is separated 

from the foundation, enabling the two components to be lifted separately. For the foundation, 

similar methods as for the removal of foundations for the wind turbines are used (Topham and 

McMillan, 2017). 
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Several studies have shown that total decommissioning comes with both extreme costs 

and severe disruptions to the marine environment. Therefore, the most commonly proposed 

method is to leave most of the cables as well as the bottom of the foundations at the site, buried 

beneath the seabed (Kaiser and Snyder, 2012b; Smyth et al., 2015; Topham and McMillan, 

2017). According to Topham and McMillan (2017), it is hard to generalize how 

decommissioning of OWFs should be performed, and decommissioning schemes are different 

for each specific OWF due to variations in depth, distance to shore and seabed conditions to 

give a few examples. 

 

2.7 Layout Optimization and Repowering Optimization 

Optimizing the layout of OWF developments is a complex issue that is dependant on 

several different trade-offs such as energy production, wake effects, capital expenditure 

(CAPEX) and operational expenditure (OPEX) (Mytilinou and Kolios, 2019). Recent research 

has focused on the layout optimization of OWFs with the aim to optimize an offshore wind 

power project according to an economic indicator, such as net present value (NPV) or levelized 

cost of energy (LCoE) (Gonzalez-Rodriguez, 2017). Maximizing energy production from an 

OWF will decrease the LCoE. Therefore, the optimal placement of wind turbines inside an 

OWF, considering losses from wake effects and electrical losses from the inter-array grid, can 

improve the energy production and thereby increase the profitability of the wind farm (Amaral 

and Castro, 2017; Pérez et al., 2013). According to Serrano González et al. (2017), most OWF 

that are already commissioned have a symmetrical layout, where the wind turbines are placed 

in a regular grid layout. The major contributing reasons for designing an OWF layout in a 

symmetrical pattern are that visual impacts are less disturbing for OWFs that are located close 

to shore, and that the navigability of the OWF is improved for operation and maintenance 

(O&M) activities as well as other operations in the area (Serrano González et al., 2017). The 

cost for the inter-array grid might also be lower if the wind turbines are positioned in an orderly 

layout (Neubert et al., 2010). 

When optimizing the layout of an OWF according to a grid layout, the optimal distance 

between rows and columns needs to be determined considering both the predominant and 

crosswind wind directions (Amaral and Castro, 2017). A reasonable distance, for reducing wake 

losses between wind turbines in the predominant wind direction has been shown to be between 

eight (8D) and twelve (12D) rotor diameters. In the crosswind direction, the distance should be 
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between three (3D) and five (5D) rotor diameters (Hou et al., 2015; Mytilinou and Kolios, 

2019). In addition, offsetting the rows or columns of wind turbines in the predominant wind 

direction will decrease the wake loss effects further (Amaral and Castro, 2017; Argyle and 

Watson, 2017; Wu et al., 2014). Regular grid layout and regular grid layout with offset can be 

seen in Figure 5. Regardless, several commissioned OWFs have less distance between wind 

turbines in the predominant and crosswind direction. For instance, Lillgrund (4.3D, 3.2D), 

Horns Rev 1 (7D, 7D), Kentish Flats (7.8D, 7.8D) (Hasager and Giebel, 2015; Vattenfall, 

2019a). In fact, the mean distance between wind turbines in commissioned OWFs in Europe is 

5.98D (Enevoldsen and Valentine, 2016). Other examples of wind turbine spacings of OWFs 

are Nysted (Rødsand 1) (10.5D, 5.8D) and London Array 1 (8.3D, 5.4D) (Barthelmie and 

Jensen, 2010; London Array, 2019).  

The distance between wind turbines should be at least four (4D) rotor diameters in the 

predominant wind direction (Hou et al., 2017; Pérez et al., 2013). In the crosswind direction, 

wind turbines are usually not placed closer than three (3D) rotor diameters. This will minimize 

the wear on components due to wake-induced turbulence (Brower, 2012). In a study by (Argyle 

and Watson, 2017), increased wind turbine spacing of an OWF was shown to both increase the 

power production and decrease the turbulence intensity. However, the effect started to diminish 

for wind turbine spacing of more than eight (8D) rotor diameters. 

Improvements to the positioning of wind turbines within an OWF has been a hot topic 

in recent research, and several studies have focused on solving this problem (Amaral and 

Castro, 2017; Hou et al., 2015; Pérez et al., 2013; Serrano González et al., 2017; Wu et al., 

Wind Direction → • Wind Turbine Position

• • • • • •
• •

• • • • • •
• •

• • • • • •
• •

• • • • • •
• •

• • • • • •

Regular Grid Regular Grid With Offset

Figure 5: Regular grid layout (left) and regular grid layout with offset on every second column (right). 
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2014). The layout optimization in these studies is based on optimisation algorithms such as 

Particle Swarm Optimization (PSO) and Generic Algorithm (GA). The algorithms will 

calculate the most efficient positioning of wind turbines within a wind farm site. They also 

consider the electrical losses from the inter-array connections so that the distance between 

turbines is not too long, and thereby unfeasible. 

Amaral and Castro (2017) proposed an optimization methodology in which every cell 

of a grid layout was divided into sub-cells. Using both PSO and GA, wind turbines within the 

wind farm could be placed in the centre of one of the sub-cells instead of the centre of the grid-

cell. This enabled optimization of wind turbine positioning outside of the symmetrical layout 

but still not in a totally irregular layout. The result was an increase in AEP of 1.24% when each 

grid-cell was divided into 25 sub-cells (Amaral and Castro, 2017). 

Serrano González et al. (2017) introduced a methodology for grid layout optimization 

of real-size OWFs using PSO and GA optimization. The case study performed on Horns Rev 

3, resulted in a decrease in LCoE of 1.75 and 3.37% compared to the LCoE calculated by the 

Danish TSO for about the same investment costs. However, in a case study by Neubert et al. 

(2010), an irregular optimized layout produced less than 1% more energy compared to an 

optimized grid-layout under the same conditions of 100 wind turbines within a 5 km by 5 km 

wind farm site. This shows that optimized layouts of OWFs are efficient to different degrees. 

Some studies have been performed on layout optimization allowing for irregular 

placement of wind turbines within the wind farm area. Pérez et al. (2013) for instance, 

performed a case study on the German wind farm Alpha Ventus in the North Sea, showing that 

the AEP of the wind farm could increase 3.52% compared to the actual layout. Sun et al. (2017) 

also optimized the initial wind farm layout allowing for irregular positioning of wind turbines. 

Symmetrical layouts have more restrictions compared to irregular layouts since these are more 

constrained to the size and shape of the wind farm site, maximum number of turbines, maximum 

area used, and the symmetrical layout constrains the layout. It is therefore more difficult for 

optimization algorithms to find the optimal solution (Serrano González et al., 2017). 

It has been clearly shown by several studies that the AEP can be increased and the LCoE 

decreased by allowing for irregular placement of wind turbines within a wind farm site, and 

symmetrical layouts have been shown to be a bit less efficient regarding energy production 

(Neubert et al., 2010; Serrano González et al., 2017). However, since most of the existing OWFs 

that are subject for repowering are designed in a regular grid layout, and that the foundations 
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are expected to be reused, the pre-existing layout needs to be considered and thereby, irregular 

positioning of wind turbines is outside of the scope of this work. 

Sun et al. (2017) performed a study on layout optimization of OWFs at the end of the 

designed lifetime, where the foundations and grid are reused, and the wind turbines are replaced 

by new wind turbines with lower capacity. The aim was to extend the lifetime of the wind power 

project and to reduce the decommissioning cost. In the performed case study, a wind farm 

consisting of 40 wind turbines with the rated power of 2.5 MW, were replaced by 1.65 MW 

wind turbines after a service life of 20 years. The results showed that by reusing the foundations, 

the cost of energy could be reduced with 14% for the repowered wind farm compared to double 

the cost of the initial wind farm (Sun et al., 2017). The case study was based on irregular 

optimization for the initial wind farm layout. 

Repowering optimization and decommissioning strategies have been researched in 

several studies. In Hou et al. (2017), a repowering optimization was studied for Horns Rev 1 

with the use of different types of wind turbine sizes. The results showed that by repowering the 

wind farm in two stages and selecting a smaller wind turbine with slightly higher hub height, 

decreased the wake losses and increased the capacity factor, leading to a lowered LCoE with 

10.43% compared to repowering the wind farm with the same type of wind turbines as the 

existing ones. In Hou et al. (2015), repowering with installation of the same wind turbine model 

and slightly smaller wind turbines on the existing foundations was compared. For the scenario 

with smaller wind turbines, extra wind turbines were installed at optimized positions within the 

wind farm with adaptive particle swarm optimisation (APSO) so that the total installed capacity 

was unchanged. The result of the case study showed that the scenario with smaller wind turbines 

achieved a somewhat lower cost of energy (Hou et al., 2015). 

 

2.8 Finance of Offshore Wind Power Developments 

Offshore wind power developments demands high capital investments, and the initial 

investment can be as much as 75% of the total lifetime cost of an OWF (Morthorst and Kitzing, 

2016). Although repowering can be seen as a cost efficient procedure for further lowering the 

LCoE of offshore wind power, it too demands high capital investments. Expensive components 

of the existing OWF, such as inter-array grid and foundations, can be reused leading to lower 

lifetime cost of the component. At the same time, some of the initial investments linked to for 

instance the consenting, project development and wind resource assessment can be saved from 
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reusing the knowledge about the site. The following sections will describe the finance of 

offshore wind power developments as well as the costs of different OWF components. 

The investment costs per installed MW for offshore wind power developments 

increased from 2000 up until 2015. However, this increased cost can partly be derived from 

developments being commissioned at greater depths, increasing steel price as well as little 

competition in the offshore industry. The cost of offshore wind power have since decreased 

significantly (Klinge Jacobsen et al., 2019). The future outlook of the cost of offshore wind 

power can only be assumed. However, the industry expects that cost of offshore wind power 

will decrease in the coming years, where cost reductions primarily are driven by higher capacity 

wind turbines, economics of scale and technology innovation (Clean Energy Pipeline, 2014). 

According to several reports, further cost reductions are expected (IRENA, 2018; Wiser et al., 

2016). 

Calculating and estimating the cost of an offshore wind power development over the 

whole project lifetime is essential for not only the developer, but also the insurers, operators 

and investors, so that the development ensures a cost-efficient and profitable investment in 

energy production (Mytilinou and Kolios, 2019). Most studies regarding the cost of offshore 

wind power are focusing on achieving a lower LCoE for new developments. Recently, focus 

have also shifted into cost of floating OWFs, as in for instance (Castro-Santos et al., 2018; 

Ebenhoch et al., 2015). For the cost of repowering OWFs, LCoE have been used as an indicator 

for evaluating which EoL strategy that is most preferred, as in for instance (Hou et al., 2017). 

Klinge Jacobsen et al. (2019) performed a study which compared the cost of offshore 

wind power developments for Danish nearshore sites with sites further offshore, this after a 

nearshore tender was opened in Denmark with the aim of lowering the cost of offshore wind 

power developments. The Danish Energy Agency declared a tender for the design, construction 

and operation of 350 MW nearshore wind power, which Vattenfall won for the OWFs 

Vesterhav Nord and Syd with a cost of 64 € per MWh (Nielsen, 2018). Ørsted, which had the 

highest share of installed offshore wind power in 2018, took the final investment decision for 

the Hornsea 2 OWF after receiving a contract for difference price of 65 € per MWh (Ørsted, 

2019). These costs give some guidelines on where the cost of offshore wind power is in a 

foreseeable future. However, since the projects are yet to be built, it is unclear whether this is a 

reliable cost of energy. 
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The cost of offshore wind power developments at nearshore sites can be expected to be 

lower than developments further away from shore due to shorter distance for transmission, that 

in some cases might not even need an offshore substation, and foundations at shallower depth. 

Costs for O&M could also be lower due to the proximity to the coast and harbour (Klinge 

Jacobsen et al., 2019). 

In order to properly conduct a feasibility study of an OWF, it is essential to perform the 

calculations based on realistic data and cost components (Gonzalez-Rodriguez, 2017). This is 

especially useful for feasibility studies on repowering, since some of the existing components 

might be reused, and therefore should be either excluded from the investment cost or adjusted. 

According to Gonzalez-Rodriguez (2017), factors that influence the uncertainties regarding 

economic data of cost components of offshore wind power are varying competitiveness in the 

supply chain, volatility in the prices of components, currencies, time of development, 

differences between offshore sites regarding seabed and depth and varying distance to nearest 

harbour. 

Some cost components of offshore wind power developments are not as dependent on 

the size of the OWF as others. Examples of this are the initial investigation costs and project 

management. From this, it can be assumed that the investment cost per installed MW will be 

lower with increasing size of the OWF (Morthorst and Kitzing, 2016). 

For new wind power developments, the selection of both the offshore site, as well as the 

selection of wind turbines and foundations utilized for the project greatly impacts the 

installation cost (Mytilinou and Kolios, 2019). However, for existing developments, that are 

subject to repowering, both the site and foundation type is already known. From this, it can be 

assumed that repowering of OWFs offers less uncertainty regarding the installation cost 

compared to new developments. 

Capital expenditure (CAPEX) for offshore wind power consists of all the costs for 

commissioning of the wind farm such as project development, material and labour costs, 

acquisition of wind turbines, cost of foundations and substructures, inter-array cabling and grid 

connection, installation and insurance (Ioannou et al., 2017; Petersen et al., 2015). The 

investment costs are commonly divided into different cost components which enables a more 

detailed comparison between offshore wind power developments. However, comparisons will 

be more accurate between projects with similar characteristics regarding for instance 
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commissioning time, installed capacity, wind turbine size, wind conditions and geography 

(Klinge Jacobsen et al., 2019). 

CAPEX is calculated by adding all the different costs of the development, which can be 

divided into the following sub-categories; predevelopment and consenting costs, production 

and acquisition cost and installation and commissioning cost (Mytilinou and Kolios, 2019). The 

share of each cost component of the total investment cost are sometimes presented in different 

ways. For instance, connection to grid might not be presented since it might be paid for by the 

transmission system operator (TSO), and the installation cost sometimes are not a separate cost 

component. Both of these examples may lead to a more difficult analysis of the real cost of an 

sub-category (Klinge Jacobsen et al., 2019). 

Operational expenditure (OPEX) consists of all costs that are connected to the operation 

and maintenance (O&M) of OWFs. It covers costs for crew, vessels, spare parts for both 

unplanned and planned maintenance of the OWFs all components. Transmission costs and 

insurance as well as lease of the site are also included in the OPEX (Petersen et al., 2015). 

OPEX are included in the annual costs from when the OWF is fully commissioned and the cost 

tend to increase throughout the lifetime of an OWF (Klinge Jacobsen et al., 2019). 

Levelized cost of energy (LCoE) is commonly used in wind power developments and 

other power projects for evaluation of the economics of a power project and enable a 

comparison between different alternatives (Ioannou et al., 2017; IRENA, 2012; Klinge 

Jacobsen et al., 2019). LCoE is calculated using the sum of all costs during the lifetime of an 

OWF, which consists of both the CAPEX and OPEX, but also the decommissioning costs and 

disposal (DECEX) (Mytilinou and Kolios, 2019). The costs are discounted to the present time 

and levelized using the calculated AEP from the OWF (INNWIND, 2015). LCoE is expressed 

in € per MWh in Equation 6 (Petersen et al., 2015). 

 

𝐿𝐶𝑜𝐸 =
∑

𝐶𝐴𝑃𝐸𝑋𝑡+𝑂𝑃𝐸𝑋𝑡+𝐷𝐸𝐶𝐸𝑋𝑡
(1+𝑟)𝑡

𝑛
𝑡=1

∑
𝐴𝐸𝑃𝑡

(1+𝑟)𝑡
𝑛
𝑡=1

       (6) 

 

Where 𝐶𝐴𝑃𝐸𝑋𝑡, 𝑂𝑃𝐸𝑋𝑡 and 𝐷𝐸𝐶𝐸𝑋𝑡 are the capital expenditure, operational 

expenditure and decommissioning expenditure in the year 𝑡, 𝐴𝐸𝑃𝑡 is the annual energy 

production, 𝑛 is the expected lifetime of the OWF and 𝑟 is the discount rate. 
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According to Morthorst and Kitzing (2016), LCoE for an offshore wind power 

development typically ranges between 122-169 € per MWh. Due to the increasing OPEX cost 

over the lifetime of a wind power project, Staffell and Green (2014) suggests an increased LCoE 

of 9% over the lifetime of the project. Differences in regulations, guidelines and offshore 

conditions between different markets and countries makes a direct comparison of LCoE for 

offshore wind power developments somewhat difficult (Klinge Jacobsen et al., 2019). 

A few financial parameters are of importance and commonly used when calculating the 

financial performance of an offshore wind power project, these are net present value (NPV), 

weighted-average cost of capital (WACC), internal rate of return (IRR) and discount rate. Cost 

of capital can account for as much as 27% of the total cost of offshore wind power developments 

and can thereby significantly impact the viability of a project. WACC is depending on the 

amount of equity that is available for the investment, and also the risks of the investment 

(Petersen et al., 2015). Typically, the debt to equity ratio for wind power projects are 70-80% 

debt and 20-30% equity (WindEurope, 2019c). The British government suggests a discount rate 

of 10% while the Danish Energy Agency suggests a discount rate of 4% (Klinge Jacobsen et 

al., 2019).  

Energy production cost determines the price that is received for the power that is sold 

to the grid and is a necessary input parameter for the calculation of financial performance of a 

power project. The projected average production cost in 2020 is 78 € per MWh (EEA, 2009). 

As an example of specific OWFs, Rødsand 2 receives 84.3 € per MWh. Horns Rev 1 and Nysted 

(Rødsand 1) receives 60.7 € per MWh  (Energi Styrelsen, 2014; Power Technology, 2019). The 

agreement with the Danish Government for Horns Rev 3 is that the electricity price will be 

103.1 € per MWh (Vattenfall, 2019b). Other financial parameters such as taxes, depreciation, 

risk premiums etc. will also impact the result of a feasibility study. However, this will be 

excluded from this work. 

 

2.9 Offshore Wind Farm Cost Components 

This section will describe the different cost components of offshore wind power 

developments that have been found in the literature, as well as the actual cost of the different 

components. Since the offshore wind industry has matured in the last years, leading to a 

significant decrease in cost of offshore wind, the present cost of components can be somewhat 

difficult to obtain. Total investment costs for several OWF can be found and are publicly 
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available. However, the share of the different cost components is often kept as a company 

secret. 

The cost of offshore wind power developments can be divided into capital expenditure 

(CAPEX) and operational expenses (OPEX). Decommissioning expenditures (DECEX) are 

sometimes considered as a separate post. For this work, since repowering require a new 

investment for the OWF, and since some of the CAPEX costs can be reduced compared to a 

new development, most focus will be on the CAPEX. 

All costs in this section, as well as in the rest of this work, have been converted to present 

time euros from currencies in the reviewed sources. Costs have been adjusted for inflation 

according to the average harmonised inflation Europe (HICP). 

The largest cost component of offshore wind power developments are the wind turbines, 

which can make up somewhere between 40-60% of the total investment cost (Morthorst and 

Kitzing, 2016). The wind turbine cost presents one major difference in the literature. The 

difference is that some studies include the tower in the price, while other present the tower as 

being a cost component part of the balance of plant (BoP). For instance, in RAB (2010) wind 

turbines for offshore wind power developments stands for 33% of the CAPEX, which is 

excluding the tower. Installation and commissioning makes up 26% of the CAPEX, while BoP 

and development and consent makes up 37% and 4% respectively (RAB, 2010). Several other 

studies provide the shares of each cost component of the total CAPEX. IRENA (2012) presents 

the cost distribution of the CAPEX for a typical OWF, where the wind turbine system stands 

for the major part of the total CAPEX at 51%. Foundations and installation contribute with 

27%, while transmission and inter-array cabling contribute with 13% and 7% of the CAPEX 

respectively. Other expenses are connected to the remaining 2% of the CAPEX (IRENA, 2012). 

In Morthorst and Kitzing (2016), shares of the CAPEX based on Horns Rev 1 and Nysted 

(Rødsand 1) OWF consisted of wind turbines at 49%, foundations at 21%, environmental 

analysis at 3% and design and project management at 6%. Export cable and substation and 

inter-array cabling contributed to the total CAPEX with 16% and 5% respectively. According 

to Klinge Jacobsen et al. (2019), the wind turbine share of the total investment cost will be 

higher for developments at nearshore sites compared with developments farther from shore. At 

the same time, the share of transmission costs and foundations will be slightly lower. 

From this, it is clear that some of the cost components are divided differently between 

different sources, thereby giving somewhat different shares of the total CAPEX. Differences 
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might also depend on varying conditions and time of development for commissioned OWFs. In 

Gonzalez-Rodrigues (2017), a review of OWF cost components was conducted that shows the 

costs of commissioned, planned, estimated and case studies of OWFs from the literature. Costs 

for new OWFs at nearshore sites with relatively shallow water depth can be estimated to an 

average of 2.3-2.5 M€ per MW (Krohn et al., 2009). In Morthorst and Kitzing (2016), the total 

investment cost for both Horns Rev 1 and Nysted (Rødsand 1) is specified as 2.146 M€ per 

MW. According to Islam et al. (2014), the CAPEX for Kentish Flats and Lillgrund OWFs were 

1.95 M€ per MW and 2.09 M€ per MW respectively. 

 

2.9.1 Turbines 

The cost of an offshore wind turbine is difficult to estimate, mainly due to lack of 

transparency from the manufacturers, as well as the volatility of commodity prices (Gonzalez-

Rodriguez, 2017). Acquisition makes up 85% of the total wind turbine cost while electrical 

installation and shipping and assembly make up 10% and 5%, respectively (Douglas-

Westwood, 2010; Gonzalez-Rodriguez, 2017). For greater shipping distances, shipping and 

assembly will increase their share of the total wind turbine cost. However, this will not be of 

significant importance for this work.  

Siemens Gamesa stated an average selling price of 0.76M€ per MW in the last three 

months of 2018 (Richard, 2019). The Bloomberg NEF Wind Turbine Price Index showed an 

average cost of wind turbine of about 0.9 M€ per MW by the end of 2017 (BNEF, 2018). 

However, this is an average cost of both onshore and offshore wind turbines. National 

Renewable Energy Laboratory (NREL) assumes a cost of 1.25 M€ per MW, and based on the 

cost of London Array OWF, the Siemens 3.6MW wind turbines have been estimated to have a 

cost of 1.17 M€ per MW (Smith, 2014). Offshore wind turbines are according to Morthorst and 

Kitzing (2016) typically 20% more expensive than onshore wind turbines. Although difficult 

to find references supporting it, the acquisition of large numbers of wind turbines will most 

likely also come with a premium. 

Several different costs of wind turbines can be found in the literature. Krohn et al (2009), 

states a price of 0.913 M€ per MW. In Gonzales-Rodriguez (2017), the cost of wind turbine 

acquisition, transportation, installation and electrical installation for all the analysed 

commissioned, planned, estimated and case studies of OWFs gives an average cost of 1.252 

M€ per MW. When considering the three commissioned OWFs Nysted (Rødsand 1), Burbo 
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Bank and Arklow Bank, which are similar to the definition of nearshore developments by 

Klinge Jacobsen et al. (2019), the wind turbine cost is found to be 0.562 M€, 0.758 M€ and 

0.634 M€ per MW respectively (Gonzalez-Rodriguez, 2017). According to Morthorst and 

Kitzing (2016), Nysted (Rødsand 1) has a stated wind turbine cost , including transport and 

erection of 1.04 M€ per MW together with Horns Rev 1. In a study by BVG Associates (2012), 

upscaling of wind turbine cost was examined. The study compared 4 MW, 6 MW and 8 MW 

wind turbines at various distances from shore and at various water depth. Results showed that 

installation cost and support structure including tower decreases with an increased wind turbine 

size. On the other hand, with increasing wind turbine size, turbine rotor and turbine nacelle 

compose larger shares of the wind turbine cost (INNWIND, 2015). However, this study was 

tested for average water depths of 25-40 meters, and thereby, the specific costs are not 

applicable for this work. 

Considering the above, it is clearly difficult to generalize for the cost of wind turbines. 

Costs for refurbished wind turbines presents even more uncertainties. For the repowering of 

Bockstigen, the acquisition cost of the refurbished wind turbines is not available. Momentum 

Group arranged for the acquisition and refurbishment of the used Vestas V47 660 kW wind 

turbines (Momentum, 2019). The Spanish company Repowering Solutions offers used Vestas 

V47 that have been refurbished at a listed price of 365 k€, which is equal to a cost of 0.553 M€ 

per MW (Repowering Solutions, 2012). This cost can be used as a guideline for refurbished 

wind turbines. However, the price uncertainty is large, and the price might not be scalable for 

larger wind turbines. Five of these wind turbines would amount to 1.825 M€ which is 37% of 

the total cost of the repowering of Bockstigen OWF, which is in the lower range of the wind 

turbine cost component share of 40-60% according to Morthorst and Kitzing (2016). Table 2 

presents a summary of wind turbine costs. 

 

Table 2: Summary of wind turbine costs according to different references. 

Wind Turbine Cost Reference Cost per MW Notes     

Richard (2019) 0.780 M€ SG Average Selling Price   

BNEF (2018) 0.900 M€ -     

Krohn et al. (2009) 0.913 M€ -     

Gonzalez-Rodriguez (2017) 1.252 M€ -     

Gonzalez-Rodriguez (2017) 0.640 M€ Nearshore average     

Morthorst and Kitzing (2016) 1.040 M€ Horns Rev I/Nysted   

Repowering Solutions (2012) 0.553 M€ Refurbished V47   

… 
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2.9.2 Foundations 

The cost of foundations is mostly impacted by the water depth at the site, where 

increasing depth significantly increases the cost (RAB, 2010). The cost of foundations for 

offshore wind power development often includes the foundation itself, scour protection, 

installation, transportation as well as the transition piece. For gravity base foundations there is 

also an additional cost for seabed preparation (Gonzalez-Rodriguez, 2017). 

As foundations account for about 20-30% of the CAPEX for new developments, cost of 

foundations should therefore be 0.46-0.75M€ per MW. However, since most installed 

foundations for OWFs are monopiles, the average cost is more impacted by the cost of 

monopiles than by gravity base foundations. 

Morthorst and Kitzing (2016), stated that the gravity base foundations of Nysted 

(Rødsand 1) and Lillgrund OWF came to a cost of 0.45 and 0.43 M€ per MW respectively. The 

water depth at Nysted (Rødsand 1) is about 6-9 meters (Gonzalez-Rodriguez, 2017), and for 

Lillgrund 4-8 meters (Archer et al., 2018). In Morthorst and Kitzing (2016), the monopile 

foundations for Horns Rev 1 have the same stated cost as the gravity base foundations of 

Nysted.  

In the study by Gonzalez-Rodriguez (2017), gravity base foundations cost 0.38 M€ per 

MW for sites with up to 20 meters water depth, with an additional 0.52-0.79 M€ per MW for 

seabed preparation. Monopile foundations have a cost of 0.605 M€ per MW for the same sites 

(Gonzalez-Rodriguez, 2017). 

Regarding the cost for strengthening existing foundations so that new wind turbines can 

be commissioned on the foundations, Sun et al (2017) assumed that the strengthening cost 

would be 10% of the installation cost, which in turn was assumed to be 80% of the wind turbine 

cost. The strengthening cost of the foundations was in other words suggested to be 8% of the 

wind turbine cost. However, in the actual case study, smaller wind turbines were selected to 

replace the existing wind turbines. In the case study of Hou et al. (2017), no additional 

strengthening cost was assumed when replacing the existing wind turbines with ones of the 

same type since most existing foundations are over-dimensioned. According to Hou et al. 

(2017) the cost of strengthening foundations can be estimated as the cost difference of 

foundations for the existing wind turbine and the new wind turbine size, which can be expressed 

in euros per MW. In a case study by Hou et al. (2016), a strengthening cost of 10% of the 
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foundation cost was assumed for enabling the same wind turbine model to be installed on 

existing foundations. 

When performing a full repowering of an OWF, utilizing wind turbines of much larger 

size it is most likely necessary to replace the foundations all together due to smaller diameter, 

shorter penetration depth or too low load bearing capacity. In this case, the cost of the new 

foundations should be similar to the average cost per MW. An additional cost will also emerge 

due to the decommissioning of the existing foundations. However, since seabed conditions are 

known, and that seabed around the foundations has been thoroughly examined, this might result 

in a slightly lower cost of installation of the new foundations. This is however something that 

needs to be further examined. Table 3 presents a summary of foundation costs. 

 

Table 3: Summary of wind turbine costs according to different references. 

Foundation Cost Reference Cost per MW Notes Depth 

Morthorst and Kitzing (2016) 0.43 M€ Nysted GB 6-9 m 

Morthorst and Kitzing (2016) 0.45 M€ Lillgrund GB 4-8 m 

Morthorst and Kitzing (2016) 0.43 M€ Horns Rev I MP   

Gonzalez-Rodriguez (2017) 0.38 M€ GB (ex. seabed prep.) >20 m 

Gonzalez-Rodriguez (2017) 0.60 M€ MP >20 m 

… 

 

2.9.3 Transmission, substation and inter-array grid 

The estimation of the cost of transmission, substation and inter-array grid for an OWF 

presents a difficult task. Not only is there an immense variety of cables with different 

characteristics to select from depending on the capacity needed, power losses and the 

optimization of the layout also needs to be considered. 

Substation, inter-array and transmission cabling makes up about 20% of the total 

CAPEX, thereby presenting a rather large cost component of an offshore wind power 

development. High voltage transmission cables cost about 520-1050 € per meter (Hau, 2013; 

Morthorst and Kitzing, 2016). Therefore, a large possible cost reduction of the wind power 

project is presented if the transmission cable is paid by the TSO. 

In Morthorst and Kitzing (2016), the cost of inter-array grid, substation and export cable 

based on the cost of Nysted (Rødsand 1) and Horns Rev 1 is 0.454M€ per MW. In Krohn et al. 

(2009), the same OWFs had an inter-array grid cost of 97 k€ per MW and transformer station 

and grid connection cost of 0.322 M€ per MW. 
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In Denmark, wind power producers are required to pay a balancing cost of about 2€ per 

MWh (Klinge Jacobsen et al., 2019). Balancing costs help covering extra expenses that can 

occur from the deviation of the planned and actual power production (DEA, n.d.). The balancing 

cost in Denmark is lower than the average balancing cost in Europe, mostly due to the Danish 

grid being interconnected with other electricity markets that can help balancing the grid, as well 

as the high percentage of installed wind power (Klinge Jacobsen et al., 2019). 

 

2.9.4 Other cost components 

Design and project management for Horns Rev 1 and Nysted (Rødsand 1) OWF made 

up 6% of the CAPEX, and 0.126 M€ per MW (Morthorst and Kitzing, 2016). In RAB (2010), 

this cost component is called development and consent, and accounts for 4% of the CAPEX. In 

Gonzalez-Rodriguez (2017), based on available data, the average cost of project management 

for commissioned OWFs is 0.105 M€ per MW. Using the average cost of project management, 

applied on the investment cost for the repowering of Bockstigen OWF, a cost of 0.112 M€ per 

MW is retrieved. However, this is very uncertain and might perhaps be higher since it is the 

first performed repowering offshore. Initial investigation costs are included in the design and 

project management cost component. For repowering, this part of the cost, among others, will 

be saved since a lot of this work already is done. 

Environmental analysis will already be conducted for the site when it comes to 

repowering. Monitoring during the lifetime of the existing OWF will provide further knowledge 

about the environmental impacts. Although there will most likely be a need for performing an 

environmental analysis prior to repowering, this will be easier to conduct since a lot of 

information is likely already known. The initial environmental analysis for Horns Rev 1 and 

Nysted (Rødsand 1) OWF accounted for 3% of the CAPEX and a cost of 63 k€ per MW 

(Morthorst and Kitzing, 2016). 

According to RAB (2010), installation and commissioning of offshore wind power 

developments makes up about 27% of the CAPEX. For European wind farms, installation and 

commissioning makes up 20% of CAPEX (Kaiser and Snyder, 2012a). 

In Petersen et al. (2015), installation cost account for 19% of the CAPEX. Installation 

cost of repowering is difficult to assume, and most studies on repowering optimization are just 

presenting the results as LCoE for different scenarios, excluding the cost share of installation. 



39 

 

 

Modelling of both installation time and cost is thoroughly presented in Kaiser and Snyder 

(2012b), this is however outside of the scope of this work. 

Decommissioning costs have been reviewed in several studies. However, since 

decommissioning of OWFs are also a relatively new operation, costs also vary a lot. In Topham 

and McMillan (2017), decommissioning costs are estimated to be 2-3% of the total CAPEX. 

DNV-GL has estimated a decommissioning cost of 200-600 k€ per MW, which is about 60-

70% of the installation cost (Topham and McMillan, 2017). By adequate recycling of the 

decommissioned components, up to 20% of the decommissioning cost can be recovered 

(Topham et al., 2019). According to Topham and McMillan (2017), decommissioning costs 

that have been estimated for commissioned OWFs are likely to be underestimated. 

The cost of operation and maintenance (O&M) can be either expressed as a variable 

cost per produced MWh, or as a fixed cost per MW installed capacity (Klinge Jacobsen et al., 

2019). O&M costs are of both fixed and variable types. Fixed costs are for example insurances, 

administration, salary and regular maintenance. Variable costs are items such as repairs and 

spare parts. In 2015, O&M costs in Denmark were made up by 57.3 k€ per MW annually in 

fixed costs and 4.3 € per MWh in variable (Klinge Jacobsen et al., 2019). 

According to IRENA (2012), O&M costs for European OWFs are 26-52 € per MWh, 

while the Danish Energy Agency in 2014 stated that the cost is 20 € per MWh for Danish OWFs 

(Morthorst and Kitzing, 2016). Since the investigation cost for repowering of OWFs is lower 

compared to new developments, a fixed percentage as part of CAPEX will not be used in this 

work. In reality, O&M costs tend to increase over the lifetime of a wind turbine due to worn-

out components (Krohn et al., 2009). Regarding repowering, it is likely that repowering with 

new wind turbines will lead to lower O&M costs compared to refurbished wind turbines. Table 

4 presents a summary of other offshore cost components apart from foundations and wind 

turbines. 

Table 4: Summary of cost of other components according to different references. 

Cost Component Cost per MW Cost reference Notes 

Electrical system 0.454 M€ Morthorst and Kitzing (2016) Horns Rev I/Nysted 

Inter-array grid 0.970 M€ Krohn et al. (2009) Horns Rev I/Nysted 

Transformer and export 0.322 M€ Krohn et al. (2009) Horns Rev I/Nysted 

Design & Project Management 0.126 M€ Morthorst and Kitzing (2016)   

Design & Project Management 0.105 M€ Gonzalez-Rodriguez (2017)   

Environmental analysis 0.063 M€ Morthorst and Kitzing (2016) Horns Rev I/Nysted 

Decommissioning 0.2-0.6 M€ Topham and McMillan (2017)   
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2.10 Conclusions Regarding the Literature Review 

Concluding the literature review, it can be noted that a lot of research has been done on 

the layout optimization and repowering optimization of OWFs. However, the main criteria is 

to achieve the lowest possible LCoE and highest efficiency with these optimizations, and 

increased power production from an existing OWF has not been given much attention. Due to 

lower repowering costs by repowering utilizing smaller wind turbines, is seems likely that 

optimization algorithms repeatedly select the cheapest investment cost in order to achieve a 

lower LCoE. Studies on repowering optimization thereby seems to exclude the possibility of 

significantly increasing the installed capacity of an OWF and benefit from utilizing an OWF 

site that has proven to provide good wind resources. This reveals that there might be a gap in 

the literature regarding the possibility of repowering an OWF in order to increase the power 

production, helpful for achieving the goals of renewable energy production. If a significantly 

increased AEP is obtained, and thereby increased revenue from electricity production, it might 

in some cases be viable to have a lower capacity factor of a repowering project. 

There is a clear discrepancy between the definitions of repowering alternatives where 

especially lifetime extension, refurbishment and partial repowering have very similar 

characteristics and can be difficult to distinguish. Therefore, this work tries to simplify these 

repowering alternatives by compiling them into one EoL scenario. 

Regarding the structural strength of foundations, it is unclear whether an existing 

foundation actually can accommodate a larger wind turbine and tower. As far as this literature 

review has found, assumed cost for strengthening of existing offshore foundations has not been 

proven in reality. This presents a large uncertainty regarding the strength of foundations and 

the cost of upgrading them. As for monopile dimensions, these have increased with increased 

wind turbine size. Several studies state that offshore wind turbine foundations usually are over-

dimensioned. However, although the structure might be able to support a larger wind turbine 

and tower, it is unclear whether the dimension is actually sufficient for a larger wind turbine. 

Cost of different components of importance for repowering is, due to the fact that 

repowering is a new issue, to a large extent based on the cost of commissioned wind farms. 

Since the costs have increased due to the trend of developing OWF further out to sea and at 

greater depths, these provide some uncertainty. The actual cost of repowering will thereby be 

clearer once repowering becomes a more common practice. 
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3. MATERIALS AND METHODS 

3.1 Methodological Framework 

The methodological framework of this work is based on the assumption that both the 

consumption and the production of renewable energy are expected to rise. The case study was 

thereby outlined with the intention to increase the power production from the repowering of 

Horns Rev 1. Horns Rev 1 has been in operation since 2004 and is located 14 kilometres off the 

Danish west coast.  

Horns Rev 1 was selected based on the age, distance to shore and installed capacity of 

the wind farm. The relatively simple regular grid layout was also considered for the case study 

since several other wind farms that are subject to repowering in the near future have similar 

layouts. Since Horns Rev 1 is one of the most well-known and researched OWFs, there are also 

vast amounts of available data on the wind farm, including reliable wind resource 

measurements. 

As mentioned earlier, other case studies, where smaller wind turbines have been utilized 

for the repowering, have resulted in lower LCoE and higher capacity factor. However, this case 

study will examine the possibility of generating more power from an already existing OWF. 

The wind farm consists of 80 Vestas V80 2MW wind turbines, adding up to a total rated 

capacity of 160 MW. The rotor diameter of the wind turbines are 80 meters and the hub height 

is 70 meters (Hasager and Giebel, 2015). The wind turbines utilized for Horns Rev 1 have a 

unique power curve that is specific for the site (Morales, 2015). The layout of Horns Rev 1 is 

in a regular array with eight (8) rows and ten (10) columns. The rows are laid out in an east-

west direction and the columns are aligned in a 353° north-south direction. 

The wind turbine spacing of Horns Rev 1 is seven (7D) rotor diameters between rows 

and columns of wind turbine (Hou et al., 2017). Since this is more than the average spacing of 

5.98 rotor diameters a slight increase in rotor diameter, and thereby decrease in wind turbine 

spacing, should therefore be possible without causing a large increase in wake losses. The AEP 

of Horns Rev 1 was 658 GWh in 2014 and 613 GWh in 2015 (DEA, 2017). The diagonal 

spacing between wind turbines are either 9.4D or 10.4D rotor diameters (Hasager and Giebel, 

2015). The layout of Horns Rev 1 as well as the inter-array grid and substation can be seen in 

Figure 6. 
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The case study consists of three different repowering scenarios for Horns Rev 1, lifetime 

extension and two full repowering alternatives with different size wind turbines. For all three 

scenarios in the case study, Vestas/MHI Vestas wind turbines have been selected due to the 

existing wind turbines coming from this manufacturer. The case study aims to perform a cost 

comparison between different available repowering alternatives while also enabling a 

comparison of the scenarios from the viewpoint of increased power production. The three 

scenarios are constructed in a way that aims to show the distinction between the repowering 

alternatives for OWFs, although actual repowering alternatives can differ greatly between 

different offshore wind power developments. 

The software RETScreen Expert was used for the case study. RETScreen is a clean 

energy management software for feasibility assessment and performance analysis of different 

renewable energy projects (Government of Canada, 2010). The RETScreen cost model 

calculates the financial viability of a renewable energy project based on several input 

parameters based on location, facility, energy production, cost and financing. 

 

3.2 Scenario 1: Lifetime Extension and Partial Repowering  

The main component of this scenario is that the existing wind turbines will be replaced 

by refurbished, Vestas V80 2MW wind turbines according to Figure 7, the same as the existing 

Figure 6: Existing inter-array grid of Horns Rev1. Recreated from 4COffshore (2019). 
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wind turbine model. Since this is a relatively common wind turbine, it is assumed that there 

will be refurbished alternatives and spare parts of this model in the near future. The refurbished 

wind turbines is for this work assumed to have the same site specific power curve as the existing 

wind turbines. The power curve for these can be found in Appendix B, and are retrieved from 

Morales (2015), based on the work of (Hansen, 2008). The lifetime extension scenario will also 

utilize the existing towers, which are assumed to have sufficient structural strength left. Hence 

only the nacelle and blades will be replaced as with the repowering of Bockstigen OWF. 

Since the scenario is utilizing refurbished wind turbines, the extended lifetime of the 

OWF is assumed to be 15 years. No additional costs for foundations and substructures was 

added since it was assumed that the existing foundations and substructures have at least 15 

years of structural strength left. This is also the case for the towers, which are assumed to have 

sufficient structural strength left. Assessment of structural strength of the foundations, 

substructures and towers was assumed to be 10% of the cost of a new foundation, adding up to 

45 k€ per MW. Inter-array grid and substation are in the scenario kept as is and will not need 

any refurbishment. The capacity of the grid was assumed to be sufficient since the scenario has 

the same installed capacity and number of turbines. Since the layout of the OWF is the same as 

the existing layout, no additional cables will need to be added. This was based on that the 

expected lifetime of the inter-array grid and transformer stations are 40 years (Hou et al., 2017). 

Figure 7: Layout of lifetime extension and partial repowering scenario. Wind 

turbine spacing will be 7D, 7D, with diagonal spacing of 10.4D and 9.4D. 
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Thereby, the inter-array grid and transformer station should have at least 15 years of operation 

left. 

Installation and commissioning costs for the lifetime extension scenario was assumed 

to be 0.2 M€ per MW with a total installation cost of 32 M€. This cost is assuming that 

installation cost accounts for about 25% of the CAPEX of the scenario. However, this is very 

uncertain and could also be much lower due to fewer parts being installed. Refurbished wind 

turbines should however account for a smaller share of the CAPEX. There was assumed to be 

no additional cost for environmental assessment due to the lack of significant sub-surface work 

for this scenario. 

Based on the available data in Gonzalez-Rodrigues (2017), the cost for project 

management and design was assumed to be 0.105M€ per MW, adding up to a total cost of 

16.8M€. Wind turbine acquisition cost was assumed to be 0.553 M€ per MW, adding up to a 

total of 88.48 M€. This was based on the cost of refurbished wind turbines from Repowering 

Solutions (2012), although the stated cost included towers. The higher cost selected was due to 

the lack of references regarding the cost of refurbished wind turbines, and the fact that the price 

was based on smaller wind turbines. 

Since the rotor diameter of the refurbished wind turbines is the same as for the existing 

ones, as well as the hub height, wake losses from the repowered wind farm are assumed to be 

the same as for the existing OWF. The average wake losses at Horns Rev 1 have been estimated 

to be between 9-14%, with an average of 9.8% (Peña and Rathmann, 2014). Table 5 presents 

the CAPEX used for the feasibility study of the first scenario. 

 

Table 5: Capital expenditure for case study scenario 1. 

CAPEX: Lifetime extension (160 MW) Cost per MW Cost   

Design and Project Management   0.105 M€ 16.8 M€   

Assessment structural strength   0.045 M€ 7.2 M€   

Wind Turbine Acquisition   0.553 M€ 88.5 M€   

Installation and Commissioning   0.200 M€ 32.0 M€   

Total CAPEX   0.903 M€ 144.5 M€   

 

3.3 Scenario 2: Full Repowering with 3 MW Wind Turbines  

In the second scenario, the existing Vestas V80 2MW wind turbines are replaced with 

new Vestas V90 3MW wind turbines, according to Figure 8, increasing the rated capacity of 

the wind farm to 240 MW. The power curve for these turbines was obtained from the 
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RETScreen database and can be found in Appendix B. Vestas V90 3MW wind turbines have a 

rotor diameter of 90 meters. The expected lifetime of the repowered wind farm is 25 years of 

operation, 10 years longer than scenario 1 due to the utilization of new wind turbines. 

Considering this, new towers are assumed to be installed in this scenario, however, the existing 

towers could perhaps be utilized after a thorough assessment. 

Kentish Flats OWF have the same monopile foundation diameter as Horns Rev 1, and 

about the same length and piling depth (Negro et al., 2017). Considering this, it is assumed that 

the existing foundations will be able to withstand the loads of the larger wind turbines. 

Vestas V90 3MW wind turbines are utilized at Kentish Flats OWF, with a spacing of 

700 meters (7.78D) between both rows and columns (Vattenfall, 2019a). The assumed hub 

height of 70 meters is the same as for the Vestas V90 3MW wind turbines of Kentish Flats 

OWF as well as being the same height as the existing wind turbines. Repowering with this wind 

turbine at Horns Rev 1 using the existing foundations will decrease the wind turbine spacing to 

6.22 rotor diameters, diagonal spacing will be approximately 9.32 and 8.25 rotor diameters. 

Wake losses should thereby increase slightly and was assumed to be 15%. 

The existing inter-array grid, substation and export cable are assumed to have an 

expected lifetime of 50 years as suggested by Topham and McMillan (2017). Since the installed 

capacity is 50% higher than the existing OWF and that additional cables might be needed, an 

Figure 8: Layout for full repowering scenario with 3MW wind turbines. Wind 

turbine spacing will be 6.22D, 6.22D, with diagonal spacing of 9.32D and 8.25D. 
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assessment and upgrade cost for the electrical system of 75 k€ per MW was assumed. An 

additional cost of 0.1 M€ per MW was assumed for upgrade of the existing substation and 

export cable to handle the 80 MW increased installed capacity. Assessment of structural 

strength of the foundations, substructures and towers were assumed to be another 45 k€ per 

MW, as for scenario 1. An additional cost of 0.15 M€ per MW was assumed for the 

strengthening and refurbishment of the existing foundations. This was based on the difference 

between the foundation cost for a 2 MW and 3 MW wind turbine. 

Wind turbine cost including transportation and installation was assumed to be 1.04 M€ 

per MW, in line with the assumed cost of 1.17 M€ per MW for London Arrays Siemens 3.6MW 

wind turbines, adding up to a total cost of 249.6 M€. Environmental analysis was assumed to 

cost 20 k€ per MW. Lower than the 63 k€ per MW, stated for the initial environmental analysis 

of Horns Rev 1 according to Morthorst and Kitzing (2016) due to prior knowledge of the site 

and limited amount of sub-surface work for this scenario. Project management is assumed to 

be 0.105 M€ per MW, based on the available data in Gonzalez-Rodriguez (2017), adding up to 

a total cost of 25.2 M€. Table 6 presents the CAPEX used for the feasibility study of scenario 

2. 

Table 6: Capital expenditure for case study scenario 2. 

CAPEX: Full repowering (240 MW)   Cost per MW Cost   

Design and Project Management   0.105 M€ 25.2 M€   

Wind Turbine Acquisition   1.040 M€ 249.6 M€   

       Inc. Transport and Installation         

Electrical System Upgrade   0.075 M€ 18.0 M€   

Substation and export cable  0.100 M€ 24.0 M€  

Assessment Structural Strength   0.045 M€ 10.8 M€   

Environmental Analysis   0.020 M€ 4.8 M€   

Foundation Strengthening   0.150 M€ 36.0 M€   

Total CAPEX   1.535 M€ 368.4 M€   

 

3.4 Scenario 3: Full Repowering with 8 MW Wind Turbines 

For the third scenario, all the existing wind turbines and foundations will be 

decommissioned and new MHI Vestas V164 8MW wind turbines and foundations will be 

installed close to the prior location of every second wind turbine, creating an offset every second 

row and column. The utilization of the exact location is problematic since the existing 

foundation will be cut a few meters below the seabed and thereby occupying the space. The 
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layout for this scenario can be seen in Figure 9. The MHI Vestas V164 8MW wind turbine has 

a rotor diameter of 164 meters and a hub height of 105 meters (Vestas, 2014). 

The new wind farm will have a rated capacity of 320 MW and is assumed to have an 

expected lifetime of 25 years, 10 years longer than scenario 1 due to the utilization of new wind 

turbines. The power curve for the Vestas V164 8MW was not available from the RETScreen 

database and was thereby taken from the LEANWIND 8 MW reference wind turbine 

(LEANWIND, 2013). The power curve can be seen in Appendix B. 

The cost of the new foundations was assumed to be 0.45 M€ per MW, which is in the 

lower range of monopile foundation costs. This is estimated due to the already known seabed 

conditions at the wind turbine positions. Total cost for foundations for the new wind farm adds 

up to 144 M€. For the decommissioning of the existing wind turbines and foundations, a cost 

of 0.4 M€ per MW is assumed for the existing foundations, based on the middle of the range 

given by DNV-GL. With adequate recycling of the components, 20% of the decommissioning 

cost is assumed to be returned based on the estimations in Topham et. al. (2019). For the 

calculations, the decommissioning cost and returned from recycling is per MW is halved due 

to the installed capacity of the scenario is doubled. 

Wind turbine acquisition, including transportation and installations is for this scenario 

assumed to be the average cost retrieved from Gonzalez-Rodriguez (2017) of 1.252 M€ per 

Figure 9: Layout for full repowering scenario with 8MW wind turbines. Wind 

turbine spacing will be 6.83D, 6.83D, with diagonal spacing of 5.12D and 4.53D. 
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MW. This is since this cost is based on newer studies and most likely are more relevant for 

larger offshore wind turbines. This makes the total wind turbine cost for this scenario 400.64 

M€. 

The existing electrical system is assumed to have an expected lifetime of 50 years and 

as much as possible of the existing inter-array grid will be reused. Where needed, the inter-

array grid will be complemented with new cables. A rather generous cost of 100k€ per MW is 

assumed for the upgrade of the electrical system, which is about the same as the cost for a new 

inter-array grid, adding up to a total cost of 32 M€. An additional cost of 0.15 M€ per MW was 

assumed in order to upgrade the existing foundation and export cable in order to withstand the 

doubled capacity of the OWF. The new capacity of the OWF is slightly higher than the 

boundary for when an OWF needs two substations and two export cables according to Kaiser 

and Snyder (2012). However, the exact capacity of substation and export cables needs to be 

further assessed. It is worth noting that in case the export cable needs to be replaced or upgraded, 

there is a possibility that this might be paid for by the Danish Energy Agency, thereby 

presenting a potentially lower cost. 

For the design and project management, the same cost of 0.105 M€ per MW as for the 

other two scenarios is assumed, adding up to a total project management and design cost of 33.6 

M€. Since this scenario will include significant sub-sea work and a drastic change of the layout 

and height of Horns Rev 1, a cost of 63 k€ per MW for environmental analysis was assumed, 

as suggested in Morthorst and Kitzing (2016). 

The new layout will have a wind turbine spacing of about 6.83 rotor diameters. The 

offsetting of every second row and column will most likely impact the wake losses positively, 

however, the diagonal spacing will be reduced to 5.12 and 4.53 rotor diameters. An average 

wake loss is assumed to be 12% for this scenario. Table 7 provides the CAPEX for the 

feasibility study of scenario 3. 
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Table 7: Capital expenditure for case study scenario 3.… 

CAPEX: Full repowering (320 MW)   Cost per MW Cost   

Design and Project Management   0.105 M€ 33.6 M€   

Wind Turbine Acquisition   1.252 M€ 400.6 M€   

       Inc. Transport and Installation         

Monopile Foundations  0.450 M€ 144.0 M€  

Electrical System Upgrade   0.100 M€ 32.0 M€   

Substation and export cable  0.150 M€ 48.0 M€  

Environmental Analysis   0.063 M€ 20.2 M€   

Decommissioning (160 MW)   0.200 M€ 64.0 M€   

       Returned from recycling   - 0.040 M€ - 12.8 M€  

Total CAPEX   2.280 M€ 729.6 M€   

 

3.5 Wind Resource Assessment, RETScreen and Input Parameters 

Wind measurements from a met mast next to Horns Rev 1,with the position 7,47°E 

55,31°N, were used for the case study. The met mast was erected at the site in May 1999 and 

recorded wind speed and wind direction at four heights (62 m, 45 m, 30 m and 15 m) above sea 

level. The measurements were conducted until November 2002, with 99.05% coverage 

(Sommer and Hansen, 2002). A summary of the site measurements from each of the measured 

heights from the Wind Resources at Horns Rev report by Sommer and Hansen (2002) can be 

seen in Table 8. As can be seen from the measurements, mean wind speed at 62 meters height 

is 9.46 m/s, maximum wind speed recorded was 45.4 m/s, predominant wind direction was 

254°. The Weibull scale parameter was 10.59 m/s and the Weibull shape parameter was 2.3, 

the wind shear exponent between 62 and 45 meters was 0.16. For the case study, these values 

were used as input parameters in RETScreen. 

 

Table 8: Summary of wind measurements from Horns Rev May 1999 – November 2002. Recreated from 

Table 2.1. in Sommer and Hansen (2002). 

Height   62 m 45 m 30 m 15 m 

Mean Wind Speed [m/s] 9.46 8.85 8.51 7.89 

Max Wind Speed [m/s] 45.4 43.1 40.7 39.5 

Predominant Wind Direction [°] 254 254 254 - 

Weibull Scale Parameter [m/s] 10.59 10.05 9.64 8.98 

Weibull Shape Parameter [-] 2.3 2.3 2.3 2.2 

Wind Shear Exponent [-] 0.16 0.10 0.10 - 
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From the data set consisting of the wind speeds from the met mast, the wind speed 

distribution frequency was calculated, and the frequency distribution of wind speeds can be 

seen in Figure 10. From the data set, monthly variation of mean wind was also calculated, and 

used as input parameters in RETScreen for calculation of the power production over a full year. 

The monthly variation of mean wind speed from the met mast can be seen in Figure 11. 

Predominant wind direction is useful for deciding the alignment of rows and columns 

for a regular grid wind farm. However, wind direction was not considered in this work due to 

the layout of the wind farm, as well as the positioning of new wind turbines are determined by 

the existing layout. 

Ground measurements and climate data was selected from the measuring station at 

Blaavand which is on the Danish west-coast, just east of Horns Rev 1, position 8,08°E 55,55°N. 

With the climate data that was retrieved from the RETScreen database the density of the air, 

and thereby the amount of energy that is available for extraction, can be calculated. Climate 

data from Blaavand can be found in Appendix C. 

The data used in this work has not been long-term corrected and short time 

measurements are not as reliable as long time measurements (Brower, 2012; Sommer and 

Hansen, 2002). However, in the report by Sommer and Hansen (2002), the wind measurements 

were long term corrected with the land based meteorological station Hvide Sande for the period 

Figure 10: Wind speed distribution at Horns Rev, measured at a height of 62 meters. 
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1989-2002. The result of the long-term corrected measurements showed an estimated increased 

mean wind speed of 9.67 m/s, Weibull scale parameter of 10.8 m/s and Weibull shape parameter 

of 2.5 (Sommer and Hansen, 2002). This indicates that the wind resources, and thereby energy 

production might be slightly underestimated. 

In the RETScreen software, the location of Horns Rev 1 was selected by inserting the 

coordinates of the wind farm in the location module. The closest climate data location from the 

RETScreen database was then selected. The calculated average monthly wind speed was 

entered for the corresponding month. 

The three scenarios were created with a level 3 analysis in the energy module with wind 

turbine model, rated capacity, number of turbines, hub height, rotor diameter, losses and shape 

factor for the energy curve. The power curve was entered with the data available or imported 

from the RETScreen product database. The estimated CAPEX and the assumed OPEX for the 

three different scenarios were entered for each scenario. Since the initial investment cost was 

calculated outside of the software, level 1 cost analysis was selected in RETScreen for the case 

study. Financial parameters for the case study was finally entered with a level 2 analysis in the 

financial module. Production losses are divided into four different categories in RETScreen. 

These are availability, miscellaneous losses, airfoil losses and array (wake) losses. For all 

Figure 11: Seasonal variations of mean wind speed from the measurement period May 1999 – 

November 2002. 
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scenarios, the availability was assumed to be 98%, while miscellaneous losses and airfoil losses 

was assumed at 2 % each.  

For all three scenarios, lifetime extension, full repowering with 3 MW wind turbines 

and full repowering with 8 MW wind turbines, a fixed cost for operation and maintenance 

(O&M) of 20 € per MWh produced was assumed, which is the cost estimated for Danish OWFs 

according to the Danish Energy Agency. In addition to this, a balancing cost of 2 € per MWh 

is assumed, giving an OPEX cost of 22 € per MWh for all three scenarios. 

Financial parameters that were used for the case study was the same for all scenarios, 

except for the project lifetime. Discount rate was assumed to be 5%, which is slightly higher 

than the 4% suggested by the Danish Energy Agency (Klinge Jacobsen et al., 2019). The 

inflation rate was assumed to be 2%. Debt interest rate was assumed to be 5%, and the debt 

term for all scenarios was assumed to be 15 years. The debt equity rate for the case study was 

assumed to be 70% debt and 30% equity. The benchmark electricity production price was 

assumed to be a fixed 78 € per MWh year round, according to the projected average production 

cost in 2020 by EEA (2009) and the production price of other Danish OWFs. An electricity 

export escalation rate, which is the price increase of electricity, was assumed to be 1% per year 

for the case study. 

RETScreen calculates the annual gross energy production for one wind turbine, which 

is the annual production before any losses, depending on the wind speed at hub height, 

atmospheric pressure and temperature conditions at the site. Losses are deducted from the 

annual gross energy production as percentage, and are categorized in array losses, availability, 

airfoil losses and miscellaneous losses. This is somewhat different to the six loss categories 

usually found from the literature review. 

RETScreen has a built in risk and sensitivity module where the feasibility of a project 

can be evaluated if for instance energy production is lower or initial investment is increased. 

As a sensitivity analysis, LCoE and NPV results were tested against ±10 and 20% changes in 

initial investment cost and energy production. Comparison between the electricity production 

price benchmark was also tested against a lower production price. This, in order to see the 

minimum price that would give the different scenarios a positive NPV. 
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4. RESULTS 

Results show that all three repowering scenarios of Horns Rev 1 provide a very strong 

business case. An overview of the different scenarios and the financial performance can be seen 

in Table 9. The levelized cost of energy (LCoE) for all scenarios were well below the 

benchmarked electricity production price of 78 € per MWh, with 46.9, 58.0 and 64.5 € per 

MWh respectively for scenarios 1, 2 and 3. 

Initial investment costs for the three scenarios added up to 0.903 M€ per MW for the 

lifetime extension scenario utilizing Vestas V80 2MW wind turbines, 1.535 M€ per MW for 

the full repowering utilizing Vestas V90 3MW wind turbines and 2.28 M€ per MW for the full 

repowering scenario utilizing the much larger MHI Vestas V164 8MW wind turbines. The total 

initial investment costs for the scenarios came to 144.5 M€, 368.4 M€ and 729.6 M€ 

respectively for scenarios 1, 2 and 3. Unsurprisingly, scenario 3 has the highest investment cost 

due to both decommissioning of existing structures and installation of new foundations and 

turbines. However, the energy exported to the grid by scenario 3 was more than double that of 

scenario 1. 

The net present value (NPV) of all three scenarios also shows that all the repowering 

alternatives for Horns Rev 1 are financially acceptable. The NPV of the different scenarios 

resulted in 248.1 M€, 346.8 M€ and 437.5 M€ respectively for scenario 1, 2 and 3. 

Equity payback time for the three scenarios resulted in 1.61, 4.65 and 7.13 years 

respectively for scenarios 1, 2 and 3. 
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Table 9: Financial performance and overview of the different repowering scenarios. 

  Unit   Scenario 1 Scenario 2 Scenario 3 

Wind Turbine           

Wind Turbine Model [-]   Vestas V80 Vestas V90 MHI Vestas V164 

Wind Turbine Rated Capacity [MW]   2 3 8 

Rotor Diameter [m]   80 90 164 

Rotor Swept Area [m^2]   5 027 6 362 21 124 

Hub Height [m]   70 70 105 

Wind Speed at Hub Height [m/s]   9.74 9.74 10.39 

Number of Wind Turbines [pcs]   80 80 40 

Total Installed Capacity [MW]   160 240 320 

Weibull Shape Factor [-]   2.3 2.3 2.3 

Performance           

Array Losses [%]   9.8 15 12 

Airfoil Losses [%]   2 2 2 

Miscellaneous Losses [%]   2 2 2 

Availability [%]   98 98 98 

Capacity Factor [%]   46.2 40.6 49.7 

Costs           

Initial Investment Cost [M€/MW]   0.903 1.535 2.280 

Total CAPEX [€]   144 480 000 368 400 000 729 600 000 

Operation & Maintenance [€/MWh]   20 20 20 

Balancing Cost [€/MWh]   2 2 2 

Total OPEX [€]   14 255 355 18 774 223 30 639 348 

Electricity Production           

Electricity Production Cost [€/MWh]   78 78 78 

Electricity Escalation Rate [%]   1 1 1 

Net Annual Energy Production [MWh]   647 971 853 374 1 392 698 

Annual Electricity Export Revenue [€]   50 541 713 66 563 156 108 630 417 

Financial Parameters           

Inflation Rate [%]   2 2 2 

Discount Rate [%]   5 5 5 

Expected Project Lifetime [years]   15 25 25 

Debt/Equity Ratio [-]   70/30 70/30 70/30 

Debt [€]   101 136 000 257 880 000 510 720 000 

Debt Interest Rate [%]   5 5 5 

Debt Term [years]  15 15 15 

Debt Payments [€/year]   9 743 674 24 844 749 49 203 933 

Equity [€]   43 344 000 110 520 000 218 880 000 

Financial Viability           

Simple Payback Time [year]   3.98 7.71 9.36 

Equity Payback Time [year]   1.61 4.65 7.13 

Net Present Value (NPV) [M€]   248 115 879 346 750 066 437 517 894 

Annual Life Cycle Savings [M€/year]   23 904 051 24 602 769 31 042 970 

Levelized Cost of Energy (LCoE) [€/MWh]   46.9 58.0 64.5 
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5. DISCUSSION AND ANALYSIS 

5.1 Discussion 

The results from the case study shows that all three scenarios look very promising with 

regard to levelized cost of energy (LCoE) and net present value (NPV). The best performing 

scenario from the perspective of lowest LCoE is scenario 1 with 46.9 € per MWh, followed by 

scenarios 2 and then 3, with 58.0 € per MWh and 64.5 € per MWh. All LCoE results being well 

below the 100 € per MWh target given by the offshore wind industry, and the global weighted 

average LCoE in 2018 of 114.4 € per MWh (IRENA, 2018; SET-Plan, 2018). The LCoE of all 

scenarios is also below the winning bid of 64 € per MWh for Vesterhav Nord and Syd. 

Evaluating the scenarios from the perspective of NPV, scenario 3 provides an NPV of 427.5 

M€, followed by scenario 2 with an NPV of 346.8 M€ and scenario 1 with an NPV of 248.1 

M€. It should however be remembered that scenario 1 has a shorter expected project lifetime 

of 15 years, compared to the other two scenarios 25 years expected project lifetime. 

From the point of view of extracting the wind resource at the site, scenario 2 performs 

the worst with a capacity factor of 40.6%, 5.6% lower than that of scenario 1, and 9.1% lower 

than that of scenario 3. The capacity factor of 46.2% for scenario 1 is somewhat higher than the 

41.9% the existing wind farm, which due to reasons such as age of the wind farm and decreased 

output could show that the estimation of this scenario is relatively accurate. Scenario 3 has the 

highest capacity factor of 49.7%, which is in the higher range of performance of European wind 

farms, however, this capacity factor is not unlikely, especially since Horns Rev 2 has a capacity 

factor of 49.2% and Vesterhav Nord and Syd are expected to have a capacity factor of as much 

as 52% (Nielsen, 2018; Rodrigues et al., 2015). 

Looking at the annual life cycle savings, scenario 1 results in 23.9 M€ annually and 

scenario 2 result in 24.6 M€ annually. Scenario 3 has the highest annual life cycle savings of 

31 M€ per year. Regarding the financial viability overall, scenario 1 can be noted to have an 

exceptionally short equity payback time of approximately 1.6 years. Since the performance of 

this scenario can be expected to be similar to the existing wind farm, this scenario should present 

low risks for the owner of the wind farm. 

Considering all the above, this thesis also has the aim to evaluate the possibility of 

increasing the power production from existing OWFs and, from the energy production point of 

view, scenario 3 performs much better than the other two scenarios. Estimated AEP is 1392 

GWh for scenario 3, more than twice the amount of scenario 1 with 648 GWh and more than 
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63% more than the 853 GWh estimated for scenario 2. Regarding the AEP of scenario 1, it can 

be noted that this is in line with the existing OWF’s production.  

At this point in estimating the financial performance of the proposed repowering 

alternatives for Horns Rev 1 it is difficult to select a best scenario. Scenario 3 will present a 

better long-term investment and scenario 1 present lower risks and will earn good profit from 

an already proven OWF. Scenario 3 could possibly be designed in order to enable a lifetime 

extension, and new technology might increase the expected lifetime even further. Extending 

the project lifetime to 30 years for scenario 3 gives an NPV of 552.8 M€ and LCoE of 62.3 € 

per MWh. Layout optimization could also be performed on scenario 3 since it utilizes new 

foundations that does not need to be placed according to the existing layout, thereby increasing 

the performance of the OWF. However, due to the wind farm still being visible from the coast, 

a regular grid layout should probably be preferable considering public acceptance. 

The result of this case study can be used as a first estimation of suitable EoL scenarios 

for offshore wind farms, where lifetime extension is expected to be an alternative that presents 

relatively low risks for the operator while increasing the lifetime by about 15 years with similar 

production as the existing OWF. Full repowering with much larger wind turbines is also an 

interesting alternative, where an offshore site with already proven and reliable wind resources 

is utilized in order to significantly increase the power production from the OWF. From this 

study it is shown that utilizing only some of the existing wind turbine positions while creating 

an offset of every second column in the predominant wind direction, a high capacity factor can 

still be achieved. 

Comparing the initial investment costs for the three scenarios with the average 

investment cost of 2.3-2.5 M€ per MW for new OWFs at shallow water depth and relatively 

close to shore, it can be noted that both scenario 1 and 2 are clearly below this CAPEX cost. 

Scenario 3 is just below the average cost. However, this is to some degree depending on the 

decommissioning cost of the existing wind farm that is included in the initial investment cost. 

This cost could possibly be excluded, since it rather belongs to the CAPEX of the existing wind 

farm, which will significantly benefit scenario 3 in terms of financial performance. Testing the 

scenario without decommissioning cost gives an initial investment cost of 2.12 M€ per MW, an 

NPV of 488.7 M€ and a LCoE of 61.9 € per MWh. The LCoE of scenario 3 would thereby be 

slightly higher than the LCoE of scenario 2. Decommissioning of the existing foundations was 

included in scenario 3 since it is an expense that will occur at repowering, although the cost 
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will be similar for scenario 1 and 2 at the end of each repowering alternative’s expected lifetime. 

As studied by Topham and McMillan (2017), there is a possibility that projected and estimated 

decommissioning costs might be significantly underestimated. This would imply that sharing 

the decommissioning cost of OWFs over a longer project lifetime highly supports repowering 

as a business case. 

Similar to other studies on repowering of OWFs, for instance in Hou et al. (2017), Hou 

et al. (2016) and Sun et al. (2017), the lowest LCoE is achieved with an alternative similar to 

lifetime extension, therefore, it was expected that scenario 1 would give the lowest LCoE. 

However, these studies do not consider the aim of increasing the energy production from an 

existing OWF, instead they focus on optimizing the repowering process to achieve the lowest 

possible LCoE. Considering the transition towards increased renewable energy production, 

scenario 3 might seem like a stronger alternative. From this case study, it can be assumed that 

repowering according to scenario 2 is the least desirable alternative. Although extending the 

lifetime of the project by another 25 years, it seems that the increased energy production is not 

compensated for by the relatively high investment costs of this scenario. The LCoE is lower 

than that of scenario 3, however, in terms of energy production and electricity revenue, scenario 

3 outperforms scenario 2. 

One aspect that might support the repowering with new wind turbines of much higher 

capacity and longer lifetime of an additional 25-30 years, is that for large OWFs the benefits 

could be assumed to be preferred compared to lengthen the lifetime by about 15 years and with 

refurbished wind turbines. 

From the case study, which provides very promising results, there might be a case for 

early repowering of OWFs. As can be seen from scenario 3, the exported electricity is more 

than twice that of scenario 1 and the existing wind farm. The performance of wind turbines 

have improved significantly since the first OWFs were commissioned, and therefore, it might 

be viable to upgrade OWFs that still have several years of operation left, increasing both the 

performance and the power production. Since offshore wind power is very capital intensive, 

where most of the investments are in the beginning of the project lifetime, it is somewhat 

controversial to repower early as long as an OWF is generating revenue, and repowering might 

not yet be a preferable business case due to the somewhat similar cost of new OWFs at 

nearshore sites and full repowering according to scenario 3. However, there might be incentives 

for early repowering for OWFs at a time when gearbox, generators or other large component 
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replacements are planned. Early repowering is, however, something that needs to be further 

investigated. Limitations of the inter-array grid and transformer station and export cables, as 

well as the spacing of existing foundations, reduces the possibility of utilizing much larger wind 

turbines for the repowering of OWFs. Further research regarding the economic and technical 

lifetime of offshore wind turbines is also needed for evaluations of the potential incentives for 

early repowering. 

 

5.2 Sensitivity Analysis 

The results from the case study was tested in a sensitivity analysis in the Sensitivity and 

Risk module of RETScreen. The module was set to test the LCoE and NPV results of the three 

scenarios against ±10% and ±20% changes in CAPEX and AEP. The results of the sensitivity 

analysis can be seen in Appendix A. 

The sensitivity analysis of changes in initial investment cost for repowering alternatives 

of Horns Rev 1 shows that all three scenarios are still viable with a 20% increase in CAPEX 

and provides a positive NPV. Scenario 1 is the most stable with only a decrease in NPV of 

about 12% if the CAPEX is increased with 20%. For scenarios 2 and 3, the NPV is lowered by 

approximately 21% and 33% respectively, if the CAPEX of the repowering increases by 20%. 

For scenario 1, the highest possible initial investment cost that still gives a positive NPV is 

2.453 M€ per MW, more than 169% higher than the estimated initial investment cost of 0.903 

M€ per MW. For scenarios 2 and 3, the corresponding costs are 2.979 M€ per MW and 3.647 

M€ per MW, costs that are 94% and 60% higher than the two scenarios estimated initial 

investment costs. Testing the impact on LCoE for the same changes in CAPEX showed that all 

three scenarios still stay below the benchmarked 78 € per MWh even after an increase of the 

CAPEX of 20%. 

As for testing the sensitivity of the results for faulty assumptions of wake losses, 

variations in AEP also show strength in all three scenarios. If exported electricity decreases by 

20%, scenario 1 still have a LCoE of 58.6 € per MWh. This is, however, highly unlikely due to 

the similarity with the existing wind farm and its performance. Scenario 2 has a wind turbine 

spacing of 6.22 rotor diameters and will most likely have the highest wake losses of the three 

scenarios. Testing the scenario against 5% higher wake losses (20% wake losses total) results 

in a slight increase of LCoE of 59.9 € per MWh. Considering that it has been found that 

increasing or decreasing the wind turbine spacing with one rotor diameter will change the wake 
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losses by 1.3% (Barthelmie and Jensen, 2010), wake losses should not be that much larger for 

scenario 2 than for the existing wind farm. However, the swept area of a Vestas V90 turbine is 

approximately 25% larger and will decrease wind speed to a greater extent than the Vestas V80. 

For scenario 1 and 3, wind turbine spacing of 7 respectively 6.83 rotor diameters are not far 

from the 8 rotor diameter spacing where wake recovery effects start to diminish (Argyle and 

Watson, 2017). However, for scenario 3, due to the offsetting of every second column, proper 

wake loss modelling would need to be performed in order to more accurately estimate the wake 

losses. 

Testing of the lowest possible electricity production price that is needed in order to 

achieve a positive NPV is 43.7 € per MWh, 52.1 € per MWh and 58.0 € per MWh respectively 

for scenarios 1, 2 and 3. This shows that all scenarios most likely can be performed without 

support, since this is well below the projected average production cost of 78 € per MWh 

according to EEA (2009) and the electricity price of other OWFs in Denmark. Regarding the 

electricity escalation rate of 1% it can be noted that an increased rate will benefit both scenarios 

2 and 3 since they produce more power and have longer project lifetimes. Although support 

schemes for offshore wind power developments are outside of the scope of this work, since 

offshore wind is on the verge of carrying its own cost, it is a possibility that repowered OWFs 

will receive some sort of support. For this, it seems likely that repowering alternatives with 

increased power production and longer lifetime will be preferred by the governments. 

Increasing the LCoE by 10% due to decreasing output over the lifetime of the project, 

as suggested in Staffell and Green (2014), results in a LCoE of 51.6 € per MWh, 63.8 € per 

MWh and 71.0 € per MWh for scenarios 1, 2 and 3 respectively. These costs are also below the 

benchmark. Scenario 1 especially performs well even under this condition. Testing scenario 1 

against scenario 3, and assuming that the CAPEX of scenario 1 is relatively accurate, scenario 

3 still does not achieve a as low LCoE as scenario 1, even if the CAPEX of scenario 3 is over-

estimated by 20%.  

Extending the lifetime by 15 years for Bockstigen OWF came at a cost of less than 5 

M€ (Momentum, 2019). This amounts to 1.515 M€ per MW, well above the assumed cost of 

0.903 M€ per MW for the lifetime extension scenario in the case study. Testing scenario 1 with 

this cost gives a LCoE of 61.5 € per MWh and an NPV of 150.2 M€. This further supports the 

possibility of lifetime extension and partial repowering to be viable. It should be noted that 

Bockstigen is sited at about 6 meters depth and 3.5 kilometres from shore (Rodrigues et al., 
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2015). This should imply that the lifetime extension cost per MW should be lower than the 

corresponding scenario for Horns Rev 1. However, due to learning activities, economies of 

scale and cost components, such as project management, that are not, to large extent, dependent 

on OWF size, it is unclear if the cost of lifetime extension for Bockstigen is representative for 

lifetime extension of larger OWFs. Once the first large-scale OWF have been repowered, more 

information will be available and fewer uncertainties will remain regarding the cost of 

repowering of OWFs. 

 

5.3 Components, Cost and Availability 

One major concern regarding the repowering of OWFs is the cost of wind turbines. 

Several different costs are presented in the literature, and real costs of specific wind turbines 

are kept secret by the manufacturers. Some wind turbine costs include the installation and 

commissioning, while others do not. This leads to difficulties in getting a clear picture of the 

price of wind turbines for a certain scenario. Cost of wind turbines are often presented as an 

average cost per MW. However, it is unclear whether the cost is actually scalable for all sizes 

of wind turbines. Wind turbine acquisition cost for scenario 2 was assumed to be 1.04 M€ per 

MW, lower than the 1.252 M€ per MW for scenario 3. Although both scenarios utilize new 

wind turbines, it was assumed that smaller capacity wind turbines will be less expensive. The 

increased cost of upscaling of wind turbines was shown in INNWIND (2015), although 

installation and inter-array cabling was more expensive per MW for smaller wind turbines. 

The cost of refurbished wind turbines also presents complications. Although one 

reliable reference for used refurbished wind turbines was found, this cost might be affected by 

the age of the wind turbine and the fact that it is relatively outdated, since much larger wind 

turbines are offered nowadays. However, compared to the cost of wind turbines found in the 

literature, the initial investment cost for the lifetime extension scenario of 0.903 M€ per MW, 

seems reasonable. Using the price for a refurbished Vestas V47 would make wind turbine cost 

stand for 37% of the CAPEX for Bockstigen. This is in the lower range of wind turbine share 

of CAPEX, however, it might make sense since shipping and installation should compose a 

larger share of the CAPEX if wind turbine cost is lower. 

Another uncertainty that presents a risk for repowering of OWF is the availability of 

refurbished wind turbines of suitable size for repowering of OWFs. Detailed costs of 

refurbished parts, spare parts and wind turbines are needed in order to further develop the 
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lifetime extension alternative. The same concern exists for the repowering of OWFs according 

to alternatives similar to scenario 2. More and more focus is on developing larger and more 

efficient wind turbines, and it is unclear whether there will be new wind turbines in the 2-3 MW 

range available in the future. The wind turbines of today are better quality and more efficient, 

with this in mind, perhaps it makes sense to repower with the best available wind turbines, 

instead of reusing the existing foundations and refurbished wind turbines. 

Some questions arise from utilizing the existing foundations when repowering an OWF. 

From the literature review, it is found that foundations often are over-dimensioned (Hou et al., 

2017; Sun et al., 2017). However, more research is aimed at the structural strength of 

foundations, especially for monopiles (Wu et al., 2019). This might lead to more optimized 

design of foundations for OWFs, limiting the possibility of installing larger turbine on existing 

foundations. 

There is a need for further research regarding the actual possibilities of installing a larger 

tower and wind turbine on a smaller diameter monopile. Many of the first commissioned OWFs 

have monopile diameters that are much smaller than the ones installed today. This would speak 

against full repowering with larger wind turbines on existing foundations, although for the 

scenario in this thesis, the monopile foundation were assumed to be sufficient due to the 

similarities with Kentish Flats OWF. 

There is a possibility that the cost of the installation of foundations in scenario 3 might 

be significantly lowered by combining the decommissioning of the existing foundation with the 

installation of the new foundations, minimizing both the logistics and work load. Since the 

seabed and geological state are known for the areas where the new foundations are to be 

installed, complexity of the installation of new foundations at an existing site should be lower 

than for a new offshore wind power development. 

 

5.4 Limitations of the Case Study and RETScreen 

A limitation of the RETScreen software is that it does not consider the wind direction 

distribution or the layout of the OWF, and thereby does not include a wake loss model. Wake 

losses are instead calculated as an input parameter that decrease the annual net energy 

production. For proper estimations of the wake losses for each of the scenarios, wake modelling 

can give better results. However, even wake models are not perfectly able to present accurate 
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estimates that match the real conditions, although several studies have shown that models can 

be very accurate.  

It is worth repeating that the wind data that was used in the case study was not long-

term corrected and performing the case study with long-term corrected monthly average wind 

speeds would likely improve the correctness of the results. However, due to the results in 

Sommer and Hansen (2002) showing that long-term wind resources at Horns Rev are slightly 

higher than the on-site measurements, this would most likely only improve the results of the 

scenarios. 

RETScreen extrapolates the wind speed from 62 meters up to hub height. Scenarios 1 

and 2 utilize wind turbines with hub heights of about this height. However, scenario 3 with 105 

meter hub height is far above the measured height. In order to be bankable, more accurate 

measurements at the expected hub height might be needed. This is a major disadvantage for 

scenario 3 since one of the main benefits of repowering is that initial investigation costs are 

saved, and new wind measurements will partly counteract this savings. 

The estimated time regarding the development and commissioning of the three scenarios 

have not been investigated. However, it can be assumed that scenario 3 will have a significantly 

longer project time than scenarios 1 and 2 due to all the work on the foundations, but also due 

to development and consenting requirements because of the significantly changed layout. This, 

however, needs to be further investigated. 

Environmental impacts of the different repowering alternatives in the case study will 

need to be considered when evaluating the most suitable EoL scenario for Horns Rev 1. 

Although briefly touched upon in the literature review, this was outside of the scope of this 

thesis. Generally, there can be assumed to be more environmental impacts from scenario 3 than 

for the other two scenarios, due to the decommissioning of the existing foundations and the 

installation of new foundations. Assuming that scenario 3 also has a longer period of 

construction activities at site, this will further increase the environmental impacts from this 

scenario, compared to scenarios 1 and 2.  

For all three scenarios in the case study, the same design and project management cost 

per installed MW was used. As found in the literature review, this cost is not to a great extent 

dependent on the size of the project (Morthorst and Kitzing, 2016). Therefore, the cost for 

scenario 3 especially, which has a higher amount of installed capacity, might be over-estimated. 

It is however unclear whether a cost of 0.105 M€ per MW is applicable for repowering of OWFs 
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since the only one that has been repowered so far is a relatively small OWF. Even if the exact 

cost of project management of Bockstigen was retrieved, it is uncertain if this cost is applicable 

to other repowering project offshore due to learning activities, and it is likely that this cost will 

decrease with more experience. It is also unclear whether the costs for design, project 

management and consent for repowering of OWFs can be upscaled for larger OWFs. 

The design and project management cost also includes the initial investigation cost for 

an offshore wind power development, a cost that is assumed to be partially or wholly saved 

when there is an existing wind farm at the site. Therefore, it is uncertain exactly how much is 

saved when utilizing an existing wind farm for offshore wind power developments. For this 

work, however, this is not of major importance since the aim is to compare the cost of different 

repowering alternatives and the initial investigation cost would be the same for all alternatives. 

Some uncertainties are presented regarding the capacity of the existing substation, inter-

array grid and export cables of Horns Rev 1. Although Hau (2013), stated that export cables 

usually have twice the capacity of an OWF, the exact capacity has not been investigated and 

could possibly present issues for scenario 2 and 3. However, if the capacity should not be 

sufficient for these layouts, there is either the possibility of adding extra collection cables, or 

not repowering all of the wind turbines. 

Calculating both capacity and power losses from the inter-array grid and export cables 

for each of the three scenarios will need to be done for further evaluation of the repowering 

alternatives of Horns Rev 1. Inter-array and transmission cabling only makes up a about 10% 

of the total CAPEX for wind power developments (IRENA, 2012; Morthorst and Kitzing, 

2016). Therefore, insufficient capacity of inter-array and transmission cables will most likely 

not affect the outcome of the case study to a significant degree. 

RETScreen provides the opportunity to input more detailed cost specifications. A level 

1 cost analysis was however sufficient for this case study since all costs were entered as a new 

CAPEX for the repowering alternatives. This choice also made the comparison between 

scenarios easier. 

It is worth pointing out again that this thesis focuses on repowering of the earliest 

commissioned OWFs that are relatively close to shore and at shallow depth. This study should 

therefore not be used for evaluation of repowering alternatives for OWFs that are located far 

offshore and at depths of more than 20 meters. 
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6. CONCLUSIONS 

The aim of this thesis was to include the criteria of increased energy production while 

comparing the cost of different repowering alternatives. As with other studies before, the lowest 

LCoE was achieved from repowering utilizing wind turbines of similar size to the existing ones, 

utilizing existing foundations and electrical infrastructure. However, repowering with wind 

turbines of much larger capacity also provides a viable alternative according to this work, 

especially considering the transition towards increased renewable energy production. Full 

repowering, utilizing 40 wind turbines of 8 MW rated capacity each, resulted in and estimated 

AEP of more than double that of the existing wind farm consisting of 80 wind turbines of 2 

MW rated capacity. The capacity factor of scenario 3 matches some of the best performing 

OWFs in Europe. The layout should however be further analysed, and a proper wake loss 

estimation could strengthen this scenario. As mentioned, due to not reusing the existing 

foundations, there is the possibility of layout optimization with this scenario in order to receive 

even better results. 

Lifetime extension, being an alternative that keeps the OWF almost identical to the 

existing one, as well as requiring the least amount of investment and work shows to be a 

beneficial way to repower Horns Rev 1. Since the wake losses are likely to be most accurate 

for scenario 1, this also supports this scenario as being an alternative presenting little 

uncertainty and risks. However, looking at the aim of increasing the energy production from an 

already existing OWF through repowering, lifetime extension does not fulfil this objective. 

According to the performed case study, it shows that repowering an OWF with wind 

turbines of about 50% higher capacity might not be an optimal solution. Although existing 

foundations might be reused, large costs are connected to this alternative due to upgrading the 

electrical infrastructure and strengthening of the existing foundations. Since existing wind 

turbine locations are used, spacing between wind turbines will decline. This will likely lead to 

increased wake losses, since the existing wind farm was designed according to a certain wind 

turbine spacing, resulting in a lower capacity factor. Comparing the two full repowering 

scenarios, it seems likely that it is beneficial to repower with much higher capacity turbines, 

largely depending on the increased possibilities of wind turbine layout. 

All three repowering scenarios for Horns Rev 1 performed well with regard to LCoE 

and NPV, showing the possibilities of repowering as a solid business case for some of the 

earliest commissioned OWFs. Two distinct alternatives can be assumed from the results. 
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Lifetime extension is presented as a relatively low risk alternative with little uncertainty 

regarding both the financial and technical performance, providing another 15 years of operation 

similar to the existing OWF. Lifetime extension is however largely dependent on the cost, 

availability and performance of refurbished wind turbines. Structural strength and capacity of 

components that will be reused also puts a limitation on whether of not lifetime extension is 

possible. Full repowering with much larger wind turbines is presented as an alternative that will 

enable repowering of an OWF up to the current technical level of offshore wind power 

developments. At least another 25 years of operation will be provided at an offshore site with 

well-known wind resources enabling optimization of the repowering alternative and thereby 

receive a significant increase in renewable energy production. However, this increase is gained 

at a relatively high investment cost that is not much lower than the development cost for new 

OWFs at nearshore sites, showing that full repowering essentially is similar to the development 

of a new OWF. 

Suggestions for further research of the subject include the possibility of early 

repowering in order to significantly increase the renewable energy production. It can clearly be 

assumed that a required criterion for early repowering to be viable is that the OWF must be 

upgraded to the highest technical level. Further suggestions, and more relevant at this stage, are 

the investigation of the structural strength and dimensions of foundations, and the possibilities 

of commissioning larger wind turbines and towers on existing foundations. The research 

regarding repowering of OWFs would also benefit from research on the cost for structural 

strengthening of foundations and adjustment in order to accommodate larger towers and 

transition pieces. 

The aim of this thesis is to help provide knowledge regarding the cost of repowering of 

OWFs. With more OWFs being subject to repowering, further research on different repowering 

alternatives is needed. With the current objectives of increasing renewable energy production, 

repowering of OWFs has the potential to fulfil a substantial portion of this increase. Resulting 

in higher LCoE, it is unclear if full repowering with significantly increased power production 

is supported by operators and developers. However, assuming that it is possible to obtain an 

electricity production price around the estimated average of 78 € per MWh, full repowering 

could prove to be a preferable repowering alternative that should be further evaluated. 
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8. APPENDICES A-C  

APPENDIX A. SENSITIVITY ANALYSIS 

  Change   Scenario 1 Scenario 2 Scenario 3 

Levelized Cost of Energy [%]         

Initial Investment Cost [+20]   51.19 €/MWh 64.12 €/MWh 71.96 €/MWh 

  [+10]   49.04 €/MWh 61.05 €/MWh 68.25 €/MWh 

  [0]   46.89 €/MWh 57.99 €/MWh 64.53 €/MWh 

  [-10]   44.74 €/MWh 54.93 €/MWh 60.81 €/MWh 

  [-20]   42.60 €/MWh 51.86 €/MWh 57.10 €/MWh 

            

Electricity Exported  [+20]   39.08 €/MWh 48.33 €/MWh 53.78 €/MWh 

  [+10]   42.63 €/MWh 52.72 €/MWh 58.66 €/MWh 

  [0]   46.89 €/MWh 57.99 €/MWh 64.53 €/MWh 

  [-10]   52.10 €/MWh 64.43 €/MWh 71.70 €/MWh 

  [-20]   58.62 €/MWh 72.49 €/MWh 80.66 €/MWh 

Net Present Value           

Initial Investment Cost [+20]   219.22 M€ 273.07 M€ 291.60 M€ 

  [+10]   233.67 M€ 309.91 M€ 364.56 M€ 

  [0]   248.12 M€ 346.75 M€ 437.52 M€ 

  [-10]   262.56 M€ 383.59 M€ 510.48 M€ 

  [-20]   277.01 M€ 420.43 M€ 583.44 M€ 

            

Electricity Exported  [+20]   360.82 M€ 555.59 M€ 778.35 M€ 

  [+10]   304.47 M€ 451.17 M€ 607.93 M€ 

  [0]   248.12 M€ 346.75 M€ 437.52 M€ 

  [-10]   191.77 M€ 242.33 M€ 267.10 M€ 

  [-20]   135.42 M€ 137.91 M€ 966.86 M€ 

 

Sensitivity analysis of initial investment cost and exported electricity. 
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APPENDIX B. POWER CURVES FOR CASE STUDY 

 

Wind Speed 
[m/s] 

Vestas V80 2MW 
[kW] 

Vestas V90 3MW 
[kW] 

Vestas V164 8MW 
[kW] 

0 0     

1 0     

2 0     

3 0     

4 66.6 106 100 

5 154 243 650 

6 282 417 1150 

7 460 640 1850 

8 696 940 2900 

9 996 1285 4150 

10 1341 1659 5600 

11 1661 2052 7100 

12 1866 2447 7800 

13 1958 2736 8000 

14 1988 2923 8000 

15 1997 3000 8000 

16 1999 3000 8000 

17 2000 3000 8000 

18 2000 3000 8000 

19 2000 3000 8000 

20 2000 3000 8000 

21 2000 3000 8000 

22 2000 3000 8000 

23 2000 3000 8000 

24 2000 3000 8000 

25 2000 3000 8000 

 

Power curves for the wind turbines used in the case study. 
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APPENDIX C. INPUT PARAMETERS: WIND AND WEATHER 

 

 

Mean monthly wind speed from Horns Rev met mast May 1999 – November 2002. 

Climate data from Blaavand meteorological station.  

Coordinates: 8,0799999237°E 55,5499992370605°N. 

 

Month   Wind Speed Atmospheric Pressure Air Temperature 

    [m/s] [kPa] [°C] 

January   10.96 101.1 1.9 

February   11.76 101.2 1.2 

March   10.09 101.2 2.6 

April   8.38 101.2 6.3 

May   8.19 101.4 10.5 

June   8.60 101.3 13.3 

July   7.56 101.2 16.1 

August   7.41 101.2 16.7 

September   9.17 101.2 13.9 

October   11.12 101.1 10.2 

November   10.84 101.0 6.3 

December   10.50 101.1 3.5 


