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BVG Associates 

BVG Associates is a technical consultancy with expertise in wind and marine energy technologies. The team probably has the 

best independent knowledge of the supply chain and market for wind turbines in the UK. BVG Associates has over 120 man 

years experience in the wind industry, many of these being ñhands onò with wind turbine manufacturers, leading RD&D, 

purchasing and production departments. BVG Associates has consistently delivered to customers in many areas of the wind 

energy sector, including: 

¶ Market leaders and new entrants in wind turbine supply and UK and EU wind farm development; 

¶ Market leaders and new entrants in wind farm component design and supply; 

¶ New and established players within the wind industry of all sizes, in the UK and on most continents; 

¶ Department of Energy and Climate Change (DECC), RenewableUK, The Crown Estate, the Energy Technologies Institute, 

the Carbon Trust, Scottish Enterprise and other similar enabling bodies. 

The views expressed in this report are those of BVG Associates. The content of this report does not necessarily reflect the 

views of The Crown Estate. 
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Executive summary  

This report examines how technology innovation is anticipated to reduce the cost of energy from UK offshore wind farms. It was 

commissioned by The Crown Estate as a key part of the Offshore Wind Cost Reductions Pathways Project and should be read 

in association with sister reports covering the supply chain and finance and The Crown Estate Offshore Wind Pathways report, 

which draws together the findings of all three work streams. It provides a comprehensive, transparent evidence base built 

through significant industry engagement. Government and others can use it to formulate a long-term view of the contribution 

that technology innovation could make in reducing the cost of energy from offshore wind. It confirms that offshore wind has the 

opportunity to be a major and cost-effective part of a sustainable UK energy mix. 

The work has been undertaken at a major milestone for the offshore wind industry, as it begins the transition from commercial 

deployment to industrialised electricity generation. It comes at a time when the industry is developing technology solutions fit for 

larger projects, in deeper water, further from shore, and in harsher conditions than ever before. 

The key transition is from a typical wind farm with financial investment decision (FID) in 2011, which uses turbines with a rated 

power of about 4MW, to the use of next generation 6MW turbines for a project with FID in 2020. The figures used throughout 

this summary relate to this transition on a 500MW wind farm that is 40km from port and installed in 35m of water. More 

comprehensive analysis is presented in the rest of this report. 

In the right circumstances, the impacts from technology innovations contribute an anticipated 25 per cent reduction in the 

levelised cost of energy (LCOE). Figure 0.1 shows that over 80 per cent of the total anticipated technology impact is achieved 

through seven areas of innovation, of which the largest is the increase in turbine size from 4MW to 6MW. By virtue of having 

fewer turbines for a given wind farm rated power, there are significant savings in the cost of foundations, installation, and 

operation, maintenance and service (OMS). Almost all of the 6MW turbines under development today have more optimum-sized 

rotors than used to date and therefore have higher energy production. The combined impact of larger turbines with optimum-

sized rotors, improved aerodynamics and control and next generation drive train designs on the LCOE is about 14 per cent. 

 

Figure 0.1 Anticipated impact of technology innovations for a wind farm using 6MW-Class turbines with FID in 2020, compared with a 

wind farm with 4MW-Class turbines with FID in 2011.
1
 

                                                           

1
 Comparison is on Site Type B as defined in Section 2. 
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Few of the 6MW-Class Turbines in development will go into industrial-scale production without a growing and sustainable 

market, which will enable wind turbine manufacturers to compete for a strong pipeline of orders. Public sector support can 

accelerate the route to market for these turbines by making available test sites that will contribute to the verification of new 

technology. 

At the heart of this study is a cost model in which elements of baseline wind farms are impacted on by a range of technology 

innovations. These wind farms are defined in terms of the turbine rated power (4MW, 6MW and 8MW), site conditions (three at 

40km from construction port at 25m, 35m and 45m water depth, and one at 125km from port at a 35m deep site, each with 

different wind conditions), and four points in time at which the projects reach FID (2011 (the baseline), 2014, 2017 and 2020). 

Through detailed discussions with companies from across the supply chain using interviews and workshops, over 60 

innovations were identified as having the potential to cause a substantive change in the design of hardware, software or 

process, with a resulting quantifiable impact on the cost of energy. Care was taken to distinguish these from supply chain 

innovations and the report clearly defines the distinctions. 

In wind farm development, through investments in engineering and site characterisation, the LCOE is anticipated to reduce by 

about two per cent. The principal innovations relate to greater levels of analysis and optimisation during the front-end 

engineering design studies (FEED). 

Aside from an increase in the turbine power rating, other innovations within the turbine nacelle are anticipated to reduce the 

LCOE by about three per cent. The major benefit here comes from the introduction of next-generation drive trains, including 

direct-drive and mid-speed generator solutions, which are anticipated to reduce OPEX costs through greater reliability. A 

challenge for turbine manufacturers will be in demonstrating this reliability to customers with experience of operational issues to 

date. A step change in verification testing and increased openness is seen as critical to achieving this. 

While larger, more optimised rotors make the biggest single contribution, together, all innovations in rotor components offer 

about a six per cent reduction in the LCOE, delivered mainly via increases in energy production, rather than decreases in costs. 

Other key innovations relate to improved blade designs and manufacture and aerodynamic control. 

The impact of innovations in support structure technology is dominated by improvements in jacket foundation manufacturing, 

through new processes that move from bespoke one-off structures for the oil and gas industry to series-produced, standardised 

foundations for offshore wind. Also significant are developments in jacket design, integrated tower and foundation design and 

the introduction of single section towers. Combined, innovations in support structure are anticipated to reduce the LCOE by 

approximately four per cent. 

These savings do not include the introduction of concrete gravity base foundations. While these offer some benefit to support 

structure supply costs, especially in an environment of higher steel prices, their primary benefit is through reduced installation 

costs if installed as part of a float-out-and-sink strategy. The potential of such strategies is significant, minimising offshore 

construction, but it is anticipated that much of this benefit will be achieved only on projects reaching FID after 2020. Shorter term 

benefits will come from the introduction of installation vessels that can operate in a wider range of conditions and bespoke fleets 

for jacket foundation installation, where costs can be reduced through the introduction of large, floating heavy lift vessels 

designed for offshore wind. The industry will benefit from oil and gas industry experience and the entrance of major players from 

this sector is a positive sign that the potential savings can be realised. Overall, the anticipated reduction in the LCOE due to 

innovations in wind farm installation is about four per cent. 

Innovations in array cables are anticipated to reduce the LCOE by approximately 0.5 per cent. Most significant is the 

introduction of high voltage cables, probably at 66kV, which reduce capital costs and losses. 

The two biggest innovations in OMS are a move to holistic, condition-based maintenance (CBM), with reduced downtime and 

the frequency of large component retrofits, and improvements in the transfer of personnel from vessel to turbine. Both will have 

their biggest impact on far-from-shore projects where greater transit distances and more severe sea states are experienced. We 

anticipate the reduction in the LCOE due to such innovations to be approximately two per cent. 

Overall, reductions in CAPEX per megawatt installed over the period are anticipated to be about 10 per cent. This is due to the 

adoption of turbines with higher rated power and more optimum rotor size, which balance other reductions. OMS costs are 

anticipated to reduce by approximately 17 per cent with the introduction of larger turbines. This is mainly due to the combination 

of the reduced number of units per megawatt installed and the introduction of more reliable turbines. Also driven by the same 

changes is a 16 per cent anticipated increase in energy produced per megawatt installed due to the above changes. It is this 

that provides the single biggest contribution to reducing the LCOE. 
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From a higher baseline, CAPEX reductions are greatest for sites furthest from shore. This is due to the relatively larger impact of 

the use of feeder solutions and innovations to increase the envelope of working conditions. OPEX reductions are also largest 

further from shore due to the greater opportunity for innovation presented when moving from todayôs state-of-the-art to much 

more severe conditions. 

Reductions are also slightly more significant for turbines with higher rated power. It is anticipated that, as learning increases, the 

benefits of such turbines will also increase, just as we see the benefits of 6MW turbines over 4MW turbines today. 

Central to this work stream is an environment supportive of ñtechnology accelerationò. This is one of four Industry Stories 

considered by the project. As discussed, the overall cost reductions due to technology in this Industry Story is 25 per cent. 

Reductions in the other Industry Stories range from 25 per cent down to about half of this in the Slow Progression Industry 

Story, where the appetite for investment in new technology is limited. 

There are a range of innovations not discussed in detail in this report because their anticipated impact is still negligible on 

projects reaching FID in 2020. Among these are new turbine concepts, such as two-bladed rotors, generally regarded as well 

suited to offshore conditions, and floating foundation solutions, enabling access to higher wind speed sites close to shore, also 

offer interesting future possibilities. At a wind farm level, centralised grid control and moving complexity from each turbine to the 

substation offers the prospect of further savings, along with changes to the wind farm design life. At a system level, it is 

anticipated that there will be significant further progress in terms of high voltage direct current (HVDC) networks for 

transmission. The unused potential at FID in 2020 of innovations modelled in the project, coupled with this further range of 

innovations not modelled, suggests there are significant further cost reduction opportunities when looking to 2030 and beyond. 

The impacts of innovations in this analysis have been modelled conservatively to provide confidence in the results, moderating 

down the impact of innovations suggested by industry players. Throughout, signs that indicate progress towards realising 

specific innovations are discussed. In addition, prerequisites have been identified for the potential impact of innovations to be 

realised. 

Most critical is the industryôs confidence in a growing and sustainable UK market in which to invest. Also of high impact is the 

availability of consented sites for coastal manufacturing and assembly and for testing and demonstrating turbines and support 

structures. Flexibility in the planning process to allow developers to delay technology choices until after consent and early 

collaboration between industry partners also have a significant impact. 
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1.  Introduction  

1.1.  Purpose 

In July 2011, the UK Government published Planning our electric future: a White Paper for secure, affordable and low-carbon 

electricity.
2
 It suggested its support for installing 11GW of offshore wind by the end of 2020, and offered the prospect of 

supporting a larger-scale market if it can see pathways to reducing costs in that timeframe. 

The challenge that wind industry businesses have faced for some time is whether to invest wholeheartedly in the development 

of technology, manufacturing and construction processes, in order to drive down costs, if there is uncertainty in the market. 

The purpose of The Crown Estate Offshore Cost Reduction Pathways project is to break this cycle by providing an authoritative 

and credible analysis of pathways to reducing costs based on evidence from across the industry, assuming confidence in a 

large-scale, long-term market. 

1.2.  Structure of the project  

The project activity is split into three parallel and interlinked work streams covering Finance, Supply Chain and Technology. This 

report provides the evidence base underpinning The Crown Estate Offshore Wind Pathways report on cost reduction 

opportunities based on industry engagement with a technology focus. The level of informed industry engagement and the 

discipline of considering specific opportunities within each work stream sets this study apart from others that have sought to 

explore the future costs of offshore wind energy. 

All work streams collaborated in project planning activities. This involved detailed agreement of the proposed methodology and 

interfaces across the project, including the structure and content of models, identification of the main cost reduction 

opportunities and agreement on the methodology for industry engagement. Following this, activity was delivered in three 

sequential phases: 

¶ Initial industry engagement. In order to establish the technical innovations seen by industry as most important, 20 

structured interviews were held with a cross-section of people with specialist technical understanding and a broad 

knowledge of wind farm technology and processes. These represented a wide range of companies covering all elements of 

wind farm activity with a focus on companies with a strong track record in the industry. 

¶ Wider industry engagement. Following these interviews, seven workshops were facilitated in the UK, Germany and 

Denmark involving a total of 57 participants. The purpose of these workshops was to gather the quantitative and qualitative 

views of a wider group of industry players, using as a basis the innovations that had been identified in interviews. 

Workshops were followed up by addressing actions raised with some workshop participants and by further interviews, 

addressing specific areas where additional input was required. 

¶ Verification. Following the aggregation of information received in workshops and subsequent dialogue, early draft sections 

of the report were issued for peer review. All sections were reviewed by at least two industry contacts that had both been 

involved in the project and who have specific expertise in the area under review. 

Underpinning all activities, a detailed wind farm cost model was developed and populated, enabling the impact of individual and 

collected technology innovations to be investigated. This model was structured to interface with models developed by The 

Crown Estate and within the other work streams, in order to give robust and self-consistent overall levelised cost of energy 

(LCOE) results. 

  

                                                           

2
 Planning our electric future: a White Paper for secure, affordable and low-carbon electricity, An  Electricity Market Reform (EMR) White Paper 

2011, Department of Energy and Climate Change, 14 July 2011, available online at 

www.decc.gov.uk/en/content/cms/legislation/white_papers/emr_wp_2011/emr_wp_2011.aspx, accessed May 2012. 

http://www.decc.gov.uk/en/content/cms/legislation/white_papers/emr_wp_2011/emr_wp_2011.aspx
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1.3.  Structure of this report  

Following this introduction, this report is structured as follows: 

Section 2. Methodology. This section describes the scope of the Technology work stream, interrelations with other work 

streams, project terminology and assumptions, the process of technology innovation modelling, industry engagement and the 

treatment of risk and health and safety. 

Section 3. Technology development lifecycle. This section describes the typical lifecycle for developing and introducing new 

technology in the offshore wind industry to date, including consideration of time and cost to commercial acceptance for new 

wind turbines and other key elements of supply. 

Section 4. Technology baselines. This section summarises the parameters relating to the 12 baseline wind farms for which 

results are presented. Assumptions relating to these wind farms are presented in Section 2 and the derivation of parameters is 

provided in the relevant element section, below. 

The following six sections consider each element of the wind farm in turn, discussing the existing situation and deriving baseline 

parameters before exploring the impact of innovations in that element, early signs of progress in implementing such innovations 

and the prerequisites indicated by industry for investing in such innovations. Unless otherwise stated, all quantitative results 

presented are derived by rationalising and combining the input received in interviews, workshops and verification activities. 

We have considered opportunities for reducing costs up to the inputs to the offshore substation. Opportunities exist also for the 

offshore substation, subsea export cables and onshore infrastructure. Work jointly between government and industry assessing 

ways of developing and charging for the offshore transmission network is ongoing and the outcome of this work may have a 

considerable impact on the future costs of transmission. Based on this, The Crown Estate engaged a group of experts to 

provide a high-level assessment of the potential for reducing costs in transmission instead of a detailed analysis, as conducted 

for other elements of the wind farm. This assessment is described in the companion report, Potential for offshore transmission 

cost reductions and incorporated into the baseline wind farms in Section 4. The benefit of transmission cost reductions are not 

incorporated in this report, but are covered in the Finance work stream report. 

Section 5. Innovations in wind farm development. This section incorporates the wind farm design, consenting, contracting 

and developerôs project management activities through to the works completion date (WCD). 

Section 6. Innovations in wind turbine nacelle. This section incorporates the drive train, power take-off and auxiliary systems, 

including those that may be located in the tower. 

Section 7. Innovations in wind turbine rotor. This section incorporates the blades, hub and any pitch or other aerodynamic 

control system. 

Section 8. Innovations in support structure. This section incorporates the tower and foundation, including the sea bed 

connection and secondary steel work to provide personnel and equipment access and array cable support. 

Section 9. Innovations in array cables. This section considers subsea cables connecting turbines to any substation only. 

Export cables are not considered and cable protection is covered under innovations in wind farm installation. 

Section 10. Innovations in wind farm installation. This section incorporates transportation of components from the port 

nearest to the component supplier, plus all installation and commissioning activities for the support structure, turbine and array 

cables. Decommissioning is also discussed in this section. It omits insurance costs during construction (which are derived within 

the Finance work stream). It also excludes installation of the offshore substation, the export cables and onshore transmission 

assets (which are modelled as transmission network use of system (TNUoS) charges and discussed in the companion report 

Potential for offshore transmission cost reductions). 

Section 11. Innovations in operation, maintenance and service (OMS). This section incorporates all activities after the WCD 

up until decommissioning. It excludes insurance costs during operation (derived within the Finance work stream), sea bed lease 

payments to The Crown Estate and TNUoS charges payable to the offshore transmission operator (OFTO). 

Section 12. Summary of impact of innovations. This section presents the aggregate impact of all innovations, exploring the 

relative impact of innovations in different wind farm elements. 
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Section 13. Sensitivity analysis. This section provides technology-related input data for the sensitivity analysis presented in 

The Crown Estate Offshore Wind Pathways report. 

Section 14. Conclusions. This section includes technology-related conclusions following engagement and analysis in this work 

stream. 

Appendix A. Details of methodology. This appendix discusses project assumptions and provides examples of methodology 

use. 

Appendix B. Index of innovations. This appendix consists of an index of the innovations modelled, and also includes the full 

technical potential impact and anticipated impact on a reference wind farm. 

Appendix C. Data tables. This appendix provides tables of data behind figures presented in the report. 

Appendix D. Industry consultees. This appendix lists the industry consultees who provided substantive input into this work 

stream. 

This report provides input to The Crown Estate Offshore Wind Pathways report, authored by The Crown Estate. It is intended to 

be read in conjunction with the parallel work stream reports, to which it refers frequently. 

1.4.  Industry b ackground  

Over the last decade, the offshore wind industry has seen a significant change in scale in terms of the technology used, project 

size and annual installed capacity. At the same time, it has moved to operate in harsher sites that have deeper water and are 

further from shore, due to the lack of availability due to planning constraints of shallow, near-shore sites with a good wind 

resource. All these trends are anticipated to continue over the next decade, with a backdrop of a continuous drive to reduce the 

cost of energy from offshore wind, in line with the trend in onshore wind over the last 20 years. 

Before 2000, a number of small-scale offshore wind projects were installed mainly in Denmark, Sweden and the Netherlands. 

The first commercial project installed in the UK was North Hoyle, off the north coast of Wales, in 2003 using 30 Vestas V80-

2.0MW turbines on monopile support structures. Since then, the UK has installed at least one project per year, with a cumulative 

capacity exceeding that of the rest of the EU for the first time during 2011. The installation of the demonstration Alpha Ventus 

project in 2009 marked the completion of the first German project of any scale, using six REpower 5M and six AREVA M5000-

116 turbines (both turbine models rated at 5MW) on jacket and tripod support structures. The growth in cumulative installed 

capacity in UK and the rest of the Europe is presented in Figure 1.1. Offshore wind farms have been installed outside Europe, 

but their cumulative installed capacity is far less. 

 

Figure 1.1 Cumulative installed commercial offshore wind capacity in UK and rest of Europe (2012 estimated). 

Early installation was dominated by two Danish projects: Horns Rev I with a capacity of 160MW in 2002; followed by Rødsand 1 

(formerly known as Nysted) in 2003. The first projects installed as part of the UKôs Round 1 were generally limited to 30 turbines 

or 90MW, until the development of the combined 194MW Lynn and Inner Dowsing project in 2008. When Horns Rev II was 

installed in 2009, it became the largest offshore project in the world, at 209MW, but since then three larger projects have been 

installed in the UK. Greater Gabbard, once complete, will be the first offshore wind farm to exceed 500MW. The distribution of 
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the size of commercial wind farm projects installed in Europe to date is presented in Figure 1.2. Prototype and small-scale 

demonstration sites are not included. 

Although the UKôs Round 3 has seen multi-gigawatt zones for wind farm development awarded to successful development 

partners, most companies consulted with during this project anticipate that, in the medium-term, zones will be built out in 

projects of rated power between approximately 500MW and 1GW. The choice of this scale is based on a range of factors 

including economies of scale, financing requirements, the amount of installation activity possible with given methods in each fair 

weather season, and substation and export cable and capacities. 

 

Figure 1.2 Distribution of commercial offshore wind project size (rated output) installed over time in UK and rest of Europe (2012 

estimated). 

In addition to more and larger projects, we have seen a steady rise in the maximum water depth in which projects have been 

installed, which is now also driving changes in support structure technology. The deepest water commercial site installed to date 

has been the 165MW Belwind project, which used monopiles installed in a wide range of water depths from 20m to 37m. The 

distribution of the maximum water depth for each project installed to date is presented below. 

In the future, Germany in particular is likely to see the development of increasingly deep sites due to the bathymetry of available 

sites off its North Sea coast. For the UK, many of the projects included in the Scottish Territorial Waters (STW) round of 

development are also located in particularly deep water, with over half the anticipated installed capacity to be located in greater 

than 40m depth. 

 

Figure 1.3 Distribution of maximum reported site water depth (LAT) over time for commercial UK and rest of Europe offshore wind 
projects (bubble size reflects wind farm rated output) (2012 estimated). 

Projects further offshore generally benefit from higher wind speeds. In some cases, a challenge has been to find a suitable OMS 

port close to the site to minimise transit time. For example, the Danish Horns Rev I project, though only 20km from shore, is 

almost double this distance from its operations port, Esbjerg. The Horns Rev II project, which was further from shore, was the 

first to use an offshore accommodation platform to partly mitigate this problem. Developers of the UK Sheringham Shoal project 

off the north coast of Norfolk addressed the lack of suitable nearby port facilities by creating a new harbour facility to support 

operations in nearby Wells-next-the-Sea. The distribution of distance to nearest OMS port for projects installed to date is 

presented in Figure 1.4. 
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Figure 1.4 Distribution of distance to OMS port over time for commercial UK and rest of Europe offshore wind projects (bubble size 
reflects wind farm rated output) (2012 estimated). 

There has also been a steady growth in the rated power of turbines installed each year throughout the history of the wind 

industry, with a significant increase in typical size for offshore projects compared with onshore. Since 2000, the maximum rated 

power of turbines installed in offshore wind farms has steadily grown from 2MW up to 6.15MW in 2012 with the Belgian project 

Thornton Bank 2. The distribution of rated power of turbines used in commercial projects to date is shown in Figure 1.5.

 

Figure 1.5 Distribution of size of turbine installed over time for commercial UK and rest of Europe offshore projects (bubble size 

reflects wind farm rated output) (2012 estimated). 

Currently, the next generation of wind turbines is in development, including onshore prototyping and offshore demonstration. 

This next generation is characterised by: 

¶ 6MW to 8MW-Class turbines designed exclusively for offshore use 

¶ Rotor diameters of 150m to 170m, and 

¶ A move towards lower-speed generator designs, either with or without gearboxes, with a much greater focus on reliability 

and maintainability offshore. 

Such turbines offer the prospect of significantly reduced LCOE via reduced wind farm capital expenditure (CAPEX), operational 

expenditure (OPEX) and increased annual energy production (AEP), but this requires a major investment in technology 

development and manufacturing methods. 

The increased size of turbines, coupled with increased water depth, also drives a change from monopile support structures 

towards the use of jacket and other steel and concrete designs. The change in foundation type, turbine size, distance to port 

and increased scale of the industry is leading to the adoption of new installation methods and operation strategies. The design 

voltage of subsea array cables likewise is anticipated to increase in response to the use of higher rated turbines. 

Industryôs view is that the adoption of this next generation of larger turbines, with associated innovations, is the most significant 

driver for reducing costs. Discussion of the historical trend in costs to date is presented in Chapter 1 of The Crown Estate 
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Offshore Wind Pathways report. Critical to having confidence in the modelling of future LCOE reductions is understanding the 

reasons for historical increases in CAPEX. 

Industry recognises that the trends of working in deeper water and further from shore presented above will continue. These 

trends do drive up CAPEX and OPEX, which are only partially offset through increases in AEP due to higher average wind 

speeds, as discussed in Offshore Wind: Forecasts of future costs and benefits published in June 2011
3
, and shown in the 

baseline costs presented in Section 4. Cost reductions due to developments in technology, supply chain and finance do still 

enable LCOE reductions over this period, but it is important to remember that these are within the context of the rising costs of 

delivering offshore wind farms due simply to the sites made available to the industry. 

  

                                                           

3
 Offshore Wind: Forecasts of future costs and benefits, BVG Associates on behalf of RenewableUK, June 2011, available online at 

www.bwea.com/pdf/publications/Offshore_report.pdf, accessed May 2012. 

http://www.bwea.com/pdf/publications/Offshore_report.pdf
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2.  Methodology  

2.1.  Scope of work  

The basis of the analysis presented here is a model in which baseline elements of CAPEX, OPEX and AEP for a range of 

different representative wind farms are impacted by a range of technology innovations. Analysis is carried out at a number of 

points in time and on a number of pathways along which the industry could develop, thus describing various potential pathways 

that the industry could follow, each with an associated progression of costs. 

Output from the Technology work stream is then adjusted by the output of the Supply Chain work stream before being fed into 

the Finance work stream in order to derive a project LCOE for different wind farms at discrete time steps. All results presented in 

this report incorporate the impact of Technology innovations only. No benefit is taken here from Supply Chain or Finance work 

stream impacts. The combined impact from all three work streams is explored in The Crown Estate Offshore Wind Pathways 

report. The analysis does not consider maximising revenue (and hence decreasing the LCOE) through optimising power quality 

or energy forecasting, but does explore sensitivity to both internal and external factors, as discussed in Section 13 and The 

Crown Estate Offshore Wind Pathways report. In addition, as the analysis does not consider innovation in transmission assets, 

it does not consider innovations such as the underrating of transmission assets compared to the rating of the wind turbines on a 

given wind farm. 

The analysis is structured around four different matrix variables: Turbine MW-Class; Site Type; date of financial investment 

decision (FID); and Industry Story as discussed also in The Crown Estate Offshore Wind Pathways report. 

Turbine MW-Classes 

Four different Turbine MW-Classes are considered, stretching from state-of-the-art today through to that which is anticipated to 

begin impacting the market at FID in 2020. These are summarised below, showing how existing products fit. Some turbines may 

have a rated power that fits in one Turbine MW-Class, but a rotor diameter that fits another. As an example, the REpower 6M, 

with 126m diameter rotor, is classified as 4MW-Class due to its rotor diameter. 

Table 2.1 Summary of Turbine MW-Classes. 

Turbine MW-
Class 

Nominal range of 
power rating (MW) 

Typical range of 
rotor diameter (m) 

Example current and future turbines 

4MW 3 to 5 up to 145 AREVA M5000-116 and 135, BARD 5.0, GE 4.1-113, 
REpower 5M and 6M, Siemens SWT 3.6-107 and 120, 
Vestas V112-3.0 

6MW 5 to 7 145 to 162 Alstom Haliade 150-6MW, BARD 6.5, 
Siemens SWT-6.0-154 

8MW 7 to 9 162 to 180 MPSE Sea Angel 7MW, Samsung 7MW, 
Vestas V164-7.0MW 

10MW 9 to 12 Above 180 AMSC Windtec Sea Titan 10MW 

 
Site Type 

Four generic Site Types are considered, which cover the range of sites likely to be developed to 2020. These are summarised in 

Table 2.2. 
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Table 2.2 Summary of Site Types. 

Site Type Average water 
depth (MSL) (m) 

Distance to 
nearest 

construction and 
operation port (km) 

Average wind 
speed at 100m 

above MSL 
(m/s) 

Example UK wind farms 

A 25 40 9 Walney 1 and 2, Westermost Rough 

B 35 40 9.4 East Anglia ONE, Navitus Bay 

C 45 40 9.7 Inch Cape, Neart na Gaoithe 

D 35 125 10  
Creyke Beck (Dogger Bank), 
Heron (Hornsea) 

 
Site Type A is typical of a Round 2 site. Site Types B, C and D are typical of Round 3 and STW, as they are in deeper water and 

further from nearest port, but have higher wind speeds and therefore yield greater AEP. 

Date of FID  

Four dates of FID are considered: 

¶ The baseline, wind farms with FID in 2011, which are likely to be completed four years later in 2015 

¶ Wind farms with FID in 2014, which are anticipated to consist of the remaining Round 2 projects plus extension sites and 

the earliest Round 3 and STW sites 

¶ Wind farms with FID in 2017, which are anticipated to consist of a wide range of projects from Round 3 and STW sites, and 

¶ Wind farms with FID in 2020, which are anticipated to consist of the later phases of Round 3 and STW sites. 

Industry Story 

Four cohesive combinations of market size and supply chain, finance and technology developments are considered as 

representing reasonable boundaries within which the industry is likely to evolve. These are summarised in Figure 2.1. 

 

Figure 2.1 Summary of Industry Stories (taken from Chapter 1 of the The Crown Estate Offshore Wind Pathways report). 
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In total, with four Site Types, four Turbine MW-Classes, four FID dates and four Industry Stories, 160 combinations are 

considered, though discounting the commercial use of larger turbines in earlier years and smaller turbines on some Site Types 

in later years reduces the number of combinations. 

Due to only a marginal anticipated benefit of 10MW-Class Turbines on the lifetime cost of energy at FID in 2020 compared with 

8MW-Class Turbines, and an expectation by developers questioned of a low market share for projects reaching FID in 2020 

using such large turbines, the impact of 10MW-Class Turbines is only discussed qualitatively in the report. See Section 12.5 for 

further discussion of 10MW-Class Turbines. 

A Technology innovation in this context is defined as a substantive change in the design of hardware, software or process. The 

definition is wide and the change may be evolutionary or a breakthrough. It may be a collection of advances with the same 

objective or relate to the development of new technology standards. Examples include the adoption of larger rotors for a given 

turbine rating, the evolution of next generation geared drive trains, or the introduction of a new technology such as direct current 

(DC) generation and collection. 

In contrast, the Supply Chain work stream considers the impact of: 

¶ Asset growth and economies of scale. As capacity increases, cost savings can be achieved through, for example, 

productivity improvements (for example, having more vessels reduces the impact of installation delays as it affords 

increased flexibility) and logistics (for example, if new capacity and its associated supply chain are located closer to the 

market it is possible to minimise transport costs). With increased volumes, economies of scale can be achieved: in 

procurement, through ñlearning by doingò, by standardising processes and protocols reducing the need for more expensive 

bespoke solutions and by increasing the productivity of exiting assets (including manufacturing facilities) by increasing 

volume throughput and run lengths. 

¶ Changes in contract forms/terms. Moving away from lump sum contracts, tightening terms and conditions and 

introducing more appropriate incentive mechanisms may lead to cost reductions. 

¶ Means of managing and pricing uncontrollable risk. Uncontrollable risks include unpredictable weather (sea state and 

wind), ground conditions at the offshore construction site and consequential losses not covered by contract terms. A better 

understanding and apportioning of uncontrollable risk can accrue savings by reducing their impact. 

¶ Increased competition from UK, other European and low cost country players. Greater competition in each of the 

main supply markets (for example, turbines, foundations and installation) will both squeeze margins and increase the drive 

for lower costs. In some supply markets the entry of players from countries such as China, South Korea and India may also 

have a significant impact as their cost bases are significantly lower than their European counterparts due to the lower costs 

of labour and, in some instances, access to lower cost raw materials or cheaper finance. The impact of competition from 

low-cost countries is considered on both the supply of complete wind farm products and key components. 

¶ Vertical collaboration across different tiers in the supply chain. Currently contracts are mainly awarded on a project by 

project basis with most developers letting up to eight major contracts. This can lead to a silo approach without adequate 

recognition and management of the interdependencies between contracts. This often leaves the developer bearing much of 

the ñinterface riskò. Vertical collaboration includes: consolidating procurement contracts and so reducing interfaces, 

contingencies and cost overruns; improving interface management through developing and implementing programme 

management tools; and involving suppliers (such as designers, installers and OMS providers) early in the project life (for 

example, before procurement) in order to design out risk and avoid iterations that can result in cost overruns. 

¶ Increased horizontal cooperation. This involves sharing best practices and facilities and developing joint intellectual 

property among the same tier of the supply chain. It may also involve working together to develop standards and sharing 

between peers (for example, sharing repair vessels among OMS operators). 

It is recognised that there are links between Technology and Supply Chain impacts (for example the introduction of new 

technology has an impact on the competitive landscape) and that there is a continuum of innovations, at some point along which 

there is boundary between what is considered under the Technology work stream scope and what is considered under Supply 

Chain. The examples in Table 2.3 are intended to provide clarification of this boundary between Technology and Supply Chain. 
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Table 2.3 Examples of boundaries between the Technology and the Supply Chain work stream scopes. 

Item Technology work stream scope Supply Chain work stream scope 

Wind turbine gearbox Modifications to designs to improve 
reliability 

Improvements in manufacturing 
efficiency due to increased volumes 

Jacket support structure Substantively new manufacturing 
processes 

New suppliers entering the market 
using improved efficiency and evolved 
manufacturing processes 

Array cable installation New processes or tooling to improve 
installation 

Improving efficiency and avoiding 
errors 

OMS Moving to mother ships supporting fast 
work boats during operation 

Sourcing work boats from low-cost 
suppliers 

 

Although Supply Chain, Finance and Technology issues are closely linked, it is critical to the robustness of project conclusions 

that there are clearly defined boundaries between them. The tools developed for Supply Chain and Technology modelling have 

been designed together, with identical definitions of wind farm elements and results based on the same assumptions in order to 

ensure consistency. 

Throughout the project, information gathered in one work stream and relevant to others has been transferred. In many cases, 

industry participants have provided specific evidence to two or three work streams in parallel. 

2.2.  Project t erminology  and assumptions  

2.2.1. Definitions 

A detailed set of project assumptions was distributed to project participants in advance of their involvement in interviews and 

workshops. These assumptions are provided in Appendix A, and cover technical and non-technical global considerations and 

wind farm-specific parameters. 

The derivation of the LCOE as used in The Crown Estate Offshore Wind Pathways report and the Finance work stream report is 

explained in Section 2 of the Finance work stream report. To consider the impact of technology innovations alone in this report, 

a measure of the LCOE is used, based on a single set of financial assumptions. This is detailed in Appendix A. It is equivalent to 

discounting and annualising the CAPEX spend profile based on a discount rate of 10 per cent, combining this with a constant 

annual OPEX, and dividing by net AEP. This method gives the LCOE for a given project that is within a few per cent of that 

derived in Section 5 of the Finance work stream report. As all mention of the LCOE in this report is relative to a wind farm of 

4MW-Class Turbines on Site Type B with FID in 2011, as presented in Section 4, this simplification introduces negligible 

inaccuracy. 

The definition of scope of each wind farm element is provided alongside the derivation of baseline parameters in Sections 5 to 

11. 

The baseline costs presented are nominal contract values, incorporating supply chain effects typical of late 2011, rather than 

outturn values. Future costs follow the same pattern. The Supply chain work stream report discusses the impact of changes 

within the supply chain on these costs and the Finance work stream report discusses contingency and the impact of risk on the 

lifetime cost. All results presented in this report incorporate the impact of technology innovations only. No benefit is taken here 

of Supply Chain or Finance work stream impacts. 

2.2.2. Terminology 

For clarity, when referring to the impact of an innovation that lowers costs or the LCOE, terms such as reduction or saving are 

used and the changes are quantified as positive numbers. When these reductions are represented graphically or in tables, 

reductions are expressed as negative numbers as they are intuitively associated with downward trends. 

Improvements in reliability are expressed in terms of an absolute percentage change in wind farm availability. For example, if 

availability is improved by one per cent, from a baseline of 95 per cent the resultant availability is 96 per cent. 
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2.3.  Technology innovation modelling  

The basis of the analysis presented here is an assessment of the differing impact of a series of Technology innovations relating 

to each of the wind farm elements on each of these baseline wind farms described, as outlined in Figure 2.2. This section 

describes the methodology for analysis of each innovation in detail. An example is given in Appendix A. 

 

Figure 2.2 Process to derive impact of innovations on the LCOE. 

Initially, more than 200 Technology innovations were identified. During the process of industry engagement, each was 

associated with a given wind farm element and assessed. In some cases, innovations were combined and, in other cases, 

innovations were deemed to relate to Supply Chain rather than Technology. Others were deemed either to have too marginal, 

narrow or uncertain a benefit, or were unlikely to have any impact even on projects reaching FID in 2020. This consolidation 

process resulted in approximately 70 innovations being modelled in detail here. For each of these, a four stage process is 

applied in order to evaluate the maximum potential technical impact of the innovation on the LCOE and then to moderate this 

impact to account for various features of the market in order to derive an anticipated impact under the default Industry Story for 

this work stream, Story 2. At a later stage, the impact of the other Industry Stories is applied, as discussed in Section 12.6. 

Figure 2.3 summarises this process of moderation. 

 

Figure 2.3 Four stage process of moderation applied to the maximum potential technical impact of an innovation to derive anticipated 

impact on the LCOE. 

 

2.3.1. Maximum technical potential impact 

Each innovation may impact a range of different costs or operational parameters as listed in Table 2.4. The maximum technical 

potential impact on each of these is recorded separately, relative to parameters relevant to the FID 2011 baseline wind farm 

most suited to the given innovation. Where relevant and where possible, this maximum technical impact considers timescales 

that may be well beyond 2020, depening on the development time associated wit the innovation. The treatment of the impact of 

technology innovations on risk is discussed in Section 12. The potential impact on the LCOE due to technology innovations that 

change timescales for development and construction activities is considered in the Finance work stream report. 

Frequently, the potential impact of an innovation can be realised in a number of ways, for example through reduced CAPEX or 

OPEX or increased AEP. This analysis considers the implementation resulting in the largest reduction in the LCOE, which is a 

combination of CAPEX, OPEX and AEP. 

Baseline parameters for given wind farm 

Revised parameters for given wind farm 
Anticipated technical impact of innovations for 

given Turbine MW-Class, Site Type and year of FID

Technical potential impact for given 

Site Type, Turbine MW-Class and 

year of FID

Anticipated technical impact 

for given Site Type, Turbine 

MW-Class and year of FID

Maximum technical potential impact of innovation 

under best circumstances

Technical potential impact for a given Site 

Type and Turbine MW-Class
Relevance to Site Type 

and Turbine MW-Class 

Commercial readiness

Market share
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Table 2.4 Information recorded for each innovation. 

Information recorded for each innovation Comment 

Per cent impact on cost of: 

¶ Wind farm development 

¶ Wind turbine nacelle 

¶ Wind turbine rotor 

¶ Support structure 

¶ Array cables 

¶ Wind farm installation 

¶ Operation and planned maintenance 

¶ Unplanned service, and 

¶ Other OPEX. 

A definition of the scope of each is in Sections 5 to 
11. 

Per cent impact on: 

¶ Turbine gross AEP 

¶ Other turbine losses 

¶ Wind farm aerodynamic array efficiency 

¶ Wind farm electrical array efficiency, and 

¶ Wind farm availability. 

A definition of the scope of each is in Sections 5 to 
11. In order correctly to model cumulative impacts of 
innovations, data is actually recorded, for example, 
as a per cent change in wind farm unavailability but, 
for simplicity, all discussion in this document refers 
to absolute per cent changes in availability. 

 

2.3.2. Relevance to Site Types and Turbine MW-Class 

This maximum technical potential impact of an innovation compared with a wind farm reaching FID in 2011 may not be realised 

on all Site Types with all Turbine MW-Classes. In some cases, an innovation may not be relevant to a given Site Type and 

Turbine MW-Class combination. For example, innovations relating to monopiles do not apply to large turbines in deep water, as 

monopiles are not commercially viable in those circumstances, thus resulting in a relevance indicator of zero per cent. In other 

cases, the maximum technical potential may only be realised on some Site Types, with a lower technical potential realised on 

others. For example, using feeder vessels in support structure installation is most applicable to sites far from nearest port, such 

as characterised by Site Type D. In this case, the impact on Site Type B may be 80 per cent of that of Site Type D. In this way, 

relevance indicators for a given Site Type and turbine combination may be between zero and 100 per cent, with (in almost all 

cases) at least one combination having relevance 100 per cent. 

This relevance is modelled by applying a factor specific to each combination of Site Type and Turbine MW-Class independently 

(for example, 4-A, 4-B, through to 8-C and 8-D (12 combinations)). The factor for a given Site Type and Turbine MW-Class 

combination is applied uniformly to each of the technical potential impacts derived above. 

2.3.3. Commercial readiness 

In most cases, the technical potential of a given innovation will not be fully realised even on a project reaching FID in 2020. This 

may be for a number of reasons: 

¶ Long research, development and demonstration period for an innovation, such as DC generation and collection 

¶ The technical potential can only be realised through ongoing evolution of design based on feedback from commercial-scale 

manufacture and operation, such as the development of improved turbine blade pitch control where innovations are part of 

an ongoing process of technical improvement that is likely to continue for a further 20 years or more, or 

¶ The technical potential impact of one innovation is decreased by the subsequent introduction of another, for example, 

increased array cable and switchgear reliability decreases the benefit of loop array cable arrangements. 

This commercial readiness is modelled by defining a factor specific to each year (FID 2014, 2017 and 2020), defining how much 

of the technical potential is available to projects. If the figure is 100 per cent, this means that the full technical potential is 

realised by FID 2020. For many of the innovations modelled here, this is not the case as further progress is expected after this 

point. 

The factor relates to how much of technical potential is commercially ready for deployment in a 500MW wind farm reaching FID 

in the year in question taking into account not only the offering for sale of the innovation by the supplier but also the appetite for 

purchase by the customer. Reaching this point is likely to have required full-scale demonstration. This moderation does not 

relate to the share of the market that the innovation has taken but rather how much of the full benefit of the innovation is 
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available to the market. In Sections 5 to 11, the level of commercial readiness is described as a percentage of the technical 

potential that is available to the market at a given time. 

The methods of recovering technology development costs are discussed in Section 3. 

2.3.4. Market share 

Many innovations are compatible with others, but some are not (for example, innovations relating to monopiles and jackets or 

geared and gearless drive train solutions). Each innovation relating to a given element is assigned to one or more groups of 

complementary innovations and each group is assigned a market share for each Site Type, Turbine MW-Class and year of FID. 

This is a market share of an innovation for a given combination of Turbine MW-Class and Site Type for projects reaching FID in 

a given year. It is not a market share of the innovation in the whole UK or European offshore wind market that consists of a 

range of projects with different Turbine MW-Classes and Site Types. Such a level of analysis is provided in The Crown Estate 

Offshore Wind Pathways report. 

The resulting anticipated technical impact of a given innovation, as it takes into account the anticipated market share on a given 

Turbine MW-Class and Site Type in a given year of FID, can be combined with the anticipated technical impact of all other 

innovations to give an overall anticipated impact for a given Site Type, Turbine MW-Class and year of FID. At this stage, the 

impact of a given innovation is still captured in terms of its anticipated impact on each capital, operational and energy-related 

parameter, as listed in Table 2.3. 

The anticipated impact of each innovation for each Site Type, Turbine MW-Class and year of FID is then applied to the relevant 

baseline costs and operational parameters, to give a set of costs and parameters for each Site Type, Turbine MW-Class and 

FID year combination. These costs are nominal contract values and the operational parameters are assuming the same supply 

chain impacts (for example, competition or contract structure) as for a project reaching FID at the end of 2011, all under Industry 

Story 2. 

To account for the impact of Industry Stories 1, 3 and 4, a uniform delay to all innovations that is specific to each Industry Story 

and year of FID is applied, to reflect the slower introduction of technology, as discussed in Section 12.7. 

These outputs are then factored to account for the impact of the various FID year, Site Type and Industry Story-specific supply 

chain levers explored in Section 3 of the Supply chain work stream report, before use in Section 5 of the Finance work stream 

report, and The Crown Estate Offshore Wind Pathways report. 

2.4.  Industry  engagement  

Industry engagement has been carried out in three phases, with some organisations being involved in all three phases. A full list 

of the 56 companies that were engaged formally and in substantive ad hoc conversations is provided in Appendix D. From 

within these organisations, approximately 120 individuals contributed directly, in many cases supported by input from 

colleagues. The engagement was focused on players with track record in the industry, rather than innovators from outside of the 

sector. The outcome of engagement therefore is an aggregate of experienced industry views, only partially taking benefit of 

experience from players in parallel sectors that may in the future have a key role to play as the offshore wind industry matures. 

2.4.1. Interviews 

The purpose of interviews was to explore in detail potential cost reduction opportunities, steps to realise these opportunities and 

prerequisites to taking these steps. Often this dialogue took many hours over a number of meetings. Interviewees were chosen 

based on their industry track record as well as their potential role in providing innovative solutions in the future. Care was taken 

to engage with technologists and technology cost modellers within organisations with hands-on involvement in the industry, 

recognising that, in some organisations, obtaining detailed information about a wide range of innovations required dialogue with 

more than one representative. 

Three quarters of interviews were undertaken through structured face-to-face discussions; the rest were carried out by 

telephone following the same process. Interviews were mostly conducted under non-disclosure agreements with a documented 

system for determining what information could be shared with The Crown Estate or published. Due to this, in most cases, we 

have not been able to ascribe comments to specific organisations in this report. 

In order to ensure clarity of responses and to capture quantitative and qualitative information, a detailed project briefing and 

interview structure were provided for participants to review in advance of the dialogue. Typically 10 to 20 pages of notes 



  

 

14 
 

 

covering broad, big picture issues and detailed input on specific, defined innovations were prepared and mirrored back to the 

participant for clarification, to address outstanding issues (often involving others within their organisation), and for approval, both 

of its content and the sensitivity of information with regard to onward dissemination. Twenty formal interviews were carried out, 

with the distribution of participants and subject matter as set out below. A number of other interviews were held, addressing 

specific areas of innovation in order to provide supplementary input where this was deemed beneficial. 

  

Figure 2.4 Interviewed organisation by core business sector (design / innovation incorporates technical design consultancies and 

organisations facilitating joint industry innovation projects). 

 

Figure 2.5 Interview scope by wind farm element (includes duplicates if the organisation was qualified to comment on multiple 

elements). 

Overall, we experienced excellent cooperation and open dialogue, with organisations often prepared to do a significant amount 

of pre-and post-interview work. There was a reasonably strong correlation of views relating to many of the innovations likely to 

make the biggest difference over the next 10 to 15 years, though often with diverse views and less certainty expressed about 

the rate of implementation and the maximum technical potential savings achievable. This is not unexpected in a relatively 

immature sector. 

Another feature of interviews was the openness to share ideas on a wide range of innovations. In some cases, estimates were 

based on detailed internal calculations not available to the project; in other cases, they were based on the significant industry-

specific technical experience of the participant and the collective knowledge of their organisation. 

In dialogue with some participants, we benefitted from their detailed modelling of the products currently in development, but 

fewer results were available for the next generation of products. In this case, we used participants to test our assessment of 

cost reduction opportunities. In a number of cases, we were able to use results from participantsô in-house modelling to validate 

or evolve our models. Examples include the following: 

¶ A number of developers provided cost breakdowns for specific wind farms in development or already operating. Others 

provided snapshots of actual operating costs and resulting forecasts for future projects. 
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¶ One turbine manufacturer provided a cost model for support structures based on different turbine parameters and under a 

range of conditions; another ran a series of cost models especially around costs and benefits of different Turbine MW-

Classes, which showed a correlation of models to within one to two per cent for a number of wind farm elements. 

¶ A number of component suppliers used site parameters and other assumptions from the project to present cost 

comparisons relating to specific innovations directly ñin the languageò of the project. 

¶ Others provided time and cost breakdowns for installation activities to assist in building a model in order to evaluate the 

impact of different innovations on installation costs. 

¶ One organisation undertook a specific wake analysis which verified project assumptions about aerodynamic array losses for 

different Turbine MW-Classes. 

The result of engagement via interviews was a part-verified view of well over 100 specific innovations and a reasonable level of 

consensus on key issues and opportunities. Views on the overall technology-related cost reduction opportunities across the 

industry were mixed but rational, A bottom-up aggregation of opportunities led to savings that generally were higher than 

industryôs top-down estimates. The workshops provided a valuable forum for debating this difference and for bringing industry 

challenge to bear on each of the specific innovations discussed in the interviews and their potential impact on the market and 

cost reduction. 

2.4.2. Workshops 

The purposes of the workshops were to test the output from the interviews and related modelling and to facilitate dialogue 

between organisations playing different roles in offshore wind, in order to explore the impact of changes in one wind farm 

element on costs and risks relating to others. Particular attention was given to the interfaces between different activities and 

suppliers. 

Table 2.5 Subject and location of technology workshops. 

Theme Location 

Underpinning issues in 
installation and OMS 

UK 

Turbine and support structure Germany 

Turbine and support structure Denmark 

Turbine and support structure UK 

Installation and OMS UK 

Installation and OMS UK 

Wind farm development UK 

 

Workshops took place in UK, Germany and Denmark in December 2011 and January 2012 and involved about 50 companies, 

with a distribution of core business sectors as shown below. Twenty companies are based in UK, seven in Denmark, six in both 

Germany and the Netherlands, and the rest are based elsewhere in Europe and beyond. 
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Figure 2.6 Workshop attending organisation by core business sector. 

 

Figure 2.7 Workshop attending organisation by wind farm element (includes duplicates if the company attended multiple workshops). 

Attendees were expected to review in advance a detailed project briefing and lists of innovations identified to date and their 

potential impact on the LCOE. 

Typically, the agenda covered project purpose, modelling methodology and reviews of innovations, both including those already 

modelled and those advised in open dialogue by participants. Again, the information that was gathered in the workshop was 

verified and expanded upon by sending the notes of the meeting to participants with a request for further information where 

necessary. 

To the level possible in each workshop, depending on attendees, for a range of innovations the following were discussed: 

¶ Maximum technical potential impact, by element 

¶ Relevance to Site Type and Turbine MW-Class 

¶ Commercial readiness, by year of FID 

¶ Market share, generally on wind farms using 6MW-Class Turbines on Site Type B, by year of FID 

¶ Overall anticipated impact, generally on wind farms using 6MW-Class Turbines on Site Type B, with FID in 2020 

¶ Early signs that indicate progress in implementing the innovation 

¶ Prerequisites for investing in the innovation, and 

¶ Other issues, dependencies and perspectives. 

Generally, we found dialogue in workshops open and constructive, even though it was not carried out under a nondisclosure 

agreement. There was often significant interest in the overall modelling exercise and preliminary results. Dialogue was in some 
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cases wide-ranging and provided a number of relevant additional perspectives, though most evidence supporting quantitative 

results was provided outside the workshop environment. In many cases, participants made new industry connections and 

gained substantive learning in areas outside of (but relevant to) their core business. 

Structured feedback was requested following each workshop. On average, this was received from 30 per cent of attendees, and 

Table 2.6 summarises the overall response. 

Table 2.6 Workshop feedback (Average score 0: Poor, 1: Average, 2: Good and 3: Excellent). 

Question Average 
score 

What did you think of the workshop 
programme & how useful did you 
find the workshop overall? 

2.1 

What did you think of the whole 
group discussion? 

2.5 

What did you think of the 
discussions relating to innovations? 

1.9 

 

Output from workshops consisted of notes, actions that have since been closed, and a revised presentation capturing the 

changes in model inputs agreed. 

2.4.3. Verification 

Following the aggregation of information received in workshops and through dialogue after workshops, we prepared an early 

draft report. Specific sections of this report were issued for peer review. All sections were reviewed by at least two industry 

contacts that had both been involved in the project and have specific expertise in the area under review. In total, approximately 

20 companies with core business sectors covering all the elements above provided feedback during this detail verification 

activity. 

In general, feedback supported the findings and in many cases provided further supporting data or information. Inevitably, there 

were a range of views on some innovations and care was taken to balance these in redrafting the text while ensuring that the 

points raised were included even if the judgement of the impact of an innovation was unaltered. 

2.5.  Treatment of risk  

Risk is treated in a holistic manner between work streams and Section 4 of the Finance work stream report contains a detailed 

exposition. New technology development generally has a long-term beneficial impact on risk but, in the short term, its 

introduction and any changes in related processes may add uncertainty. 

The key areas where changes in risk due to technology developments are modelled relate to installation, operation and energy 

assessment relating to wind speed. Information regarding risk is passed to the Finance work stream through input to the 

definition of P10:P50:P90 ratios. A summary of changing risk due to technology-related activities under each Industry Story is 

provided in Section 12.7. 

2.6.  Treatment of health and safety  

The health and safety of staff working on both onshore and offshore operations is of primary importance to The Crown Estate 

and the wider offshore wind industry. As part of the cost reduction pathways study, The Crown Estate initiated a process 

designed to identify the relative impacts on health and safety performance in the future from the cost reduction measures put 

forward. This was carried out in a consistent manner within each of the three work streams: information captured in the 

Technology interviews and workshops were subsequently passed to a specialist consultant, PMSS, for collation and analysis. 

From a technology perspective, the engagement with industry was intended to incorporate into the cost of innovations any 

mitigation required in order to at least preserve existing levels of health and safety. Although difficult to quantify whether fully 

captured in the assessments, in some cases, for example, relating to offshore operations, preserving similar levels of health and 

safety limited the envelope of innovations modelled. Many of the innovations that are considered to reduce the LCOE over time 

have an intrinsic benefit to health and safety performance, for example: 
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¶ The increased rated capacity of turbines, hence fewer turbines to transfer per gigawatt installed 

¶ The increased reliability of turbines and hence fewer transfers to turbines and less time working in the offshore 

environment, and 

¶ Condition monitoring / remote diagnostics, which provide a more effective and proactive service and hence result in fewer 

complex retrofits. 

Some of the technology-related drivers and issues raised during industry engagement are discussed in more detail in the 

following chapters: a summary of the main themes arising out of all the three work streams and their impact (positive, neutral or 

negative) is provided in the companion report, Health and Safety Review. 
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3.  Technology development lifecycle  

This section discusses typical technology development lifecycles in offshore wind, reflecting on the impact of these on reducing 

the LCOE. It focuses on wind turbines, as these have the longest development life cycle and the greatest impact on lifetime 

costs. 

3.1.  Wind turbines  

The typical development lifecycle for a wind turbine consists of a number of stages, as shown in Table 3.1. In moving from each 

stage to the next, it is normal to have a gate review at which it may be decided to halt development or change the scope, pace 

or direction of development. 

The decision to develop a new turbine is driven by the opportunity to gain a competitive advantage by reducing its lifetime cost 

for customers. Due to the long development cycle, the reduction needs to be quite significant (at least 10 per cent) to justify 

investment in a new design instead of stepwise improvement of an existing design through supply chain and individual 

component innovations. 

There is a strong history of cost reduction in the wind industry onshore, linked to innovation and new product introduction, 

including larger turbines. For example, see the trends discussed in the United States Department of Energy 2010 Wind 

Technologies Market Report published in June 2011.
4
 

  

                                                           

4
 2010 Wind Technologies Market Report, U.S. Department of Energy, June 2011, available online at 

www1.eere.energy.gov/wind/pdfs/51783.pdf, accessed May 2012. 

http://www1.eere.energy.gov/wind/pdfs/51783.pdf
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Table 3.1 Typical development life cycle for a wind turbine. 

Development 

stage 

Typical scope 

Concept design This covers the development of a design basis and basic turbine parameters and a justification of 

the business case. It defines the test, certification and supply chain plans. 

Detailed design A detailed load and stress analysis and development of a full set of drawings, specifications and 

manuals enables purchasing, installation and operation of the prototype turbine. There may also 

be a third-party design approval element of type certification. 

Prototype 

turbine testing 

and certification 

The procurement, assembly, installation and operation of a prototype turbine is either funded by 

the wind turbine manufacturer, or by a developer specifically for test purposes. The prototype is 

most likely installed onshore as this lowers the cost and enables easier access, so it has less 

downtime compared with offshore. In UK, SSE Renewablesô Hunterston site with three turbine 

locations is one of very few sites identified for onshore prototyping of  very large offshore 

turbines. It is generally viewed that any differences in wind conditions offshore and onshore are 

of low importance in verifying the turbine design. Where offshore demonstration is most useful is 

in consideration of the dynamic interaction between the turbine and support structure and how 

this impacts turbine control. 

 

It also covers: 

¶ Component-level testing (for example of blades and drive train). 

¶ On-site load and performance measurement. 

¶ Third-party type certification. 

 

Generally, the characteristics of attractive prototype and demonstration sites, in addition to 

planning consent and grid connection are seen as: 

¶ High average wind speed. Hours in operation with above rated wind speeds, especially 

towards cut-out wind speed, are ideal for proving new turbines. Key activities on a prototype 

turbine, with associated ideal wind speeds include: 

¶ Commissioning and early turbine functional testing, which needs winds of 6 to 15 

m/s 

¶ Safety testing, which needs winds of 6 to 20 m/s 

¶ Noise measurements, which need winds of 6 to 10m/s 

¶ Power curve measurements, which need winds of 3 to 20 m/s 

¶ Controller tuning and loads measurements, which need winds of 6 to 25 m/s, and 

¶ Rapid fatigue life accumulation, which needs winds of 10 to 25 m/s. 

¶ Reasonable logistics access. This is important not only to facilitate installation but also in 

case of a major component exchange during its early operation. There is also value in 

prototypes being located sufficiently close to the key engineering bases of manufacturers. 

¶ Clean topography. Measurement campaigns in particular are to be run for type certification, 

as local topographical conditions need to meet specific requirements. 

Demonstration 

turbines 

A number of demonstration turbines are supplied and operated, likely with some onshore and 

some offshore to demonstrate the turbine / support structure interaction. 

There may be some element of public funding, which is below market pricing and technical rather 

than normal commercial scrutiny at FID. 

Early 

commercial 

turbines 

This refers to the supply and operation of a first commercial offshore wind farm that may have 

smaller number of turbines than full commercial scale farms. 

A smaller proportion of risk resides with the asset owner than in a full commercial project, though 

the terms of such arrangements are often opaque and, externally, the project may seem fully 

commercial. 

 

Typically, FID on such a project may be reached after about three years of operational 

experience on a prototype turbine (15 per cent of design life) on a high-wind speed site. A 

customer would also anticipate at least 15 turbine-years experience across a fleet of 
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Development 

stage 

Typical scope 

demonstration turbines. Acceptable pedigree is also dependent on: 

¶ The experience of the wind turbine manufacturer and of its main component suppliers, 

including the operational track record of other turbines 

¶ The quality and extent of testing, including the harshness of test site conditions and the 

performance of the company in addressing issues relating to reliability 

¶ The risk involved in new designs, relating to the extent of changes in scale and technology 

compared with previous designs, and 

¶ The financial strength and commitment of the turbine manufacturer. 

 

The most significant series defect in offshore turbines to date was a drive train defect that led to 

the withdrawal of the Vestas V90-3.0MW turbine from the offshore wind market between early 

2007 and May 2008. By the point of withdrawal, there had already been over four years 

operational experience on a prototype turbine and over 100 turbine-years experience across the 

fleet, including over 30 turbine-years offshore. This shows that, though the pedigree requirements 

reduce risk, they in no way guarantee reliability and it is anticipated that testing and verification 

requirements for new products will be increased over the next few years in response to 

experience from operating wind farms. 

Full commercial 

implementation 

This refers to the supply and operation of offshore turbines in quantity, to date with sales life 

significantly longer than for onshore turbines due to the length of the wind farm development 

cycle offshore. 

Upgrade models 

during product 

life time 

Most turbine manufacturers incorporate incremental design improvements in specific components 

in new upgrade model releases of a given turbine. In some cases, existing turbines will be 

retrofitted with these improvements. 

Most of the innovations discussed in Sections 6 and 7, such as those relating to turbine concept, 

nacelle layout or major component design will be introduced on a new wind turbine model, rather 

than on an upgrade model. 

Introduction of 

variants 

Frequently, once commercial operating experience has been obtained with a given turbine, one 

or more variants will be developed. An example of this is the development of Siemens SWT-3.6-

120, with larger rotor than the original SWT-3.6-107. Such variants, though requiring full type 

certification, are considered of lower risk than a new turbine platform, and can extend the sales 

life of a turbine model considerably. Design changes may be limited to specific components or 

may affect most key components in some way. 

 

Historically, the timescales for introducing new turbines has varied quite considerably. Typical timescales and an approximate 

indication of cumulative cost are presented in Figure 3.1. Based on industry feedback, development costs (including those 

incurred by the wind turbine manufacturer for new production facilities, but excluding supply chain investment) typically range 

from ú200 to ú500 million for a 6MW to 8MW-Class Turbine, depending on the scope of in-house supply and the scale of early 

production plans. This equates between about two to six per cent of lifetime revenue, depending on scope and product sales. 

The key decision points in terms of spend committed are at the start of the prototype turbine testing and certification stage and, 

after some operating experience, at the point commitments are made to new manufacturing facilities and tooling for series 

production. 
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Figure 3.1 Summary of typical timescales and cumulative spend on new offshore wind turbine development. Diamonds indicate first 

turbine installation in stage. 

A large wind turbine manufacturer employs a large engineering team, which it treats as an overhead cost. When deciding on a 

new product, it will look at the existing and upcoming product landscape and compare which new products are the most likely to 

provide best future earnings. It will assess the resources required both to develop the product and mature it, but the price it will 

actually realise is based on its ability of projects to pay and the level of competition for that product, rather than any function of 

development cost. A sales lifetime of seven or more years is expected, augmented by the release of variant turbines, such as 

one with a larger rotor diameter. Depending on the changes in scale of the turbine design, a manufacturing facility may be used 

for one or more turbine designs. Currently, we have a larger investment hurdle for a number of existing and potential future 

offshore wind turbine manufacturers, as they require for the first time a move to new coastal facilities in order to assemble and 

dispatch such large turbines with efficient logistics. 

It is not only wind turbine manufacturers that have to invest to supply new turbines. It is common that key components suppliers 

also need to invest, both in the parallel development of components and in manufacturing capability. Typically, a wind turbine 

manufacturer will work with a single supplier with an existing supply relationship in developing a component for early turbines, 

with additional suppliers being integrated during or after the demonstration turbines stage. 

It is relevant to note in considering investments by wind turbine manufacturers that some development and facility costs may 

only yield returns from the offshore market while others may also apply onshore. The development of other elements or of 

components within a wind turbine costs may be relevant to other sectors, but development costs for many large components 

such as blades, gearboxes and generators are quite offshore-wind specific. 

3.2.  Other elements  

The technology development lifecycle for other elements varies quite considerably. Notable examples are discussed below. 

Support structures 

Two specific cases are relevant for support structures: the novel concept development and the evolution of existing designs. In 

both cases, this technology development may be driven by: 

¶ The development of projects in deeper water with more challenging metocean conditions or different sea bed types 

¶ The introduction of turbines with greater top tower mass and rotor diameter, or 

¶ The incorporation of support structure innovations to reduce the LCOE. This may be focused on streamlining the 

manufacturing or installation processes or reducing the amount of steel that is required. 
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The first case is where there is a significant step change in the design concept. There are few (if any) truly novel concepts for 

offshore support structures available but there are many that have been used in the oil and gas sectors that have not yet been 

used in offshore wind. There are key differences between the two sectors that are of importance: offshore wind structures have 

to withstand more dynamic loading, and are required in higher volume and with more optimised designs. 

Novel offshore wind foundation designs have tended to originate in specialist engineering consultancies or start-up companies. 

Following early stage assessments, promising designs have then tended to be picked up by large companies with greater 

financial backing and/or fabrication capability. For example, Keppel Offshore & Marine acquired a large stake in jacket designer 

OWEC Tower, DONG Energy (and now Fred. Olsen) have owned majority shares of Universal Foundation (formerly MBD 

Offshore), which is developing a suction bucket, and Seatower, who developed a concrete/steel gravity base foundation, has 

partnered with leading offshore wind civil engineers MT Højgaard. 

A number of novel foundation designs have supported meteorological stations installed during the development stage of a wind 

farm. For example, Keystone Engineering has developed a twisted jacket foundation design that been scrutinised through the 

Carbon Trust Offshore Wind Accelerator programme and was selected by Mainstream Renewable Power for this purpose. 

While this use provides information on the manufacturing and installation processes of the structure, feedback from industry 

suggests that this type of demonstration does not provide sufficient evidence to fully justify use in commercial quantities. This is 

because it is not built at full scale and is not subject to the dynamic loadings of a turbine. Such activity is therefore seen as a 

stepping stone to a full-scale demonstrator. 

For full-scale demonstration, a test site is required and this has typically required involvement of a major utility/developer. For 

example, SSE Renewables was a key partner in the Beatrice Demonstrator project using jacket foundations for the first time in 

offshore wind and RWE and EDF Energy were partners in the Thornton Bank Phase I project using concrete gravity bases. 

Examples of future demonstration projects include DONG Energy installing two Siemens 6MW turbines at Gunfleet Sands , 

planned for late 2012, Vattenfall as the lead partner of the 11-turbine European Offshore Wind Deployment Centre off 

Aberdeen, Narecôs 100 MW site to test and demonstrate up to 20 next generation offshore wind turbines and associated 

infrastructure,  and the agreement between DONG Energy and Vestas to demonstrate the new V164-7.0MW turbine at a site off 

Frederikshavn in Denmark. 

It is expected that most of the key demonstrator sites available today will be allocated in 2012 or 2013 with installation in 2014 

or 2015. Depending on the novelty of a design, some anticipate that a single demonstrator is sufficient to allow early commercial 

use while others expect to see a larger demonstration project, such as the Alpha Ventus project, consisting of two times six 

turbines. 

For designs that involve a novel sea bed connection, such as suction buckets, it is expected that demonstrator projects will need 

to prove the behaviour of the foundation under dynamic turbine loading over a period of at least two years. A further challenge is 

that there may still be concerns about locating such a design in different seabed conditions to those in which they have been 

demonstrated. 

Historically, there has been a gap of several years between the successful demonstration of a foundation design and its first 

commercial use. For example, OWEC Tower began the development of its Quadrapod jacket design in 2001. The first full-scale 

construction and installation of two foundations was in 2006 at the Beatrice Demonstrator Project. This was followed by a further 

six at the German Alpha Ventus project in 2009 and it was not until 2010 that the first fully commercial project, Ormonde, was 

installed.  

Feedback from industry suggests there is strong pressure to reduce this lag through close cooperation between the design 

teams of suppliers and developers so that project planning can start before the completion of trial and full-scale production can 

start much more quickly, potentially within a year or two. 

Where an existing design is in place, an evolution may be required to meet new requirements. In contrast to turbines, designs 

are typically project-specific so the development cycle is short. Costs are either paid separately or incorporated into the sales 

price for a batch of foundations. 

It is believed that future development cycles for the evolution of the OWEC jacket design and the introduction of other jacket 

types will be considerably quicker than that describe above. This is because the quadrapod was a novel design for the offshore 

wind industry when it was first proposed and required significant demonstration before the industry was confident of its long-

term performance. There was also little commercial demand for foundations for 5MW turbines during the development period for 
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OWEC designs. A range of variations on the jacket theme have been proposed in recent years and are likely to be accelerated 

through to commercial readiness in order to meet the growing market demand. 

Early design stages are inexpensive with more advanced designs often receiving public support through grant programmes or 

enabling bodies like the Carbon Trust. Full-scale demonstration projects have typically required public funding to proceed, such 

as the Environmental Transformation Fund (ETF) in the UK. An example of this is the European Offshore Wind Deployment 

Centre in Aberdeen Bay, which received a grant award of up to ú40 million Euros from the European Union. 

In terms of investment in manufacturing facilities, early projects have been built in existing oil and gas fabrication yards which 

have required relatively little investment. Feedback from industry suggests that investment in advanced, large-scale 

manufacturing facilities is likely to range from £50 million to approximately £160 million for a throughput of about 100 units per 

year. Feedback is that such investment will not be speculative with some companies suggesting that a firm pipeline of two to 

three large commercial scale projects may be sufficient given confidence in wider industry progress while others would require 

commitment for up to five years of production. 

Array cables 

The underlying technology used in array cables is well established and has been developed over a long period of subsea cable 

supply. Innovations in array cables generally require evolution and optimised specification of products already developed for 

other applications. 

For innovations such as introducing cables at a higher operating voltage or with alternative core material, most manufacturers 

may have provided similar products for other applications. The development cycle consists of modifying design features to meet 

specific offshore wind design requirements and then undertaking a limited production run to enable product certification and 

testing prior to full production. 

Cable manufacturers will take the decision to develop new products based on market and customer demand. Initial design 

studies determine the potential for cost reductions and, with the necessary indicators of acceptance from the market, product 

development and production can take place. Taking a new product from concept to certification typically takes two years so 

decisions to use a new product on a wind farm should therefore be made around the date of FID. Scales of investment for new 

products are approximately £100,000 for initial feasibility studies and design and about £1 million for initial product runs and 

certification. Where similar products do not exist within the product catalogue of a cable manufacturer, levels of investment 

could be significantly higher. 

Installation 

Innovations in installation are primarily linked to the introduction of new vessels, driven by the trend away from the use of 

monopile foundations towards space frame structures such as jackets and by the benefits from working in a wider range of 

weather conditions. 

For turbine installation vessel designs, there is a degree of certainty over the turbine size and technology, and ship designers 

such as GustoMSC and Wärtsilä have developed designs for turbine installation jack-ups, a number of which are entering 

service in 2012. This is less true for foundation installation and, while the vessels will probably be floating, heavy lift vessels, 

there are fewer concepts under development. It is likely that the foundation installation fleet in 2020 will include a mixture of new 

build vessels and modifications of existing vessels from other sectors. In both cases, investment is hampered by the lack of 

market clarity on required specifications, due to uncertainty about what vessels will be installing and what the optimum 

installation method(s) will be. 

The lead time from vessel investment decision to operation is typically three to four years. For example, following the success of 

the Resolution, MPI Offshore decide to construct two new, larger jack-ups in 2008, and it took delivery of MPI Adventure and 

MPI Discovery in March and November 2011 respectively. In May 2007, Master Marine engaged Labroy Shipyard in Batam, 

Indonesia, to construct the jack-up Nora, which was subsequently contracted to install turbines at Sheringham Shoal starting in 

January 2011. The contract was cancelled when it became apparent that the vessel would not be ready in time. 

There is a shorter lead time for conversions. A2SEA reported in November 2011 that its proposed venture with Teekay to 

convert a supertanker into a foundation installation vessel was at the engineering stage and that the vessel would be completed 

in 2013, ready for service in early 2014. Given the shorter lead time for vessel conversions, it is likely that the first bespoke 

offshore wind foundation installation vessels available to the market will be such modified vessels. There are a significant 

number of tankers no longer suitable for oil transport which could be available to the offshore wind sector. 
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For innovative installation equipment or processes such as blade lifting systems, sea fastenings or cable pull-in processes, lead 

times are lower than typical times from contracting to construction. 

The development of facilities for the manufacture and installation of CGBs has an additional barrier in that developers view the 

practical application of CGBs for 500MW projects as unproven and are likely to look for a significant demonstration project of at 

least 10 turbines before committing to the technology. If a demonstration site was contracted in 2012, construction could be 

achieved in 2014. Unlike turbine demonstration projects, customers of CGBs are more concerned with the logistical issues 

surrounding fabrication and installation and suppliers are optimistic that investment in a full-scale facility could follow 

immediately after the demonstration installation and be ready to supply a full-scale project 12 months later. This could only be 

achieved, however, if a customer was prepared to commit ahead of the demonstration. Where the concrete gravity base is 

being used as part of a float-out-and-sink turbine and support structure installation, the investment for the demonstration site is 

higher as the process requires that a bespoke vessel be constructed. 

3.3.  Returns on  technology development  

Returns are made by the supplier at a rate dependent on the level of competition it faces. In this report CAPEX and OPEX are 

not adjusted to account for this. This is equivalent to arguing that the margins introduced to recoup these costs today will 

continue in the future. Any change to this position will be a function of the competitive landscape for a given area of supply, and 

hence falls within the scope of the Supply Chain work stream. 

3.4.  Prerequisites  

The key prerequisite for new investment in innovations is the confidence in a growing and sustainable market. This may come 

from assurance through framework contracts or similar or through the strength of a number of geographic or sector-specific 

markets relevant to the investment. The availability of test and demonstration sites is especially key in accelerating the de-

risking of the introduction of new turbine designs, but also in bringing to market novel support structures. For turbines and 

support structures, the availability of coastal manufacturing and assembly sites is critical. Innovation in a number of areas is 

hampered by lack of early collaboration and data sharing, though it is recognised that, for an immature sector, such sharing 

currently is often complex to implement even if agreed as desirable by all parties. 

Important in facilitating the uptake of new designs is flexibility in the planning process to allow developers to delay technology 

choices until after consent. 

Prerequisites are discussed in more detail in Section 14. 
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4.  Technology b aselines 

The modelling process described in Section 2 is to: 

¶ Define a set of baseline wind farms and derive costs, reliability and energy production parameters for each 

¶ For each of a range of innovations, derive the anticipated impact on these same parameters, specifically for each baseline 

wind farm, for a given year of FID, and 

¶ Combine the impact of a range of innovations to derive costs, reliability and energy production parameters for each of the 

baseline wind farms for a given future year. 

This section summarises the costs and other parameters for the baseline wind farms. The derivation of these is provided in 

Sections 5.2 to 11.2. The baselines were developed using models covering each element, the structure, inputs and outputs of 

which were verified by a range of industry players. 

Based on the data received, it is recognised that there is significant variability in costs between projects, due to both Supply 

Chain and Technology effects, even within the portfolio of a given wind farm developer. Drawing out trends from such data 

would be misleading unless supported by a good understanding of underlying costs based on element-by-element modelling. It 

is also recognised that one playerôs view of current state-of-the-art can be quite different from anotherôs, both in terms of 

technology and, for example, material costs. Care has been taken not to derive baselines dominated by input from any 

particular player. 

The baseline costs presented are nominal contract values, rather than outturn values, and are for projects reaching FID in late 

2011. As such, they incorporate real-life supply chain effects such as the impact of competition and vertical collaboration. The 

Supply chain work stream report discusses the impact of changes within the supply chain on these costs and Section 4 of the 

Finance work stream report discusses contingency and the impact of risk on lifetime cost. All results presented in this report 

incorporate the impact of technology innovations only. No benefit is taken here of Supply Chain or Finance work stream 

impacts. Discussion of the historical trend in costs is presented in The Crown Estate Offshore Wind Pathways report. 

It is assumed that the first 6MW-Class Turbines will be commercially available to the market for projects with FID in 2014 and 

that 8MW-Class Turbines will follow for FID in 2017. ñCommercially availableò means that it is technically possible to build such 

turbines in volume and that they have been sufficiently prototyped and demonstrated so they have a reasonable prospect of 

sale into a 500MW project. No assumptions are made in this report about the market share of these products. 

As shown in Figure 4.1, baseline wind farms that represent the envelope of projects anticipated to be installed in the UK over 

the next 12 years or so are generally outside the envelope of projects installed to date. This both illustrates the challenge faced 

by the sector in constructing these projects and the importance of deep industry engagement in order to obtain input data to 

models within this project. 

To date, most projects have been installed in water depths and distances to port similar to or less than those of Site Type A. 

Some projects such as Greater Gabbard have been built in conditions similar to those of Site Type B but only one demonstrator 

project, the Beatrice Demonstrator Project, has been installed in water depths similar to those of Site Type C. Projects in the 

Greater Wash off the east coast of England have seen turbines delivered to site from Esbjerg up to 600km away, although this 

is not considered to be a sustainable solution, especially as UK port capacity develops. Of operating wind farms, Greater 

Gabbard has the greatest distance to its operations port, which is more than 60km away in Lowestoft. This is still significantly 

closer than Site Type D. 
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Figure 4.1 Comparison of key parameters of baseline wind farms with those of wind farms installed to date (bubble size reflects wind 
farm rated output; label reflects Site Type where relevant) (2012 estimated). 

The baseline CAPEX, OPEX and AEP parameters for baseline wind farms are summarised in Table 4.1. It is important to note 

that, for example, 4-A refers to a wind farm using 4MW-Class Turbines on Site Type A. Net capacity factor is defined as the ratio 

of net AEP to the theoretical gross output of the wind farm, were it to operated at the maximum rated output from all turbines 

constantly for one whole year (for example, 8766MWh/yr/MW). 
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Table 4.1 Baseline parameters (construction phase insurance, contingency, operating phase insurance and transmission charges 

refer to Industry Story 2 and are the values for FID in 2020). 

Type Parameter Source
5
 Units 4-A 4-B 4-C 4-D 6-A 6-B 6-C 6-D 8-A 8-B 8-C 8-D 

CAPEX Project up to FID 5 £k/MW 47 47 48 50 44 44 44 47 42 42 43 44 

Project from FID to 
WCD 

5 37 37 38 39 34 35 35 37 33 33 34 35 

Construction phase 
insurance 

Finance 40 40 44 44 40 40 45 45 38 38 43 43 

Turbine nacelle 6 632 632 632 632 671 671 671 671 733 733 733 733 

Turbine rotor 7 393 393 393 393 465 465 465 465 518 518 518 518 

Support structure  
(inc. tower) 

8 551 690 795 693 551 622 692 624 558 612 665 615 

Array cables 9 80 81 83 81 78 80 82 80 75 76 78 76 

Foundation 
installation 

10 232 371 389 497 251 260 277 350 212 213 228 271 

Turbine installation 10 102 102 103 136 89 89 90 103 75 76 77 88 

Array cable 
installation 

10 138 138 138 159 97 97 97 112 77 77 77 88 

Contingency Finance 219 247 259 266 225 233 243 246 229 235 242 244 

Total  
(inc. contingency) 

 2,473 2,781 2,924 2,993 2,548 2,638 2,744 2,782 2,595 2,659 2,741 2,759 

OPEX  
(outside 
warranty) 

Operation and 
planned 
maintenance 

11 £k/MW/ 
yr 

26 27 28 31 21 22 23 26 20 20 21 24 

Unplanned service 11 53 55 57 64 44 45 46 53 41 42 43 49 

Other 11 2 2 2 2 2 2 2 2 2 2 2 2 

Operating phase 
insurance 

Finance 14 14 18 18 16 16 20 20 17 17 18 18 

Transmission 
charges 

Renewable 
UK 

69 69 69 133 69 69 69 133 69 69 69 133 

Total  164 167 173 249 151 153 159 233 147 149 152 226 

AEP Gross AEP 7 MWh/yr/ 
MW 

4,288 4,520 4,683 4,834 4,384 4,613 4,772 4,920 4,453 4,679 4,836 4,981 

Wind farm 
availability 

11 % 95.0 95.0 95.0 95.0 95.0 95.0 95.0 95.0 95.0 95.0 95.0 95.0 

Aerodynamic array 
losses 

5 9.5 9.0 8.5 8.0 9.0 8.5 8.0 7.5 8.5 8.0 7.5 7.0 

Electrical array 
losses 

9 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Other losses 7 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 

Net energy 
production 

 MWh/yr/ 
MW 

3,482 3,691 3,844 3,991 3,580 3,787 3,939 4,084 3,656 3,862 4,013 4,156 

 Net capacity factor  % 40 42 44 46 41 43 45 47 42 44 46 47 

DECEX Decommissioning 10 £k/MW 355 458 473 595 328 334 348 424 273 275 287 335 

 

                                                           

5
 ñSectionò refers to the section number in this report, the Finance work stream report or RenewableUKôs Potential for offshore transmission cost 

reductions. 
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For the purposes of LCOE modelling, The Crown Estate Offshore Wind Pathways report assumes a fixed value of £150,000 per 

megawatt for project costs to FID reflecting the market value of a consented project. Pre-FID CAPEX within the Technology 

work stream report is taken as a fixed proportion of the total modelled wind farm development CAPEX, excluding the 

implications of market value. This equates to about £45,000 per megawatt, depending on the impact of innovations, Site Type 

and Turbine MW-Class. 

The cost of construction and operating phase insurance and the percentage CAPEX contingency both for the baseline wind 

farms and for wind farms reaching FID in different years and in different Industry Stories are derived in Section 5 of the Finance 

work stream report. They are incorporated here in order for the LCOE figures presented in this report to reflect the full cost base 

of an offshore wind farm. Similarly, transmission charges are discussed in the companion report, Potential for offshore 

transmission cost reductions, derived in The Crown Estate Offshore Wind Pathways report and incorporated here. The benefits 

of innovations over time that are presented in Sections 5 to 12 do not incorporate any change in these externally supplied 

values. 

 

Figure 4.2 Baseline CAPEX by element (insurance and contingency not shown). 

 

Figure 4.3 Baseline OPEX and net capacity factor (insurance and transmission charges not shown). 

Discussion of the trends in baseline parameters is incorporated at their derivation in Sections 5 to 11. Section 5 also presents 

the timing profile of CAPEX and OPEX spend which is important in deriving the LCOE. 

These baseline parameters are used to derive the LCOE for the 12 baseline Site Type and Turbine MW-Class combinations. In 

considering the impact of technology innovations, it is instructive to understand the baseline contribution of each element to the 

lifetime cost. A comparison of the relative LCOE for each of the baseline wind farms is presented in Figure 4.4. 

A wind farm of 4MW-Class Turbines benefits from the use of monopile foundations on Site Type A, contributing to the lower 

LCOE compared with the other Site Types. This option is considered by industry as of only marginal benefit, if any, at Site Type 

B and is not feasible at Site Type C. The LCOE for wind farms on Site Types B and C are similar, with the additional CAPEX 

due mainly to increased support structure costs, offset by increased AEP due to higher average wind speeds. 
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The trend at 6MW and 8MW-Class Turbines is of lower LCOE with the change in Site Type from A through B to C. This is 

because of the decreased contribution of support structure costs for larger turbines, the term that increases most strongly with 

water depth, matched by the increased contribution of turbine costs, a term that does not change with water depth. 

For reference, the LCOE derived in Section 5 of the Finance work stream report for a wind farm of 4MW-Class Turbines on Site 

Type B reaching FID in 2011 is £143/MWh. This wind farm is chosen as the reference as 4MW-Class represents the turbines on 

the market in 2011 and wind farms will be installed on sites characterised by the conditions associated with Site Type B 

following FID in 2011 and 2020. 

 

Figure 4.4 Relative LCOE for baseline wind farms.
6
 

The relative contribution of the cost of each wind farm element to the LCOE for baseline wind farms is compared in Figure 4.5. 

This shows the trend of an increasing contribution of turbine CAPEX (excluding tower) and a decreasing contribution of 

installation to the LCOE, with increasing Turbine MW-Class. It also shows the increased importance of OPEX for Site Type D 

and the increasing importance of support structures with deeper water. 

 

                                                           

6
 CAPEX calculations include the construction phase insurance and contingency, which are fixed to FID in 2020 levels. Contingency is defined 

as a percentage of all other CAPEX (excluding insurance) and it is this percentage that is fixed to FID 2020 levels rather than the absolute 

value. 
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Figure 4.5 Relative contribution to the LCOE for each element baseline wind farms.
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5.  Innovations in wind farm development  

5.1.  Overview  

It is anticipated that innovations within the wind farm development element will reduce the LCOE by approximately 1.5 to two 

per cent between projects with FID in 2011 and 2020 for a given Turbine MW-Class and Site Type. Figure 5.1 shows that the 

savings are generated mainly through reduced CAPEX, but also through modest reductions in OPEX and increases in AEP. 

The aggregate impact of innovations in this element is actually to increase spend on wind farm development marginally but, 

through this, to enable reduced costs of other elements of the wind farm, primarily the support structure and installation. Though 

the cost of the technology development relating to this element is relatively low, progress will be limited unless there is sufficient 

confidence in a pipeline of projects enabled by an effective consenting process, robust OFTO arrangements and reasonable 

project economics. Developers also need to realise the opportunity of the additional value created by increased spend early in 

the project lifecycle. 

 

Figure 5.1 Anticipated impact of wind farm development innovations by Site Type and Turbine MW-Class in FID 2020, compared with 

wind farm on the same Site Type with the same Turbine MW-Class in FID 2011.
7
 

Total CAPEX reductions increase from Site Type A through to Site Type D, due to the increased applicability of some of the 

innovations for sites further from nearest port or in deeper water. The benefit of introducing floating meteorological stations, for 

                                                           

7
 Negative values indicate a reduction in the item and positive values indicate an increase in the item. CAPEX calculations include the 

construction phase insurance and contingency, which are fixed to FID in 2020 levels. Contingency is defined as a percentage of all other 

CAPEX (excluding insurance) and it is this percentage that is fixed to FID 2020 levels rather than the absolute value. OPEX calculations include 

annual transmission charges and operating phase insurance, which are fixed to FID in 2020 levels. All OPEX figures are per year, from year 

six.The LCOE calculations are based on the CAPEX, OPEX and AEP values presented. This is in order to present accurate relative cost 

changes while only showing the impact of technology innovations. Appendix C provides data behind all figures in this report. 

Site Type A Site Type B Site Type C Site Type D

Source: BVG Associates
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example, is greatest for Site Type C where the cost of a standard founded meteorological station is highest due to deepest 

water. 

CAPEX cost reductions decrease as turbine size grows because of the relative increase in the proportion of CAPEX 

represented by the wind turbine. This cost is unaffected by innovations in wind farm development as, unlike support structures 

and array cable arrangements, turbines are not designed for project-specific conditions. 

The increase in AEP reduces both as turbine size grows and from Site Type A through to Site Type D. This is because the 

impact of innovations giving a relative decrease in aerodynamic array losses is less for sites with fewer turbines and higher wind 

speeds, where the baseline aerodynamic array losses are typically lower for the same nominal array spacing. 

The largest impact of innovations in wind farm development on the LCOE is seen for Site Type C. In this case, the innovations 

that reduce the cost of installation have a larger impact due to the higher installation baseline CAPEX for Site Type C, which has 

the deepest water. 

The contribution of innovations in wind farm development to the reduction in the LCOE in going from a wind farm using 4MW-

Class Turbines on Site Type B in 2011 to 6MW-Class Turbines on the same site in 2020 is anticipated to be about two per cent. 

Figure 5.2 shows that the largest savings from innovations in wind farm development are available from advances in wind farm 

design methodology and tools. These enable cost reductions in many other elements as well as reduce costs for the wind farm 

development activities themselves. A number of commentators from companies engaged in wind farm development activities 

indicate that the potential cost reductions arising from innovations in wind farm development could be even higher than those 

presented here. 

 

Figure 5.2 Anticipated and potential impact of wind farm development innovations for a wind farm with 6MW-Class Turbines on Site 

Type B with FID in 2020, compared with a wind farm with 4MW-Class Turbines on the same Site Type with FID in 2011.
7
 

The two key innovations in wind farm development that give rise to the largest anticipated cost of energy reductions are greater 

levels of optimisation during Front End Engineering and Design studies (FEED) and introducing multi-variable optimisation of 

array layouts. Industry feedback reflects the general belief that a greater investment in wind farm design and optimisation 

activities at the development stage will yield cost savings later in the lifecycle providing lessons learnt are applied. Despite this, 

developers are ready to point out that expenditure at the development stage is at risk, and a long time before first revenue, 

although historical offshore wind farm consent success rate points towards early investment as a good potential strategy. These 

two innovations generate potentially small to moderate reductions in CAPEX for electrical array cables, support structures and 

installation, as well as small OPEX reductions and a fewer aerodynamic and electrical array losses. Wind farm development 

CAPEX is potentially increased for greater levels of optimisation during FEED and potentially decreased for introducing multi-

variable optimisation of array layouts. 

The combination of all of these widely distributed innovations in wind farm development gives the potential for a significant 

reduction in the cost of energy. It is important to note that, due both to the timing of development activities early in the life-cycle 

and that, in the zonal approach being applied in UK Round 3, some of the development work can be reused for project phases 

reaching FID later in the decade. This means that some of the opportunity for cost reductions relating to projects developed up 

to FID 2020 has already passed. 
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5.2.  Baseline 

Based on feedback from a number of industry players, the baseline cost percentage breakdown for wind farm development is 

presented in Figure 5.3. For the purposes of modelling, the baseline costs are for a wind farm as part of a UK Round 3 zone, but 

reaching FID at the end of 2011. It is recognised that, while no such project exists, the project size is representative of typical 

Round 2 projects in, or approaching, construction. In modelling as part of a zone, some baseline development costs such as the 

project management, various engineering studies, some environmental surveys and, in some circumstances, the meteorological 

station are effectively divided between a number of projects. This reduces the overall cost per 500MW project and it is this 

situation that is presented in Table 5.1. 

Baseline wind farm development CAPEX increases by about six per cent from Site Type A through to Site Type D. The increase 

in cost is attributable to higher meteorological station costs, with deeper water as well as additional survey costs as the distance 

from shore increases. In some cases, significantly changed practices are required when planning work far from shore on Site 

Type D. 

Baseline wind farm development CAPEX for wind farms using larger turbines reduces by a total of about 11 per cent between 

4MW and 8MW-Class Turbines. The cost reduction is due to lower geotechnical and geophysical surveys and management and 

engineering study costs as a result of fewer turbine locations. 

Table 5.1 Baseline wind farm development CAPEX for projects with FID 2011. 

Turbine 

MW-Class 

Wind farm development CAPEX 
(£k/MW) 

Site 
Type A 

Site 
Type B 

Site 
Type C 

Site 
Type D 

4MW 84 85 85 90 

6MW 78 79 79 83 

8MW 75 76 76 79 

 

The scope of wind farm development in the context of this project is: 

¶ All work and project management costs for the wind farm developer up to the WCD. Project management includes wind 

farm developer staff overheads associated with managing engineering studies, planning applications and environmental 

impact assessments (EIA), and construction contract management activities, assuming a multiple engineer, procure and 

construct (EPC) contracting approach to wind farm procurement 

¶ Environmental surveys including ornithological species surveys and collision risk assessments, commercial fishing studies, 

benthic species surveys, and pelagic species surveys 

¶ Geophysical and geotechnical surveys including the geophysical surveying of a wind farm area (but excluding the 

substation and export cable route), and a geotechnical survey, assuming there is no unexploded ordinance risk
 
 

¶ The meteorological station, including design, procurement and installation of a fully equipped meteorological station 

including the mast to proposed hub height 

¶ Engineering studies includes pre-FEED studies, which include concept design and constraints analysis undertaken prior to 

consent. It also includes FEED studies, covering array layout, foundation sizing and choice, electrical array architecture and 

installation methods undertaken after consent, and 

¶ Onshore development costs are not considered in this analysis as these are covered by the transmission use of system 

charges to the OFTO. 

The breakdown of costs shown in Figure 5.3 includes development activities until WCD but does not include construction phase 

insurance, which is covered by the finance work stream. The figure is presented following feedback and verification from a 

cross-section of experienced wind farm developers and development service suppliers. The breakdown is based on the 

baseline total spend of approximately £42 million for a 500MW project using 4MW-Class Turbines on Site Type B. 
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Figure 5.3 Baseline wind farm development cost percentage breakdown. 

Wind farm development costs in 2011 represent approximately three to four per cent of total wind farm CAPEX, thus direct cost 

savings relating to the activities within this element have limited impact on the overall cost of energy, even taking into account 

the timing of spend. Where innovation within this element causes cost savings in other elements, the potential impact on the 

cost of energy is much greater. Established engineering service providers agree that, in principle, it is therefore more beneficial 

to invest at the wind farm development stage to realise greater cost savings later in the lifecycle, than to seek to reduce 

development costs, potentially increasing uncertainty in other areas. 

A typical wind farm development cost profile is shown in Figure 5.4 for a wind farm of 4MW-Class Turbines on Site Type B, 

reaching FID in 2011. WCD is at the end of year 0, FID occurs at the end of year -4, with consent approximately one year prior 

to that. The economic activity in a given year is assumed to relate to when the developer is contracted to pay the primary 

contractor. Pre-FID spend represents approximately 60 per cent of the total cost and consists of initial environmental surveys 

with the introduction of seabed surveys and later the meteorological station installation. Other costs in this period include pre-

FEED studies and project management. Following consent, the wind farm development costs are dominated by detailed 

geotechnical surveys, FEED studies and, eventually, project management costs for the developer relating to the construction 

activity. Since a large proportion of the wind farm development cost is related to activities that occur before FID, the 

development cost baselines are based on good practice prior to 2011. 

For the purposes of LCOE modelling, The Crown Estate Offshore Wind Pathways report assumes a fixed value of £150,000 per 

megawatt for project costs to FID. This reflects the market value of consented projects and is demonstrated through evidence 

from recent sales of consented projects, or stakes in projects, where values have been about £150,000 per megawatt. 

Additionally, the cost of pre-FID expenditure to the developer is estimated to be approximately £50,000 per megawatt over a five 

to seven year period up to FID. It is appropriate to add a developer return, assumed to be 25 per cent per year, to this 

expenditure to reflect the risks associated with investment at this stage of the project lifecycle and a delay of about 10 years 

before returns on investment are made. The Crown Estate has profiled the expenditure over the period to FID, based on 

evidence from actual projects to date and, when including a 25 per cent return, results in a value of £150,000 per megawatt. 

Pre-FID CAPEX within the Technology work stream report is modelled as the expenditure of about £50,000 per megawatt, 

depending on the impact of innovations, and not the £150,000 per megawatt value of a project. 
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Figure 5.4 Baseline wind farm development CAPEX profile. 

Baseline aerodynamic array losses are presented in Table 5.2. These are based on a turbine spacing of nine times the rotor 

diameter in the prevailing wind direction and six times the rotor diameter in the direction perpendicular to the prevailing wind 

direction. The aerodynamic array loss is applied to the gross energy yield to account for energy lost as a result of turbines 

operating in the wake of others. 

Aerodynamic array losses vary as a function of mean wind speed, turbine size and turbine spacing. This is because, for higher 

mean wind speeds, a greater proportion of the time is spent at wind speeds where the reduction in local wind speed, for a given 

turbine operating within a wake field, does not affect the turbine power output as it can still operate at maximum power. As 

turbine size increases, fewer turbines are needed in a 500MW wind farm and a greater proportion of those turbines tend to be 

placed at the boundaries of the wind farm where the amount of time spent operating within a wake is reduced. As turbines are 

located closer together, aerodynamic array losses increase because there is less relative distance for the wake to dissipate 

before the effects of another wake are encountered. Each site type is associated with a defined average wind speed shown in 

Table 5.2. This wind speed is the P50 value at 100m above mean sea level, that is, the value which has a 50 per cent 

confidence of exceedance. The wind speeds have been defined by The Crown Estate as representative for the location 

parameters of each Site Type and are based on estimated typical wind speeds for projects in the UK development pipeline. 

Table 5.2 Baseline aerodynamic array losses. 

Turbine MW-Class Aerodynamic array losses (%) 

Site Type A 
(9.0m/s) 

Site Type B 
(9.4m/s) 

Site Type C 
(9.7m/s) 

Site Type D 
(10.0m/s) 

4MW 9.5 9.0 8.5 8.0 

6MW  9.0 8.5 8.0 7.5 

8MW  8.5 8.0 7.5 7.0 

 

5.3.  Innovations  

All innovations in wind farm development discussed here can be applied together. 

Existing situation 

Today, surveys account for about one third of wind farm development costs and are contracted by the wind farm developer to 

specialist data acquisition companies. Currently, all surveys are carried out on a bespoke site-specific basis. Depending on the 

survey type, the contract may involve data collection and analysis, such as geotechnical surveys, or data collection only, where 

analysis is performed by the developer in house, for example, metocean data. 

Historically, environmental and sea bed (geotechnical and geophysical) surveys and data collection start up to 10 years before 

the planned operation of the wind farm. EIA requirements determine critical path items such as ornithological surveys, where a 

minimum of two years of data are needed as part of best practice guidelines developed with input from the regulators and 

statutory consultees. Metocean data include the recording of wind conditions, air temperature and pressure, wave conditions 
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and water current information and is captured by a single meteorological station on the site, usually installed one to two years 

before FID. 

Currently, the wind farm layout, support structure choice and design, electrical architecture and installation methods for each 

wind farm are developed through an iterative engineering process typically taking about two years. The process involves various 

engineering teams and organisations. Most commonly for utility developers, the initial concept is developed in house during the 

pre-FEED stage through a constraints analysis and study of wind conditions. The constraints analysis defines the available 

areas for development within the lease area, based on the knowledge of the activities of other sea users, such as shipping, oil 

and gas pipelines, the fishing industry and communication networks, and geological features such as sand banks. Where these 

impact on the wind farm area, the developable area of the wind farm is restricted. Exceptionally deep areas of the site may also 

be removed from consideration at this stage. The wind study is used to generate an initial turbine layout considering basic array 

shape, spacing and orientation. Detailed design and optimisation occurs during FEED studies that are delivered via a mix of 

developer in-house expertise and contracted services. 

A consent application will define an envelope of possible outcomes for the wind farm by incorporating a number of design case 

options. The environmental impact is presented for the extremities of this envelope. Developers aim to maintain a number of 

options so that there is both technical and commercial flexibility at the time of placing the contract, thus facilitating a competitive 

tendering process in order to drive down the cost of key infrastructure. 

Developers, including those with significant project portfolios, are keen to stress the importance of flexibility in wind farm design, 

as it allows them to select the most cost-effective technical solution for the site at the time of FID, which can be some years after 

submitting a consent application. In this time new, more cost-effective options may have come to market that were not available 

when the consent application was submitted and this flexibility allows the option for introducing a wider range of cost-saving 

technologies. It also allows the developer to modify the site design if later survey data significantly affect potential costs and to 

maintain a position of competitive advantage if economic and market conditions change. Nevertheless, a balance is required, as 

too much flexibility and variation in design options lead to increased engineering study efforts and can make planning consent 

more difficult to obtain. Typically today, developers intend obtaining consent for UK Round 3 projects with turbines in the range 

of 3-7MW and with at least two support structure types. 

Innovations 

Developers indicate that a greater level of optimisation during FEED has potential for substantial reductions in the cost of 

energy. This includes the undertaking of additional detailed design studies at the FEED stage. It considers the use of additional 

survey data, such as those gathered through a greater level of geotechnical and geophysical surveying, and increased depth of 

design for the foundation, turbine choice and installation methods, which are usually completed later in the development 

process. Typically, FEED studies to date allow the basic concept and component size to be chosen. Usually this is completed 

for a variety of design options to compare economically viable solutions. At this stage, design options remain relatively flexible. 

With an increased level of study some of the detailed aspects of design can be brought forward, giving increased accuracy of 

cost estimates for solutions with varying parameters such as water depth, soil conditions and turbine choice. This allows for an 

increased certainty of design progression that are optimal at a wind farm level. 

Feedback from one foundation designer says that there is a strong potential for cost reduction by involving contractors at an 

early stage to help define the scope of surveys and design studies to ensure that correct data are measured. Data and then 

passed to designers in the right format allowing an increased level of design to be undertaken with the available information. 

Additionally, the interviewee adds that optimisation studies at FEED would benefit from taking a more holistic view, for example, 

by examining costs for complete, installed solutions considering the impact of array cable arrangements and secondary steel 

costs, rather than simply comparing basic foundation structures and foundation installation costs on a per-tonne basis for a 

number of foundation concepts. 

The benefits of this innovation cannot be extended such that a single full design is completed at the development stage, due to 

the need for the developer to retain design options so that a competitive advantage is realised when approaching the supply 

market. An overly defined project will not allow for the inclusion of technologies that have progressed since design freeze 

decisions were taken. Increased optimisation during development will lead to higher development costs and, potentially, 

increased development time. 

One industry-enabling body notes that the impact of this innovation is less for simpler sites, where the options are more limited. 

Shallower sites with smaller turbines, for example, have fewer support structure solutions that are likely to be economically 

viable. Smaller sites, which are closer to shore, generally have more limited array options as they are typically more constrained 

than Round 3 zones. 
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An average of the potential technical impact of this innovation advised by a number of industry offshore engineering service 

providers and experienced wind farm developers is a two per cent increase in wind farm development CAPEX, a decrease of 

three per cent in support structure CAPEX, a decrease of 1.5 per cent in array cable CAPEX and a reduction of three per cent in 

installation CAPEX. 

The timescales for realising both the technical impact and market uptake are such that, by FID 2020, 90 per cent of the potential 

of this innovation is anticipated to be captured for projects on Site Type B. Although initially low for projects with FID in 2014, the 

majority of the technical impact of this innovation is expected to be available for projects reaching FID in 2020 due to the 

application of learning and consent and cost drivers dictating more a detailed study. The market uptake for this innovation is 

expected to be initially relatively high, driven by planning requirements, and is expected to increase to affect all projects 

reaching FID in 2020 as the benefits of this work are understood and realised. The impact of the innovation increases for Site 

Types C and D compared with Site Types A and B due to the increased complexity and potential for using new designs on Site 

Types C and D as a result of the increased water depth and distance from port. 

Significant reductions in the cost of energy are anticipated through the introduction of multi-variable optimisation of array 

layouts, which includes developing and using fast and reliable optimisation software tools that account for the effects and 

constraints of multiple technical disciplines. This innovation includes incorporating improved models for offshore wind farm wake 

modelling. The wind farm array layout could be optimised, for example, for the combination of wake effect, array cable cost, 

support structure cost and consenting constraints. Installation and operational costs would also be modelled, as each has an 

effect on lifetime cost. 

The overall benefit of this innovation is to reduce the cost of energy through improving the location of turbines while accounting 

for the constraints of multiple design criteria. Depending on the site conditions, this is likely to involve: some reduced support 

structure and installation costs, by avoiding the more challenging areas of the site; reduced electrical array costs, due to 

considering the effect on the system cost when optimising; and an increase in energy yield through reduced wake losses and/or 

electrical array losses. Savings may also be available in OPEX due to, for example, better spaced turbines causing less fatigue 

loading and therefore less frequent replacement or repair of components. On some sites, optimisation may lead to increases in 

the cost of some elements, as not all of the potential savings can be achieved at the same time as the requirements for some 

are contradictory. Wider spaced turbines, for example, will reduce aerodynamic array losses but increase array cable and array 

cable installation CAPEX. The savings discussed here represent an industry view of the anticipated average saving that could 

be made over a number of typical real-world sites with different conditions. 

Implementing this innovation will involve developing one or more tools that optimise the array layout for the lowest cost of 

energy, or other parameter set, depending on the specific targets of the developer. This will need to take into account wake 

effects, consenting constraints, seabed conditions, water depth, offshore electrical architecture, impacts of nearby wind farms 

and other factors. Investing in the development of these tools may be a commercial venture or an internal project for a 

developer but is expected to require a few person-years of effort. Investment would continue as tools are enhanced. Such tools 

will calculate sufficiently quickly that they can be used in pre-FEED concept design engineering studies as well as to finalise the 

layout. To date, multi-disciplinary optimisation tools have not been developed because of the relatively benign and uniform 

conditions in which the early Round 1 and Round 2 wind farms were deployed and the constraints imposed on the sites; 

instead, developers have used the existing iterative process involving multiple engineering teams and design loops occurring 

through the pre-FEED and FEED periods. The increase in wind farm scale and better understanding of the development 

challenges means that using optimisation tools and methods is even more important. 

One large engineering services provider notes that the use of optimisation tools may lead to reduced wind farm development 

costs due to a reduction in the time taken to analyse and iterate through design options. 

Following input and feedback from experienced offshore wind developers, offshore wind installation providers and engineering 

service providers, the potential technical impact of this innovation is anticipated to be a decrease of 2.5 per cent in wind farm 

development CAPEX, one per cent in support structure CAPEX, one per cent in array cable CAPEX and 2.5 per cent in 

installation CAPEX. A relative reduction in aerodynamic array losses and wind farm electrical array losses is expected to be 10 

per cent and two per cent of current losses respectively, that is, a decrease in aerodynamic losses of 0.85 percentage points for 

a wind farm using 6MW-Class Turbines on Site Type B. In addition, savings of two per cent in both operation and unplanned 

maintenance and planned service are anticipated with an associated increase in wind farm availability of about 1.5 per cent. 

The timescales for realising both the technical impact and market uptake are such that, by FID 2020, about 40 per cent of this 

technical potential is anticipated for projects on Site Type B. Progress towards the full benefit of this innovation is expected to be 

gradual as tools are trialled and then developed to include more variables. As capability of the tools becomes more trusted, the 

iterative loops of the current multi-departmental optimisation can be replaced. The market uptake of this innovation is 
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anticipated to be low for projects with FID in 2014, as developers continue with the recognised methods, but the uptake rapidly 

increases for projects with FID in 2017 and beyond, reaching 90 per cent market share in 2020. While the majority of developers 

will adopt some form of multi-variable optimisation, the overall impact is limited by the slow integration of increasing numbers of 

variables and the considerable lead time between fixing the array layout and construction. The innovation has increased 

relevance for Site Types with higher average wind speeds and further from shore, and therefore decreased accessibility, 

because the impact of improved availability is increased where the cost of maintenance is higher. Following examples of 

significant unexpected costs during the installation phase of projects, there is a consistent trend within industry towards 

increasing investment in surveys to reduce uncertainty in technical data and realise later cost savings, albeit with the awareness 

that expenditure at the development stage occurs before FID and revenue and is therefore an at-risk cost. The main focus is on 

a greater level of geophysical and geotechnical surveying. Often, geotechnical and geophysical data are available only at 

turbine locations and with a focus on properties far below the sea bed, leading to significant uncertainties relating to cable 

design and installation. An improved knowledge of sea bed conditions, from surveys that focus on the other areas of the site or 

on soil conditions closer to the surface of the sea bed, can lead to cost reductions in array cable and installation CAPEX through 

earlier design work, and the prevention of conservative overdesign or late design changes. Support structure CAPEX savings 

are also possible with an increased number of core samples to be taken at turbine locations. Suppliers providing fixed price 

EPC services will be able to avoid a level of cost associated with uncertainty over sea bed conditions. 

The innovation is considered alongside a greater level of optimisation during FEED, as the benefits of additional data will be 

best realised with increased optimisation studies and incorporation into design. The benefits of these innovations are therefore 

in similar areas but, while a greater level of optimisation during FEED can generate cost reductions independently of a greater 

level of geotechnical and geophysical surveying, the latter only generates cost reductions if the results are analysed and applied 

with a greater level of optimisation during FEED. 

The amount of geotechnical and geophysical data gathered for a site has an impact on the level of risk associated with the 

support structure installation. Additional data have the added benefit of reducing the uncertainties for installation methods and 

costs, thus leading to an eventual reduction in both the allocated contingency and the cost of finance. 

One cable supplier comments that past experience on one project shows that savings of 25 per cent in cable design and 

installation would have been possible, compared with a traditional conservative design based on the typically limited availability 

of soil data relevant to array cables. A foundation designer interviewee notes that certain developers are gaining benefit from 

engaging early with contractors to undertake more detailed designs at an earlier stage and allowing increased design 

optimisation. Developers and support structure designers with past project experience are showing evidence of applying 

lessons learnt with the developers starting to involve the support structure designers at an early stage to assist in improving the 

specification of geotechnical and geophysical surveying, thus ensuring that data are collected and presented in the most useful 

way for the data end-users to change and improve designs. The benefits of solely earlier or better collaboration are covered in 

the supply chain work stream (see Section 3 of the Supply chain work stream report). 

Based on input from foundation designers, cable installers and foundation installers, all with strong track records, the typical 

technical impact of this innovation is anticipated by industry to be approximately a three per cent increase in wind farm 

development CAPEX, a two per cent decrease in support structure CAPEX, a three per cent reduction in array cable CAPEX 

and a two per cent reduction in installation CAPEX, with additional benefits of reduced installation risk. 

The timescales for realising both the technical impact and market uptake are such that, by FID 2020, 70 per cent of this 

potential is anticipated to be captured for a typical project. The capability to undertake additional surveys already exists within 

the market today, however, for most of the projects with FID in 2014 the opportunity to do this has already been missed. It is 

expected that this innovation will affect the majority of projects with FID in 2020 but it is recognised that not all developers will 

choose to invest prior to FID. The innovation is equally applicable to all Site Types and Turbine MW-Classes. 

The burial requirements for array cables are up to 3m below the sea floor. One cable installer, with a track record on wind farms 

across Europe, reports that there remains concern across the industry that cable burial requirements are frequently arbitrary 

and are neither based on the site conditions nor the risk of cable damage. This issue has a significant effect on cable installation 

costs, which can be addressed by the introduction of reduced cable burial depth requirements. 

Cable burial depth typically exceeds 1m on the basis that the disturbance by standard fishing equipment and anchors would not 

normally exceed this. With due consideration of soil conditions and the penetration risk of fishing equipment and anchors, cable 

burial depth could be reduced. A cable buried shallower in clay, for example, can still be better protected than a cable buried 

deeper in sand, a reality often not taken into account in specifying cable burial depths to date. 
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The average technical impact of this innovation is anticipated to be a 10 per cent decrease in array cable installation cost, 

typically leading to a two per cent decrease in total installation CAPEX. A small increase in wind farm development CAPEX may 

be expected to account for an increased survey requirement. 

The timescales for realising both the technical impact and market uptake are such that, by FID 2020, 40 per cent of the potential 

of this innovation is anticipated to be realised for a typical project. While the technical capability to bury cables to a shallower 

depth already exists, the ability to realise all of this potential is dependent on agreements between developers, insurers and 

cable installers and, in some cases, changes to planning requirements. Initially, the proportion of the potential cost reductions 

available for projects reaching FID in 2014 is low, as developers are reluctant to change from the established standards. Once a 

precedent is set, almost the full potential of this innovation is likely to be reached for projects reaching FID in 2017 and beyond. 

The innovation is equally applicable to all Site Types and Turbine MW-Classes. The remaining key innovation in wind farm 

development that industry points towards as having an important role in reducing the cost of energy is the introduction of 

floating meteorological stations. Specifically, within this innovation, it refers to the use of floating light detecting and ranging 

(LiDAR) units for wind data collection. The use of a meteorological station to collect other metocean data could all be integrated 

into a floating meteorological station. 

The use of LiDAR units for onshore wind farm sites has become accepted practice, with the assessment of measurement 

uncertainty at similar levels to conventional meteorological masts. LiDAR units are not widely used onshore, however, because 

there is little to no cost saving when compared with the use of a meteorological mast, and their use is confined to locations that 

are either not suited to a meteorological mast or that require additional data, for example, in complex terrain. 

Offshore, LiDAR units have been favourably compared, in terms of cost and accuracy, to meteorological masts when situated 

on fixed platforms, but floating systems are yet to be proven. In a floating system the wave, tide and current effects will cause 

the LiDAR unit to move with up to six degrees of freedom. Without mitigation or compensation, this would lead to inaccurate 

wind speed measurements. One approach is to avoid this through preventing the movement, and some floating structures are 

designed to actively stabilise the LiDAR motion; the alternative is to use software algorithms to correct the motion. 

Floating meteorological stations are cheaper to install and quicker to deploy than a conventional meteorological station due to 

simpler consent requirements and a less complex or site-specific design. Floating meteorological stations also have the 

advantage of positional flexibility and can be reused in other areas within the site or on other sites. The benefits of such 

flexibility are hard to define so the focus here is on the potential cost reduction by replacing a meteorological mast with a floating 

meteorological station. 

A one-for-one replacement of a meteorological mast with a floating LiDAR unit is considered here. This would reduce wind farm 

development CAPEX. The use of a floating meteorological station is expected to have an impact on wind speed uncertainty. 

While measurement uncertainty is expected to increase, the benefit of an earlier deployment and the ability to measure above 

hub height can reduce the measurement duration and spatial uncertainty. Another scenario anticipated by some developers is 

to use a floating meteorological station in conjunction with a fixed meteorological mast. This will incur an increase in wind farm 

development CAPEX but has the potential to reduce wind speed measurement uncertainty, which is a more powerful driver of 

lifetime cost than pure CAPEX savings. 

The potential technical impact of this innovation is anticipated to be a six per cent reduction in wind farm development CAPEX, 

based on the estimated CAPEX for an installed meteorological mast compared with an installed floating LiDAR unit on Site Type 

C. The timescales for realising both the technical impact and market uptake are such that, by FID 2020, about 20 per cent of 

this potential benefit is anticipated to be realised for projects on Site Type B. Since floating LiDAR systems are yet to be proven, 

the proportion of the potential cost reduction that is available is zero until projects reaching FID in 2017. Likewise, the market 

uptake for this innovation is zero for projects reaching FID in 2014, and is anticipated to be approximately 30 per cent of the 

market for FID in 2020. It is not anticipated that the market share will exceed this by 2020 as only about half of the development 

zones are of sufficient size to merit installation of more than one meteorological station and the smaller zones are likely to have 

installed meteorological masts before the floating LiDAR technology is proven. 

A floating meteorological station cost is relatively independent of water depth, but a founded meteorological station cost reduces 

slightly with water depth due to a lower support structure cost. The benefit of a one-for-one replacement of a mast with a floating 

LiDAR is therefore expected to be lower for Site Types A, B and D than for Site Type C. 

Other innovations 

Although technology development will assist in reducing the cost of environmental and geotechnical surveys through reduced 

survey length or increased speed, it is not a significant area of attention for developers and savings. Though impacting the 
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competitive position of survey companies active in the market, cost reductions will have a relatively small impact on the LCOE. 

The integration of survey data with consideration of all end users, for example, may reduce costs in this area by reducing repeat 

processing and the scope of the initial data collection. In addition, due to the zonal approach applied in developing Round 3, 

much of the surveying for projects installed over the next 10 years has been or will be commissioned over the next three years, 

during which time little innovation will impact. 

Further wind farm development cost savings are anticipated through the pooling and sharing of survey and operational data 

among developers allowing a reduction in the need to undertake new surveys. Since this constitutes no technical change in the 

wind farm development process, the benefits of this innovation are captured in the supply chain work stream, see Section 3 of 

the Supply chain work stream report. 

Early signs of progress and prerequisites 

A key milestone relating to the introduction of multi-variable optimisation of array layouts is the development of new software 

tools. They need to calculate quickly, remain simple to use, such that a single user can operate the tool, and retain flexibility to 

allow for complex optimisation rules to be included. A prerequisite to this is a better understanding of the wake interaction 

between turbines and wind farms, in order to make the output of the tools robust; advances in this area will need to be verified 

against real data. Robust and updateable cost models need to be included in such a tool. The Carbon Trust Offshore Wind 

Accelerator programme has undertaken some initial analysis of parameterised models for wind farm layout. Further early work is 

underway as part of a European-funded research project to develop optimisation tools and involves a consortium of companies 

led by DTU Wind Energy. 

Initial indications of progress are being seen in the attitude of developers to considering wind farm layouts based on more than 

one criterion. Round 1 wind farms layouts, for example, were typically designed to maximise installed capacity, whereas later 

Round 2 and Round 2.5 layouts have considered the appropriate installed capacity along with water depth, sea bed conditions 

and aerodynamic array losses as typical design drivers. Further evidence for progress in this innovation includes introducing 

commercial optimisation software tools to the market. Including novel wind farm layout shapes within the design envelope of the 

planning application may also be seen, though are not a necessary indication of progress. One interviewee notes that the 

impact of this type of optimisation thinking is already being seen in the shapes of wind farms such as Horns Rev 2 and Anholt 

(see Figure 5.5). These designs have been arrived at by following the existing process by applying learning and focussing on 

optimising energy production or revenue rather than through a multi-variable optimisation tool, but they signal the way forward to 

more considered layouts than the rectilinear arrays that have often been used to date. 

     

Figure 5.5 Wind turbine layout for a) Horns Rev 2 and b) Anholt. 

Before both a greater level of optimisation during FEED and a greater level of geotechnical and geophysical surveying become 

widespread, developers need to understand and demonstrate internally the overall cost reduction benefit of investing in further 

detailed design studies at the development stage. Typically this will also require the early involvement of equipment providers to 

supply key design parameters for engineering calculations. Early signs of this can be seen in the approach of some developers 

who have partnered with specific suppliers during development. The further engagement of the supply chain at an early stage 

will be sign of progress in this innovation. Dong Energy, for example, has framework agreements with Siemens and Bladt 

Industries as well as stakes in A2SEA and CT Offshore, SSE Renewables has engaged closely with Siemens, Atkins, Subsea 7 

and Burntisland Fabrication (BiFab), while Mainstream Renewable Power has development partnerships with Siemens and 

EMU. 
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Evidence for progress in a greater level of optimisation during FEED includes developing the larger Round 3 zones as part of an 

integrated solution of a number of smaller sub-projects, such that the whole zone is considered during optimisation. Evidence 

for a greater level of geotechnical and geophysical surveying occurring includes increased survey activity possibly taken over 

two distinct periods where initial surveys are undertaken in a similar manner to the baseline methodology and further data are 

gathered post consent. Coupled with this would be an increase in the survey vessel fleet to meet the increased demand, 

possibly with more specialist survey vessels introduced. 

To date, a significant proportion of insurance claims that have been made by offshore wind farm operators are associated with 

damage to array cables. Appropriate risk awareness in this area is seen as an important factor in the cost of insurance 

premiums.
8
 Before the introduction of reduced cable burial depth requirements can achieve its full impact, insurance providers 

will need to be certain that there is no increased risk associated with shallower burial depths. Signs of a relative reduction in 

insurance premiums for offshore wind farm asset owners will be a key milestone on the way to achieving cost reductions from 

this innovation. Early signs of progress in this innovation include increased consideration of the topic as shown by discussion 

and presentation topics, for example, at narrowly-focussed industry events that are starting to take place. Further progress may 

be indicated by an increased focus on cable design and installation that considers the lifetime cost of the cables (see Sections 9 

and 10) and by reducing the number of cable damage incidents. One experienced cable installer proposes that an index of 

protection for offshore wind power cables is needed in order to progress this area, as used in other sectors, and this was 

supported during workshop discussions. The index would rate the protection level of different burial depths and in different sea 

bed conditions. 

Further evidence of progress with this innovation would include the undertaking of a study to assess the impacts of different 

burial depths with the aim to use this information to build and publish an industry-approved set of cable burial guidelines. 

Investment levels to realise this innovation for an individual project are minimal and likely to be subsumed by general contract 

specification writing and supplier engagement. As industry-wide innovation investment would be higher with the need to 

propose, consult and agree upon a set of guidelines and verified possibly through test programmes, this process could take a 

number of years and require between hundreds of thousands and millions of pounds spent on research studies. 

Contributors, including developers with offshore operating assets and engineering service providers, indicate a mix of optimism 

and scepticism about the potential of the introduction of floating meteorological stations, as the technology is yet to be proven in 

floating offshore applications. Industry needs to gain confidence in the reliability of the systems and financiers need to gain 

confidence in the accuracy of the gathered data before cost reductions can be realised. An early sign of progress is the Carbon 

Trustôs trial of three devices in 2012 which will be compared with an offshore meteorological mast. The trial uses different LiDAR 

systems mounted on floating platforms with different design philosophies. Axys Technologies has published data comparing its 

floating LiDAR system with that of one operating onshore. Further tests and validation will be required to prove the accurate and 

reliable performance of these systems before their widespread use. Further evidence for progress in this innovation will include 

successfully validating test systems, the planning of further tests, increasing the use of LiDAR systems as both primary and 

secondary wind data gathering systems and incorporating (floating) LiDAR measurement systems into the design standards. 

The investment required for this innovation is expected to be tens of millions of pounds to design, manufacture, test and validate 

floating meteorological station systems. 

A key prerequisite for investment in these innovations, as for all others, is confidence that there will be returns on that 

investment. In this case, returns will come from a pipeline of projects where consenting requirements are rational enough to 

enable technically optimised solutions to be used, whether relating, for example, to wind farm design or cable burial. 

 

 

 

 

 

                                                           

8
 Overview of Offshore Cable Installation, Engineering & Maintenance Two-Day Windpower Monthly Forum Plus Workshop, Wind Power 

Events, available at www.windpowermonthlyevents.com/events/offshore-cable-installation-and-maintenance/, accessed May 2012. 

http://www.windpowermonthlyevents.com/events/offshore-cable-installation-and-maintenance/
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Table 5.3 Potential and anticipated impact of innovations in wind farm development on Site Type B using 6MW-Class Turbines, 

compared with FID 2011. 

Innovation Maximum Technical Potential Impact Anticipated Impact FID 2020 

CAPEX OPEX AEP LCOE CAPEX OPEX AEP LCOE 

Greater level of optimisation 

during FEED 

-1.5% 0% 0% -1.1% -1.1% 0% 0% -0.8% 

Introduction of multi-variable 

optimisation of array layouts 

-1.0% -1.2% 1.1% -2.1% -0.4% -0.4% 0.4% -0.7% 

Greater level of geophysical 

and geotechnical surveying 

-1.1% 0% 0% -0.7% -0.6% 0% 0% -0.4% 

Introduction of reduced cable 

burial depth requirements 

-0.5% 0% 0% -0.3% -0.2% 0% 0% -0.1% 

Introduction of floating 

meteorological stations 

-0.2% 0% 0% -0.1% -0.1% 0% 0% -0.04% 

Total     -2.3% -0.4% 0.4% -2.1% 
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6.  Innovations  in wind turbine nacelle  

6.1.  Overview  

Two types of nacelle innovations are considered in this study: the first relates to increases in the rated power of the turbine; and 

the second relates to innovations in the technology used within the nacelle. The increase in turbine rated power is treated 

differently from other innovations considered in this study, as the change has been modelled and forms part of the baseline 

against which individual innovations are measured. 

Innovations relating to the turbine nacelle are anticipated to reduce the LCOE by about three per cent on like-for-like Site Types 

and Turbine MW-Classes between 2011 and 2020, with marginally the largest LCOE savings anticipated for projects using 

6MW-Class Turbines on Site Type A. 

Considering first innovations in the technology used within the nacelle, and excluding the benefits associated with the increase 

in turbine rated power, Figure 6.1 shows that there is a small decrease in the wind farm CAPEX for each Turbine MW-Class and 

all Site Types, reflecting the trend away from high speed drive trains which enable reductions in the amount of material used. 

Wind farm OPEX is reduced for all Turbine MW-Class and Site Type combinations as a result of improvements in reliability 

achieved especially through the introduction of next generation drive trains, with the greatest OPEX reduction of about five per 

cent seen for 8MW-Class Turbines. AEP rises by approximately 1.5 per cent for projects with 6MW and 8MW-Class Turbines as 

an additional benefit of this increase in reliability. This results in an overall fall in the LCOE of between 2.5 per cent for 4MW-

Class Turbines on Site Type A and 3 per cent for projects with 8MW-Class Turbines on Site Type A. 

 

Figure 6.1 Anticipated impact of turbine nacelle innovations by Site Type and Turbine MW-Class in FID 2020, compared with a wind 

farm on the same Site Type with the same Turbine MW-Class in FID 2011.
7
 

Figure 6.2 shows the anticipated and potential impact of innovations in stepping from a wind farm using 4MW-Class Turbines on 

Site Type B with FID in 2011 to 6MW-Class Turbines on the same Site Type with FID in 2020. It shows that the increase in 

Site Type A Site Type B Site Type C Site Type D

Source: BVG Associates
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turbine rated power is the dominant innovation, causing an eight per cent reduction in the LCOE. It achieves this despite 

increases in the turbine rotor and nacelle CAPEX per megawatt, through significant reductions in the support structure, array 

cable, installation, and OMS costs, which are due primarily to the effect of having fewer turbines for a given wind farm rated 

capacity. 

The specific innovations anticipated to have a significant impact are those relating to drive train technology, especially the move 

to mid-speed and direct-drive concepts. Both offer significant further potential beyond FID 2020. Also anticipated to have an 

impact on projects reaching FID beyond 2020 are more radical changes in technology: the introduction of superconducting 

direct-drive generator and DC power take-off. 

 

Figure 6.2 Anticipated and potential impact of turbine nacelle innovations for a wind farm with 6MW-Class Turbines on Site Type B 

with FID in 2020, compared with a wind farm with 4MW-Class Turbines on the same Site Type with FID in 2011.
7
 

In Figure 6.3, the same information is provided for the step to using 8MW-Class Turbines. With a 14 per cent anticipated 

reduction in the LCOE, this shows that there are additional benefits to building turbines larger than 6MW. The order of 

innovations with the highest anticipated impact is different for 6MW and 8MW-Class Turbines. Mid-speed drive trains have a 

slightly more significant effect on 8MW-Class Turbines since mid-speed solutions are anticipated to have a greater market share 

for this Turbine MW-Class. The introduction of continuously variable transmission drive trains is also seen to impact on projects 

using 8MW-Class Turbines as turbine models such as the Mitsubishi Power Systems Europe (MPSE) SeaAngel 7MW turbines 

are being developed using this technology at this scale. This contrasts with 6MW-Class turbines where no such drive trains are 

known to be in development. 

 

-20%-15%-10%-5%0%

Improvements in mechanical geared high-speed drive
trains

Introduction of direct-drive superconducting drive trains

Introduction of DC power take-off (incl impact of DC
array cables)

Improvements in workshop verification testing

Improvements in AC power take-off system design

Introduction of mid-speed drive trains

Introduction of direct-drive drive trains

Increase in turbine power rating

Impact on LCOE

Anticipated Potential

Source: BVG Associates



  

 

46 
 

 

 

Figure 6.3 Anticipated and potential impact of turbine nacelle innovations for a wind farm with 8MW-Class Turbines on Site Type B 

with FID in 2020, compared with a wind farm with 4MW-Class Turbines on the same Site Type with FID in 2011.
7
 

All turbine manufacturers recognise the pivotal role than turbine size plays in reducing the LCOE and this is manifested in the 

large number of turbine models rated at 6MW and above in development and the investment plans by market-leading offshore 

turbine manufacturers. These companies have shown a significant commitment to offshore wind but their investment plans will 

not be fully implemented without a significant order pipeline. In many areas of this report, market confidence is identified as the 

prerequisite for innovations to achieve their technical potential. Here it is especially critical as the scale of the investments 

required (as discussed in Section 3) and the impact anticipated are so significant. In effect, it is the investment in larger turbines 

that ultimately will make the industry viable. 

6.2.  Baseline 

The turbine nacelle supports the rotor and incorporates the drive train which converts the rotational energy from the rotor into 

electrical energy. It also incorporates the yaw system that acts to turn the nacelle and rotor to face the wind, and various other 

electrical, control and auxiliary systems. The nacelle cover provides a weatherproof cover and space for maintenance and 

service. The baseline cost of the turbine nacelle is the contract payment to a wind turbine manufacturer for the supply of the 

nacelle and its subsystems and the turbine electrical system through to connection with the array cable. It also includes delivery 

of the components to the nearest port to the manufacturer, installation support, commissioning and warranty costs. It does not 

include the cost of the tower or the rotor. 

As the design of wind turbines is not project-specific, it is assumed that the nacelle for all Site Types considered here is the 

same, designed for the harshest of wind speeds seen for offshore wind sites currently in development in Europe, corresponding 

to Class IA of the international offshore wind turbine design standard IEC 61400-3. 

The baseline 4MW-Class Turbine is defined as a market-weighted average of four products at this scale available for FID in 

2011. These are the AREVA M5000-116, Siemens SWT-3.6-120, REpower 5M (126m) and the Vestas V112-3.0MW. Based on 

the approximate market shares of sales of these turbines in 2011, the weighted average turbine rating is approximately 4MW 

and the weighted average rotor diameter is approximately 120m. 

The drive train of all baseline turbines consist of a main shaft, main bearing, three-stage gearbox, a doubly-fed induction 

generator (DFIG) running at 1500 rpm and with output at 690V and a partial-span power converter. This typifies technology 

operating offshore today. It is recognised that, while this is a well understood technology arrangement and so makes a good 

baseline, some of the four turbines mentioned above incorporate a permanent magnet generator and full-span power converter. 

The baseline 6MW-Class and 8MW-Class Turbines have a rotor swept area scaled from the 4MW-Class Turbine linearly in 

proportion to rated power (that is, they have the same specific rating of about 350 W/m²). Further discussion of rotor diameter 

and tip speed is provided in Section 7.2. 
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The cost of the main components, including those listed above and the main frame, yaw system, electrical system, other 

auxiliary components, control system and nacelle cover, are calculated using empirically derived relationships based on turbine 

design experience and using as inputs, turbine rated capacity, rotor diameter, tip speed and generator input shaft speed. It is 

recognised that, due to different design philosophies, the masses and costs of the main components in different turbines do not 

all fit the same trend. In all cases, costs are based on market information historically gathered by BVG Associates and 

rationalised to 2011 contract values. The total cost of the turbine nacelle has been moderated in line with feedback from 

interviewees and workshop participants. 

Although baseline costs are established for 4MW, 6MW and 8MW-Class Turbines for use on wind farms with FID in 2011, it is 

recognised that the first 6MW-Class Turbines are likely to be available to the market for 500MW-scale projects with FID from 

2014 and that 8MW-Class Turbines are likely to be available for FID from 2017. No assumptions are made in this report about 

the market share of these products. 

The breakdown of nacelle CAPEX for a 4MW-Class Turbine is shown in Figure 6.4. Costs are dominated by the mechanical 

drive train at approximately 40 per cent, followed by the electrical system at approximately 30 per cent. The category ñOtherò 

incorporates the nacelle bedplate as well as auxiliary systems and the nacelle cover. 

 

Figure 6.4 Breakdown CAPEX for a baseline 4MW-Class Turbine nacelle. 

 

The nacelle CAPEX for each Turbine MW-Class is shown in Table 6.1. 

Table 6.1 Baseline turbine nacelle CAPEX, constant for all Site Types. 

Turbine MW-Class Turbine nacelle CAPEX  
(£k/MW) 

4MW 632 

6MW 671 

8MW 733 
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6.3.  Innovations  

One of the key innovations that will impact the LCOE in the coming years is the increase in the wind turbine power rating. The 

impact of this change alone, not combined with any other changes in technology, is represented in the baseline costs derived 

above and in Sections 5 and 7 to 11. 

Innovations relating to the turbine nacelle are considered in three groups, as shown in Table 6.2. 

Table 6.2 Turbine rotor groupings used in this analysis.Innovations listed * and + cannot be combined with others similarly marked. 

Groupings Innovations 

Turbine power rating Increase in turbine power rating 

Drive train Improvements in mechanical geared high-speed drive trains * 
Introduction of mid-speed drive trains * 
Introduction of direct-drive drive trains * 
Introduction of direct-drive superconducting drive trains * 
Introduction of continuously variable transmission drive trains * 
Improvements in workshop verification testing 

Other nacelle components Improvements in alternating current (AC) power take-off system design 
+
 

Introduction of DC power take-off (including impact of DC array cables) 
+
 

 

It is recognised that there is technology development underway at a detailed level on almost all nacelle components. 

Conservatively, only key areas highlighted by wind turbine manufacturers consulted are considered in this analysis. 

While improving reliability is not considered explicitly as a separate innovation in this analysis, it is a key factor behind many of 

the innovations and improvements in reliability are captured via reductions in unplanned service and increases in wind farm 

availability. Components in the nacelle are currently the source of about 70 per cent of OMS spend so increasing reliability and 

maintainability is a strong driver of the LCOE. Baseline OMS costs are derived in Section 11. 

6.3.1. Increase in turbine power rating 

Existing situation 

New onshore wind turbine models have steadily grown in nameplate rated power over the last 40 years. This change, with the 

associated increase in the rotor swept area and in the turbine hub height, has been a significant contributor to the substantial 

decrease in the LCOE seen during this period. The rate of growth in the average turbine rated power for onshore projects has 

slowed recently in advanced markets because of the physical constraints relating to transport logistics and the visual and 

acoustic impact of large turbines. Without a breakthrough technology change, the largest turbines for onshore projects are likely 

to have rated power between 3 and 4MW. 

For existing offshore wind farms, turbines have mostly been marinised versions of the largest onshore turbines available. This 

means that they have tended to have been designed to onshore market constraints. Offshore, turbine size is not as constrained 

by logistic, noise or visual constraints and a steadily and continuing growth in average rated power of turbines is anticipated by 

most interviewees, broadly continuing the trend presented in Section 1.4. 

Innovations 

Interviewees and workshop participants almost universally agree that the increase in turbine power rating has the single 

largest impact on the LCOE, especially for sites in deeper water and further from shore, where balance of plant costs are 

highest. This increase in scale from 4MW-Class Turbines requires a significant level of design and manufacturing innovation 

and investment, both by the wind turbine manufacturers and many other areas of supply. As part of the increase in turbine 

power rating, the turbine rotor area is scaled linearly in proportion to rated power, thus the 6MW-Class Turbine has a rotor 

diameter of 147m, for example. Discussion of the optimisation of the rotor diameter for a given Turbine MW-Class is a separate 

innovation that can act in addition to an increase in turbine power rating and is discussed in Section 7. 
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This increase in turbine power rating increases the CAPEX per megawatt of both the turbine nacelle and rotor, but reductions in 

balance of plant and installation costs and OPEX, coupled with increases in AEP, outweigh the additional cost. This gives 

significant LCOE advantages under most circumstances when moving from 4MW-Class turbines to 6MW or 8MW-Class 

turbines. 

The benefit of the increase in turbine power rating is demonstrated in Table 6.3 which compares baseline costs, AEP and the 

LCOE for a wind farm using 4MW and 6MW-Class Turbines. 

Array electrical CAPEX has the smallest percentage reduction. The change in cost with Turbine MW-Class is discussed in 

Section 9.2. 

Table 6.3 Modelled anticipated impact of increase in turbine power rating for wind farm on Site Type B with FID in 2011. 

Element Wind Farm 
with  

4MW-Class 
Turbines 

Site Type B 
FID 2011 

Wind Farm 
with  

6MW-Class 
Turbines 

Site Type B 
FID 2011 

Change Impact of 
change 

in 
element 
on LCOE 

Wind farm development (£k/MW) 85 79 -6.8% -0.1% 

Wind turbine rotor (£k/MW) 393 465 18.4% 1.7% 

Wind turbine nacelle (£k/MW)
9
 632 671 6.2% 0.9% 

Support structure (inc. tower) (£k/MW) 690 622 -10.0% -1.7% 

Array electrical (£k/MW) 81 80 -1.8% 0.0% 

Installation (£k/MW) 611 446 -27.1% -4.0% 

Construction phase insurance (£k/MW) 40 40 0.0% 0.0% 

Contingency (£k/MW) 249 236 -5.2% -0.3% 

Total CAPEX (£k/MW) 2,781 2,638 -5.1% -3.5% 

Operation and planned maintenance (£k/MW/yr) 27 22 -18.0% -0.9% 

Unplanned service (£k/MW/yr) 55 45 -18.0% -1.9% 

Other (£k/MW/yr) 2 2 -18.0% -0.1% 

Annual transmission charges (£k/MW)  69 69 0.0% 0.0% 

Operating phase insurance (£k/MWh)  14 14 0.0% 0.0% 

Total OPEX (£k/MW/yr) 169 151 -9.1% -2.9% 

Gross AEP (MWh/MW/yr) 4,520 4,613 2.1% - 

Net AEP (MWh/MW/yr) 3,691 3,787 2.6% -2.6% 

DECEX (£k/MW) 397 290 -27.1% -0.3% 

Relative LCOE (%) 100 91 -9% -9% 

 

Figure 6.5 plots the change value in Table 6.3 due to the increase in turbine power rating for a wind farm using 4MW and 8MW-

Class Turbines. 

                                                           

9
 This includes the impact of the increase in the turbine power rating. 
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Figure 6.5 Anticipated impact of the increase in the turbine power rating fronm 4 to 6 MW for a wind farm on Site Type B with FID in 

2011 with costs and energy output (left hand) and the impact on the LCOE cumulatively added (right hand). 

It is important to note that, although the turbine cost per megawatt increases by 11 per cent, the cost of all other capital items 

decreases, giving an overall decrease in CAPEX per megawatt of about five per cent. This is due, for example, to an increase of 

only 35 per cent in the support structure cost per turbine in moving from 4MW to 6MW-Class Turbines that equates to a 

decrease of 10 per cent in the support structure cost per megawatt. 

There is also an increase in annual OMS costs per turbine in moving from 4MW to 6MW-Class Turbines, which is shown by 

element in Table 6.4. The generator, array cable and other wind farm elements see the most increase in their OMS cost per 

turbine of just over 30 per cent. Some of the other wind farm elements costs, such as environmental monitoring and the OMS 

base, are fixed costs related to the wind farm, so they fall per wind turbine. 

This increase in annual OMS per turbine of 23 per cent equates to a decrease of 18 per cent in OMS per megawatt and nine per 

cent in total OPEX per megawatt. 

Table 6.4 Modelled anticipated impact of the increase in OMS per turbine for a wind farm on Site Type B with FID in 2011. This 

excludes the impact of innovations that improve reliability. 

Element % of OMS cost per turbine for wind 
farm using  

4MW-Class Turbines on 
Site Type B with 

FID 2011 

OMS cost per turbine for wind farm 
using  

6MW-Class Turbines on 
Site Type B with 

FID 2011 as % of OMS cost for 
4MW case 

Blades 12% 14% 

Hub and pitch system 11% 13% 

Gearbox and main Shaft 14% 16% 

Generator 17% 22% 

Electrical 19% 22% 

Other turbine 19% 22% 

Support structure 1% 1% 

Array cable 7% 9% 

Other wind farm 3% 3% 

Total OMS 100% 123% 

 

These cost reductions are combined with an increase of 2.6 per cent in AEP due to the increased hub height wind speed, which 

is related to the forced increase in the turbine hub height in order to preserve a minimum blade tip clearance to the water, as 

discussed in Section 7. It also combines with an increase of 0.5 per cent due to decreased array aerodynamic losses, as 

discussed in Section 5.1. 
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While this increased hub height increases the tower CAPEX per megawatt, the larger reduction in the foundation CAPEX per 

megawatt gives a net reduction in support structure CAPEX per megawatt of 10 per cent. Overall, the above effects combine to 

give an anticipated 9 per cent reduction in the LCOE for a wind farm using 6MW-Class Turbines compared with 4MW-Class 

Turbines on Site Type B with FID in 2011, a result that is consistent across different Site Types. 

For some in the industry, the anticipated increase in cost per megawatt for the turbine, bucking the trend of all other costs, is 

uncomfortable. A number of turbine manufacturers advise that they aim to hold the cost per megawatt of larger turbines roughly 

constant through introducing a range of other innovations in parallel to the increase in turbine power rating, thereby giving even 

larger LCOE savings. This aim is shown by the results of this analysis to be realistic. 

Keeping all other things constant, the cost of some turbine components remains relatively unchanged with the increase in 

turbine rated power (such as the control system); the cost of other components increases roughly in proportion to rated power 

(such as the electrical system); and the cost of other items increases significantly more than this (structural components such as 

blades and any gearbox). 

For structural components, this increase is driven by the laws of physics. The energy produced by a wind turbine is proportional 

to the swept area of the rotor, which is proportional to the square of the rotor diameter. Costs of structural components are, 

however, to a first approximation proportional to the mass of components, which in turn is proportional to volume, which is 

empirically known to be approximately proportional to the cube of the rotor diameter. This means that, for a doubling of the rated 

power of the turbine, and hence energy output, the rotor swept area typically will double (and the rotor diameter will increase by 

the square root of two). Without other innovations, the mass of the turbine will increase by the cube of the square root of two, or 

a factor of about 2.8. Thus, an energy increase of a factor of two has driven a cost increase for the structural components of a 

factor of 2.8, which, if replicated for all turbine components, would lead to a 40 per cent increase in the cost per megawatt. 

Considered another way, if the tip speed of the wind turbine is kept constant (a general requirement) then, for a doubling of 

rated power, the rotor speed is reduced by 30 per cent and the torque on the drive train is increased by a factor of 2.8. With 

about half the cost of a turbine driven by this type of scaling rule and half driven on average by a proportional rule (that is, a 

constant cost per megawatt), typically, one might expect to see a 20 per cent increase in the turbine cost per megawatt for a 

doubling of turbine rated power. 

The modelled increase in the turbine cost per megawatt when doubling the rating of the turbine for the baseline is close to this, 

at 22 per cent. 

It is recognised from industry trends that few wind turbine manufacturers offer a product with increased rated power without also 

incorporating other innovations, so real cost increases of this magnitude are not expected. Simply plotting a range of real costs 

of a given component against turbine rated power generally will show shallower trends than discussed above, as these real 

costs generally incorporate other technical innovations as well as supply chain effects. 

Early signs of progress and prerequisites 

All of the wind turbine manufacturers who have signalled their intent to participate in the future offshore wind market have 

developed, or are in the process of designing, turbines with increased rated power. 

Among others, AREVA, Alstom Power, Daewoo Shipbuilding & Marine Engineering (DSME), Gamesa, Hyundai Heavy 

Industries, MPSE, REpower, Samsung, Sinovel, Siemens Wind Power, and Vestas have all made public statements regarding 

their intent to have a 6MW-Class Turbine or larger available on the European market for FID 2017, with a number on the market 

before then. 

Turbines larger than 6MW are also under development. The following is intended only as a snapshot of a cross-section of 

activity: 

¶ Acciona, Alstom Wind, Gamesa and other Spanish companies are collaborating with 22 research centres in the Azimut 

project to develop a 15MW offshore wind turbine. This ú25 million project is partially financed by the Spanish Strategic 

National Technical Consortiums (CENIT). 

¶ AMSC Windtec is working on the 10MW Sea Titan wind turbine with drive train variants including a direct-drive high 

temperature superconducting (HTS) generator. 

¶ GE Energy is working on a two year project with the US Department of Energy as an early step to developing a wind 

turbine in the 10 to 15MW range, again using superconducting technology. 
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¶ The EU-funded UpWind project ran from 2006 to 2011 and involved 40 partners focussing on design tools relevant for the 

design of very large wind turbines (8MW and larger). 

It is noted that, under some assumptions about market development, there is a case lowest for the LCOE from the continued 

use of 4MW-Class Turbines on Site Types that justify the use of monopiles, rather than moving to larger turbines that drive a 

change to using jacket foundations. The analysis presented here shows a four per cent higher LCOE for a wind farm of 4MW-

Class Turbines on Site Type A for FID 2011 compared with 6MW-Class Turbines. Should investment in new jacket 

manufacturing facilities not progress due to market conditions, supply chain optimisation progress further for the smaller turbines 

and innovations in turbines be applied at the smaller scale in the same way as at the larger scale then, taking account of relative 

risks, this trend could reverse. 

Due to the substantial technical and supply chain advances that are required to deliver this anticipated increase in turbine power 

rating, interviewees advise an anticipated step change in the levels of component system and turbine-level testing and 

verification to build confidence that designs are suitable for use on a commercial scale. The typical technology development 

cycle for a new offshore wind turbine design is explored further in Section 3. 

A number of turbine manufacturers are already progressing with these verification plans, for example: 

¶ Alstom Power installed an onshore prototype of its Haliade 150-6MW turbine at an onshore test site in March 2012 and 

plans to install an offshore demonstration unit in late 2012. 

¶ Gamesa
10

 expect to begin installation in Q2 2013 of a prototype G128-5MW turbine off Arinaga Quay in Gran Canaria. This 

location was chosen on the basis of technical considerations for certification, wind conditions in the region, market 

performance and customer investment plans. It will be the first offshore turbine installed in Spain. 

¶ Siemens installed a prototype of its SWT-6.0-154 turbine (though with a reduced rotor size of 120m) at an onshore test site 

in May 2011 and expects to install another four before the end of 2012, including two offshore in the UK and ten more in 

2013, including five in the UK. 

¶ Vestas is scheduled to install a prototype of its V164-7.0MW turbine at DONG Energyôs Frederikshavn offshore test site in 

Denmark in 2013.
11

 

Interviewees say that a key prerequisite for accelerating the testing and demonstration of this increase in turbine power rating is 

the availability of both onshore and offshore sites, as discussed in Section 7.3.1. Also seen as of growing importance, though 

not yet a requirement, is the ability to test drive trains under dynamic, multi-directional loads more representative of turbine 

operation than those conventionally applied at gearbox manufacturers during the design verification phase. The UK will offer this 

capability when the the Narec Fujin drive train test facility is completed. 

In the last two years, there has also been significant UK Government support in developing key components for these turbines, 

for example, to Siemens (for generator and power converters), Vestas (for blades), MPSE (including for hydraulic drive train), 

and David Brown working with Samsung Heavy Industries (for gearbox). 

Alongside the research, development and demonstration (RD&D) investment in the technology development needed for larger 

turbines, investment is also needed in production sites and manufacturing technology before the technology can impact the 

market. Planning applications for a Siemens facility in Hull, UK for assembly of its 6MW turbine and a Vestas facility in 

Sheerness, UK for assembly of its 7MW turbine have been submitted. Gamesa
12

 has also announced its intention to pursue a 

                                                           

10
 ñGamesa reaches a critical milestone in its offshore strategy: the first offshore prototype to be installed in Spainò, Gamesa, 7 May 2012, 

available at www.gamesacorp.com/en/communication/news/gamesa-reaches-a-critical-milestone-in-its-offshore-strategy-the-first-offshore-

prototype-to-be-installed-in-spain.html?idCategoria=0&fechaDesde=&especifica=0&texto=&fechaHasta=, accessed May 2012. 

11
 ñDONG tests Vestas' 7 MW offshore wind turbineò, RenewableEnergyFocus.com, 31 October 2011, available at 

www.renewableenergyfocus.com/view/21701/dong-tests-vestas-7-mw-offshore-wind-turbine/, accessed May 2012. 

12
 ñGamesa announces intention to pursue MOU with the Port of Leith as its UK manufacturing baseò Gamesa, 23 March 2012, available at 

www.gamesacorp.com/en/communication/news/gamesa-announces-intention-to-pursue-mou-with-the-port-of-leith-as-its-uk-manufacturing-

base.html?idCategoria=0&fechaDesde=&especifica=0&texto=&fechaHasta=, accessed May 2012. 

http://www.gamesacorp.com/en/communication/news/gamesa-reaches-a-critical-milestone-in-its-offshore-strategy-the-first-offshore-prototype-to-be-installed-in-spain.html?idCategoria=0&fechaDesde=&especifica=0&texto=&fechaHasta=
http://www.gamesacorp.com/en/communication/news/gamesa-reaches-a-critical-milestone-in-its-offshore-strategy-the-first-offshore-prototype-to-be-installed-in-spain.html?idCategoria=0&fechaDesde=&especifica=0&texto=&fechaHasta=
http://www.renewableenergyfocus.com/view/21701/dong-tests-vestas-7-mw-offshore-wind-turbine/
http://www.gamesacorp.com/en/communication/news/gamesa-announces-intention-to-pursue-mou-with-the-port-of-leith-as-its-uk-manufacturing-base.html?idCategoria=0&fechaDesde=&especifica=0&texto=&fechaHasta=
http://www.gamesacorp.com/en/communication/news/gamesa-announces-intention-to-pursue-mou-with-the-port-of-leith-as-its-uk-manufacturing-base.html?idCategoria=0&fechaDesde=&especifica=0&texto=&fechaHasta=
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memorandum of understanding with the Port of Leith as its UK assembly base for nacelles and manufacturing base for both 

blades. These companies need new coastal facilities to assemble and dispatch these larger turbines to offshore sites in a 

logistically efficient manner, but the UK is in competition with other countries for the opportunity to host these facilities. Having 

such facilities then improves the chance for the creation of significantly more jobs in the supply chain. Progress towards 

construction of these facilities is a visible sign of progress towards the introduction of larger turbines, although advice is that full 

investment will require a confirmed pipeline of orders, the extent of which is likely to become a matter of negotiation at some 

point. 

Table 6.5 Potential and anticipated impact of innovations in increase in rated power, for wind farm on Site Type B, compared with FID 

2011 using 4MW-Class Turbines. 

Innovation Maximum technical potential impact Anticipated impact FID 2020 

CAPEX OPEX AEP LCOE CAPEX OPEX AEP LCOE 

Increase in turbine power rating 
(6MW-Class Turbine) 

-5.1% -7.4% 2.6% -8.5% -5.1% -7.4% 2.6% -8.5% 

Increase in turbine power rating 
(8MW-Class Turbine) 

-4.4% -11.8% 4.7% -11.1% -4.4% -11.8% 4.7% -11.1% 

 

6.3.2. Drive train 

Existing situation 

Up until about 2002, the design of wind turbine drive trains seemed to be converging on a geared concept with a separate main 

shaft (with bearing) and a high-speed doubly-fed induction generator (DFIG) and partial span power converter, with only 

Enercon having a significant market share and offering a substantially different solution with a large diameter, wound gearless 

(direct-drive) generator. With the globalisation of the industry, the challenge of increased grid compliance requirements and 

technical advancements in gearless concepts using permanent magnet (PM) generators, the technology playing field has 

widened significantly. 

As can be seen in Table 6.6, almost all turbines currently available in the EU offshore wind market are high speed geared 

systems. The AREVA M5000-116 is the exception, with a single-stage gearbox and mid-speed synchronous PM generator. The 

headline argument for such a concept is to avoid the final stage of the gearbox (the source of a significant fraction of downtime 

relating to gearboxes) without making the more significant change of introducing a low-speed (direct-drive) generator. 
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Table 6.6 Rated power, drive train concept and total installed capacity offshore for turbines currently in the EU market, with capacity 

installed offshore (as of Q1-12). 

Turbine 
manufacturer 

Model Rated 
power 
(MW) 

Drive train concept (full power conversion 
unless stated) 

Total installed 
capacity 

offshore (MW) 

AREVA M5000-116 5 One-stage gearbox, mid-speed synchronous PM 
generator  

30 

BARD 5.0 5 Main shaft, three-stage gearbox, high-speed 
DFIG, partial power conversion 

85
13

 

REpower 5M and 6M 5 and 
6.15 

Main shaft, three-stage gearbox, high-speed 
DFIG, partial power conversion  

120
14

 

Siemens SWT-2.3-93 2.3 Main shaft, three-stage gearbox, high-speed 
DFIG, partial power conversion 

577 

Siemens SWT-3.6-107 3.6 Main shaft, three-stage gearbox, high-speed 
induction generator 

731 

Siemens SWT-3.6-120 3.6 Main shaft, three-stage gearbox, high-speed 
induction generator 

195 

Vestas V90-3.0 MW 3 Three-stage gearbox, high-speed DFIG, partial 
power conversion 

960 

 

There has been a range of drive train reliability issues with offshore turbines to date that have required the retrofitting of 

gearboxes and generators. The most high profile examples have been the withdrawal of the Vestas V90-3.0MW turbine from 

the offshore wind market between early 2007 and May 2008 due to gearbox issues and the replacement of all six AREVA 

M5000-116 gearboxes soon after installation at Alpha Ventus due to a supplier design quality issue. In March 2012 Vestas 

began replacing gearboxes and generators in about a quarter of the turbines at North Hoyle wind farm.
15

 Installed in 2003, the 

thirty turbines at North Hoyle have had problems with high speed bearing failures in the gearboxes with seven gearbox 

replacements reported in the second and third years of operation.
16

 One interviewee says that they would expect to see their 

first gearbox issue within three to five years of completion despite the fact that the units are typically certificated for a design life 

of for 20 years. Most developers are planning for major component exchange on existing wind farms after seven to 10 years. 

In response to the high cost of maintenance and component replace in offshore wind, a number of turbine manufacturers have 

reassessed their nacelle concept with many choosing to move away from the three-stage gearbox and high-speed generator 

concept. Looking forward, four drive train concepts are under development in offshore wind: 

¶ A geared concept with high-speed generator as described above, as used today by REpower, Siemens and Vestas, though 

in some cases with the incorporation of high-speed PM generator and full span power conversion 

¶ A geared concept with a mid-speed generator, as used today by AREVA and proposed by Gamesa, Samsung Heavy 

Industries and Vestas for their next generation products 

¶ A direct-drive concept, which is not yet operating offshore but has been proposed by Alstom, GE Energy and Siemens, and 

                                                           

13
 80MW of the 400MW currently under construction at BARD Offshore 1 was online in February 2012. Turbine installation started in March 

2010 with 190MW expected to be fully operational in 2012 and the full 400MW in 2013. 

14
 A total of 147.6MW is planned to be installed at Thornton Bank Phase 2 in 2012. 

15
 ñNorth Hoyle engine swapò, Renewable Energy News, Issue 236, 22 March 2012 

16
 Department for Business Enterprise and Regulatory Reform, North Hoyle Offshore Wind Farm: Third Annual Report, Offshore Wind Capital 

Grants Scheme, July 2006-June 2007, available at 

www.decc.gov.uk/assets/decc/what%20we%20do/lc_uk/ic_business/env_trans_fund/wind_grants/file47340.pdf, accessed May 2012. 

http://www.decc.gov.uk/assets/decc/what%20we%20do/lc_uk/ic_business/env_trans_fund/wind_grants/file47340.pdf



































































































































































































































































































































