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Disclaimer TKI Wind op Zee 

This report was commissioned by RVO (Netherlands Enterprise Agency) at the request 

of the TKI Wind op Zee (TKI Offshore Wind). The opinions expressed in this report are 

entirely those of the authors (DNV) and do not reflect the views of the TKI Wind op 

Zee. TKI Wind op Zee is not liable for the accuracy of the information provided or 

responsible for any use of the content. 

 

 

Important notice and disclaimer DNV 
Services UK Ltd 

This document is intended for the sole use of the Customer as detailed on page iii of 
this document to whom the document is addressed and who has entered into a written 
agreement with the DNV entity issuing this document (ñDNVò). To the extent permitted 
by law, neither DNV nor any group company (the "Group") assumes any responsibility 
whether in contract, tort including without limitation negligence, or otherwise 
howsoever, to third parties (being persons other than the Customer), and no company 
in the Group other than DNV shall be liable for any loss or damage whatsoever 
suffered by virtue of any act, omission or default (whether arising by negligence or 
otherwise) by DNV, the Group or any of its or their servants, subcontractors or 
agents.  This document must be read in its entirety and is subject to any assumptions 
and qualifications expressed therein as well as in any other relevant communications in 
connection with it.  This document may contain detailed technical data which is 
intended for use only by persons possessing requisite expertise in its subject matter. 

 
This document is protected by copyright and may only be reproduced and circulated in 
accordance with the conditions stipulated or referred to in this document and/or in 
DNVôs written agreement with the Customer. No part of this document may be 
disclosed in any public offering memorandum, prospectus or stock exchange listing, 
circular or announcement without the express and prior written consent of 
DNV.  Consent to redistribute this document shall not thereby imply that DNV has any 
liability to any recipient other than the Customer.  

 

This document has been produced from information relating to dates and periods 
referred to in this document. This document does not imply that any information is not 
subject to change. Except and to the extent that checking or verification of information 
or data is expressly agreed within the written scope of its services, DNV  shall not be 
responsible in any way in connection with erroneous information or data provided to it 
by the Customer or any third party, or for the effects of any such erroneous information 
or data whether or not contained or referred to in this document.  

 
Any estimates or predictions are subject to factors not all of which are within the scope 
of the probability and uncertainties contained or referred to in this document and 
nothing in this document guarantees any particular performance or output. 
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1 Executive Summary 

The rapid growth in offshore Wind Turbine Generator (WTG) size is expected to slow 

down in the coming years. This is the main conclusion based on the combined numerical 

and qualitative assessment presented in this document. 

 

DNV does not see any technical limitation for WTGs to grow in size beyond the current 

largest offshore WTG designs, but numerical analysis shows that further growth does 

not result in lowering the Levelised Cost of Energy (LCoE). Sensitivity analysis applying 

different future learning rates shows that direct cost reduction has much more potential 

to lower LCoE.  

 

In the current fast-growing offshore wind market, increasing WTG production numbers 

offers the opportunity to reduce costs. Larger production numbers generally allow for 

larger investment in product and production optimisation (standardisation and 

industrialisation, transport, installation, servicing), and larger production numbers offer 

benefits in economies of scale (e.g., larger orders). To take advantage of this, the 

industry needs to shift focus from new product development to product improvement, 

and up-scaling and optimisation of manufacturing processes. 

 

The numerical analysis performed and presented in this document provides insight into 

optimal WTG configurations for given offshore site conditions. The cost of energy is 

found to increase with WTG rating. Lower rated turbines, 12-15MW, with high specific 

power densities (400-450W/m2) are found to be the most cost-optimal. For high specific 

power densities, the LCoE is found to show no significant variation with respect to WTG 

rating in the range of 12-20 MW. This indicates that the choice of optimal turbine 

configuration is not straightforward and may depend on parameters other than WTG 

rating and rotor diameter.  Therefore, several sensitivity analyses have been performed 

to investigate the impact of different site conditions (e.g., mean annual wind speed and 

wind speed distribution), discount rates, O&M (Operations and Maintenance) modelling 

assumptions and WTG design choices on LCoE. It is found that site conditions and 

discount rates have a strong influence on the cost of energy. Turbine design choices like 

design tip speed ratio and drivetrain configuration impact the LCoE to a lesser but still 

significant extent. The LCoE is also sensitive to O&M modelling assumptions. While 

predicting to what extent O&M costs will reduce with increasing WTG rating is difficult, 

this can have a significant impact on the selection of optimal WTG configuration. The 

goal of the provided LCoE values in the different sections of this report is to make relative 

comparison possible. Although the aim is to provide realistic LCoE values, these values 

should only be considered indicative and not an exact representation of actual bid values. 

 

Based on the performed assessments, DNV expects that up to 2030-2035 leading 

offshore WTG manufacturers will mainly focus on their current largest design WTG 

platforms and future upgrades that enable small growth steps. It is expected that the 

platform lifecycle ends with 14-18MW range platforms carrying rotors with diameters in 

the range of 230-250m. 
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After 2030-2035, it is expected that next-generation WTG platforms will be introduced 

with a limited increase in size compared to the platforms they replace. These new WTG 

platforms will however be highly cost optimised, feature many new technologies and will 

be operated and maintained following new strategies. WTG sizes are expected to go up 

to 18-24MW with rotor diameters in the range of 250-265m. 

 

LCoE values are sensitive to several influential factors for which best estimates were 

made but could change over time. Examples of these are the cost price of raw materials 

and labour, discount rates and Operational Expenditures (OpEx). Significant future 

changes in any of these factors can influence conclusions on optimal WTG size.  
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2 Introduction 

The Netherlands Enterprise Agency (RVO) (ñthe Customerò) has awarded DNV Services 

UK Ltd (ñDNVò) a study on ñOptimal offshore wind turbine size and standardisationò for 

the Top Consortium Knowledge and Innovation Offshore Wind (TKI Wind op zee). In the 

TKI Wind op Zee innovation programme and the first mission-oriented innovation 

programme (MMIP1) formulated by the Ministry of Economic Affairs and Climate Policy, 

a number of bottlenecks have been identified which could obstruct the large-scale roll-

out of offshore wind energy. 

 

Over the past decade, the industry has witnessed rapid growth in offshore WTG size (in 

terms of power rating, rotor diameter and hub height) in combination with a rapid fall in 

Levelised Cost of Energy (LCoE). The large offshore WTGs currently entering the market 

were not designed overnight, but are a result of many incremental growth steps, applying 

lessons learned and new technologies at every step of the way. This study aims to 

explore where this growth is likely to continue and what will ultimately constrain it. DNV 

has been involved in a number of projects exploring this including the Innwind EU project 

/2/,  and other projects for commercial customers (WTG manufacturers, developers and 

investors) and aims to bring this experience to the project. 

 

The core questions to be addressed in this study are: 

 

1) Where will this growth continue (in terms of WTG size and power rating) and what 

will ultimately constrain it? 

2) How much potential is there for standardisation and industrialisation for future 

offshore WTGs including consideration of potential societal benefits? 

 

These are further split into the below-mentioned objectives: 

2.1 Objectives 

The objectives of this study were to: 

 

¶ Indicate how the LCoE of offshore wind energy will develop with a further 

increase in capacity per WTG, including the costs of all elements in the value 

chain and life cycle. 

¶ Indicate the impact on the supply chain and required investments in e.g., vessels, 

installation equipment, and port infrastructure to transport and install and 

maintain these WTGs and wind farms. Options to automate and robotise 

installation, inspection and maintenance may play a role. 

¶ Indicate the missed benefits of standardisation and economies of scale in the 

design and production of the main components of WTGs as a result of the current 

rapid increase in the capacity of WTGs. Also take into account the effects on the 

economic life of, for example, installation ships and installations. 
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¶ Indicate which standardisation and economies of scale can be achieved by 

maximizing the future capacity of WTGs at a certain level. 

¶ Indicate which physical limits (for instance by properties of materials) apply to the 

current concept of horizontal axis WTGs as is applied in most offshore wind 

parks. 

¶ Indicate what is the optimal capacity size of WTGs, against the background of 

the previous analyses of the impact of increasing WTG size on all links in the 

supply chain and taking into account variations in local conditions. 

¶ Reflect on potential societal benefits of standardisation for safety, circularity, and 

human capital. 

2.2 General execution strategy 

DNV has answered the questions formulated in Section 2.1 by using a two-step 

approach: a numerical analysis followed by a qualitative study.  

In the numerical study presented in Section 3, a database of WTG results was created 

(geometric, mass and cost data results) using DNVôs internal cost modelling tool for wind 

power, Turbine.Architect. This involved: 

 

1. Selecting plausible environmental conditions representative of current and future 

leading offshore markets. 

2. Estimation of future offshore WTGsô headline parameter envelope in which the 

optimal size WTG is expected to be captured, unrestrained from any currently 

anticipated technology bottlenecks.  

3. Understanding sensitivity of the cost of energy to main driving parameters. 

Turbine.Architect was used to numerically investigate very large size WTGs using the 

toolôs engineering and scaling models, but potential technology and practical limits likely 

to arise in the future were not considered. The tool works on the assumption that it is 

always possible to design bigger WTGs. For this reason, in the sections following the 

numerical analysis, future WTG growth is evaluated using the numerical results in 

combination with other influential factors not considered in the numerical analysis. The 

following factors are used in this qualitative assessment: 

 

¶ Historic WTG growth 

¶ Technology limitations 

¶ Standardisation and industrialisation 

¶ Economies of scale 

¶ Societal benefits 

Based on the combined numerical and qualitative study, overall conclusions will be 

drawn on the expected future sizes of offshore WTGs. 
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2.3 Abbreviations 

 

Table 2-1: Abbreviations 

 

Abbreviation Description 

BoP  Balance of Plant 

CaPex Capital Expenditure 

CLR Cost Learning Rate 

DFIG Doubly Fed Induction Generator 

DTRB Double Tapered Roller Bearing 

ETO DNVôs Energy Transition Outlook 

FTE Full-Time Employed 

HVAC High Voltage Alternating Current 

HVDC High Voltage Direct Current 

IRR Internal rate of return 

JU Jack-up (vessel) 

LAT  Lowest Astronomical Tide 

LCoE Levelised Cost of Energy 

LIDAR Laser Imaging Detection And Ranging 

MDAO  Multi-disciplinary analysis and optimization 

MSL  The mean sea level 

NPV Net Present Value 

O&M Operation and Maintenance  

OECD  Organisation for Economic Co-operation and Development 

OpEx Operational Expenditure 

PMG Permanent Magnet Generator 

R&D Research and Development 

RNA Rotor Nacelle Assembly 

RVO Rijksdienst voor Ondernemend Nederland 

SES Surface Effect Ship 

SOV Service Operations Vessel 

TRB Tapered Roller Bearing 

TSR Tip Speed Ratio  

WSTRB Widely Spaced Tapered Roller Bearings 
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WTG Wind Turbine Generator 

WTIV Wind Turbine Installation Vessels 
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3 Numerical study on future offshore wind 
turbine size and cost 

The main goal of this numerical study using DNVôs in-house cost-modelling tool, 

Turbine.Architect is to identify how LCoE will evolve as WTG sizes grow including the 

impact of future cost learnings and technology evolution. In this section, we seek to 

answer what WTG sizes and technologies are likely to be most optimal from a purely 

cost of energy perspective.  

3.1 A brief introduction to Turbine.Architect cost modelling tool 

Turbine.Architect is DNVôs in-house engineering and cost modelling tool for wind energy 

that runs on the Renewables.Architect MDAO (Multi-disciplinary analysis and 

optimization) framework and comprises a suite of models that enables the accelerated 

design of WTG components and cost estimation. 

The strength of Turbine.Architect is that it combines the speed of analysis with an 

accuracy which makes it possible to develop high-level insights into parameter 

sensitivities. It enables the identification of optimum designs and configurations from a 

large dataset of generated WTG designs and costs. It is a flexible tool with analysis and 

results customized to customersô needs within reasonable limits. The main pillars of the 

Turbine.Architect platform are:  

 

¶ DNVôs WTG loads database  

¶ Extensive WTG engineering models based on DNV turbine engineering 

knowledge and skills  

¶ Cost data 

The tool combines inputs of headline WTG parameters with design loads and iterates 

the design of the main WTG components according to engineering design principles and 

DNVôs experience, to generate a WTG design tuned to the input load envelope. 

Turbine.Architect iterates on the dimensions of the components according to the input 

load envelope, ensuring that the final design withstands both fatigue and extreme loads 

as well as satisfies other applied constraints. The results from Turbine.Architect are 

continuously verified against available industry data to ensure the sub-models and 

assumptions remain up to date. 

 

All WTGs/foundations in the analysis are modelled based on generic WTG/foundation 

designs for specified loading and environmental conditions, using in-house engineering 

models for components in Turbine.Architect as shown in Figure 3-1. Using generated 

WTG and foundation design outputs, such as component masses or power rating, 

component costs are estimated based on DNV experience in wind power projects. 

Combined with site-specific wind conditions and an assumed layout, the designed WTGs 

are used to estimate the wind farm Capital Expenditure (CapEx), Balance of Plant (BoP), 

Operational Expenditure (OpEx) and energy production. 
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Figure 3-1: Turbine.Architect turbine design and costing methodology. 

 

 
 

The potential success of WTG concepts is typically not measured in engineering metrics, 

such as rating, mass or even energy capture and costs, but in economic metrics. DNVôs 

Turbine.Architect engineering and cost modelling software can calculate the relative 

financial attractiveness of wind farm configurations, in terms of the following metrics: 

 

¶ Levelised Cost of Energy, LCoE,  

¶ Internal rate of return, IRR, or, 

¶ Net Present Value, NPV. 

 

The calculation of these parameters is achieved by linking several engineering and 

financial models, as illustrated in Figure 3-2. 
 

Figure 3-2: Schematic flow diagram of farm-level cost modelling in Turbine.Architect 
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It should be noted that the Turbine.Architect tool performs calculations and outlines the 

design of each part of an offshore wind farm, taking account of site conditions and key 

project cost drivers based on generic design approaches, best estimate unit costs and 

engineering principles. There is, therefore, uncertainty in the results arising from both 

unavailability of information, for example with respect to site-specific foundation design; 

and economic and commercial factors such as supplier profit or vessel selection. These 

uncertainties could be reduced through the use of more detailed input information, and/or 

site-specific studies; however, there will remain some uncertainty in the results until a 

detailed engineering design is undertaken. Even so, DNV has endeavoured to ensure 

that the predictions for CapEx components and OpEx are realistic. For instance, absolute 

average turbine prices are obtained by scaling the Turbine.Architect predictions to 

aggregated prices that DNV has observed on recent, comparable European wind power 

projects. A similar approach is applicable for foundation costs. 

3.2 Numerical analysis approach 

Turbine.Architect was used to modeling a range of different WTG configurations with 

varying WTG ratings, rotor diameters, drivetrain configurations, blade design tip speed 

ratios (ratio of blade tip velocity to incoming wind velocity), discount rates and learning 

rates. In total, 8208 different scenarios, including variations on turbine configurations 

(turbine ratings from 12 - 30MW, and rotor diameters from 184 ï 357 m) and site 

conditions, are modelled in Turbine.Architect. Modelling such an expansive design space 

allows us to state with a high level of confidence that the optimal design envelope would 

lie within the modelled design space. 

 

The baseline analysis was performed for a 1000 MW capacity wind farm situated in the 

Dutch waters in Ijmuiden Ver (IJV). The intention was to base the analysis on a typical 

offshore site in the North Sea with excellent wind resources, where large WTGs are likely 

to be installed in the future. IJV is likely to go under development before 2030 /5/. 

Moreover, soil, wind and metocean data for the site are made publicly available by RVO 

/6/. The following sub-sections describe the choice of fixed and variable inputs as well 

as other modelling assumptions made for this analysis. 

3.2.1 Site conditions 

A single set of average wind, metocean and soil conditions are assumed for the whole 

site spreading over 400 km2 /5/. These assumptions are based on publicly available data 

for the site and DNVôs experience in WTG modelling, particularly in the European market 

and the North Sea. 

 

The wind conditions for the site are summarized in Table 3-1. Note that a detailed wind 

resource study for IJV is unavailable at the time of publishing this report. An annual mean 

wind speed of 9.9m/s at 100m reference height is specified in RVOôs metocean study 

/2/. The Weibull parameters for the site are extracted by fitting the wind speed probability 

distribution obtained from the occurrence table of wind speed and direction at IJV 

published in the metocean study to a Weibull distribution /2/. The variation of wind speed 

with elevation is calculated using the power law for wind shear.  A wind shear exponent 

(Ŭ) of 0.075 is estimated by fitting average wind speeds measured by met masts at 
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different elevations, as given in the metocean study /2/ , to a power law curve (Eqn. 3-

1). A turbulence intensity of 14% is assumed based on typical values observed for 

offshore wind farms. 

 

Ὗ  Ὗȟ
Ὤ

Ὤ
 

( 3-1) 

 

It was felt that assuming a single annual mean wind speed with fixed Weibull distribution 

limits the validity of this analysis. To that effect, another case for an annual mean wind 

speed of 8.5m/s at 100m reference height was added. The two assumed annual mean 

wind speeds should cover the range of annual mean wind speeds typical for North Sea 

sites. Moreover, besides the site-specific Weibull distribution (shape factor = 2.19) two 

additional Weibull distributions are simulated for each wind speed case with Weibull 

shape factors of 1.75 and 3.0, respectively. The Weibull scale factor for these additional 

distributions is estimated using an empirical relation between the Weibull shape factor 

and annual mean wind speed. The choice of Weibull shape factors covers the entire 

range of Weibull shape factors typically observed for high wind speed site conditions /4/. 
 

Table 3-1: Site wind conditions 

 

Region IJmuiden 
Ver, 
Netherlands 

North 
Sea site I 

North 
Sea 
site II 

North 
Sea site 
III 

North 
Sea site 
IV 

North 
Sea site 
V 

Air density 1.225 kg/m3 1.225 
kg/m3 

1.225 
kg/m3 

1.225 
kg/m3 

1.225 
kg/m3 

1.225 
kg/m3 

Annual mean 
wind speed 

9.9 m/s 9.9 m/s 9.9 m/s 8.5 m/s 8.5 m/s 8.5 m/s 

Reference height 100 m 100 m 100 m 100 m 100 m 100 m 

Wind shear 
exponent 

0.075 0.075 0.075 0.075 0.075 0.075 

Weibull shape 
factor 

2.19 1.75 3.0 2.19 1.75 3.0 

Weibull scale 
factor 

11.16 11.12 11.09 9.6 9.54 9.52 

Turbulence 
intensity 

14% 14% 14% 14% 14% 14% 

 

Metocean conditions for IJV relevant for monopile design in Turbine.Architect are 

summarized in Table 3-2. The geological desk study states that the water depth at IJV 

varies between 16.8m and 46.9m /7/. An average value of 30m is assumed for the 

Turbine.Architect analysis. Assuming that installation and O&M activity will be based on 

IJmuiden port, we can roughly estimate a distance of 85 km from the construction port 

to the centre of the designated area for IJV wind farm development. All other metocean 

data is derived from the metocean study /2/. The mean sea level (MSL) tidal level, as 

measured from the lowest astronomical tide (LAT) datum, is assumed to be 0.4 times 

the highest astronomical tide level. The tidal level at the highest astronomical tide, as 

measured from the lowest astronomical tide (LAT) datum, is estimated by deducting the 

storm surge from the highest water level.   
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Table 3-2: Site metocean conditions 

 

Parameter Value 

Water depth 30m 

50-year extreme wave height 14.5m 

Current velocity 0.9m/s 

Significant wave height 1.44m 

Storm surge 2.2m 

Mean sea level (MSL) tidal level 0.5m 

Tidal level at highest astronomical tide (HAT) 1.2m 

Distance to construction port 46mi (approx. 85 km) 

 

The geology of the site is described in the published geological desk study /7/. In general, 

ground conditions are relatively homogenous across the site although some areas will 

have quite different soil profiles as is normal for such a large site. The most likely, 

averaged ground profiles estimated based on the geological description in the desk study 

are summarized in Table 3-3. For geotechnical parameters not covered in the geological 

desk study, an educated estimate is made. 
 

Table 3-3: Average soil profile for IJV site 
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3.2.2 WTG headline parameters 

To capture the WTG LCoE optima in the Turbine.Architect numerical analysis, headline 

parameters such as power rating and specific power density were varied over a large 

range of possible values. The specific power density is the ratio of WTG power rating 

and rotor swept area. For a given WTG power rating, the specific power density 

determines the rotor diameter.  

 

For the lower bound of the main headline parameters, the current state of art WTG sizes 

serve as a good indicator. In 2018, GE announced the 12MW Haliade-X with a 220m 

rotor /8/. In the following years, other WTG manufacturers have followed with the 

announcement of large offshore machines, for example: 

 

¶ In February 2021, Vestas announced to start serial production of a 15MW 

offshore WTG with a 236m rotor diameter /11/. 

¶ In 2021, Siemens Gamesa announced a 14MW direct drive 222m rotor machine 

/9/. 

¶ In 2021, Mingyang, a Chinese WTG manufacturer, announced a 16MW 242m 

rotor machine with a hybrid drive system/10/. 

¶ Also in 2021, GE announced an up-rated version of the Haliade-X with a power 

rating up to 14MW /12/. 

In accordance with market trends, WTGs were modelled with ratings starting from 12MW 

and capped at 30MW. Specific power rating was varied from 300W/m2 to 450W/m2 to 

account for all possibilities although it has been observed that large offshore WTGs in 

the market typically lie on the higher end of the power rating spectrum (350 ï 450W/m2). 

These combinations of WTG rating and specific power density lead to rotor diameters 

varying from 184 meters to a maximum of 357 meters. A tower-monopile interface 

elevation of 15 meters above sea level is assumed for all cases. The hub height is 

dependent on the rotor diameter. It is assumed to be the sum of the interface elevation 

and the blade length plus an additional 10 meters clearance of the blade from the 

platform at interface elevation. 

 

The design tip speed ratio (TSR) is one of the main design parameters in WTG design 

and describes the ratio between the tip speed of the blade and incoming wind speed. By 

redesigning a blade for a higher tip speed ratio, the blade designer can afford a lower 

solidity rotor. A slender blade may boost aerodynamic efficiency however this doesnôt 

necessarily translate into structural efficiency. A slender blade with thinner sections 

requires thicker spar caps and trailing edge stiffeners to be sufficiently stiff in both 

flapwise and edgewise directions. 

 

Another important parameter is the maximum tip speed. A higher allowance for tip speed 

confers system-level cost benefits by reducing rotor torque. This in turn results in a lighter 

and cheaper gearbox. As WTGs increase in size, there is likely to be an attempt to 

increase maximum tip speed in order to keep gearbox sizes in check. Moreover, 

increasing the rotor speed allows for a higher 1st natural frequency for the support 

structure design by reducing the possibility of resonant frequency clashes with 3P rotor 

speed at low wind speeds. This could enable stiffer and lighter tower designs.   
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To quantify the effects of design TSR and maximum tip speed on cost of energy, it is 

important to analyse for a reasonable range of design TSR values and maximum tip 

speeds. Three different design TSRs: 9, 10 and 11; are modelled. With increasing TSR, 

the corresponding maximum tip speed is proportionally increased to fix the wind speed 

at which this maximum tip speed is attained. The maximum tip speeds corresponding to 

the three design TSRs of 9, 10 and 11 are 90 m/s, 100 m/s and 110 m/s respectively. 

 

Finally, two different drivetrain configurations are modelled: a medium speed (two-stage 

gearbox) geared WTG with Permanent Magnet Generator (PMG), and a direct drive (no 

gearbox) WTG with Permanent Magnet Generator (PMG). While different manufacturers 

have historically offered different drivetrain solutions based on legacy and supply chain 

constraints, the aforementioned drivetrain solutions are likely to be the dominant 

offerings for large offshore WTGs. The WTG headline parameters to be modelled in this 

analysis are summarized in Table 3-4. 
 

Table 3-4: WTG headline parameters 

 

Parameter Range/Value Step size 

Specific power density 300 ï 450 W/m2 50 W/m2 

WTG rating 12 ï 30 MW 1 MW 

Drivetrain  Medium speed geared with 
PMG, Direct drive with PMG 

- 

Tip speed ratio 9.0 ï 11.0 1.0 

Lifetime 25 years - 

Pitch control method 1P Individual pitch control - 

 

3.2.3 Financial inputs 

The analysis also studies the sensitivity of the cost of energy to the discount rate. The 

discount rate is the rate of return used to discount future cash flows back to their present 

value. For this purpose, three different discount rates are modelled: 4%, 6% and 8%.  

3.2.4 WTG and farm modelling assumptions 

Besides defining headline input parameters for the analysis, modelling in 

Turbine.Architect also involves several implicit assumptions at both WTG and farm 

levels. The main assumptions made for WTG design in Turbine.Architect can be 

summarized as follows: 

¶ The blade spar caps utilize uniaxial carbon fibre material in place of uniaxial glass 

fibres. Irrespective of length, blades are manufactured in single monolithic pieces 

thus not accounting for any spanwise segmentation for long blades. 

¶ A geared drivetrain comprises a two-stage gearbox with a PMG generator. A direct-

drive type WTG assumes a permanent magnet generator (PMG) with no gearbox. 

¶ Geared configuration consists of two main bearings and a low-speed shaft. The shaft 

is designed to be a solid forged shaft. However, for large WTGs (when solid forged 

shaft mass exceeds 25 tonnes) hollow cast shafts are used instead. A correction 
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factor is applied to the mass of the designed solid forged shaft to estimate the mass 

of the hollow cast shaft. The correction factor is based on DNV's experience in 

designing main shafts. 

¶ A tower is typically comprised of sections. Tower section design is constrained by 

limits to maximum transportable length and maximum transportable mass of a 

section which are set at 45 meters and 400 metric tonnes, respectively for this study. 

¶ WTG costs are inclusive of manufacturing, material and labour costs, transportation 

to port and WTG manufacturer profit margin.  

¶ Material, labour, equipment, and component unit costs are based on rates observed 

by DNV for projects in Northwest Europe. These rates are based on years of DNV 

project experience in wind power projects. 

¶ The WTG is assumed to be mounted on a monopile type offshore support structure. 

At the wind farm level, the Turbine.Architect models used in this study make implicit 

assumptions related to the electrical infrastructure, transportation, installation, and 

financial modelling. These can be summarized as follows: 

 

¶ For purposes of farm energy yield calculation and in-field cable costing, the WTGs in 

a wind farm are assumed to be uniformly spaced. The intra and inter-row WTG 

spacing is assumed to be six times the rotor diameter and therefore is different for 

different WTG models. Note that the WTG layout is not optimized in this study. 

¶ While fixing the layout, the model determines the number of WTGs in a single row by 

picking the lowest value from the number of WTGs allowed in a string (6) or the 

maximum power rating allowed in a single string (94MW).  

¶ The electrical infrastructure costing accounts only for in-field collection cables. It was 

agreed with the client to not model the offshore farm substation(s), reactive 

compensation hardware, HVDC converter(s) and high voltage export cables up to 

grid connection point. The in-field cable voltage is assumed to be 66 kV. 

¶ Offshore O&M costs are calculated using DNVôs internal O&M modelling tool, O2M. 

This O&M model also outputs average WTG availability.  

¶ For energy yield modelling, standard loss factors are assumed. Wake losses are 

estimated from a wake loss database for different WTG layout configurations. WTG 

availability is derived from the O&M model. Blockage and sub-optimal performance 

losses are assumed to be 2% and 0.5% respectively. Curtailment losses are set to 

0. Moreover, the farm energy yield calculation assumes identical topography and 

wind speed conditions for all WTG locations. Variation in energy yield due to annual 

variability in site wind conditions is not accounted for. Please note that energy yield 

values calculated here should only be used for purposes of comparing the 

performance of different WTGs across a large range of scenarios. For more reliable, 

accurate energy yield values a more detailed energy assessment using DNVôs 

WindFarmer software is advisable. 

¶ The offshore installation model calculates the cost of transporting the WTGs and 

foundations from construction port to site and then installing them. It does not include 

the cost of transportation to the port. This is included in the WTG cost markup factors. 
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¶ Project development costs include package management (pre-tendering work), 

legal, construction insurance, contingency and survey costs. The contingency costs 

are assumed to be 5% of farm CapEx for this analysis. The package management, 

legal and construction insurance are similarly assumed to be 5%, 1% and 1% of the 

total farm CapEx, respectively. A fixed survey cost is assumed based on observed 

values on wind farm projects of similar size. 

¶ Land lease costs are not considered in this analysis. 

¶ LCoE cost calculations are based on a farm operational lifetime of 25 years and an 

additional 1 year assumed for decommissioning. 

3.2.5 O&M modelling assumptions 

Considering the assumptions above of 46 nautical miles (85km) to Ijmuiden Port and 

typical site conditions of 1.44 m long term mean significant wave height, DNV has 

deployed its in-house tool, O2M to assess the potential availability and operational 

expenditure implications of varying the WTG size and hence having a different number 

of WTGs to achieve a fixed installed capacity of approximately 1000 MW. For this 

purpose, DNV considered a modelling envelope of 10, 12, 15, 18, 20 and 24MW WTG 

sizes. For each of these potential WTG models, DNV estimated the expected WTG 

availability as well as the logistical requirements and operational expenditure for two 

main access strategies: 

 

1. An onshore based strategy deploying Surface Effect Ship (SES) vessels (as 

currently used in Borssele I & II) 

2. An offshore strategy deploying a Service Operations Vessel (SOV) is also used 

for other projects such as Gemini. 

 

This examination allows the assessment of cost reductions expected as WTGs increase 

in size and there is possibly a reduction in the number of site visits and hence resources 

required. For this assessment DNV has considered the following generic assumptions: 

 

¶ SES vessel day rate of 4,700 Euros per day and SOV day rate of 23,400 Euros per 

day plus catering costs of 70 Euros per person per day. 

¶ Average expected number of full-time employed (FTEs) technicians of 0.4 

technicians per WTG (in line with industry observed values) with an expected 50% 

of FTEs per shift. 

¶ Variation of jack-up vessel day rate according to WTG size requirements as larger 

WTGs require larger and more capable vessels. 

¶ Average main component replacements per WTG per year of 0.05 for all scenarios, 

so a generic assumption that all WTG models are equally reliable. Whilst newer and 

larger WTGs are expected to be more reliable than previous models, this is not 

always the case and therefore, DNV has considered a conservative but reasonable 

approach, to expect at least the same level of failure rates in all WTGs assessed.  

¶ Average main component replacement campaign of 7 days including waiting on 

weather and mobilisation and demobilisation time. 
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¶ Insurance cost of 7000 Euros/MW per year. 

¶ Generic allowance of 20 FTEs for management roles for all scenarios.  

¶ Revenue and losses are estimated at an average energy price of 50 Euros/MWh. 

¶ Average cost of 21,000 Euros/WTG per year for the balance of plant O&M to take 

into account the cost of foundations and array cable inspections and maintenance.  

¶ Average cost per spare part and consumables required is as shown below in Table 

3-5. Major components are all components that require a jack-up vessel such as 

gearbox, generator, blades, blade bearing, transformer, etc. Subcomponents are 

large units like the converter that do not require a jack-up vessel but are costly and 

require a reasonable amount of time to replace. Minor components are small 

components or fast repairs like a hydraulic hose, replacing a sensor, replacing a 

small fan, etc. 

¶ Profit and risk margin of 10% on top of offshore logistics, parts and consumables, 

technicians and onshore staff rates for all scenarios.  

¶ No future cost efficiencies are implemented in the O&M analysis as these are to affect 

the different scenarios in a similar way, therefore, the inclusion of this factor would 

not have an impact on the comparison of expected costs. 

It is important to note that there is high uncertainty on these costs and DNV has seen a 

significant variation in the cost of main components for the larger WTGs in the range of 

6-15 MW. This is due to the different commercial implications of each contract and 

project and therefore, these costs can see significant variations of even +70% 

differences compared to our generic estimations. However, due to the low frequency of 

main component replacements, the impact of a 100% variation is significantly low (<10%) 

in total operational expenditure. 
 

Table 3-5: Component cost assumptions for O&M modelling. 

 

WTG 
capacity 
(MW) 

Servicing 
consumables per 
WTG per year 

Minor parts Subcomponent Major 
component 

10.0 EUR 8,000 EUR 2,300 EUR 45,800 EUR 896,200 

12.0 EUR 8,200 EUR 2,400 EUR 50,400 EUR 957,100 

15.0 EUR 8,800 EUR 2,600 EUR 61,000 EUR 1,141,300 

18.0 EUR 9,400 EUR 2,800 EUR 67,100 EUR 1,325,300 

20.0 EUR 9,900 EUR 2,900 EUR 73,800 EUR 1,462,500 

24.0 EUR 10,500 EUR 3,000 EUR 81,200 EUR 1,693,200 

 

3.2.6 Future cost learning rates 

Experience shows that the costs of any technology tend to decline with time and that can 

be explained by a single factor: the Cost Learning Rate (CLR). CLR establishes a 

constant relationship between the doubling of accumulated unit production numbers and 

the cost decline. 
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#ÏÓÔ ÉÎÄÅØὸ
#ÕÍÕÌÁÔÉÖÅ ÃÁÐÁÃÉÔÙ ÁÄÄÉÔÉÏÎÓ ὸ

2ÅÆÅÒÅÎÃÅ ÃÕÍÕÌÁÔÉÖÅ ÃÁÐÁÃÉÔÙ ÁÄÄÉÔÉÏÎÓ

 

 

#ÏÓÔὸȟὶ #ÏÓÔ ÉÎÄÅØὸ #ÏÓÔ ÁÔ ÒÅÆÅÒÅÎÃÅ ÙÅÁÒὶ 

           (.3-2) 

 

The logic behind the CLR is that a host of factors improve with experience. These 

factors can be summarized as follows: 

 

¶ First, R&D becomes less important as the product matures and is fine-tuned. 

¶ Economies of scale then increase, both at individual manufacturing facilities and also 

through improving supply chains.  

¶ Moreover, skill sets at all levels improve with experience ï in government, 

management, and labour ï and also as schools and universities transmit better 

practices to new generations of workers.  

Although technology costs tend to fall at constant rates relative to deployment, other 

costs ï notably labour ï do not. Thus, the O&M cost curves for wind are around half, at 

best, of the technology learning rate, with installation costs falling at a lower rate still in 

relation to market growth. 

Pressure on the availability of land for development onshore as well as the search for 

stronger and more stable wind conditions means that the renewables industry is 

increasingly leaning towards the offshore wind to deliver large volumes of green 

electricity close to where people want to live. As a result, DNVôs Energy Transition 

Outlook (ETO) 2021 /13/ predicts global offshore wind capacity growth will continue over 

the coming three decades, totalling 2068 GW by the end-2050. Highlighting the 

dominance of China and Europe, the two regions will make up 58% of global installed 

offshore capacity by 2050 /13/. This reflects Chinaôs aim to locate renewables capacity 

near coastal electricity consumption hubs, and the European push for offshore wind amid 

weakening growth for onshore renewables in the region. OECD (Organisation for 

Economic Co-operation and Development) countries in Pacific Asia will also be a key 

hotspot for growth ï notably through South Korea and Japan /13/. In North America, 

growth in the United States will accelerate after a slow start in the market, driven by 

increasingly ambitious renewable energy portfolio standards in eastern States /13/. 

Global offshore wind capacity growth is expected to surge over the coming decades, with 

net capacity growth between 2021-2030 totalling 195GW, and accelerating further to an 

equivalent 551GW growth between 2031-2040 and 1023GW between 2041-2050 /13/. 

These predictions of capacity additions are used to estimate CLRs for this study shown 

in Table 3-6. The CLR used in this study are based on internal discussions between DNV 

domain experts. The CLR for the array cable supply cost is taken from a previous DNV 

internal study on HVDC and HVAC transmission systems. 

 

In the case of Rotor Nacelle Assembly (RNA) and tower/bottom-fixed foundations, the 

learning factors can be divided into two parts. Explicit CLRs, as shown in Table 3-6, 

capture learnings accrued as a result of economies of scale, advancements in 

manufacturing and assembly processes, design improvements (yet unknown break-

through concepts, innovative materials, less conservative component design standards) 
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and OEM profit margin reduction (due to auctioning of wind power projects). Besides the 

explicit CLRs, DNV has also assessed how WTG design loads are likely to evolve over 

time, as shown in  

Table 3-7. Fatigue loads will reduce due to refined methods of accounting for turbulence 

and advanced control features (LIDAR assisted control, adaptive control strategies, etc.). 

Similarly, an extreme loads reduction is likely to accrue from less conservative standards 

with respect to the accounting of deterministic gusts. The resulting savings in component 

mass and cost are captured in the Turbine.Architect turbine design and we accordingly 

name this the implicit CLR.  
 

Figure 3-3: Technology learning curve. 
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Table 3-6: CLR assumptions based on DNV expert opinion. 

 

Bottom fixed (project 

specific categories) 

2020 2030 2040 

Project management & 

development 

expenditures 

100 % 100 % 100 % 

Rotor Nacelle 

Assembly (RNA) 

supply cost 

100 % 86 % 73 % 

Tower & bottom fixed 

foundation supply cost 

100 % 100 % 100 % 

Array cable supply 

cost 

100 % 94 % 88 % 

WTG installation cost 100 % 95 % 90 % 

Bottom fixed 

foundation installation 

cost 

100 % 95 % 90 % 

OPEX 100 % 96 % 92 % 

 

Table 3-7: Load reduction factors based on DNV expert opinion. 

 

Load reduction factors 2020 2030 2040 

WTG Extreme loads 1.0 0.9 0.85 

WTG Fatigue loads 1.0 0.83 0.8 

3.3 Operations and Maintenance (O&M) cost assessment 

Based on assumptions made in Section 3.2.5, DNV has estimated the following costs 

and WTG availability for the SES (Table 3-8) and the SOV strategies (Table 3-9). Note 

that these costs are calculated for the 2020 scenario, thus no CLRs are applicable to 

these values. 
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Table 3-8: OpEx cost estimate for SES strategy 

 

Access Strategy: SES, Hs 2.00 m (safe transfer limit) 

Distance to O&M port (nm) 46 46 46 46 46 46 

Average Hs long term 1.48 1.48 1.48 1.48 1.48 1.48 

Number of WTGs 100 84 67 56 50 42 

WTG capacity 10 12 15 18 20 24 

Project capacity (MW) 1000 1008 1005 1008 1000 1008 

Full Time Equivalent 
Technicians: 

40 34 27 23 20 17 

Technicians per shift: 20 17 14 12 10 9 

Number of CTVs: 2 2 2 1 1 1 

Average main component 
replacements per year: 

5.0 4.2 3.4 2.8 2.5 2.1 

Profit and risk margin 
assumption 

10% 10% 10% 10% 10% 10% 

Jack-Up (JU) Day rate 
(kEUR/day) 

60,000 65,000 90,000 200,000 215,000 250,000 

Annual average costs (mEUR 
per year) 

      

Crew transfer vessels 3.6 3.6 3.6 1.8 1.8 1.8 

Helicopter - - - - - - 

SOV - - - - - - 

JU costs per year 2.5 2.2 2.5 4.6 4.4 4.3 

Technicians (full-time) 5.9 5.0 3.9 3.4 2.9 2.5 

Parts and consumables 8.1 7.3 6.8 6.5 6.3 6.0 

Overhauls - - - - - - 

Service base 2.8 2.8 2.8 2.8 2.8 2.8 

Onshore Staff Costs 3.0 3.0 3.0 3.0 3.0 3.0 

BoP Unscheduled 
Maintenance 

0.9 0.8 0.6 0.5 0.5 0.4 

BoP Scheduled Maintenance 1.2 1.0 0.8 0.7 0.6 0.5 

Insurance 7.0 7.0 7.0 7.0 7.0 7.0 

Operator Profit and Risk 
Margin 

2.3 2.1 2.0 1.9 1.8 1.8 

Miscellaneous  0.2 0.2 0.1 0.1 0.1 0.1 

Blade maintenance 0.4 0.4 0.3 0.2 0.2 0.2 

Structural condition 
monitoring 

0.1 0.1 0.1 0.1 0.1 0.1 

Average Annual Direct Costs: 38.0 35.5 33.7 32.6 31.6 30.4 

Cost per WTG [kEUR per 
WTG]: 

380 422 502 583 632 724 
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Cost per MW [kEUR per MW]: 38.0 35.2 33.5 32.4 31.6 30.2 

Cost per MWh [EUR per MWh]: 9.0 8.3 7.9 7.6 7.5 7.1 

MW Scenarios: 10 12 15 18 20 24 

Cost reduction EUR per MW 
 

1,275,5
98 

607,9
94 

343,86
4 

503,87
6 

298,01
1 

Average cost reduction 
EUR/MW: 

605,869 

Cost reduction EUR/MW from 
10 to 24 MW: 

543,326 

 

From these results, it is observed that an average cost reduction is to be expected of 

approximately 0.5 million Euros per MW with variations ranging from 0.3 - 1.3 million 

Euros per MW increase depending on the scenario. The main cost reductions are due to 

parts and consumables, technicians, the balance of plant O&M and to a lesser extent 

due to blade maintenance requirements.  

 

A logistical cost which has an increasing trend is jack-up vessel costs. As WTGs increase 

in capacity, the vessels needed to perform the main component replacements require 

enhanced capabilities and hence are more expensive. A notable step-up in cost occurs 

for WTGs above 15MW where the expected day rate of the vessel increases from 90,000 

Euros per day for a 15MW suitable vessel to ú200,00 per day for an 18MW suitable 

vessel.  

 

It is interesting to note that the trend is that, as WTG size increases, the reduction in cost 

decreases per MW and per MWh. It is therefore expected that cost reductions will reach 

a plateau at a certain level. Furthermore, if the decision is to stay at a certain MW 

capacity and develop the supply chain for this specific model and capacity, further 

standardisation benefits could be achieved. This is due to technology developments, 

supply chain development, learning curves, synergies of portfolio stocking and parts 

management as well as mobilisation and demobilisation of teams to perform specific 

activities such as blade repairs for various projects with the same WTG technology. 
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Table 3-9 OpEx cost estimate for SOV strategy 

 

Access Strategy: SOV + 1 CTV, Hs 1.5m (safe transfer limit) 

Distance to O&M port (nm) 46 46 46 46 46 46 

Average Hs long term 1.48 1.48 1.48 1.48 1.48 1.48 

Number of WTGs 100 84 67 56 50 42 

WTG capacity 10 12 15 18 20 24 

Project capacity (MW) 1000 1008 1005 1008 1000 1008 

Full Time Equivalent 
Technicians: 

40 34 27 23 20 17 

Technicians per shift: 20 17 14 12 10 9 

Number of CTVs: 1 1 1 1 1 1 

Average main component 
replacements per year: 

5.0 4.2 3.4 2.8 2.5 2.1 

Profit and risk margin 
assumption 

10% 10% 10% 10% 10% 10% 

JU Day rate (kEUR/day) 60,000 65,000 90,000 200,000 215,000 250,000 

Annual average costs 
(mEUR per year) 

      

Crew transfer vessels 1.8 1.8 1.8 1.8 1.8 1.8 

Helicopter - - - - - - 

SOV 10.0 9.9 9.8 9.7 9.7 9.6 

JU costs per year 2.5 2.2 2.5 4.6 4.4 4.3 

Technicians (full-time) 5.9 5.0 3.9 3.4 2.9 2.5 

Parts and consumables 8.1 7.3 6.8 6.5 6.3 6.0 

Overhauls - - - - - - 

Service base 2.8 2.8 2.8 2.8 2.8 2.8 

Onshore Staff Costs 3.0 3.0 3.0 3.0 3.0 3.0 

BoP Unscheduled 
Maintenance 

0.9 0.8 0.6 0.5 0.5 0.4 

BoP Scheduled Maintenance 1.2 1.0 0.8 0.7 0.6 0.5 

Insurance 7.0 7.0 7.0 7.0 7.0 7.0 

Operator Profit and Risk 
Margin 

3.1 2.9 2.8 2.9 2.8 2.7 

Miscellaneous  0.2 0.2 0.1 0.1 0.1 0.1 

Blade maintenance 0.4 0.4 0.3 0.2 0.2 0.2 

Structural condition 
monitoring 

0.1 0.1 0.1 0.1 0.1 0.1 

Average Annual Direct Costs: 47.0 44.4 42.5 43.3 42.3 41.0 

Cost per WTG [kEUR per 
WTG]: 

470 528 634 774 845 977 

Cost per MW [kEUR per MW]: 47.0 44.0 42.2 43.0 42.3 40.7 
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Cost per MWh [EUR per 
MWh]: 

11.1 10.4 10.0 10.2 10.0 9.6 

MW Scenarios: 10 12 15 18 20 24 

Cost reduction EUR per MW  1,322,103 638,998 -250,533 534,880 305,762 

Average cost reduction 
EUR/MW: 

700,436 

Cost reduction EUR/MW from 
10 to 24 MW: 

426,760 

 

From these results, it is observed that for an SOV strategy, an average cost reduction is 

to be expected of approximately 0.4 million Euros per MW with variations ranging from 

0.3 -1.3 million Euros per MW increase depending on the scenarios. The main cost 

reductions are mainly due to cost reductions in parts and consumables, technicians, the 

balance of plant O&M and a lower magnitude of the blade maintenance requirements.  

 

Similar to the SES vessel strategy, a logistic cost which doesnôt show this decreasing 

trend is the jack-up vessel costs, which increase with increasing WTG capacity. As 

WTGs increase in capacity, the vessels required to perform the main component 

replacements require enhanced capabilities and hence are more expensive. A significant 

expected step-up in cost is for WTGs above 15 MW where the expected day rate of the 

vessel increases from 90,000 Euros per day for a 15MW suitable vessel to ú200,00 per 

day for an 18MW suitable vessel.  

 

It is interesting to note the trend that as WTGs increase in capacity, the cost reduction, 

decreases per MW and per MWh. Therefore, it is expected that cost reductions are to 

reach a plateau at a certain level. Furthermore, it is noted that if the decision is to stay at 

a certain MW capacity and develop the supply chain for this specific model and capacity, 

further standardisation benefits could be introduced. This was due to technology 

developments, supply chain development, learning curves, synergies of portfolio 

stocking and parts management as well as mobilisation and demobilisation of teams to 

perform certain specific activities such as blade repairs for various projects with the same 

WTG technology. 

 

In conclusion, it is seen that the SES strategy is the most cost-optimal strategy for O&M 

of a large scale wind farm as assumed in the current analysis.  

3.4 Optimal WTG size analysis results 

The results of the Turbine.Architect numerical cost study are presented in this section. 

Firstly, the general cost trends with respect to WTG rating are described. For this 

purpose, a baseline case representing a WTG with geared drivetrain configuration, 

design tip speed ratio of 10 and maximum tip speed of 100 m/s is shown. The WTG is 

designed for loads corresponding to an annual mean wind speed of 9.9 m/s. The plots 

shown are cost estimates for 2040 generated after applying learning rates to present-

day WTG price estimates. 
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This is followed by studying the sensitivity of the cost of energy to different site conditions, 

WTG design configurations, financial parameters and OpEx assumptions. 

3.4.1 General cost trends 

The WTG cost per MW is shown to increase with WTG rating. This can be explained by 

cost trends for the nacelle and rotor; and how WTG rating scales with rotor diameter. 

Cost of power rating driven nacelle components such as the generator, power converter 

and transformer scale almost linearly with WTG rating. Now for a fixed specific power 

density, the WTG rating scales quadratically with rotor diameter. Thus, the cost of power 

rating driven nacelle components also scale quadratically with WTG rating. In theory, 

WTG bending loads increase cubically with rotor diameter. Thus, the cost of structural 

components in the rotor and nacelle scale cubically with rotor diameter. Combining these 

separate trends with respect to rotor diameter, we find that WTG cost scales faster than 

quadratic while the WTG rating scales quadratically with rotor diameter. This explains 

why in theory WTG cost on a per MW basis should increase. It is also evident from Figure 

3-4 that for a given WTG rating, the WTG cost per MW decreases with increasing specific 

power density. As the rotor diameter decreases, the WTG loads decrease, and the 

structural components become lighter and less expensive. 

 

The total WTGs CapEx sums up the WTG supply cost of all WTGs in a wind farm to 

achieve a 1000 MW rated capacity. From Figure 3-4, it is clear that the cost of a single 

WTG increases with increased nameplate capacity. On the other hand, as nameplate 

capacity increases the number of WTGs required to be installed decreases. Combining 

these two factors we find that the WTGs CapEx still increases with WTG rating. This is 

shown in Figure 3-5. Note that the WTG cost is inclusive of rotor-nacelle assembly and 

tower but exclusive of offshore support structure cost. 

 

The offshore foundation design is determined by a combination of wind loading and 

hydrodynamic loading. Being a structural component, it is to be expected that foundation 

cost increases with increased WTG loading. Similar to a WTG, the cost of a monopile 

will increase with increasing WTG rating. Now, the number of installed foundations in the 

wind farm decreases with an increased WTG rating. Despite this, Figure 3-6 shows that 

total foundation CapEx still increases with WTG rating for a 1000MW wind farm. 
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Figure 3-4: Estimated WTG supply cost on a per MW basis (in million EUR/MW) shown for a geared WTG designed for 

annual mean wind speed of 9.9 m/s and tip speed ratio of 10. WTG supply cost per MW is shown to increase with 

increasing WTG rating and decreasing specific power density. 

 

 
Figure 3-5: Estimated total WTG CapEx (in million EUR) shown for a 1000 MW wind farm project, using a geared WTG 

designed for annual mean wind speed of 9.9 m/s and tip speed ratio of 10. Total WTG CapEx is shown to increase with 

increasing WTG rating and decreasing specific power density. 
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Figure 3-6: Estimated total foundation CapEx (in million EUR) shown for a 1000 MW wind farm project, using a geared 

WTG designed for annual mean wind speed of 9.9 m/s and tip speed ratio of 10. Total foundations CapEx is shown to 

increase with increasing WTG rating and decreasing specific power density. 

 

 

 

The electrical CapEx estimated for this analysis only accounts for the cost of electrical 

array cables. Substations and export cables are not modelled. Moreover, the WTGs are 

arranged in a rectangular grid with equal intra-row and inter-row spacing. This is a 

simplification which is not necessarily reflective of an actual wind farm layout design. The 

cost of array cables is dependent on the total length of cables and the type of cable, that 

is, its current rating. The total length of cables required is in turn dependent on the 

number of WTGs and the assumed WTG spacing. It is assumed in this analysis that 

WTG spacing scales with rotor diameter. It is found that the required cable length 

decreases with WTG rating. This is because while WTG spacing increases the number 

of WTGs still decreases. The cable cost and thus the electrical infrastructure CapEx 

shows a general decreasing trend with WTG rating. Moreover, increasing specific power 

density also decreases the electrical CapEx. This follows because the WTG spacing, 

which scales with rotor diameter, decreases and so does the required length of infield 

electrical cables. 

 

The farm installation CapEx, shown in Figure 3-8, is the sum of WTGs and foundations 

installation costs. It is dependent on the size of WTGs. Larger and heavier WTGs require 

more expensive jack-up vessels with larger loading capacity for installation. Installation 

cost per WTG is seen to increase with increasing WTG rating and decreasing specific 

power density (see Figure 3-9). The installation cost per WTG increases in a stepwise 

manner rather than continuously. This is because the day rates and 

commission/decommissioning rates of jack-up vessels also increase in steps. Consider 

the case of 16 and 17MW WTGs at a specific power density of 300 W/m2 shown in 

Figure 3-9. A larger jack-up installation vessel is required as we move from a rating of 

16 MW to 17 MW and hence the observed jump in total installation cost. However, 

selecting larger rated WTGs does mean fewer number of WTGs are required to achieve 














































































