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Abstract:  

Offshore wind turbines are normally designed for a nominal service life of 20 to 25 years; however, with 

a significant number of units approaching the second half of their service life, the discussion on selecting 

the most appropriate end of life scenario becomes ever more relevant. Scenarios to be investigated 

mainly include decommissioning, repowering or service life extension, while such decisions depend on 

a number of criteria which should be taken into account and should ultimately inform a techno-economic 

and risk assessment. This paper performs an initial comparative assessment between two of these 

scenarios, repowering and decommissioning, through a purpose developed techno-economic analysis 

model which calculates relevant key performance indicators. The economic model of risk aversion is 

further adopted to calculate the certainty equivalent of LCoE (Levelized Cost of Energy) based on each 

of the examined end of life scenarios and a stochastic expansion of the deterministic model. An 

application to a typical, hypothetical offshore wind farm, qualifies the full repowering scenario as the 

prevailing option, under the assumptions considered, with a lower amount of risk premium (1.136 

£/MWh) and certainty equivalent (69.821 £/MWh) in comparison to other scenarios, reducing LCoE by 

nearly 35% compared to partial decommissioning and 36.5% compared to full decommissioning.  

 

Keywords: Offshore wind farms; End-of-life scenarios; Repowering; Decommissioning, Levelized Cost 

of Energy, Risk Premium, Certainty Equivalent 

1. Introduction 

The offshore wind industry in Europe is a key driver towards achieving the EU set goals for sustainable 

power generation in the next few years, with more than 22GW installed from 5,047 grid-connected wind 

turbines across 12 countries by the end of 2019 [1]. The trend to move production into deeper waters 

and further offshore is based on the higher and steadier wind shear, increased availability of space and 

less social impact than onshore. Since the first offshore installation in 1991, the Vindeby Offshore Wind 

Farm (OWF), there has been a continuous trend to install more units of higher capacity within a wind 
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farm; however, with many of the first generation installations approaching or having already exceeded 

their nominal service life, the discussion on the selection of the optimal end of life (EoL) scenario has 

become very relevant as such decisions can increase profitability, potentially reducing costs. Normally, 

decommissioning should be considered even at the planning stage of the wind farm; however, before 

this occurs, repowering or service life extension may be pursued, taking into account any residual 

capacity of key wind farm components, as suggested by Topham et al. [2].  

The current academic literature about EoL scenarios is limited, forcing operators of wind farms to adopt 

their own practices when supporting relevant decisions. While in other industries systematic 

approaches have been established to support EoL decisions, this is not currently the case for OWFs 

[3–6]. Luengo and Kolios [7] have reviewed in detail the risks involved on service life extension based 

on a detailed failure mode identification and with a view to qualifying which are the key components to 

drive such decisions. It is claimed that extending efficient operation and increasing the overall energy 

production may significantly increase the return on investment and reduce the LCoE.  

Topham and MacMillan [8] investigated key stages of the decommissioning phase, such as the 

disassembling procedure for the wind turbine and lifting, cutting methods for the removal process of  

foundations and cables, with a view to comparing various transportation strategies to reduce the 

decommissioning cost. Fowler et al. [9] studied the benefits of leaving offshore infrastructures in the 

ocean, mainly from an environmental point of view, while in a similar study Topham et al. have evaluated 

the environmental impact of recycling wind turbines [2]. Judge et al. have developed a life cycle financial 

analysis model for OWFs, exclusively investigating decommissioning [10], while Myhr et al. [11], 

proposed a framework based on Multi-Criteria Decision Analysis (MCDA) techniques to select the most 

appropriate decommissioning methods for OWFs. In addition to this, Gjødvad and Ibsen have 

introduced a tool to assign the decommissioning process to stakeholders [12]. Sun et al. have 

performed a study on OWF layout optimization based on the decommissioning strategy [13]. Beauson 

et al. studied offshore wind decommissioning regulations for the USA. Beauson and Brøndsted have 

focused on the fate of offshore wind turbine (OWT) blades, based on the first wind farm in the world 

that will undergo decommissioning [14] and Lichtenegger et al. have focused on the blade waste that 

OWTs are expected to generate, pointing out  the significance of the problem [15]. In a different study 

Hou et al. [16], determined that repowering is considered a sustainable alternative solution to increase 

the OWT life. Cabboi et al. have analysed technical issues related to decommissioning, investigating 

novel methods for vibration-assisted decommissioning of a slip-joint [17]. Hinzmann et al. have 

summarised problems and solutions in typical problems related to decommissioning of offshore 

monopiles [18], while Topham et al. have summarised the challenges of decommissioning based on 

European best practice [19]. 

With respect to repowering, Hou et al. presented a method for optimization of OWF repowering through 

the selection of different ways of replacing wind turbines [20]. Himpler and Madlener, studied the 

economics and optimal timing of repowering, and presented a case study application in Denmark [21], 

while Sun et al. investigated OWF repowering for the context of Hong Kong [22]. Bezbradica et al. 
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applied multi criteria decision analysis for the ranking of a number of wind farm repowering scenarios 

for a case study in Gotland [23]. Finally, Safaei et al. presented a model for finding the best topology 

and optimal time for repowering systems based on cost and availability functions [24].  

A number of studies have investigated the techno-economic feasibility of OWF with only a few 

considering in detail EoL scenarios  [11, 25–31]. Kaiser and Snyder proposed a model to calculate the 

cost of decommissioning and installation based on data from European OWFs [32, 33]. Common key 

performance indicators (KPIs) to systematically assess the cost of OWFs include Net Present Cost 

(NPC), Life Cycle Cost (LCC) and Levelized Cost of Energy (LCoE). The NPC concept is used to show 

the total present value of cash flow, including the initial cost of all the components, any replacement 

cost, maintenance cost, investment cost and discount cost during the lifetime of the system [34]. LCoE 

is a common economic metric to compare different energy technologies [35]. The LCoE shows the cost 

of produced energy rather than determining the potential profit of an investment, which can be estimated 

through other economic metrics such as return of investment and internal rate of return [36]. LCoE is 

calculated in £/kWh or £/MWh and is used to evaluate commercially the feasibility of a power generation 

technology and compare its implementation with other technologies considering LCCs and power 

production. Net Present Value (NPV) aims to account for the time value of money, which is a particularly 

important factor, considering the length of these investments. A detailed techno-economic model 

incorporating both concepts has been presented by Ioannou et al. [31] and will stand as a basis for 

subsequent work in this paper.  

It should be noted that a number of variables influence the LCC modelling of an investment and 

considering that the offshore wind energy market is still developing, considerable uncertainty can be 

introduced in the analysis [37, 38]. To this end, it is meaningful to transition from a deterministic to a 

stochastic assessment, expressing the calculated KPIs instead of single values in joint probability 

density functions, which accumulate the effects of randomness of specific variables [39–41]. This 

approach would allow the assignment of certain confidence levels to the results of the cost analysis.  

This paper aims to develop a framework for a preliminary analysis and comparison of two key EoL 

scenarios: repowering and decommissioning, with a view to presenting the impact of key influencing 

factors from a deterministic and stochastic approach, also adopting the economic model of risk aversion 

to calculate the certainty equivalent of LCoE based on each of the examined EoL scenarios. To achieve 

this, results from a detailed techno-economic assessment have been extended to calculate the LCoE 

based on the Capital expenditure (CAPEX), Operational and maintenance expenditure (OPEX), 

Decommissioning and disposal (D&D) or Cost of repowering (REPOW), in order to inform the decision 

of the optimal strategy. The novelty of this approach lies in the fact that a high-fidelity cost model is 

applied and two of the EoL scenarios are compared directly, based on their NPV and LCoE. With a few 

hundreds of wind turbines expected to reach the end of their nominal service life in the next five years, 

outcomes of this work can inform current best practice on supporting decisions related to EoL scenario 

selection, and can stand as the basis for more advanced numerical studies which will account for higher 

fidelity calculations of the operations and maintenance (O&M) costs and also involve service life 
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extension as an alternative EoL scenario. It should be noted here that service life extension has not 

been considered in this analysis, as the approach to quantification of the underlying costs would be 

different and would demand a fully integrated cost model with detailed modelling of the O&M phase 

requirements; further, this option highly depends on the current condition of the wind turbine units and 

representative component reliability data, which is beyond the scope of this paper.  

The rest of the paper is organised as follows; Section 2 presents briefly the most common EoL scenarios 

and justifies the ones that are selected for this work; Section 3 presents the methodological framework; 

Section 4 provides the results and discussion; and finally Section 5 gives the conclusions and future 

recommendations.  

2. End life scenarios  

Once the 20-25 years of nominal service life of a wind farm lapse, a decision is required from the 

operator as to what would be the optimal EoL scenario and how it should be selected considering 

associated costs and risks. Operators need to evaluate the current condition of their assets, the state 

of the technology that was originally procured, and maximise the value of their initial investment. Similar 

decisions have been made over the past decades from the offshore oil & gas industry, with platforms 

originally designed for 20 years and eventually ceasing operations after 40+ years from commissioning 

[42]. Figure 1 presents the most common EoL scenarios for OWFs which will be further discussed in 

this section. 

  

Figure 1: End of life scenarios of offshore wind farms 

2.1. Decommissioning  

The decommissioning process is known as the final stage of an OWF project as even if operations are 

extended, eventually the deployment area should return to its original, before-installation conditions [8, 

20, 43]. Technically, the process is implemented reversely to the installation process, e.g. using 

vibrations to remove the piles from shallow water installations. Vindeby was the first wind farm to be 

decommissioned by Dong Energy, a process which was completed in September 2017 after 25 years 

of operation. The driver behind choosing this strategy was associated with the difficulty of finding spare 

End of Life Scenarios

Service life extension Decommissioning

Full 
decommissioning 

Partial 
decommissioning

Repowering

Full repowering

Partial repowering
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parts as the technology was becoming obsolete and costs of repairs and upgrades were not sustainable 

[8, 20].  

Planning of the decommissioning process is essential in order to reduce operational risks and reduction 

of costs. Weather and seabed conditions are crucial to this end. The type and number of foundations, 

capacity of the wind turbines and distance to port, are key factors influencing the process. 

Decommissioning starts with the turbine removal phase which includes disconnecting and de-

energizing the wind turbine from the grid, dismantling of the blade, nacelle and tower [44] and 

transportation to shore for recycling or disposal, where appropriate. With respect to the foundation, two 

strategies can be considered: partial or full removal. The partial removal of the foundation can be done 

with external or internal cutting of the foundation, normally two metres below the mud line and is more 

relevant to heavy foundations deployed in deep waters. In this strategy, parts such as the cables and 

scour protection should be considered separately, taking into account the option that will cause the 

least disturbance to the environment [45, 46]. In full removal, the whole foundation is de-piled using 

vibrations and transferred to the port facilities on a barge. 

2.2. Repowering 

Current practice has shown that core components of an OWF, such as cables, foundations and offshore 

substations, do not have a similar service life to the turbines. This implies that after 20 years, there can 

still be some capacity in the OWF and the cost of harvesting its value should be investigated before 

making EoL strategy selection decisions. It should be noted here that the high cost of the 

decommissioning process raises an additional argument in favour of delaying this process for as long 

as possible. 

Repowering can be applied to the whole wind farm or part of it, potentially with more modern turbines 

of higher capacity [16]. New generation OWTs have the technology of direct drive without gearbox, 

which  produces  more energy with an average capacity of 6MW [2]. Reducing the weight of the nacelle, 

as well as component failures, reduce loads and operational costs and hence increase the profitability 

of the initial investment. Repowering provides the opportunity for the OWF operator to use the existing 

foundation as well as the original electrical system, commonly known as the balance of plant (BOP). 

Installing higher capacity WTs, as well as modifying some key components, such as drive trains or 

electronic equipment to improve their efficiency, will extend the operational life of the OWF with limited 

additional cost of installation [43, 47, 48]. It should be noted here, that the extent to which repowering 

can take place can often be restricted by the capacity of the offshore substation and cable infrastructure. 

2.3. Service life extension 

Extending the life of assets is always an interesting option for OWF owners as they can continue to 

operate as usual, provided that they have sufficient information on the status of their integrity. Available 

data from monitoring schemes and inspection reports are a key requirement as the 20 years of 

operation often stipulates the design service life of major components, such as the drive train, and such 
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repair or replacement activities bear significant costs to the operators; therefore, identifying the most 

critical parts such as the generator and blades could help reduce inspection and maintenance costs 

[49, 50]. Although operational data are not excessively available from operational wind turbines, it is 

expected that the failure rates and associated costs will increase during the second half of their service 

life and it is also anticipated that the costs for inspections, monitoring and maintenance will also increase 

during this latter part of their operation, and certainly within the extended period, especially related to 

the modification and replacement of critical components [51]. A failure mode-based, risk identification 

and evaluation exercise of the factors influencing operation and maintenance (O&M) costs are pertinent 

to optimizing service life extension strategies [7, 52, 53].  

Service life extension can potentially add five or more years of additional operation, before deciding on 

repowering or decommissioning at the end of this period [16].  The rapid technological evolution of wind 

turbines’ inspection and maintenance programmes and relevant certification schemes can enable 

service life extension, increasing the profits from existing OWFs with less investment [54, 55].  

2.4. Boundaries of this study 

This research focuses on the techno-economic comparison of decommissioning and repowering with 

the latter option depending on a higher level assessment of the technology rather than a detailed 

integrity assessment, even at a unit level, which is required for the service life extension option. 

Consideration of service life extension requires evaluation of failure rates of maintenance-significant 

components, e.g. drive train components, along with their variance throughout the service life of the 

asset, which are difficult to retrieve considering the lack of data from operational wind farms. This 

information is not normally required to the same extent for a repowering strategy and also, considering 

that technology has significantly advanced since the first generation of wind farms, this paper focuses 

on repowering as a competitive EoL scenario.  

3. Methodology 

3.1. Techno-economic analysis framework 

This section documents the framework for the techno-economic evaluation of the two EoL scenarios: 

the foundation of the specific features that are included in the analysis and the KPIs that will be 

investigated. As mentioned earlier, the results of this analysis are based on an existing techno-

economic model presented by Ioannou et al. [31], which also included a sensitivity analysis illustrating 

key influencing factors to standard KPIs, as presented in Figure 2, while Figure 3, presents in a flow 

chart the key concepts of the methodology developed in this research and how these will interact during 

the analysis.  
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Figure 2: Structure of basic model and key influencing parameters 

 

Figure 3: Overview of analysis framework 

The analysis starts with the definition of the EoL scenarios, which for this case are the concepts of 

repowering and decommissioning. Next, the KPIs will be selected, as presented in the following 

subsection. The core techno-economic analysis framework which was presented in Figure 2 is then 

extended, with the inclusion of the EoL module which will calculate the additional costs of each 

alternative, in addition to the initial CAPEX (capital expenditure), OPEX (operational expenditure), FinEx 

(financing expenditure) and OWF (offshore wind farm) modules. The developed EoL module based on 

the KPIs, as well as the role of energy production based on the whole life of the asset, provide the 

deterministic result of LCoE and it will stand as a basis for the stochastic expansion of the initial model. 

For this, once the stochastic variables have been determined, appropriate statistical properties are 

assigned, together with the number of simulations that will run for the Monte Carlo Simulations (MCSs). 

Then, following an iterative algorithm, the KPIs are calculated and the results are expressed in the form 
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of histograms which will allow the risk aversion parameters to be calculated. Once this has been 

completed, a sensitivity analysis will take place, to determine the impact of key variables on the selected 

KPIs. 

3.2. Key performance indicators 

3.2.1. Levelized Cost of Energy 

The levelized cost of electricity considers the costs and power output throughout the whole life of an 

energy asset. The global weighted average LCoE for offshore wind in 2018 has been estimated at 

$0.127/kWh, according to IRENA [56]. For the accurate estimation of the cost of energy in this study, a 

high fidelity LCC analysis was performed, considering the different phases of the asset’s development 

and operation: Development and Consenting (D&C), Production and Acquisition (P&A), Installation and 

Commissioning (I&C), Operation and Maintenance (O&M) and Decommissioning (DECOM).  

The total levelized cost of electricity  of the OWF can be calculated by levelling and discounting the 

investment as well as the O&M cost during its lifetime, and then dividing it by the annual electricity 

production technology [57]. Eq. (1) presents the fundamental definition of LCoE [58]. 

𝐿𝐶𝑜𝐸 ($/𝑊ℎ)  =
𝛴𝑡=1

𝑇  
𝐶𝑡𝑜𝑡,𝑡

(1 + 𝑟)𝑡

𝛴𝑡=1
𝑇  

𝐴𝐸𝑃𝑡

(1 + 𝑖)𝑡

 (1) 

where, 𝐶𝑡𝑜𝑡,𝑡 is the total cost during year t ($), 𝐴𝐸𝑃𝑡 is the electricity production during year t (Wh), 𝑖  

denotes the discount rate and 𝑇 represents the design life of the asset. The discount rate is identified 

based on the market value of both equity and debt, the so-called Weighted Average Cost of Capital. It 

is necessary to consider the project risk as well as the return yield. Discount rate has been identified as 

a key parameter affecting the LCoE value in various studies [31, 37, 38]. The equation of LCoE can be 

modified based on the type of analysis. The deprecation tax shield and salvage value at the end of the 

asset life should be considered in the total life cost of an asset.  

To accurately predict the LCoE, a life cycle cost model of an OWF has been developed and the 

sensitivity of important parameters such as availability, distance to the shore and load factor were 

considered in [11]. For the purpose of this paper, the initial model is expanded considering the EoL 

costs for each option, and an additional stochastic functionality is added through MCSs in order to allow 

for the stochastic calculation of the KPIs. Similar applications of the integration of MCS to compare the 

LCoE has been presented for coal-fired power plants as well as the generation of natural gas [59–61]. 

Further, the LCoE of various sources of energy has been stochastically calculated based on MCS in 

[62]. Even though there are studies associated with the cost estimation of partial and full 

decommissioning, the literature review has indicated that there is no research associated with the 

detailed economic consideration of the EoL scenarios based on the whole life of the OWF [58]. 
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Based on various methods to calculate the LCoE, this paper also considers the concept of net present 

value (NPV) based on summing the discounted capital, operational expenditure in each year of the 

OWF’s life and the associated expenditure, which depends on the examined EoL scenarios, taking into 

account the actual value of money which considers the timing of the transactions, as shown in Eq. (2) 

𝑁𝑃𝑉𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 = ∑
𝐶𝐴𝑃𝐸𝑋𝑛 + 𝑂𝑃𝐸𝑋𝑛 + 𝐷𝐸𝐶𝑂𝑀

(1 + 𝑖)𝑛

𝑇

𝑛=0
    (2) 

As mentioned above, to calculate LCoE, the discounted electricity output has to be estimated based on 

Eq. (3). 

  𝑁𝑃𝑉𝑌𝑖𝑒𝑙𝑑 = ∑
𝐴𝐸𝑃𝑛

(1 + 𝑖)𝑛

𝑇

𝑛=1
    (3) 

As such, by dividing the NPV of the OWF lifetime cost shown in Eq. (1), into the NPV of produced 

energy in the OWT farm, the LCoE is calculated as: 

LCoE =   
𝑁𝑃𝑉𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡

𝑁𝑃𝑉𝑌𝑖𝑒𝑙𝑑

 (4) 

LCoE is calculated in this study parametrically based on the different EoL scenarios for fixed-bottom 

OWTs. The LCoE can be estimated separately for each case, considering respectively OPEX, CAPEX, 

decommissioning or repowering cost and expected yield of the OWF. 

3.2.2. Capital expenditure (CAPEX) 

Capital expenditure covers the costs associated with the building and commissioning of the OWF. It is 

divided into three main categories: Development and consenting (D&C), Production and acquisition 

(P&A), Installation and commissioning (I&C). This is translated into the following equation:  

𝐶𝐴𝑃𝐸𝑋 =  𝐶𝑃&𝐴 + 𝐶𝐷&𝐶 + 𝐶𝐼&𝐶 (5) 

It should be noted that in order to improve the accuracy of the cost consideration, several critical factors, 

such as geographical location and meteorological conditions, capacity factor, reliability, availability and 

accessibility of transportation, should be taken into consideration [63].  

3.2.3. Operational expenditure and maintenance (OPEX) 

The costs during the O&M phase are associated with planned and unplanned maintenance and account 

for interventions which aim to ensure safety and reliability as well as the continuous operation of the 

OWF. Operational costs further involve rental payments, insurance costs, and project management. 

𝑂𝑃𝐸𝑋 =  𝐶𝑟𝑒𝑝𝑎𝑖𝑟 + 𝐶𝑟𝑒𝑛𝑡 + 𝐶𝑖𝑛𝑠𝑢𝑟𝑎𝑛𝑐𝑒 + 𝐶𝑃𝑟𝑜𝑗𝑒𝑐𝑡 𝑚𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡   (6) 

A detailed description of the key characteristics of O&M models and calculation tools can be found in 

[64], while multiple groups to date have proposed different approaches and have engaged in different 

comparative analyses [65–67]. 
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3.2.4. Decommissioning and disposal cost 

Decommissioning and disposal is the final stage of the wind turbine life cycle and is assumed to be the 

reverse of commissioning and installation processes. It covers the costs associated with the removal of 

the wind turbine (nacelle, tower, and transition piece) as well as the balance of the plant (foundations, 

scour protection, cables, and substations) (𝐶𝑅𝑒𝑚𝑜𝑣𝑎𝑙), site clearance 𝐶𝑆𝑖𝑡𝑒 𝐶𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒, transportation to the 

disposal sites 𝐶𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 , port preparation (𝐶𝑃𝑜𝑟𝑡 𝑝𝑟𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 ), disposal process 𝐶𝐷𝑖𝑠𝑝𝑜𝑠𝑎𝑙, and finally 

hiring vessels costs 𝐶𝐻𝑖𝑟𝑖𝑛𝑔 𝑣𝑒𝑠𝑠𝑒𝑙𝑠 𝑎𝑛𝑑 𝑝𝑒𝑟𝑠𝑜𝑛𝑛𝑒𝑙  [63]. The disposal process of an OWT depends on the 

waste management strategies and the main available disposal options include reuse, recycle, 

incineration with energy recovery and disposal in a landfill site [2].  

𝐷𝐸𝐶𝑂𝑀 =  𝐶𝑅𝑒𝑚𝑜𝑣𝑎𝑙 + 𝐶𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 + 𝐶𝐷𝑖𝑠𝑝𝑜𝑠𝑎𝑙 + 𝐶𝑆𝑖𝑡𝑒 𝐶𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒

+ 𝐶𝐻𝑖𝑟𝑖𝑛𝑔 𝑣𝑒𝑠𝑠𝑒𝑙𝑠 𝑎𝑛𝑑 𝑝𝑒𝑟𝑠𝑜𝑛𝑛𝑒𝑙 + 𝐶𝑃𝑜𝑟𝑡 𝑝𝑟𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛  
(7) 

For the purpose of this work, costs of full and partial decommissioning are calculated based on 

assumptions from [68]. More specifically, full decommissioning is assumed to be 30% more expensive 

than partial decommissioning and the ratio between partial decommissioning through internal and 

external cutting of the foundation is assumed to be 1.052. The difference between partial 

decommissioning through internal and external cutting is negligible, therefore the internal cutting of the 

foundation has been investigated in the subsequent parts of this work. In the case of decommissioning 

as the qualifying EoL strategy, the maximum value of 𝑇 in 𝑁𝑃𝑉𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡  and 𝑁𝑃𝑉𝑌𝑖𝑒𝑙𝑑  would be based 

on the nominal life of the asset, i.e. 20 years. The total duration of the decommissioning process itself 

is assumed to be one year at the end of the 20 years. 

3.2.5. Repowering Cost 

When assuming repowering as the EoL strategy, the Repowering Cost (REPOW) is estimated instead 

of DECOM. An assumed initial service life of 20 years is considered, after which the OWF will be 

repowered, in this case with a turbine of the same capacity. Figure 4 illustrates this strategy and the 

calculation of LCoE for each part of the asset life in the repowering case. The maximum value of time 

𝑇1  in 𝑁𝑃𝑉𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡  and   𝑁𝑃𝑉𝑌𝑖𝑒𝑙𝑑 , which are the main parameters of 𝐿𝐶𝑂𝐸1 , would be based on the 

nominal life of the asset which in this case is assumed to be 20 years. The total duration of the 

repowering process is assumed to be one year added at the end of the nominal service life of the asset. 

In the case of asset life extension for a further 20 years, the LCoE would be assumed for the next 20 

years (𝑇2), which is denoted as  𝐿𝐶𝑂𝐸2 . 

 

Figure 4: Repowering Strategy for an OWF 
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The costs of the repowering process of OWFs with same capacity turbines include the cost of removing 

the current wind turbine (𝐶𝑅𝑒𝑚𝑜𝑣𝑎𝑙), transportation (𝐶𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 ), disposal (𝐶𝐷𝑖𝑠𝑝𝑜𝑠𝑎𝑙), new wind turbine 

acquisition (𝐶𝑁𝑒𝑤 𝑊𝑇), hiring vessels and personnel (𝐶𝐻𝑖𝑟𝑖𝑛𝑔 𝑣𝑒𝑠𝑠𝑒𝑙𝑠 𝑎𝑛𝑑 𝑝𝑒𝑟𝑠𝑜𝑛𝑛𝑒𝑙), operation (𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ) 

and maintenance (𝐶𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒), as shown below: 

𝑅𝐸𝑃𝑂𝑊 =  𝐶𝑅𝑒𝑚𝑜𝑣𝑎𝑙 + 𝐶𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 𝑛𝑒𝑤 𝑊𝑇 + 𝐶𝑁𝑒𝑤 𝑊𝑇  + 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛  + 𝐶𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒    (8) 

3.2.6. Energy production  

The amount of energy produced depends on the technology type, capacity factor and the system scale. 

Energy performance is a key factor to compute the LCoE during the life of the wind farm. The capacity 

factor (CF) plays a crucial role in the energy performance estimation and is defined as the ratio of the 

real energy production to the maximum potential energy outcome. OWF reliability would influence the 

capacity factor indirectly, implying that a higher capacity of power plant would reduce the LCoE; 

however, it is important to consider the demand for energy from the power plant. To calculate the annual 

energy production (AEP) of the OWF, different power curve modelling techniques can be implemented 

[69]: 

𝑃𝑆(𝑣) =
1

2
𝜌𝜋𝑅2𝐶𝑝,𝑚𝑎𝑥𝑣3 (9) 

where, 𝜌 is the density of air (1.225kg/m3), 𝑅 is the radius of the rotor, 𝐶𝑝,𝑚𝑎𝑥 is the coefficient of the 

maximum effectiveness of power, and 𝑣  is the instantaneous wind speed. The simulated power curve, 

𝑃𝑠𝑖𝑚(𝑣𝑎), is based on the mean wind speed as shown in Eq. (10). The  𝑃(𝑣, 𝑣𝑎) shows the probability 

distribution of wind speed, based on the turbulence intensity factor and 𝑣𝑎 [70, 71]. 

𝑃𝑠𝑖𝑚(𝑣𝑎) = ∫ 𝑃𝑆(

∞

0

𝑣)𝑃(𝑣, 𝑣𝑎)𝑑𝑣 (10) 

The AEP of the wind farm can then be calculated as: 

𝐴𝐸𝑃 = 𝑍  (1 − 𝜂𝑤)ℎ𝜂𝐴 ∫ 𝑃𝑊(

∞

0

𝑣𝑎)𝑃𝑠𝑖𝑚(𝑣𝑎)𝑑𝑣𝑎
 (11) 

where, 𝑍 is the number of turbines, ℎ is the number of hours in a year, 𝜂𝑤 represents the factor 

accounting for wake losses, 𝜂𝐴 is the availability of the wind farm and 𝑃𝑤(𝑣𝑎) signifies the Weibull 

distribution as a function of 𝑣𝑎. The AEP is assumed to be constant in this study. The net AEP, which 

is computed based on these inputs, is 1,734,792 MWh/year. 

3.3. Stochastic expansion of the techno-economic model 

As mentioned earlier, the input variables of the LCoE are often characterised by considerable 

uncertainties, which deterministic models are not able to handle systematically. Even adopting a 

scenario analysis including the assumption of upper and lower inputs for each variable, distinguishing 

conservative/unconservative scenarios for LCoE, this approach would not be able to support decisions 

under uncertainty. Therefore, to achieve a meaningful assessment, a systematic approach should be 
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considered in order to quantify the cumulative impact of these uncertainties. Based on reviewing KPIs, 

the uncertain variables with significant impact on the LCoE can be modelled stochastically and then 

MCS can be employed to compute the LCoE through a joint probability distribution histogram. The MCS 

approach generates sets of inputs of the stochastic values which feed an iterative calculation loop of 

calculating output KPIs through the deterministic model. This approach can efficiently consider multiple 

stochastic variables; however, it becomes inefficient when calculating low probabilities of failure.  

Estimating LCoE through a stochastic analysis has proved to be more insightful than a deterministic 

approach since, instead of returning a deterministic value with limited context, it can provide an LCoE 

value with an associated confidence interval (CI). 

The result as a stochastic distribution provides an opportunity for a quantitative analysis of the risk or 

uncertainty in comparison to average LCoE. The constant in relation to the risk aversion utility function 

is implemented in this research based on [72] and [62] to calculate the certainty equivalent of LCoE for 

each EoL scenario. The certainty equivalent indicates a fixed value of LCoE which the decision maker 

should be indifferent towards, relative to the uncertain LCoE that they face. Moreover, the uncertainty 

or risk premium (RP) indicates the amount of money that should be paid to reduce the uncertainty and 

is used as a method to monetize the risk of investment in terms of an uncertain outcome. To calculate 

a certainty equivalent LCoE for each EoL scenario, it is necessary to find the uncertainty or RP. Eq. 

(12) shows RP as function of risk aversion of LCoE, 𝑟 as the number of iterations and the gamma value 

𝛾. The LCoE value is obtained based on each iteration within the MCS.  

It is assumed that a gamma 𝛾 coefficient of relative risk aversion, equal to 2, is used in the analysis. 

The case of a more risk averse decision maker may be modelled through increasing the value of gamma 

[62]. After computing the RP for each EoL scenario, Eq. (13) is implemented to calculate the certainty 

equivalent  𝐶𝑒𝑞.   

𝑅𝑃 =
∑ 𝐿𝐶𝑂𝐸𝑟

1

𝑟
− ((

∑
(𝐿𝐶𝑂𝐸)

1−𝛾
𝑟
1

1−𝛾

𝑟
× (1 − 𝛾))

(1−𝛾)

   (12) 

𝐶𝑒𝑞 =
∑ 𝐿𝐶𝑂𝐸𝑟

1

𝑟
+ 𝑅𝑃 

(13) 

The relative risk aversion is assumed to be constant due to being positive as well as decreasing the 

utility function of the LCoE. The higher certainty equivalent would be based on the higher risk aversion 

and the RP.   

4. Results  

4.1. Case Study  

This section presents the assumptions and characteristics used in this paper, aiming to refer to a 

realistic but hypothetical OWF deployed in UK waters. The cost of labour and vessels, environmental 

conditions, wind turbine, monopile foundation and the capacity of the wind turbine are assumed to be 

the same as in [31], which is the basis of this study, and account for a 504 MW wind farm capacity, with 

a nominal service life of 20 years, five years of construction time, availability between 92.2-92.5% and 
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an interest rate of 8%. The distance to the port is assumed to be 36 km, water depth 26 m, and the 

turbine characteristics are as follows: Rotor diameter 107 m, Hub height 77.5 m, Pile diameter 6 m, 

Rated power 3.60 MW, Cut-in speed 4 m/s and Cut-out speed 25 m/s. The key assumptions with respect 

to CAPEX (k£) and OPEX (k£/y) are presented in Table 1 and 2. The reader is referred to [31] for the 

detailed methods and data that are utilised for the estimation of each field of the table; this information 

is not presented here in order to avoid repetition. 

Table 1: CAPEX (k£) and OPEX (k£/y) estimation in OWF 

Total D&C costs 205,750 Total I&C costs 305,742 

Project management cost 42,327 Installation of wind turbines (tower, hub, 

nacelle and blades) 
62,619 

Legal cost 16,698 Installation cost of foundations 102,224 

Environmental surveys 
cost 

19,162 Installation cost of cables 115,070 

Engineering cost 1,144 Installation cost of substation 3,991 

Contingency cost 126,419 Installation cost of scour protection 873 

Total P&A costs 1,040,230 Insurance cost during installation 20,966 

Wind turbine cost 546,056 Total O&M costs 56,597 

Foundation cost 212,699 Repair cost 28,403 

Cables cost 120,525 Rent cost                                                                                                           5,040 

Offshore substation (x2) 121,337 Insurance cost                                                                                                   7,338 

Onshore substation 30,334 Project management cost 15,816 

SCADA cost 9,278  

Table 2: Repowering Cost (k£) 

The total cost of Repowering process 707,035 

Turbine cost  546,056 

Removal cost 41,763 

Installation cost 62,619 

Operation and maintenance 56,597 

 

4.2. Deterministic analysis result 

LCoE is calculated parametrically in order to allow multiple iterations to run in an efficient way. Results 

for the three scenarios that have been studied in this work, are presented in a stack bar chart in Figure 

5. It is indicated that the repowering option has the lowest LCoE compared to the other scenarios. The 

output reduction of energy of the OWF after the installation is 1.6 ± 0.2% for each year [73]. The 

repowering strategy provides the opportunity to the owner of the wind farm to improve the efficiency of 

energy production by avoiding further energy losses with less investment cost (reduction of the 

maintenance cost, installation cost as well as existing current structure). More specifically, for the case 
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where the same capacity of wind turbine is selected, the recalculated LCoE, which accounts for after 

the end of the nominal service period, becomes 65.8 £/MWh. The repowering strategy would reduce 

the LCoE of the OWF by nearly 35% compared to partial decommissioning and 36.5% compared to full 

decommissioning.   

 

 

Figure 5: Estimated LCoE for EoL scenarios investigated 

4.2. Stochastic analysis result  

Following the expansion of the deterministic model to account for uncertain inputs, a total of 100,000 

iterations was executed considering the statistical properties listed in Table 3. In the absence of real 

data, normally distributed variables were chosen; it should be noted, however, that the developed 

algorithm could equally easily treat statistical distributions of any type. A fixed CoV of 0.1 was chosen 

for this analysis. Figure 6 presents the probability normalized histograms of LCoE based on the different 

EoL scenarios which were investigated in this exercise.  

 

Table 3: Mean values and standard deviations of variables 

Variable Distribution       Characteristic values 

D&C costs (£000s/MW) Normal 𝜇 = 205,750, 𝜎 = 20,575 

P&A costs (£000s/MW) Normal 𝜇 = 1,040,229, 𝜎 = 104,022 

Total I&C costs (£000s/MW) Normal 𝜇 = 305,742, 𝜎 = 30,574 

O&M costs (£000s/MW/yr) Normal 𝜇 = 56,597, 𝜎 = 5,659 

Repowering process Cost (£) Normal 𝜇 = 707,035, 𝜎 = 70,703 

Full Decommissioning Cost (£) Normal 𝜇 = 159,718, 𝜎 = 15,971 

Partial Decommissioning Cost (£) Normal 𝜇 = 122,860, 𝜎 = 12,286 
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(a) (b) 

 

(c) 

Figure 6: Stochastic assessment of LCoE: (a) Repowering, (b) Partial decommissioning, (c) Full decommissioning 

For the case of repowering, the mean value for LCoE is £68.4/MWh and is bound within a 90% CI from 

values £55-£84.3/MWh based on 20 years’ additional service life. Similarly, for partial decommissioning, 

the mean value is £102/MWh and in the 90% CI within values of £82.3-127.6/MWh. Finally, the mean 

value for the case of full decommissioning is £105.2/MWh and in the 90% CI within values £84.3-

130.2/MWh. The variance of repowering (𝜎 = 8.99) is smaller compared to the others (𝜎 = 13.94 and 

𝜎 = 14.12 respectively) showing that the LCoE values are grouped closely around the mean (expected 

value). It can be observed that the results between partial and full decommissioning are very close to 

each other. 

4.3. Sensitivity analysis 

Due to the parametric nature of the model, a sensitivity analysis is performed in order to qualify the 

highest contributors to the stochastic calculation of LCoE. These factors are classified into the cost 

categories presented in section 3. Results are presented in a series of tornado plots in Figure 7 where 

inputs (influencing factors) are ranked accordingly. More specifically, for the repowering option, energy 

yield is found to have the highest impact followed by the discount rate and P&A costs. For partial 

decommissioning, energy yield again is found to be the prevailing option, followed by P&A and discount 
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rate, and finally for the full decommissioning, energy yield is again the prevailing factor followed by P&A 

and discount rate values.  

 

(a) 

 

(b) 

 

(c) 

Figure 7: Sensitivity analysis LCoE, (a) Repowering, (b) Partial decommissioning, (c) Full decommissioning 
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4.4. Risk aversion concept  

Table 4 presents the impact of LCoE variability on the risk averse decision maker. The uncertainty 

premium shows the amount of money that the decision maker must pay to reduce the uncertainty and 

shows the risk monetization of investment in the case of having an uncertain result. The distribution of 

LCoE based on various EoL scenarios was determined in the previous step. The wider distribution 

shows the higher uncertainty premiums and is calculated through 𝐶𝑒𝑞. The certainty equivalent 

measures the price which the decision maker must pay due to being indifferent towards the related 

uncertainty. Repowering has the lowest RP and 𝐶𝑒𝑞 compared to the other options, with the amounts 

of 1.136 £/MWh and 69.821 £/MWh respectively. 

Table 4: The 𝑅𝑃 and 𝐶𝑒𝑞 for EoL scenarios in OWT farm 

End Life Scenarios  RP (£/MWh) ∑ 𝐿𝐶𝑂𝐸𝑟
1

𝑟
   (£/MWh) 𝐶𝑒𝑞  (£/MWh) 

Partial Decommissioning 1.815 103.017 104.832 

Repowering 1.136 68.685 69.821 

Full Decommissioning 1.823 105.254 107.077 

4.5. Discussion  

Results from the deterministic analysis clearly show that the option of repowering is the prevailing one 

as, although it involves the cost of acquisition of the new turbine and critical components, it has a 

reduced P&A cost compared to the decommissioning option. The results of the stochastic analysis 

reveal that the AEP and the energy yield parameter play a significant role in the calculation of LCoE 

across the different scenarios. This implies that these parameters should be evaluated as accurately 

as possible and at the same time underlying uncertainties should be reduced, narrowing the scatter 

around the expected values. The certainty equivalent indicates a fixed value of LCoE which the decision 

maker should be indifferent towards, relative to the uncertain LCoE that they face, while the RP 

indicates the amount of money that should be paid to reduce the uncertainty. Among the different 

options, repowering again performs better with a lower value of RP as well as certainty equivalent. 

The decision of the most appropriate EoL scenario should be based on risk and techno-economic 

assessment and the proposed approach considers both factors. There are, however, practical issues 

that the decision maker should consider. For repowering, the actual capacity of the critical infrastructure 

should denote the extent that repowering can be realised, both in aspects of number of positions 

considered as well as the maximum capacity that can be accommodated by the offshore substation. 

Decommissioning should ensure that partial or full removal should be based on sound reasoning and 

the process should be optimized so as to reduce operations and hence associated costs. Although the 

decommissioning process is considered as part of the D&D stage, the specificities of an investment and 

associated assets, which account for the deployment location and integrity of the structures, should 

inform the final decommissioning plan. 

5. Conclusions and recommendations  
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In this study, repowering and decommissioning were investigated as possible EoL scenarios as OWFs 

approach the end of their nominal service life. The assessment is based on the extension of a techno-

economic model that accounts for the specific activities and costs related for each of the two options 

investigated. LCoE has been the KPI that has been used to evaluate the resultant cost of each 

alternative. In addition to the deterministic results that are produced through the analysis, the model 

was extended to systematically account for uncertain inputs and the concept of RP was employed to 

quantitatively evaluate the impact of the results to the decision maker. Based on the analysis, and for 

the parameters of the case study investigated, repowering was found to be the optimal EoL strategy. 

RP and 𝐶𝑒𝑞 were found to have the lowest value in the repowering option in comparison to other 

scenarios, therefore, the investor would need to pay less to eliminate the risk of the investment.  

This work benefits from high fidelity cost modelling for the assessment of the two scenarios, taking into 

account key influencing factors contributing to cumulative costs, rather than informing decisions through 

a qualitative assessment. This topic is very timely as the number of wind turbines approaching the end 

of their nominal service life is rapidly growing. Limitations of this work are the restricted literature on the 

topic of the techno-economic assessment of EoL scenarios, the scarcity of data related to service life 

extension and decommissioning processes, and the lack of accurate reliability data which would allow 

consideration of further scenarios. To this end, and in order to further advance the proposed concept, 

a number of additional topics can be investigated towards creating a more holistic impact assessment 

model: 

 The analysis can also include service life extension as an alternative scenario, through a fully 

integrated techno-economic model, and reliability failure data which are currently not available.  

 More representative modelling of stochastic variables considering more data becoming 

available from the first full scale wind farms to be decommissioned can add further value to the 

current findings and in addition serve the purpose of validating this approach.  

 Investigation of the sensitivity of each EoL alternative to key influencing factors related to 

deployment location, such as distance from port, water depth and wind shear, can provide 

useful insights towards the most relevant strategies.  

 Finally, the assessment can be complemented with a multi-criteria assessment framework [74, 

75] to account for further aspects which inform decision making, such as certification, residual 

risks, opportunity cost, etc. 

Nomenclature 

𝑃𝑠𝑖𝑚(𝑣𝑎): simulated power curve 

𝑃𝑤(𝑣𝑎): Weibull distribution as a function of 𝑣𝑎 

𝐶𝐷&𝐶: Cost of Development and Consenting 

𝐶𝐷𝑖𝑠𝑝𝑜𝑠𝑎𝑙: Cost of disposal 

𝐶𝐻𝑖𝑟𝑖𝑛𝑔 𝑣𝑒𝑠𝑠𝑒𝑙𝑠 𝑎𝑛𝑑 𝑝𝑒𝑟𝑠𝑜𝑛𝑛𝑒𝑙: Cost of hiring vessels and 

personnel 

𝐶𝐼&𝐶: Cost of Installation and Commissioning 

D&C: Development and Consenting  

D&D: Decommissioning and disposal 

DECOM: Decommissioning costs 

EoL: End of life  

FINEX: Financial expenditure 

ℎ: number of hours in a year 

I&C: Installation and Commissioning  

KPI: Key performance indicators 

LCC: Life cycle cost 
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𝐶𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 𝑛𝑒𝑤 𝑊𝑇 : Cost of new wind turbine 

installation 

𝐶𝑀𝑎𝑖𝑛𝑡𝑎𝑛𝑎𝑛𝑐𝑒: Cost of maintenance 

𝐶𝑁𝑒𝑤 𝑊𝑇: Cost of new with turbine acquisition 

𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛: Cost of operation 

𝐶𝑃&𝐴: Cost of Production and Acquisition  

𝐶𝑃𝑜𝑟𝑡 𝑝𝑟𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 : Cost of port preparation 

𝐶𝑃𝑟𝑜𝑗𝑒𝑐𝑡 𝑚𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡: Cost of project management 

𝐶𝑅𝑒𝑚𝑜𝑣𝑎𝑙: Cost of removal 

𝐶𝑆𝑖𝑡𝑒 𝐶𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 : Cost of site clearance 

𝐶𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 : Cost of transportation 

𝐶𝑒𝑞: Certain equivalent  

𝐶𝑖𝑛𝑠𝑢𝑟𝑎𝑛𝑐𝑒: Cost of insurance 

𝐶𝑝,𝑚𝑎𝑥: coefficient of maximum effectiveness of power 

𝐶𝑟𝑒𝑛𝑡 : Cost of rent 

𝐶𝑟𝑒𝑝𝑎𝑖𝑟: Cost of repair 

𝑃(𝑣, 𝑣𝑎): probability distribution of wind speed 

𝜂𝐴: availability of the wind farm 

𝜂𝑤: factor accounting for wake losses 

CAPEX: Capital expenditure 

CF: Capacity factor 

CI: Confidence Interval 

CoV: Coefficient of variance  

LCoE: Levelized cost of energy 

MCDA: Multi-criteria decision analysis 

MCS: Monte Carlo Simulations 

NPC: Net present cost 

NPV: Net present value 

O&M: Operations and maintenance  

OPEX: Operational and maintenance expenditure 

OWF: Offshore wind farm 

OWT: Offshore wind turbine 

P&A: Production and Acquisition  

REPOW: Cost of repowering  

RP: Risk premium 

AEP: Annual energy production 

𝑅: radius of rotor 

𝑇: Design life of the asset  

𝑍: number of turbines 

𝑖: Discount factor 

𝑛: Years in operation 

𝑟: number of iterations 

𝑣: instantaneous wind speed 

𝜌: density of air (1.225kg/m3) 
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