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1 Introduction 

The POWERED project - "Offshore Wind Energy: Research, Experimentation, Development" 

is aimed to define common strategies and methods for the offshore wind energy 

development in all countries bordering the Adriatic Sea. 

This report is part of WP3 - "Technological, Environmental policies and regulations of 

Energetic state of the art" and concerns the Task 3.1 - "Technological state of the art". The 

aim is to define the best existing technologies in order to realize offshore wind farms in the 

Adriatic sea, underlining energy production capabilities, main dimensions, materials and 

reliability.  

Paragraph 2 illustrates the offshore wind energy overview, analyzing the offshore wind in 

terms of turbines size, distance from shore, water depth and wind farms size as well as 

future trends. It examines how the wind power capacity installed is evolved in EU and in the 

rest of the world, with a particular reference to the offshore wind energy. The most 

important under construction and active offshore wind farms are analyzed, including the 

costs and the offshore wind energy scenarios for 2020 and 2030. 

Paragraph 3 illustrates the Off-shore wind energy technological and physical limits. In 

particular, it analyzes the Adriatic Sea environmental conditions, as the general climatology 

and the bathymetric maps. Then, the different types of foundations and support structures 

and the requirements to design an offshore wind project are illustrated. Furthermore, the 

main manufacturers of offshore wind turbines and the turbine models are reported, as well 

as the wind conditions and Wind Turbine Classes. The paragraph examines the offshore grid 

connection requirements and technologies, including the power control and the electricity 

storage systems. Finally, the wind energy LCA (Life cycle assessment) studies, carried out 

within the ECLIPSE project, are reported. 

Paragraph 4 describes the technologies and materials to realize offshore wind turbines 

components. Some of the analyzed components are the blades, nacelle cover, spinner, 

towers and cables. 

Paragraph 5 illustrates the state of the art from a technological, industrial and 

infrastructural point of view. The techniques adopted for the meteorological, geological and 
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marine data measurement, such as wind speed and its directions, water depths, waves, tides 

and currents are reported. Moreover the section analyses the wind turbine transport and 

installation procedures, including submarine cabling requirements along with the installation 

procedures and the laying operation. Finally, the concept of reliability and the different steps 

to perform a reliability analysis is illustrated. In particular the different maintenance 

strategies are described.  

The analysis was conducted focusing on the most important methods used to identify the 

causes and the consequences of a failure event, how failures can be prevented and how to 

improve the availability of a system. 

Paragraph 6 illustrates the disused offshore platforms requirements to house a weather 

station: the required area of the platform to place the tower, the mast geometric 

characteristics and the design loads. In appendix B the disused offshore platforms and their 

characteristics, as general data, dimensions and sites information are reported. 

Figure 1 shows a schematic representation of the topics investigated and described in this 

report. 
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Figure 1 Offshore wind energy technological state of the art: topics investigated 

 

2 Offshore wind energy overview 

2.1 Offshore Wind Energy Development 

The first documented offshore wind turbine concept was developed by Hermann Honnef in 

Germany in the thirties of the twentieth century (Figure 2) ([1.]). 

Instead the first detailed study of a wind farm was built in the seventies by William 

Heronemus University of Massachusetts (Figure 3).    
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Figure 2 Offshore multi-rotor designed by Hermann 

Honnef in 1932. 

Figure 3  The wind farm planned by Heronemus in 1972. 

Heronemus had the great merit of conceiving large-scale energy production just before the 

rebirth of the modern wind turbine.  

In his study Heronemus imagined hundreds of floating wind turbines off the east coast of the 

United States, but actually only in the early nineties, after the success of onshore wind 

turbines, the scientific community was back to deal with offshore wind ([2.]).  

Lƴ мффлΣ му ȅŜŀǊǎ ŀŦǘŜǊ IŜǊƻƴŜƳǳǎΩ ƛŘŜŀΣ ǘƘŜ ŦƛǊǎǘ ƳƻŘŜǊƴ ǿƛƴŘ ǘǳǊōƛƴŜ όǿƛǘƘ ŀ ŎŀǇŀŎƛǘȅ ƻŦ 

220 kW) was installed at Nogersund in Sweden, 250 m from shore in 7 m deep water. 

In 1991 Denmark began to produce energy through the first offshore wind farm in the world. 

 

 

Figure 4 The first wind farm in Denmark, Vindeby. 
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This is a wind farm consisting of 11 wind turbines, each with a nominal power of 450 kW, 

hence with a total size of 4.95 MW. The wind farm is placed 3 km from the coast, near the 

municipality of Vindeby, in shallow (2-5 m) and protected water.  

Subsequently offshore turbines were installed in the Netherlands, United Kingdom, Sweden, 

Ireland, Germany, China and Japan ([3.]).  

Over the years, research and development of offshore wind technology has enabled the 

following improvements ([4.]):  

¶ increasing size of wind turbines (Figure 5); 

¶ increasing distance from shore and deeper water of wind farms (Figure 6, Figure 7); 

¶ wind farms increasingly large and complex (Figure 8). 

 

 

Figure 5 Offshore wind turbines rated power over time. 
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Figure 6  Offshore wind farms distance to shore over time. 

 

 

Figure 7  Offshore wind farms water depth over time. 
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Figure 8 Offshore wind farms installed capacity over time. 

 

2.1.1 The status of wind energy in recent years (2010-2014) 

At end 2010, wƛƴŘ ŜƴŜǊƎȅ ƳŜŜǘǎ рΦо҈ ƻŦ ǘƘŜ 9¦Ωǎ ŜƭŜŎǘǊƛŎƛǘȅ ŎƻƴǎǳƳǇǘƛƻƴ ŦǊƻƳ ŀn installed 

capacity of 84.3 GW (Figure 10); 38.3 GW of wind power capacity was installed globally, 

reaching a total of 197 GW by the end of the year (Figure 9). The global annual market for 

wind turbines decreased by 1.3% in 2010, following growth of 46% in 2009, 37% in 2008 and 

31% in 2007 (Figure 10) ([5.]). 
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Figure 9  Global cumulative wind power capacity (1996 ς 2010) 

 

 

Figure 10  Global annual wind power capacity (1996 ς 2010) 
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In Europe, Germany (27.2 GW) and Spain (20.7 GW) continue to be undisputed leaders in 

terms of total installed wind energy capacity (Figure 11ύΦ рт҈ ƻŦ ǘƘŜ 9¦Ωǎ ƛƴǎǘŀƭƭŜŘ ŎŀǇŀŎƛǘȅ ƛǎ 

located in the two countries. By end 2010, five countries ς Germany, Spain, Italy (5.8 GW), 

France (5.7 GW) and the UK (5.2 GW) ς had passed 5 GW of total capacity (Figure 11) ([5.]). 

 

 

Figure 11  Member state wind power capacity (MW) and share (%) of total EU capacity at end 2010 

During 2010, 9332 MW of wind power was installed in the European Union countries. This 

represents a decrease in the annual wind power installations of 10% compared to 2009. Of 

the 9332 MW installed in the EU, 883 MW were installed offshore. In 2010, the annual 

onshore market contracted by 15% compared to the previous year, whilst the offshore 

market grew by 51% compared to the previous year ([5.]). 

LƴǾŜǎǘƳŜƴǘ ƛƴ 9¦ ǿƛƴŘ ŦŀǊƳǎ ƛƴ нлмл ǿŀǎ ϵмнΦт ōƛƭƭƛƻƴΦ ¢ƘŜ ƻƴǎƘƻǊŜ ǿƛƴŘ ǇƻǿŜǊ ǎŜŎǘƻǊ 

ŀǘǘǊŀŎǘŜŘ ϵмлΦм ōƛƭƭƛƻƴ ŘǳǊƛƴƎ нлмлΣ ǿƘƛƭǎǘ ǘƘŜ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ǇƻǿŜǊ ǎŜŎǘƻǊ ŀŎŎƻǳƴǘŜŘ ŦƻǊ 

ŀǊƻǳƴŘ ϵнΦс ōƛƭƭƛƻƴΦ 

In terms of annual installations, Spain was the largest market in 2010, installing 1516 MW, 

compared to GermanyΩǎ м493 MW. France was the only other country to install over 1 GW 
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(1086 MW), followed by the UK (962 MW) and Italy (948 MW). Sweden (604 MW), Romania 

(448 MW), Poland (382 MW), Portugal (363 MW) and Belgium (350 MW) (see Figure 12). 

 

 

Figure 12  Member state market shares for new capacity in 2010 (total 9,332 MW) 

Most EU Member States are now investing in wind power, partly as a result of the EU 

wŜƴŜǿŀōƭŜ 9ƭŜŎǘǊƛŎƛǘȅ 5ƛǊŜŎǘƛǾŜ ǇŀǎǎŜŘ ƛƴ нллм ŀƴŘ ƛǘǎ άǎǳŎŎŜǎǎƻǊέΣ ǘƘŜ 9¦ wŜƴŜǿŀōƭŜ 9ƴŜǊƎȅ 

Directive passed in 2009 ([5.]). 

Annual wind power installations in the EU have increased steadily over the past 3 years from 

9.3 GW in 2010 to 11,159 GW in 2013 (Figure 13). Of the 11,159 MW installed in the EU, 

9,592 MW were onshore and 1,567 MW offshore. In 2013, the onshore market decreased in 

the EU by 12%, whilst offshore installations grew by 34% (Figure 14). Overall, the wind 

energy market decreased by 8% compared to 2012 installations ([74.]). 
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Figure 13  Annual wind power installations in EU (GW) ς EWEA 2014 

 

Figure 14  Annual onshore and offshore installations (MW) ς EWEA 2014 

In terms of annual installations, Germany was the largest market in 2013, installing 3,238 

MW of new capacity, 240 MW of which (7%) offshore (Figure 15). The UK came in second 

with 1,883 MW, 733 MW of which (39%) offshore, followed by Poland with 894 MW, 

Sweden (724 MW), Romania (695 MW), Denmark (657 MW), France (631 MW) and Italy (444 

MW). 
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Figure 15  EU member state market shares for new capacity installed during 2013 in MW ς EWEA 2014 

 

The emerging markets of central and eastern Europe, including Croatia, installed 1,755 MW, 

16% of total installations, 2% less than the previous year. Moreover, 46% of all new EU 

installations in 2013 were in just two countries (Germany and the Uk), a significant 

concentration compared to the trend of previous years when installations were increasingly 

spread across Europe. A number of previously large markets such as Spain, Italy and France 

have seen their rate of wind energy installations decrease significantly in 2013, by 84%, 65%, 

24% respectively ([74.]). 

Offshore accounted for almost 14% of total EU wind power installations in 2013, four 

percentage points more than in 2012, further confirming the high level of concentration in 

annual installations during 2013. 

At end 2013, a total of 117 GW is installed in the European Union with a growth of 10% on 

the previous year and lower to the growth recorded in 2012 (+12% compared to 2011). 

Figure 16 shows the cumulative wind power installations in the EU at end 2013. Germany 

(34.3 GW) and Spain (23 GW) have the largest cumulative installed wind energy capacity in 

Europe and together they represent 49% of total EU capacity (Figure 17). The UK, Italy and 

France follow with, respectively, 10.5 GW, 8.6 GW and 8.3 GW. Amongst the newer Member 
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States, Poland, with 3.4 GW of cumulative capacity, is now in the top 10, in front of the 

Netherlands with 2.7 GW and Romania with 2.6 GW. 

 

Figure 16  Cumulative wind power installations in the EU (GW) ς EWEA 2014 

 

Figure 17  EU member state market shares for total installed capacity (GW) ς EWEA 2014 
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2.1.2 The growth of offshore wind power in recent years (2010-2014) 

With 2.9 GW installed at end 2010, offshore wind accounted for 3.5% of installed EU wind 

energy capacity (up from 2.7% in 2009) and 9.5% of new annual capacity. In 2010, 883 MW 

ƻŦ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ǿŜǊŜ ƛƴǎǘŀƭƭŜŘΣ ōŜŀǘƛƴƎ ǘƘŜ ǇǊŜǾƛƻǳǎ ȅŜŀǊΩǎ ǊŜŎƻǊŘ ƻŦ рун a² (Figure 18).  

Historically, the front-runner in offshore wind was Denmark. But by the end of 2010, with 

458 MW of new offshore installations, the UK became the first country to total more than 1 

GW of offshore capacity. In Europe, there are now eight EU Member States, and Norway, 

with installed offshore capacity (Figure 19) ([5.]). 

 

Figure 18  Annual and cumulative installed EU offshore capacity 1991-2010 (MW) 
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Figure 19  Offshore wind power (MW) in 2010 

 

At end of 2011, a total of 1371 offshore turbines are installed and grid connected in 

European waters totalling 3812.6 MW spread across 53 wind farms in 10 countries.  

The UK is by far the largest market with 2094 MW installed, representing over half of all 

installed offshore wind capacity in Europe. Denmark follows with 857 MW (23%), then the 

Netherlands (247 MW, 6%), Germany (200 MW, 5%), Belgium (195, 5%), Sweden (164, 4%), 

Finland (26 MW in near-shore projects) and Ireland 25 MW. Norway and Portugal both have 

a full-scale floating turbine of 2.3 MW and 2 MW respectively (Figure 20) ([6.]). 

Finally, appendix A details the table of commissioned or financed and/or under construction 

offshore wind farms [23.]. 
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Figure 20  Installed capacity: cumulative share by country at end 2011 (MW) 

At the end of 2012 there were 1,662 turbines totalling 5 GW of installed offshore wind 

capacity spread across 55 wind farms in 10 European countries (Figure 21). The produced 

energy is of 18 TWh, enough electricity to power almost five million households ([75.]). 

In the last two years, the total installed capacity is increased of about 66%.  



 
 

 

 

 

POWERED ς Deliverable ς WP 3 ς Task 3.1 ς May 2012 Pag.33 

 

 

Figure 21  Annual and cumulative installations of offshore wind in Europe at end 2012 (MW) 

Most of the offshore projects (3.2 GW or 65% of total capacity) are located in the North Sea. 

16% of total capacity is located in the Baltic Sea and 19% in the Atlantic. There are currently 

no offshore wind farms in the Mediterranean, because the water is deep, and current 

commercial substructures are limited to 40m to 50m maximum depths. This restricts the 

potential to exploit offshore wind development in the Mediterranean ([75.]). 

In Europe the grid connected offshore wind turbines rely on fixed foundations (Figure 22). 

The vast majority of those on monopile foundations, followed by gravity based substructures 

and space frame structures (tripod, jacket and tri-pile). Four experimental floating 

substructures in Europe are in a test phase: SeaTwirl, SWAY, Blue H and Poseidon. 

The European offshore wind industry is increasingly developing offshore projects for water 

depths of over 50m to unlock the promising offshore market in the Atlantic, Mediterranean 

and deep North Sea waters. In many parts of Europe, off the coasts of Ireland, Portugal, 

Spain, Norway, UK, France and Italy, there are significantly larger offshore wind resources 

available in water deeper than 50m. Figure 23 shows the share of offshore wind resources in 

European countries, whereas the Figure 24 shows the map of available areas for floating 

platforms in Europe.  
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Figure 22  Share of substructure types for online wind farms, end 2012 

 

 

Figure 23 Share of offshore wind resources in European countries 

EWEA has identified 40 deep water offshore projects either grid connected systems or under 

developement. More than 60% are located in Europe in 9 countries, 10% are in the US and 

23% in Japan (see Figure 25). 
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Figure 24 Available areas for floating platforms in Europe 

 

 

Figure 25  Location of deep water wind energy projetcs 

The Table 1 outlines the deep offshore wind designs and projects developed in Europe, 

Japan and the US ([75.]). 
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Table 1 State of the art for deep offshore wind designs 
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During 2013 in Europe 1,567 MW of new offshore wind power capacity were connected to 

the electricity grid, 34% more capacity than the previous year. 47% of all new capacity was 

installed in the UK (733 MW), less than in 2012 (73%). The second largest amount of 

installations were in Denmark (350 MW or 22%), followed by Germany (240 MW, 15%) and 

Belgium (192 MW, 12%), as showed in Figure 26. 
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Figure 26 Share of annual offshore wind capacity installations per country during 2013 (MW) ς EWEA 2014 

 

Total installed capacity at the end of 2013 reached 6,562 MW (Figure 27), producing 24 TWh 

ƛƴ ŀ ƴƻǊƳŀƭ ǿƛƴŘ ȅŜŀǊΣ ŜƴƻǳƎƘ ǘƻ ŎƻǾŜǊ лΦт҈ ƻŦ ǘƘŜ 9¦Ωǎ ǘƻǘŀƭ ŜƭŜŎǘǊƛŎƛǘȅ ŎƻƴǎǳƳǇǘƛƻƴΦ The 

6,562 MW of offshore wind capacity are mainly installed in the North Sea (4,363 MW, 66%), 

in the Baltic Sea (1,143 MW, 17%) and in the Atlantic Ocean (1,056 MW, 16%). 

 

A total of 2,080 wind turbines are now installed and connected to the electricity grid in 69 

offshore wind farms in 11 countries across Europe (Figure 28). The UK has the largest 

amount of installed offshore wind capacity in Europe (3,681 MW, 56% of all installations). 

Denmark follows with 1,271 MW (19%). With 571 MW (8.7% of total European installations), 

Belgium is third, followed by Germany (520 MW: 8%), the Netherlands (247 MW: 3.8%), 

Sweden (212 MW: 3.22%), Finland (26 MW: 0.4%), Ireland (25 MW), Norway (2.3 MW), 

Spain (5 MW) and Portugal (2 MW).  
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Figure 27 Cumulative and annual offshore wind installations (MW) ς EWEA 2014 

 

a) b)  

Figure 28 Cumulative share by country: installed capacity in MW (a) and installed wind turbines (b) ς EWEA 

2014 
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Siemens is the lead offshore wind turbine supplier in Europe with 60% of total installed 

capacity (Figure 29). Vestas (23%) is the second biggest turbine supplier, followed by Senvion 

(REpower) (8%), BARD (6%), WinWind and GE with respectively 0.8% and 0.5%. Other 

suppliers together make up just over 1% of the market ([76.]). 

 

 

Figure 29 Wind turbine manufacturers share at the end of 2013 (MW) ς EWEA 2014 

At the end of 2013 there were 2,474 substructures fully installed at European offshore wind 

farms. The most common substructures used are monopiles (1,866 - 76% of all installed 

foundations). Gravity based foundations are the second most common with 303 units 

installed (12%), followed by jacket foundations (130 units: 5%), tripods (116 units: 5%) and 

tripiles (55 units: 2%). There are two experimental and two full scale floating substructures 

(Figure 30, [76.]). 

 

With regard to the market outlook for 2015, with the completion of the wind farms that are 

currently under construction, some 3 GW of new capacity will come online; therefore the 

annual installations will remain stable in 2015. Moreover, EWEA has identified 22 GW of 

consented offshore wind farms in Europe and future plans for offshore wind farms totalling 

more than 133 GW (Figure 31). 
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Figure 30 Share of substructure types for wind turbines ς EWEA 2014 

 

Figure 31 Offshore market: projects online, under construction and consented (MW) ς EWEA 2014  

In the medium term, an analysis of consented wind farms confirms that the North Sea will 

remain the main region for offshore deployment (68% of total consented capacity) with 

significant developments are also foreseen in the Baltic Sea (16% of consented capacity). The 
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Mediterranean could begin exploiting its offshore potential (6% of consented capacity), as 

showed in (Figure 32). 

 

Figure 32 Share of consented offshore wind farms by sea basinς EWEA 2014 

 
 

2.2 Offshore wind energy cost analysis  

The offshore environment is certainly much more complex than the classic onshore site. First 

the staff has to travel by sea and this produces an increase in cost and time of construction. 

Moreover the higher risk of working at sea raises also the insurance cost.  

Also the weather can have a heavy impact on the timing and costs of installation and 

maintenance, e.g. concerning with rough sea or storms. From the technological point of 

view, the sea is a very corrosive environment that requires more sophisticated and therefore 

more expensive applications. Foundations and supporting structures are a key aspect in 

offshore installations, where they require a greater amount of steel compared to onshore.  

The Figure below shows a typical distribution of the investment costs of an offshore wind 

farm. The main items are turbine, foundation and the electrical transmission system 

([7.][8.][9.]). 
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Figure 33 Distribution of investment costs of an offshore wind farm among its various components ([8.]) 

 

Costs of offshore wind farms are rather variable, depending on the plant characteristics: 

- total capacity (Figure 34); 

- size of the wind turbines (Figure 35); 

- distance to shore (Figure 36); 

- water depth (Figure 37)   

- year of construction (Figure 38). 

Obviously, increasing total capacity of the wind farm increases the investment cost (see 

Figure 34), however some costs are unlikely to scale linearly with the installed capacity, e.g. 

those costs concerning with installation, connection to the network or the same turbines 

that can be discounted compared to list price. 
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Figure 34 Total cost as a function of installed capacity for the wind farm. (Data of 36 wind farms) 

With respect to the turbines size the scenary is more complex. The trend to use very large 

turbines produce two opposite effects: on one hand, for a given total power, less wind 

turbines mean also less support structures, hence a remarkable foundation saving; on the 

other hand such heavy structures need much larger ships to be installed, and so there is a 

very impressive increase in costs. Figure 35 shows as the cost of specific parks varies with 

the size of offshore turbines.   
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Figure 35 Cost of specific parks to vary the size of offshore turbines. (Data of 36 wind farms) 

The distance to shore and the port facility influences both the construction phase and all 

phases of maintenance, indeed travels contribute significantly to the operational cost (see 

Figure 36). Obviously also  costs of the necessary transmission cables depend on the distance 

to shore. 
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Figure 36  Specific costs of offshore wind farms as a function of distance to shore. (Data of 36 wind farms) 

 

The water depth is another primary cost element. As in oil and gas facilities construction 

costs  increase with depth (see Figure 37). At water depth greater than 25-30 m it is no 

longer feasible neither the gravity nor the monopile support structures that are the least 

expensive. Likewise, the laying of cables in deep water can be complex, in fact in some cases 

you can not use traditional boats but it can be necessary to make use of expensive remotely 

operated vehicles (ROV) and divers. 
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Figure 37  Specific costs of offshore wind farms as a function of average water depth. (Data of 36 wind farms) 

 

Finally, the development technology is lowering its costs as it did previously for onshore 

applications, then the year of construction must be taken into account in any analysis of 

costs in order to compare the various wind farms (see Figure 38) ([4.][7.][9.]). 
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Figure 38  Specific cost of offshore wind farms over time (data of 36 wind farms). 

 

With regard to the floating substructure, the costs mainly consist of the platform and the 

anchoring system. These costs are similar to those for fixed-bottom solutions installed in 

deep waters. The major difference between the two solutions is in the design and 

installation costs where floating offshore designs are expected to be cheaper. 

Overall, floating offshore designs are also expected to produce more energy, as they can 

accommodate bigger turbines that lower the final cost per MWh. 

The EWEA Offshore Wind Industry Working Group (OWIG) has evaluated deep offshore 

concept cost. It has taken account that most of the designs are still at an early stage of 

development and that some designs that include other types of power generation such as 

wave energy. 

To evaluate the economics of floating designs, EWEA performed a comparison with jacket 

foundations, whose technical characteristics allow for installation in water depths of up to 
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45-50m. The findings show that floating offshore wind designs are competitive in terms of 

levelised cost of energy (LCOE) with existing jacket foundations from around 50m water 

depths. For a 100 MW wind farm, equipped with 5 MW turbines and installed in water 

depths of 100m, the capital expenditure (CAPEX) for floating designs is similar to the CAPEX 

of farms using jackets or tripod foundations at 50m water depths. Similarly the cost of 

energy produced by the floating designs would be competitive with the fixed-bottom 

foundations solution. 

A study from GL Garrad Hassan showed that the LCOE of a 500 MW wind farm in water 

depths of 50m would be ϵмнуκƪ²ƘΣ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ ŎǳǊǊŜƴǘ ŀǾŜǊŀƎŜ ƭŜǾŜƭƛǎŜŘ cost of fixed-

bottom foundation wind farms in shallower waters ([79.]). 

 

2.3 Wind Energy Production and Constructive Trends 

2.3.1 Annual installation, wind energy production and investments (2011-2020) 

Between 2011 and 2020, EWEA (European Wind Energy Association) expects the annual 

offshore market for wind turbines to grow steadily from 1.5 GW in 2011 to reach 6.9 GW in 

2020 ([10.]). The total installed offshore wind capacity in 2020 will be 40 GW (see Figure 39). 

Including onshore, wind capacity in 2020 will be 230 GW. 
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Figure 39  Offshore wind energy annual and cumulative installations 2011-2020 (MW) 

Figure 40 shows the national breakdown of the increase in wind power capacity according to 

9²9!Ωǎ ǎŎŜƴŀǊƛƻΦ Lƴ ǘƻǘŀƭΣ ǿƛƴŘ ŜƴŜǊƎȅ ŎŀǇŀŎƛǘȅ ƛƴ ǘƘŜ 9¦ ǿƛƭƭ ƛƴŎǊŜŀǎŜ of 146 GW by 2020, 

from 84.3 GW in 2010 to reach 230 GW in 2020. Germany will continue to be in the lead 

over the next 10 years, increasing its installed capacity of 21.8 GW. Spain, with a 19.3 GW 

increase would be overtaken by UK (adding 20.8 GW) and the France would come in fourth 

adding 17.3 GW. They are followed by Italy (9.7 GW), Poland (9.4 GW) and the Netherlands 

(7.3 GW) ([5.]). 
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Figure 40  Top 10 EU countries for increased wind power capacity in GW (2011-2020) 

The 40 GW of offshore installed capacity in 2020 would produce 148 TWh of electricity in 

2020, equal to between 3.6% and 4.3% of EU electricity consumption, depending on the 

development in electricity demand. Approximately a quarteǊ ƻŦ 9ǳǊƻǇŜΩǎ ǿƛƴŘ ŜƴŜǊƎȅ ǿƻǳƭŘ 

be produced offshore in 2020 ([9.]). Including onshore, wind energy would produce 582 

TWh, enough to meet between 14.3% and 16.9% of total EU electricity demand by 2020 (see 

Figure 41) ([5.]).  
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Figure 41  Wind energy production in the EU (2000 ς 2020) 

Annual investments in offshore wind power are expected to increase frƻƳ ϵоΦо ōƛƭƭƛƻƴ ƛƴ 

нлмм ǘƻ ϵуΦум ōƛƭƭƛƻƴ ƛƴ нлнл όFigure 42). In 2011, offshore wind power will avoid the 

emission of 10 Mt of CO2, a figure that will rise to 85 Mt in the year 2020 ([10.]). 

 

Figure 42  Annual and cumulative investments in offshore wind power 2011-нлнл όϵōƛƭƭƛƻƴύ 

Lƴ нлмоΣ ƛƴǾŜǎǘƳŜƴǘ ƛƴ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ŦŀǊƳǎ ǊŀƴƎŜŘ ŦǊƻƳ ϵпΦс ōƛƭƭƛƻƴ ǘƻ ϵсΦп ōƛƭƭƛƻƴΦ ! ǊŀƴƎŜ ƛǎ 

given as average project costs can vary significantly depending on size and location of the 

wind farms ([76.]). In Figure 43 are presented the annual investments in offshore wind farms 

in Europe since 2000, taking into account average installation costs per MW. 73% of the 
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annual online capacity was financed by power producers. Developers have been active in 

financing (15% of the annual online capacity), followed by financial investors whose 

investments represent 12% of total capacity (Figure 44). 

 

 

Figure 43  Annual investments in offshore wind farm at end 2013 ς EWEA 2014 

 

Figure 44 Investment in offshore wind farms by investor type at end 2013 ς EWEA 2014 
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2.3.2 Annual installation, wind energy production and investments (2021-2030) 

By 2030, EWEA expects 400 GW of wind energy capacity to be operating in the EU ς 250 GW 

on land and 150 GW offshore. 

Between 2021 and 2030, the annual offshore market for wind turbines will grow steadily 

from 7.7 GW in 2021 to reach 13.6 GW in 2030 (Figure 45). Given its larger potential, it can 

be expected that total offshore wind capacity will exceed onshore capacity at some point 

beyond 2030 ([10.]). 

 

Figure 45  Offshore wind energy annual and cumulative installations 2021-2030 (MW) 

By 2030, wind power in the EU will produce 1,154 TWh ς 591.3 TWh onshore and 562.4 TWh 

offshore (Figure 46ύΣ ƳŜŜǘƛƴƎ нуΦр҈ ƻŦ 9¦ ŜƭŜŎǘǊƛŎƛǘȅ ŘŜƳŀƴŘΣ ŀŎŎƻǊŘƛƴƎ ǘƻ 9²9!Ωǎ 

ŎŀƭŎǳƭŀǘƛƻƴǎΦ !ǇǇǊƻȄƛƳŀǘŜƭȅ ƘŀƭŦ ƻŦ 9ǳǊƻǇŜΩǎ ǿƛƴŘ ŜƭŜŎǘǊƛŎƛǘȅ ǿƻǳƭŘ ōŜ ǇǊƻŘǳŎŜd offshore in 

2030. Due to the higher capacity factor of offshore turbines, the 150 GW offshore wind 

capacity will produce almost as much power as the 250 GW of onshore capacity in 2030. 

Figure 46 show as the onshore development forms a classic S-curve of early exponential 

growth being replaced by saturation towards 2030 ([5.]). 
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Figure 46  Electricity production from onshore and offshore wind in the EU (2000-2030) 

 

!ƴƴǳŀƭ ƛƴǾŜǎǘƳŜƴǘǎ ƛƴ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ǇƻǿŜǊ ŀǊŜ ŜȄǇŜŎǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ŦǊƻƳ ϵфΦу ōƛƭƭƛƻƴ ƛƴ 

нлнм ǘƻ ϵмсΦр ōƛƭƭƛƻƴ ƛƴ нлол όFigure 47). In 2021, offshore wind power will avoid the 

emission of 100 Mt of C02, a figure that will rise to 292 Mt in the year 2030 ([10.]). 

 

 

Figure 47  Annual and cumulative investments in offshore wind power 2021-нлол όϵōƛƭƭƛƻƴύ 
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2.3.3 Offshore future trends  

As technology develops and experience is gained, the offshore wind industry will move into 

deeper water and further from the shore. Looking at the wind farms proposed by project 

developers, the wind industry will gradually move beyond the so-called 20:20 envelope (20m 

water depth, 20 km from shore) ([10.]). The following scatter graph shows the probable 

future development trends of the offshore industry in the 2025 timeframe (approximately). 

 

 

Figure 48 Wind farms proposed in terms of water depth (m) and distance to shore (km) 

Identified trends: 

¶ <20 km:<20m 

At the moment operating wind farms tend to be built not further than 20km from the shore 

in water depths of not more than 20m. 

¶ <60 km:<60m 

The current 20:20 envelope will be extended by the majority of offshore farms to not more 

than 60 km from shore in water depths of not more than 60m. 

¶ >60 km:<60m 
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Far offshore development, characterized by farms far from shore (more than 60 km) 

connecting in ideal situations to offshore super nodes, with a water depth generally between 

20m and 60m. 

¶ <60 km:>60m 

Deep offshore ς based on project proposals highlighted to EWEA from project developers 

using floating platform technologies during the course of the next decade, not further than 

60 km from shore. 

¶ >60 km:>60m 

Deep far offshore ς this scatter graph highlights the future long term potential of 

combining an offshore grid (far offshore) with floating concepts (deep offshore). 

 

At the end of 2013, the average water depth of online wind farms was 16 m and the average 

distance to shore 29 km ([76.]). Looking at projects under construction, consented or 

planned, average water depths and distances to shore will likely increase (Figure 49). 

With regard to the average size of offshore wind farm, in 2012 the average size of offshore 

wind was 286 MW while in 2013 it was 482 MW, 68% more than the previous year (Figure 

50, [76.]). 
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Figure 49 Average water depth and distance to shore of online, under construction and consented wind 

farms ς EWEA 2014 

 

Figure 50 Average size of offshore wind farm projects ς EWEA 2014 
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2.3.4 Turbine size evolution 

A wind power system is a sophisticated combination of components and sub-systems that 

have to be designed in an interdisciplinary and integrated manner. In addition, the size and 

complexity of wind turbines is increasing rapidly over time (see Figure 51) ([3.]).  

 

 

Figure 51  Size evolution of wind turbines over time 

Horizontal-axis wind turbines (HAWT), designed for offshore power systems, are 

substantially assimilated to onshore wind turbines. In offshore installations the turbines 

have on average larger size, in order to have a lesser incidence of the cost of marine 

foundation and a greater annual energy production. The operating wind farm with the 

biggest turbines is the BARD1 wind farm where there are installed 80 turbines each with a 

rated capacity of 5 MW and a rotor diameter of 122 m. After all in offshore installations 

there are not problems of impact on the environment, so large sizes are possible. 

The main difference between offshore and onshore is the support structure, with respect to 

the technological specificity of the marine foundation. This is fundamental for a preliminary 

evaluation of the seabed. Another different element, compared to onshore sites, is the wind 

velocity that is higher and more constant (so more predictable) and is associated with a 

lower turbulence. This favorable wind condition allows offshore wind turbines to produce 

more electrical energy than onshore ones with the same rated power (the Capacity Factor is 
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higher offshore). However a more intense state of stress is created on the turbines. In fact 

off-shore there are extreme environmental conditions, because of waves, strong storms and 

brackish water (illustrated in Figure 52), which force wind turbines constructors to raise the 

necessary structural requirements, in particular concerning with the innovative floating 

turbines designed for large water depths ([3.] [11.]). 

 

Figure 52  Representation of the extreme environmental conditions for a offshore wind turbine (in this case a 

floating turbine) 

In addition the difficulty to get to turbines, strongly influenced by the climatic conditions, 

forces wind turbines to have a higher level of realiability in order to contain the maintenance 

costs. In offshore turbines another aspect to take into account is that the noise is not so 

strict requirement as in onshore turbines. This element allows to improve the control system 

of the turbines towards a higher efficiency, in particular raising the turbine rotational 

velocity. Figure 53 shows the power curves for different noise emissions of a Vestas offshore 

turbine ([12.]). 
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Figure 53  Power curves of a Vestas V80 for different noise emissions ([12.]) 

 

At the end of 2013 Alstom installed the 6-a² IŀƭƛŀŘŜϰ мрл ƻŦŦǎƘƻǊŜ ǿƛƴŘ ǘǳǊōƛƴŜ ƛƴ ǘƘŜ 

waters near Ostend Harbour at the Belwind Wind Farm in Belgium (Figure 54). This is the 

largest offshore wind turbine ever installed in sea waters. Thanks to its 150-metre rotor 

(with blades stretching 73.50 metre), the turbine is more efficient since its yield is 15% 

better than existing offshore turbines, enabling it to supply power to the equivalent of about 

5,000 households ([63.]).  

The 61-metre jacket has been set on top of pillars which have been sunk to a depth 

exceeding 60 metres. Then the 3 elements of the 78-metre tower were gradually assembled 

on the jacket. In all, the nacelle towers at a height of over 100 metres above sea level. The 

overall weight of the turbine and its structure totals 1,500 tonnes. 

http://belwind.eu/en/home
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This new-generation wind turbine operates without a gearbox (using direct drive). Thanks to 

a permanent-magnet generator, there are less mechanical parts inside the device, making it 

more reliable and thus helping to reduce operating and maintenance costs.  

[ŀǎǘƭȅΣ ǘƘŜ IŀƭƛŀŘŜ мрл ŦŜŀǘǳǊŜǎ !ƭǎǘƻƳΩǎ t¦w9 ¢hwv¦9ϯ ŘŜǎƛƎƴΣ ǿƘƛŎƘ ǇǊƻǘŜŎǘǎ ǘƘŜ 

generator by diverting unwanted mechanical stress towards the tower, thereby optimizing 

performance.  

 

 

Figure 54 !ƭǎǘƻƳΩǎ IŀƭƛŀŘŜ мрлΥ сa² ǿƛƴŘ ƻŦŦǎƘƻǊŜ ǘǳǊōƛƴŜ ŀǘ .ŜƭǿƛƴŘ ǎƛǘŜΣ .ŜƭƎƛǳƳ 

 

In the Azimut eleven companies and 22 research centres specialising in offshore wind energy 

technologies have joined forces for the purpose of generating the know-how required to 

develop a large-scale marine wind turbine using 100% Spanish technology ([64.]). 

The project, which Gamesa coordinates, involve lead partners Alstom Wind, Acciona 

Windpower, Iberdrola Renovables and Acciona Energía.  

The initiative is designed to establish the technological groundwork for the subsequent 

development, in around 2020, of a large-ǎŎŀƭŜ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ǘǳǊōƛƴŜΦ ¢ƘŜ ǇǊƻƎǊŀƳƳŜΩǎ 
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initial objectives call for developing a turbine with unit capacity of 15 MW that is capable of 

overcoming the technical and financial hurdles currently limiting the rollout of offshore wind 

energy. The most pressing of these obstacles are availability, turbine foundations and energy 

delivery to land, and the challeƴƎŜ Ŏƻƴǎƛǎǘǎ ƛƴ ƴŀǊǊƻǿƛƴƎ ǘƘŜ ƎŀǇ ōŜǘǿŜŜƴ ƻŦŦǎƘƻǊŜ ŜƴŜǊƎȅΩǎ 

cost and required investment and those of onshore wind energy sites. 

At the end of 2013 the Azimut project has reached the objective of generating knowledge as 

well as key technologies that will enable the development of a turbine with unit capacity of 

15 MW.  

This project has allowed Spanish industry to reach technology leadership positions in wind 

energy generation in marine environments, and helping European countries to comply with 

the target set by the European Commission of 27% of energy consumption from renewable 

sources by 2030. 

The different companies have obtained important results in key areas mainly developing 

new technologies, testing process and models and creating a new web application.  

  

2.4 Advantage and drawbacks of offshore wind farm 

Offshore locations have several advantages over land-based locations for the wind farms 

siting. ([13.], [14.], [15.]). 

Offshore wind energy projects have one big advantage over the wind energy projects on 

land, namely more frequent and more powerful winds. Offshore areas provide strong winds, 

with less turbulence and more predictability; onshore wind is disrupted by hills or buildings, 

making it more turbulent and less predictable. Some recent studies have showed that 

offshore winds blow 40 percent more often offshore than on land which means that 

offshore wind farms can relatively easy outpace wind projects on land in terms of installed 

capacity. 

The main disadvantage of offshore wind energy farms are high construction costs. Offshore 

wind energy projects need to be powerfully built in order to withstand rough weather 

conditions. Offshore wind turbines must be fixed on the seabed, which demand a more solid 

supporting structure. Submarine cables are needed for transmission of electricity and special 
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vessels and equipments are required for building and maintenance work. The costs of 

installing an offshore wind turbine were around $5 million per megawatt of capacity in 2010, 

while installing turbine on land has installation costs between $2-2.5 million per megawatt 

of capacity. Because of this offshore wind farms need to be built on a large scale, or 

otherwise they are not economically viable. 

Offshore wind energy market is constantly growing despite the high construction costs of 

new offshore wind energy projects. Some recent studies have calculated that return on 

investments for offshore developments can be as high as 18 percent which gives some 

certainty to investors, especially in combination with incentives and other tax benefits. In 

fact, at global level, investments in offshore wind energy sector grew by 30% in 2010 

compared to the 2009. 

Offshore wind technologies are still in the early phase of the development, and further 

technological advances should make future offshore wind energy projects much more 

commercially viable compared to the current offshore wind farms. 

Offshore wind farms have significantly smaller negative impact on aesthetics of the 

landscape compared to wind farms on land because most offshore wind farms are not visible 

(or barely visible) from shore. From the environmental point of view, when constructing 

offshore wind farms constructors have to make sure to minimize any disturbancy to the 

nearby marine ecosystems. The constructors also must be careful not to build offshore wind 

farms in areas where they would interfere with shipping lanes, or in fishing areas. 

Another advantage that offshore wind energy projects have over wind energy projects on 

land is transport. The transport of big wind turbine components such as tower sections, 

nacelles, and blades is significantly easier with ships as they can handle large cargo more 

easily than trucks or trains, and there is no traffic jam on sea like there is on land. 

Offshore wind energy is clean, renewable energy source that can reduce the need for fossil 

fuels, and by doing so help tackle climate change and air pollution. 

 



 
 

 

 

 

POWERED ς Deliverable ς WP 3 ς Task 3.1 ς May 2012 Pag.65 

 

3 Off-shore wind energy technological and physical limits 

3.1 Adriatic Sea Environmental Conditions 

Climatological studies indicate that the three most prominent weather situations over the 

Adriatic are characterized by the airflow from northwest, southeast and northeast whose 

specific names are respectively etesians, sirocco and bora. The etesian winds are associated 

with large scale pressure gradient between the Azorean high and the Karachi depression in 

the warm part of the year and blow over the entire Mediterranean area. Over the Adriatic, 

its are primarily manifested as weak to moderate winds blowing from the northwest during 

the summer period. Other circulations at relatively smaller scales may frequently be super- 

imposed, thus modifying or strengthening the background etesian flow.  

The Adriatic sirocco is related to south-eastward pressure gradient which is due to either low 

pressure field situated northwest or a high pressure field situated southeast of the Adriatic. 

It may occasionally be influenced by mesoscale cyclones in the area ([16.][18.]). 

Unlike the other two winds, bora has been significantly better covered in the existing 

literature. It is a general practice to distinguish three bora types according to the synoptic 

setup: cyclonic, anticyclonic and frontal bora. Each of the three types is related to the supply 

of cold air from the northeast, while the direction and magnitude of pressure gradient may 

vary among the types.  

There is an apparent symmetry between the etesian and sirocco regimes. Namely, if the 

etesian pressure field perturbations (deviations from the mean) would change sign, the 

resulting regime would closely resemble regimes with sirocco. Thus, although there would 

be obvious differences in magnitudes, sirocco is stronger along the north-eastern coast, 

while etesian winds are stronger along the south-western coast, which is due to the 

influence of the major mountain ridges, the Dinaric Alps for sirocco and the Apennines for 

etesians ([16.][18.]). 

The mean of the boraςsirocco regime is clearly characterized by bora in the northern 

Adriatic and sirocco in the southern. However, it should be mentioned that particular 

episodes of boraς sirocco type can be quite different due to the extent of bora towards 

southeast and sirocco towards northwest. The most interesting feature of this regime is the 
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natural appearance of the convergence zone where bora and sirocco meet. This 

convergence zone will have major influence on convective processes. 

The structure of the bora regime is quite expected, provided the large amount of literature 

present on that topic. This regime is stronger along the Italian coast, northwest of Gargano, 

where the airflow approaching the Apennines and it is deflected towards the southeast 

([16.][18.]). 

Apart from the Gargano area, there are no enhanced cloudiness and precipitation regions 

over the Adriatic for the etesian winds, which is partly due to the dry conditions associated 

with this regime. Also, due to airflow from the north, cloudiness and precipitation zones are 

found on the eastern edges of the Dinaric Alps ([17.][18.]). 

The bora regime is characterized by two regions of enhanced cloudiness, but only one 

precipitation maximum. Specifically, the zone of maximum precipitation as well as enhanced 

cloudiness is located  upstream of the Apennines, and is induced by the impinging bora flow 

from the northeast. In that sense, the Apennines are the perpendicular mountain obstacle in 

the bora regime. The zone of enhanced cloudiness without significant precipitation is located 

upstream of the Dinaric Alps and is induced by the upstream flow from the northeast 

responsible for the bora generation. It is frequently relatively dry and shallow flow and 

hence does not produce strong precipitation ([17.][18.]). 

The situation in the boraςsirocco regime is more complex. In the northern Adriatic region, 

the bora induces two zones with enhanced cloudiness. However, the sirocco flow from the 

southeast now impinges on the colder and shallower bora flow and instead of reaching the 

Alps it creates a convergence zone at the front between the bora and sirocco. Consequently, 

there is, on average, an additional zone of enhanced cloudiness above the central and 

northern Adriatic. The precipitation pattern is, however, influenced by the non-stationary 

nature of this regime, i.e. individual episodes within the regime are quite distinct ([17.][18.]). 
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Figure 55 Mean sea level air pressure (shaded) and mean wind (vectors) 

calculated by LAMI (Limited Area Model Italy) over all etesian (EE), sirocco 

(SS), boraςsirocco (BS) and bora (BB) episodes [18.] 
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Figure 56 Mean cloudiness (left) and mean precipitation accumulated over three hour intervals (right), 

averaged over etesian (EE), sirocco (SS), boraςsirocco (BS) and bora (BB) episodes (shaded). Corresponding 

mean winds are superimposed (vectors) [18.]. 
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3.2 Adriatic Sea Bathymetric Maps. 

The Adriatic Sea (Figure 57) is a semi-enclosed basin about 750 km long and 250 km wide 

with a connection to the Mediterranean Sea at the Strait of Otranto (72 km wide, 780 m 

deep) [19.]. The knowledge of the bathymetric configuration allows to split the Adriatic area 

in three sub-areas. The Northern Adriatic is very shallow (the sea depth is lower than 100 m), 

the Middle Adriatic is occupied by a depression (the Mid Adriatic Pit, that reaches its 

maximum depth of 270 m) and the South Adriatic is characterized by the deepest pit of 

Adriatic basin (the South Adriatic Pit ς 1200m). 

 

 

Figure 57 Bathymetry map of the Adriatic Sea 
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3.3 Support structure and design requirements 

3.3.1 Support structure types 

Offshore wind turbines are typically mounted on tubular towers that range from 60 to 105 

ƳŜǘŜǊǎ ŀōƻǾŜ ǘƘŜ ǎŜŀ ǎǳǊŦŀŎŜΦ [ŀǘǘƛŎŜπǘȅǇŜ ǘƻǿŜǊǎ Ŏŀƴ ŀƭǎƻ ōŜ ǳǎŜŘΦ ¢ƘŜ ǘƻǿŜǊǎ ŀǊŜ ŦƛȄŜŘ ǘƻ 

the foundation, often employing a transition piece as an interface between the tower and 

foundation. These towers allow for the turbine to capture winds at heights far above the 

ǿŀǘŜǊΩǎ ǎǳǊŦŀŎŜΣ ǿƘŜǊŜ ǘƘŜ ǿƛƴŘ ǊŜǎƻǳǊŎŜ ƛǎ ƎŜƴŜǊŀƭƭȅ ƳƻǊŜ ŜƴŜǊƎŜǘƛŎ ŀƴŘ ƭŜǎǎ ǘǳǊōǳƭŜƴǘΦ 

Foundation technology is designed according to site conditions. Maximum wind speed, 

water depth, wave heights, currents, and soil properties are parameters that affect the 

foundation type and design. While the industry has historically relied primarily on monopile 

anŘ ƎǊŀǾƛǘȅπōŀǎŜŘ ŦƻǳƴŘŀǘƛƻƴǎΣ ǘƘŜ ƛƴŎǊŜŀǎƛƴƎ ƴǳƳōŜǊ ƻŦ ǇƭŀƴƴŜŘ ǇǊƻƧŜŎǘǎ ƛƴ ŘŜŜǇŜǊ ǿŀǘŜǊ 

has motivated research and pilot installations for more complex designs with broader bases 

and larger footprints, such as jackets, tripods, and tripiles, to accommodate water depths 

exceeding 20 to 30 meters ([23.]). 

In Figure 58 is showed an overview of the types of structures and foundations for Offshore 

Wind Turbines (OWT) . 

 

 

Figure 58  The different types of foundations and support structures for Offshore Wind Turbines (OWT) [21.]. 
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Support structure concepts are basically divided into two groups: Floating or Grounded 

(Figure 58, [22.]). 

Floating concepts imply that the support structure transfers loads and forces to the water, 

not the soil. Connection to the soil only ensures that the support structure stays in place. 

Grounded concepts imply that the support structure transfers all loads and forces to the 

seabed. 

The two concepts have strong differences, which make them applicable for various 

environments.  

The pros and cons of floating concepts are: 

¶ Pro: Large water depths ς theoretically no limit 

¶ Pro: Floating structures allow full fabrication at shipyard and transport to site in one 

piece. 

¶ Con: Very expensive construction 

Similarly, the pros and cons of grounded concepts are: 

¶ Pro: Less expensive 

¶ Pro: Large potential with water depths up to 50 meters or even deeper. 

¶ Con: Expensive transportation and installation 

¶ Con: Most types have only been installed in water < 25 meters. 

In Table 2 the most common structures to support wind turbines are illustrated ([10.]). 

Monopiles have been chosen for most of the installed offshore wind farms to 

date.  Concrete gravity base structures have also been used on several projects.  As wind 

turbines get larger, and are located in deeper water, jacket structures are expected to 

become more attractive. 
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Table 2  Support Structure Options 

Type of 
substructure 

Brief Physical 
description 

Suitable 
water 
depths 

Advantages Limitations 

Monopile steel  
One  

supporting  
10 ς 30m  

Easy to manufacture, 
experience gained on previous 

projects  

Piling noise, and competitiveness 
depending on seabed  

Monopile 
concrete, 
installed by 
drilling  

One supporting 
pillar  

10 ς 40m  

Combination of proven 
methods, Cost effective, less 
environmental (noise) impact. 
Industrialisation possible  

Heavy to transport  

Gravity base  Concrete  
structure 

Up to 40m 
and more  No piling noise, inexpensive 

Transportation can be 
problematic for heavy turbines. It 

requires a preparation of the 
seabed. Need heavy equipment 

to remove it  

Suction bucket  

cylinder with 
sealed top 

pressed into the 
ocean floor  

n.a.  No piling, relatively easy to 
install, easy to remove  

Very sensitive to seabed 
conditions  

Tripod  
3/4-legged  
structure  

Up to 30m  
and more  

High strength. Adequate for  
heavy large-scale turbines  

Complex to manufacture,  
heavy to transport  

Jacket  Lattice structure  > 40m  Less noise. Adequate for 
heavy large-scale turbines  

Expensive so far. Subject to wave 
loading and fatigue  

failure. Large offshore 
installation period therefore 
sensitive for weather impact  

Floating  
Not in contact 
with seabed  

> 50m  
Suitable for deep waters, 
allowing large energy 
potentials to be harnessed  

Weight and cost, stability, low 
track record for offshore wind  

 

3.3.2 Grounded concepts 

3.3.2.1  Monopile Foundation. 

The monopile has historically been the most commonly selected foundation type due to its 

lower cost, simplicity, and appropriateness for shallow water (less than 20 m). The design is 

a long hollow steel pole that extends from below the seabed to the base of the turbine. The 

monopile generally does not require any preparation of the seabed and is installed by 

drilling or driving the structure into the ocean floor to depths of up to 40 meters (see Figure 

59). The vertical loads can easily be transferred to the soil through wall friction and tip 

resistance. The lateral loads, in comparison much larger, are conveyed to the foundation 

through bending. The loads are subsequently transferred laterally to the soil. To provide 
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enough stiffness the diameter of the monopile foundation has to be large enough. This 

attracts relatively high hydrodynamic loads ([20.][22.]). 

The monopile is relatively simple to manufacture, keeping its cost down despite reaching 

weights of over 500 tons and diameters of up to 5.1 m, which can be heavier than some 

more complex foundation designs. 

 

Figure 59 Monopile Foundation structure 

 

While the monopile is an appropriate foundation choice for many projects, it can be 

unsuitable in some applications. These foundations are not well suited for soil strata with 

large boulders. Additionally the required size of an acceptable monopile increases 

disproportionately as turbine size increases and site conditions become more challenging. 

Therefore, sites with deeper water, harsh waves and currents, and larger turbines may 

require the implementation of more complex and sturdier designs, such as the jacket, the 

tripod, or the tripile ([20.][22.]). 
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3.3.2.2 Gravity Base Foundation 

An alternative to the monopile foundation is the gravity base foundation. Historically 

deployed in shallow waters (usually less than 15 meters), the gravity foundation is now 

installed at depths up to 29 meters. This technology relies on a wide footprint and massive 

weight to counter the forces exerted on the turbine from the wind and waves. The gravity 

foundation differs from the monopile in that it is not driven into the seabed, but rather rests 

on top of the ocean floor. Depending upon site geologic conditions, this foundation may 

require significant site preparation including dredging, filling, leveling, and scour protection. 

It can be equipped with vertical walls that protrude from below the actual base, called skirts, 

which penetrate into the soil below the base. These skirts (see Figure 60 and Figure 61) 

increase resistance to base shear and help to avoid scour below the base. Liquefaction of the 

soil beneath the base due to cyclic loading is an issue that must be addressed when 

assessing the stability of the foundation ([20.][22.]). 

These structures are constructed almost entirely on shore of welded steel and concrete. It is 

a relatively economical construction process, but necessitates very robust transports to 

deploy on-site. Once complete, the structures are floated out to the site, sunk, and filled 

with ballast to increase their resistance to the environmental loads. While these structures 

can weigh over 7,000 tons, they can be removed completely during decommissioning phase 

of the project. 

The gravity base structure can be extended to the platform level, thereby reducing the 

number of offshore installation activities, as no separate transition piece needs to be 

installed. 
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Figure 60  Gravity Base Foundation structure 

 

Figure 61  Gravity Base Foundation 
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3.3.2.3 Jacket Foundation 

The jacket foundation is an application of designs commonly employed by the oil and gas 

industry for offshore structures. The jacket structure is made up of four legs connected by 

slender braces, making it a highly transparent structure. Loads are transferred through the 

members mainly in axial direction. The legs of the jacket are set on the seabed and a pile is 

driven in at each of the four feet to secure the structure (see Figure 62 and Figure 63). This 

ŦƻǳƴŘŀǘƛƻƴ Ƙŀǎ ŀ ǿƛŘŜǊ ŎǊƻǎǎπǎŜŎǘƛƻƴ ǘƘŀƴ ǘƘŜ ƳƻƴƻǇƛƭŜΣ ǎǘǊŜƴƎǘƘŜƴƛƴƎ ƛǘ ŀƎŀƛƴǎǘ ƳƻƳŜƴǘŀǊȅ 

loads from the wind and waves. 

Because of its geometry, the jacket foundation is able to be relatively lightweight for the 

strength that it offers, weighing approximately 600 tons. However, each of the joints has to 

be specially fabricated, requiring many man-hours of welding. Furthermore, transportation 

will be an issue, particularly when installing a large number of turbines. A demonstrator 

project has been undertaken near the Beatrice oil field off the coast of Scotland, where two 

5 MW turbines are installed on jackets in 45 m water depth ([20.][22.]). 

Although its design is more complex than that of a monopile, the manufacturing process is 

generally well understood from the offshore oil and gas industry. Once manufacturing and 

deployment practices can be scaled up to economically meet the needs of large projects, 

these foundations will likely become the predominant deeper water foundation type. 
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Figure 62  Jacket Foundation structure 

  

Figure 63  Jacket Foundation 
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3.3.2.4 Tripod Foundation 

For deep water installations, the tripod foundation adapts the monopile design by expanding 

its footprint. The three legs of the structure are seated on the seabed, and support a central 

ŎȅƭƛƴŘǊƛŎŀƭ ǎŜŎǘƛƻƴ ǘƘŀǘ ŎƻƴƴŜŎǘǎ ǘƻ ǘƘŜ ǿƛƴŘ ǘǳǊōƛƴŜΩǎ ōŀǎŜΦ tƛƭŜǎ ŀǊŜ ŘǊƛǾŜƴ ǘƘǊƻǳƎƘ ŜŀŎƘ ƻŦ 

the three feet to secure the structure to the bed (see Figure 64 and Figure 65). The main 

difference between the tripod and the monopile concepts is the way the loads are 

transferred to the seabed. From the main joint downwards the transfer of loads relies mainly 

on axial loading of the members. The piles are also mainly loaded axially. This allows the 

tripod foundation to be shallower and lighter than the monopile foundation. Furthermore, 

the tripod has a larger base, which gives it a larger resistance against overturning. The base 

is also stiffer, leading to an overall stiffer structure. However, the main joint is a complex 

element that is susceptible to fatigue and requires much effort in designing and engineering. 

From an installation point of view, the tripod poses challenges as it cannot be transported as 

easily as a monopile foundation ([20.][22.]). 

 

 

Figure 64  Tripod Foundation structure 
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Figure 65  Tripod Foundation 

3.3.2.5 Tripile Foundation 

The tripile foundation is also a relatively new adaption of the traditional monopile 

foundation. Instead of a single beam, three piles are driven into the seabed, and are 

connected just above ǘƘŜ ǿŀǘŜǊΩǎ ǎǳǊŦŀŎŜ ǘƻ ŀ ǘǊŀƴǎƛǘƛƻƴ ǇƛŜŎŜ ǳǎƛƴƎ ƎǊƻǳǘŜŘ Ƨƻƛƴǘǎ (see 

Figure 66). This transition piece is connected to the turbƛƴŜ ǘƻǿŜǊΩǎ ōŀǎŜΦ ¢ƘŜ ƛƴŎǊŜŀǎŜŘ 

strength and wider footprint created by the three piles is expected to allow for turbine 

installation in water up to 50 meters in depth. The tripile design is easily adaptable to a 

variety of conditions, as each or all of the piles can be manufactured appropriately to match 

site-specific conditions while still being connected to the standard transition piece 

([20.][22.]). 
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Figure 66  Tripile Foundation 

3.3.2.6 Suction bucket foundations 

The suction bucket concept is a monotower with a suction bucket at its base. A suction 

bucket is a large diameter cylinder with a closed top. It is installed by placing it on the 

seabed and subsequently activating a pump that removes water from within the suction 

bucket (Figure 67). This creates a pressure difference with respect to the ambient pressure, 

which results in a downward force. This causes the suction bucket to be pressed down into 

the soil. Once the pump is deactivated skin friction and end bearing will keep the foundation 

in place and provide the required bearing capacity. Because it is reliant on the pressure 

difference for installation, this concept is not suitable for very shallow water. It may be 

practical to integrate the suction bucket with the transition piece to reduce the number of 

offshore installation activities ([20.][22.]). 

Depending on soil conditions encountered at a site, the suction bucket alternative may be 

preferable to deep slender piles for economic reasons and for ease of installation. 
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Figure 67  The prototype for Horns Rev 2 site (North Sea, Denmark). It weighs 165 tons, the skirts are 12 

meters in diameter and 6 meters in height. 

 

3.3.3 Floating  concepts 

The rapid growth of offshore wind in Europe has led to the realization that it is necessary to 

capture the better wind resources existing further from shore in deeper waters and with 

larger turbines. It is also necessary for industry to cut the cost of delivered wind power 

below current levels. Reaching both of these goals will make the net cost of wind energy 
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competitive with landbased wind power, and set the stage for reaching fossil fuel energy 

prices in the not-too-distant future.  

The current fixed-bottom jacket structures increase in cost with and complexity with 

increased water depth. At about 65 meters of water depth, the floating foundations become 

cost competitive with fixed-bottom structures. 

Currently, Spars, Semi-submersible and Tension Leg are the three primary categories used in 

the offshore wind farms, adapted from the offshore oil and gas industry. 

3.3.3.1 Semi-submersible platforms 

A floating structure relies on buoyancy to keep the turbine above the water. Different 

configurations, again derived from the oil and gas industry, can be envisaged. For instance; a 

turbine could be placed on a barge and attached to the seabed with anchor lines. The anchor 

line configuration can be either catenary or taut. The mooring can be completed using drag 

anchors, driven piles or suction anchors. The offshore wind turbine can be assembled on the 

barge floater at an onshore location. The assembly can be towed out to the required 

location. This concept may be suitable for large scale production as it can easily be adapted 

to different water depths. However, it may require at least a certain depth before the 

mooring concept can be applied. Furthermore, a barge type floater may have serious motion 

issues. Its large cross section at the water line makes it sensitive to hydrodynamic loads, 

which in turns makes it susceptible to heave, pitch, roll and sway ([20.]).  

 

3.3.3.2 Tension Leg Platforms (TLP)  

Another option for a floating structure is a mini Tension Leg Platform (TLP), which is tethered 

to the seabed by means of pre-tensioned cables. The pre-tension greatly reduces heave 

motion and to a certain extent horizontal motion. The cables can be fixed to a template on 

the seabed or to individual piles or suction buckets. The TLP has a small cross section at the 

water line, keeping the hydrodynamic loads relatively small. The TLP requires well 

engineered connections of the cables to the floater. The tension legs will not be very suitable 

for shallow water ([20.]).  
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3.3.3.3 Spar Floater (ballast stabilized system) 

A spar type floating structure obtains its buoyancy from a cylinder that protrudes below the 

water line. This cylindrical body is generally long and slender in order to minimize the cross 

section at the water line. This greatly reduces the wave induced motion. It can be anchored 

to the seabed with chains in a catenary shape. A spar typically has a small surface cross-

section, reducing heave motion. The draft of a spar is usually relatively large to ensure 

sufficient buoyancy. This may pose problems in small water depths. Because of this the spar 

may not be very cost effective for shallow water ([20.]). 

 

Figure 68  Floating foundation design concepts 

3.3.3.4 Demonstrators   

Numerous floating foundation design concepts are emerging and being presented to the 

industry: 

¶ the Blue H Technologies of the Netherlands (Figure 69) consists of a buoyant body 

held semi-submerged in the water by chains connecting the buoyant body to a 
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counterweight that lies on the seabed. The concept was demonstrated through full 

installation and testing in 2007 in a water depth of over 100 m, approximately 17 km 

offshore from Puglia, Italy. It generated 80 kW and after a year of testing and data 

collection it was decommissioned. 

Blue H Engineering is now executing the design, engineering works and related 

applied research for the development of a generic 5 MW model, based on proven 

Tension Leg Platform technology. This will offer a more stable floating foundation for 

commercially available 5-7 MW wind turbines. The manufacturing demonstrator is 

planned for 2015 and the commercial model is planned for 2016. 

 

 

Figure 69  Blue H technology 

¶ the Hywind concept from Statoil Hydro (Figure 70), consists of a spar floater filled 

with ballast. This floating element extends 100 metres beneath the surface and is 

fastened to the seabed by three anchor piles. The turbine itself is built by Siemens. 

The total weight is 1500 tonnes. The 2.3 MW Hywind demo was installed in Norway 

in 2009 - ǘƘŜ ǿƻǊƭŘΩǎ ŦƛǊǎǘ Ŧǳƭƭ ǎŎŀƭŜ ŦƭƻŀǘƛƴƎ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ǘǳǊōƛƴŜΦ ¢ƘŜ ǳƴƛǘ ƛǎ ƭƻŎŀǘŜŘ 

ŀǘ ŀ ǿŀǘŜǊ ŘŜǇǘƘ ƻŦ нллƳΣ млƪƳ ƻŦŦ bƻǊǿŀȅΩǎ ǿŜǎǘ ŎƻŀǎǘΦ Lǘ Ƙŀǎ ōŜŜƴ ǘƘƻǊƻǳƎƘƭȅ 

inspected after the first and second years in service, and no signs of deterioration, 

damage, or wear connected to being on a floater have been reported. The floater 
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design has been optimised and up-scaled for deployment with multi-MW turbines in 

the 3 MW to 7 MW range. The next step will be to test the design in a pilot farm with 

four to five units. 

 

     

Figure 70  The Hywind concept (on the left) and prototype installed at 10 kilometres south-west of Karmøy 

(Norway) 

¶ the Sway concept (Figure 71) is developed in partnership with Statkraft and Shell. The 

Sway system is a floating foundation capable of supporting a 5 MW wind turbine in 

water depths ranging from 80 m to more than 300m. In the Sway system, the tower 

is stabilised by elongation of the floating tower to approximately 100m under the 

water surface and by around 2000 tons of ballast in the bottom.  A wire bar gives 

sufficient strength to avoid tower fatigue.  Anchoring is secured with a single tension 

leg between the tower and the anchor. In March 2011, Sway deployed the floating 

wind turbine prototype in 1:6 scale near Bergen (Norway). The SWAY prototype has a 

13-meter (m) downwind rotor on a 29-m tower, with a large portion of the tower 

beneath the ocean surface. In June 2012, the National Renewable Energy Laborator 

(NREL) sent staff members to Norway to install scientific equipment on the seabed 
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and on the prototype above the water line to collect data that will help validate a 

computer model of the SWAY design. The instruments on the seabed will collect 

information such as wave height and direction, tidal variations and sea temperatures. 

Instrumentation installed on the turbine prototype above the water will collect 

atmospheric data such as wind speed and direction and operational data such as 

platform motions, loads, and performance. SWAY hopes these data will validate its 

design for a 10-megawatt floating offshore wind turbine ([66.]). 

     

Figure 71  The Sway technology (on the left) and prototype in 1:6 scale (on the right) 

¶ WindFloat is a floating support structure for offshore wind turbines with a simple, 

economic and patented design. The innovative features of the WindFloat dampen 

wave and turbine induced motion, enabling wind turbines to be sited in previously 

inaccessible locations where water depth exceeds 50m and wind resources are 

superior. Further, economic efficiency is maximized by reducing the need for 

offshore heavylift operations during final assembly deployment and commissioning 

([65.]). The WindFloat concept consists of a semi-submersible floater fitted with 

water entrapment (heave) plates at the base of each column that improve the 

motion performance of the system due to damping and entrained water effects. In 

ŀŘŘƛǘƛƻƴΣ ²ƛƴŘCƭƻŀǘΩǎ ŎƭƻǎŜŘ ƭƻƻǇ Ƙǳƭƭ ǘǊƛƳ ǎȅǎǘŜƳ ƳƛǘƛƎŀǘŜǎ ǿƛƴŘ ƛƴŘǳŎŜŘ ǘƘǊǳǎǘ 

forces. This secondary system ensures optimal energy conversion efficiency following 
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changes in wind velocity and directions. The design of the WindFloat enables the 

structure to be fully assembled onshore and towed to its final location. All fabrication 

and qualification is completed at quayside in a controlled environment. Deployment 

cost savings are significant when compared with monopile/jacket support structures 

which require offshore heavylift operations. 

The mooring system employs conventional components such as chain and polyester 

lines to minimise cost and complexity. Through the use of pre-laid drag embedded 

anchors, site preparation and impact is minimised. In October, 2011, Principle Power 

deployed a full-scale prototype WindFloat 4km off the coast of Aguçadoura, Portugal 

(Figure 72). Equipped with a 2 MW Vestas wind turbine, the installation started 

producing energy in 2012. To date the system has produced in excess of 9 GWh of 

elctricity delviered by sub-sea cable to the local grid. The next step will be to build a 

27 MW array off Portugal. Another 30 MW demonstration project is also planned off 

Oregon in the Pacific Ocean.  

 

Figure 72  WindFloat prototype 
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¶ PelaStar is a tension-leg platform (TLP) integrating proven TLP technology, widely 

used in the offshore oil and gas industry, and is being adapted for the offshore wind 

industry. The PelaStar floating offshore wind turbine technology represents the new 

generation of deep-water wind turbine foundations. PelaStar is a unique combination 

of existing technologies and innovative engineering solutions that provides low cost 

access to the high quality wind energy resources found in water depths greater than 

65 meters. The PelaStar system has the best technical performance and the lowest 

cost of energy when compared to alternative designs. The PelaStar solution has a 

projected cost of energy well below the 65 meter jacket structures, and even lower 

than the best-in-class monopile bottom-fixed turbines in Europe ([67.]). The PelaStar 

system was conceived in 2006, by Naval Architects at The Glosten Associates. Various 

platform types were considered, and the TLP emerged as the clear leader due to its 

potential for a low structural weight, an in-harbor system assembly method and 

superior dynamic responses to sea conditions (Figure 73-a). The low motion response 

of the TLP maximizes turbine performance on a floating structure. Model testing at 

1:50 scale was completed in 2011 (Figure 73-b). Key outcomes included verification 

of the system dynamic behavior in ocean conditions with an operating turbine, 

ŎƻƴŦƛǊƳŀǘƛƻƴ ǘƘŀǘ tŜƭŀ{ǘŀǊΩǎ ƳƻƻǊƛƴƎ ǘŜƴŘƻƴǎ ŀǊŜ ŦŜŀǎƛōƭŜ ŀƴŘ Ŏƻǎǘ-effective at 

intermediate and full scale and extensive collaboration with wind power experts, 

offshore industry specialists, and world-leading researchers. In 2012, Glosten was 

selected by the Energy Technologies Institute (ETI) to design an offshore wind 

floating platform system demonstrator. The goal of the project was to accelerate the 

market introduction of floating foundations for deep water offshore wind farms and 

to break down technical barriers for deployment. Glosten completed a front end 

engineering design of the PelaStar tension leg platform to support an Alstom 6 MW 

Haliade 150 turbine. The Glosten-Alstom team worked closely to model the vessel 

motion interactions with the turbine and design a capable foundation. Teams of top-

tier subcontractors were contracted to develop hull construction, anchor installation, 

tendon manufacture, site installation and operations, and maintenance plans. A full 
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cost of energy study was also prepared that applied the detailed demonstrator 

project cost data to predict the future cost of energy of floating wind farms over a 

wide range of UK offshore sites. The final design was delivered in February of 2014, 

and results show that UK offshore wind energy costs could fall to below £85/MWh by 

the mid-2020s, with further reductions possible as this technology matures. The 

PelaStar 6 MW demonstrator has been designed for installation in the Celtic Sea off 

Cornwall. The designed structure reaches 180 m from blade tip to waterline and will 

operate continuously in the harsh conditions of the North Atlantic. Rock anchor 

systems, tendons and connectors, hull fabrication and transport, assembly, 

installation and operations have all been designed, planned, and costs estimated for 

the construction phase ([68.]). 

a)  b)  

Figure 73  The PelaStar Offshore Floating Wind Turbine (a) and the 1:50-scale model (b) 

¶ Winflo is an innovative semi-submersible floater with a lightweight wind turbine 

specially designed for the floating offshore system and a specific anchoring system 

with few constraints suitable to all types of seabed (Figure 74). The Winflo (Wind 

turbine with INnovative design for Floating Lightweight Offshore) programme is led 

by DCNS together with Nass&Wind, a major actor in the wind-turbine sector which 

has recognised experience in the development of sites and the financing, 

construction and operation of wind farms. The aim of programme is to develop the 
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first generation of floating wind turbines in France. The 1MW demonstrator has been 

designed to adapt to the specific conditions of the SEM-REV site, which has a depth 

of 35 metres with significant waves and a constrained anchoring radius. Its 

achievement constitutes a first step towards larger-scale industrial deployment. 

Commercial operation will start after the test phase of a pilot farm comprising four to 

six units. This farm will be installed in 2017 off the coast of the Ile de Groix (Morbihan 

county in Brittany). The final goal is to develop the first commercial floating wind-

turbine farm by 2020 ([69.]). 

 

Figure 74  Winflo concept 

¶ IDEOL platform is a ring-shape surface floater with a shallow draught and very 

compact dimensions. Thanks to the exceptional dynamic behaviour of the Damping 

Pool® system, developed and patented by IDEOL, the floating foundation is 

compatible with any commercial offshore wind turbines without modification. Based 

on a construction in concrete, the IDEOL solution can scale to mass production for 

very large wind farms, with on-site construction, high local content and versatile 

construction methods, depending on site conditions and local procurement options. 

Thanks to its reduced cost, the IDEOL floating foundation is competitive with bottom-
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fixed ones starting from 35 meters water depth. It has been designed following the 

highest safety standards and rely exclusively on offshore oil & gas proven and 

qualified components. IDEOL has completed the design phase of its floating 

foundation. A full test campaign has been conducted to validate the floater, mooring 

and turbine behavior under the most stringent conditions in controlled 

environments. The company is tightly working with classification societies in order to 

validate the design, has completed technical review and validation with key partners 

and suppliers. Thousands of hours of simulation have also been conducted to test 

and validate each components under operating conditions using proven oil&gas and 

wind turbine software simulation tools. IDEOL has secured the partnerships and 

financing required for the industrialisation phase. In particular the company is 

working with key partners and market leaders on the installation of a 2MW 

demonstrator in 2015 and a pilot farm in 2017-18. The 2 MW demonstrator is 

ǊŜŀƭƛȊŜŘ ƛƴ ǇŀǊǘƴŜǊǎƘƛǇ ǿƛǘƘ D!a9{! ŀƴŘ ōŜƴŜŦƛǘǎ ŦǊƻƳ ŀ мл aϵ ƎǊŀƴǘ ŦǊƻƳ ǘƘŜ 

European Commission. Finally, the company is working with key suppliers to qualify 

new components and further reduce its floating foundation costs in the context of its 

2020 technical roadmap ([70.]).  

a)  b)  

Figure 75  IDEOL floating foundation (a) and the scale model (b) 
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¶ The Hexicon Energy Design is based on a semi-submersible platform on which are 

installed several wind turbines (Figure 76-a). It is configured to pick-up a minimum 

amount of energy from the waves in order to be as stable as possible. The basic idea 

at Hexicon was to attach the mooring in a central turret and turn the whole platform, 

so that the wind always comes from one direction. Hexicon is based in Stockholm and 

designs, engineers and optimizes the concept of floating wind energy parks. The  

Hexicon floating platform design uses competence and components that already 

exist and are well proven in harsh sea environment. However the combination of 

these components is new. ¢ƘŜǊŜ ŀǊŜ Ƴŀƴȅ ŀŘǾŀƴǘŀƎŜǎ ǿƛǘƘ IŜȄƛŎƻƴΩǎ ǇƭŀǘŦƻǊƳǎ 

compared to traditional bottom mounted wind turbines, e.g. large scale deployment 

far offshore and less amount of individual site engineering in a park. Also main 

components will be installed in shipyards or quayside, there is less offshore 

installation and operation compared to traditional parks, all turbines benefit from 

free wind and the mooring system is well proven (Figure 76-b). Further, only one 

power cable per platform reduces the amount of array cabling, platform depth is 

between 40 m to 1000m, sea bed conditions are not critical, the environmental 

footprint is small, the platform can be relocated and can be renovated in port ([71.]). 

 

 a)  b)  

Figure 76  Hexicon semi-submersible platform design (a) and mooring systems (b) 

 

Hexicon is currently developing a number of reference projects to be in production 

within the next five years. The Swedish reference project is a floating platform with 
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3x6 MW to be located in the southern Baltic sea, in the concession owned by 

Blekinge Offshore. This project is planned for construction in 2016-2018 and Hexicon 

has been allocated an area in the concession where the water depth is about 45 m. 

The Scottish reference project with 3x6 MW is based in northern Scotland. The 

Scottish Government has a special incentive program for floating wind energy 

demonstrators. Hexicon is preparing applications for this program. The platform will 

be designed and sized for the harsh environment of the North Sea. Another project is 

being planned at the Canary Islands by the island of Gran Canaria, where the water 

depth is around 250m. A wind energy platform combined with a desalination plant in 

the Black Sea has been offered to supply the city of Istanbul with fresh water. This 

solution could be attractive for islands and nations with water shortage. Producing 

fresh water with wind energy also solves the problem of storing energy, since 

freshwater can be stored more easily. Several other markets in Asia, Europe and USA 

are being pursued, but the lead time to build floating wind energy parks with 

IŜȄƛŎƻƴΩǎ ǇƭŀǘŦƻǊƳǎ Ƴŀȅ ōŜ ƭƻƴƎŜǊΦ  

In the following figure showed the Hexicon platforms that have reached conceptual 

design status: H3W-18MW, H3-18MW and H4-24MW ([72.]). 

http://www.hexicon.eu/offshore-platforms/h3w-18mw.html
http://www.hexicon.eu/offshore-platforms/h3-18mw.html
http://www.hexicon.eu/offshore-platforms/h4-24mw.html
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a)  

b)  

c)  

Figure 77  Hexicon platforms concepts: H3W-18MW (a), H3-18MW (b) and H4-24MW (c)   

http://www.hexicon.eu/offshore-platforms/h3w-18mw.html
http://www.hexicon.eu/offshore-platforms/h3-18mw.html
http://www.hexicon.eu/offshore-platforms/h4-24mw.html
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In the HiPRwind R&D project ǘƘŜ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴ ŀǿŀǊŘŜŘ ŀƴ мм aϵ ƎǊŀƴǘ ǘƻ ŀ 

consortium of 19 partners (Figure 78) coordinated by Fraunhofer IWES, in order to develop 

new structural, component, monitoring and control engineering solutions that will enable 

very large wind power installations in deeper waters than possible today. In order to gain 

real sea experience and data, a fully functional floating MW-scale wind turbine will be 

deployed at a European ocean test site (Figure 79). This MW-scale test installation is 

approximately 1:10 scale of the future commercial systems. In this way, the project will 

overcome the current gap in technology development between small scale tank testing and 

full scale offshore deployment. The HiPRWind project will make use of existing test locations 

which offer a favourable permitting situation and infrastructure such as grid connection and 

monitoring facilities already in place. 

 

 

Figure 78  HiPRWind project: consortium of partners 

 

The installation of the ǿƻǊƭŘΨǎ ŦƛǊǎǘ ƭŀǊƎŜ ǎŎŀƭŜ floating wind turbine facility, dedicated to 

shared access research and testing, will allow to address critical issues of deep offshore wind 

technology such as innovative floater designs, efficient installation methods, advanced 

control engineering solutions and grid integration aspects of floating wind turbines. At the 

same time this research addresses the need for extreme reliability of components. 

Innovative engineering methods will be applied to selected development challenges such as 

rotor blade designs, structural health monitoring systems, reliable power electronics and 
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control systems. Built-in active control features will reduce the dynamic loads on the floater 

in order to save weight and cost compared to existing designs. 

HiPRWind will significantly reduce the risks and costs of commercializing deep water wind 

technology. The HiPRWind project is funded within the 7th Framework Programme of the EC. 

It started in November 2010 and will continue through the end of 2016 ([73.]).  

 

 

Figure 79  HiPRWind floating wind turbine concept 

 

3.3.4 Design requirements 

The design of an offshore wind project is based on the environmental conditions to be 

ŜȄǇŜŎǘŜŘ ŀǘ ŀ ǇǊƻǇƻǎŜŘ ǎƛǘŜ ƻǾŜǊ ǘƘŜ ǇǊƻƧŜŎǘΩǎ ƭƛŦŜǘƛƳŜ όǘȅǇƛŎŀƭƭȅ нл ƻǊ ƳƻǊŜ ȅŜŀǊǎύΦ ¢ƘŜǎŜ 

environmental conditions are primarily defined by the wind, wave, current, water depth and 

soil and seabed characteristics ([23.]). 

Different project components are more sensitive to some of these characteristics than 

ƻǘƘŜǊǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ŀ ǿƛƴŘ ǘǳǊōƛƴŜΩǎ ǊƻǘƻǊ ŀƴŘ ƴŀŎŜƭƭŜ ŀǎǎŜƳōƭȅ ŀǊŜ Ƴƻǎǘ ǎŜƴǎƛǘƛǾŜ ǘƻ ǿƛƴŘ 

and other atmospheric conditions while the support structure (tower and foundation) design 

is more dependent on hydrodynamic and seabed conditions. 
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Wind turbine models tend to be designed for applicability for a specified range of wind 

conditions whereas turbine support structures are usually engineered for onsite conditions. 

 

3.3.4.1 Standards and Certifications 

Several design guidelines and standards have been developed nationally and internationally 

that apply to wind turbines, wind turbine foundations and offshore structures. Germanischer 

Lloyd (GL), Det Norske Veritas (DNV), and TUV Nord are among the bodies that offer 

certification and guidelines for offshore wind turbines and  related components and 

processes. Additionally, the IEC 61400-3 International Standard Design Requirements For 

Offshore Wind Turbines (2008) provides criteria for offshore site conditions assessment, and 

establishes five critical design requirements for offshore wind turbine structures (i.e. winds, 

waves, currents, on site data collection, seabed characteristic and water depth). These 

guidelines were developed to ensure that type-certified wind turbines, support structures 

and related processes meet the requirements dictated by the site conditions. 

 

3.3.4.2 Winds 

Wind conditions are important in defining not only the ƭƻŀŘǎ ƛƳǇƻǎŜŘ ƻƴ ŀƭƭ ƻŦ ŀ ǘǳǊōƛƴŜΩǎ 

structural components, but also in predicting the amount of future energy production at 

ŘƛŦŦŜǊŜƴǘ ǘƛƳŜ ǎŎŀƭŜǎΦ ¢ƘŜ ƳŜŀǎǳǊŜŘ ƻƴπǎƛǘŜ ǿƛƴŘ ǊŜǎƻǳǊŎŜ ǎǘǊƻƴƎƭȅ ƛƴŦƭǳŜƴŎŜǎ ǘƘŜ ƭŀȅƻǳǘ ƻŦ 

turbines within a defined area as a function of the prevailing wind direction(s). Desired wind 

data parameters include the following: 

¶ Wind speed ς ŀƴƴǳŀƭΣ ƳƻƴǘƘƭȅΣ ƘƻǳǊƭȅΣ ŀƴŘ ǎǳōπƘƻǳǊƭȅΤ ǇǊŜŦŜǊŀōƭȅ ŀǘ Ƙǳō ƘŜƛƎƘǘ 

¶ Speed frequency distribution ς number of hours per year within each speed interval 

¶ Wind shear ς rate of change of wind speed with height 

¶ Wind veer ς change of wind direction with height 

¶ Turbulence intensity ς ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ǿƛƴŘ ǎǇŜŜŘǎ ǎŀƳǇƭŜŘ ƻǾŜǊ ŀ млπƳƛƴ 

period as a function of the mean speed 

¶ Wind direction distribution 



 
 

 

 

 

POWERED ς Deliverable ς WP 3 ς Task 3.1 ς May 2012 Pag.98 

 

¶ Extreme wind gusts and return periods (50 and 100 year). 

Air temperature, sea surface temperature and other meteorological statistics (icing, 

lightning, humidity, etc.) are also desired when evaluating a proposed site. 

 

3.3.4.3 Waves 

Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ƭƻŀŘƛƴƎ ŦƻǊŎŜǎ ƛƳǇƻǎŜŘ ƻƴ ŀ ǘǳǊōƛƴŜΩǎ ǎǳǇǇƻǊǘ ǎǘǊǳŎǘǳǊŜΣ ǿŀǾŜǎ ŀƭǎƻ 

determine the accessibility of offshore projects by vessels during construction and 

operations. Desired wave data parameters (Figure 80) include the following: 

¶ Significant wave height  

¶ Extreme wave height 

¶ Maximum observed wave height 

¶ Wave frequency and direction spectra 

¶ Correlation with wind speeds and direction 

Waves tend to be irregular in shape and height and may approach a wind turbine from more 

than one direction simultaneously. The probability and characteristics of breaking waves are 

also important. The correlation of wind and waves is a critical design criterion for an offshore 

wind turbine. This correlation is normally expressed as a joint probability of wind speeds and 

wave heights, and may include wave frequency as well. In addition to defining extreme 

aerodynamic and hydrodynamic loads, it is important to assess the dynamic vibrations 

induced upon the entire turbine structure. The effects of resonant motion from certain wind 

and wave loads may be a primary design driver. 
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Figure 80  Statistical Wave Distribution and Data Parameters 

 

3.3.4.4 Currents 

/ǳǊǊŜƴǘǎ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ŜƛǘƘŜǊ ŀǎ ǎǳōπǎǳǊŦŀŎŜ ŎǳǊǊŜƴǘǎ ǇǊƻŘǳŎŜŘ ōȅ ǘƛŘŜǎΣ ǎǘƻǊƳ 

ǎǳǊƎŜǎΣ ŀƴŘ ŀǘƳƻǎǇƘŜǊƛŎ ǇǊŜǎǎǳǊŜ ǾŀǊƛŀǘƛƻƴǎΣ ƻǊ ŀǎ ƴŜŀǊπǎǳǊŦŀŎŜ ŎǳǊǊŜƴǘǎ ƎŜƴŜǊŀǘŜŘ ōȅ ǘƘŜ 

wind. Currents can drive sediment transport (e.g. sand waves) and foundation scouring. They 

can also affect sea bottom characteristics and vessel motion during construction or service 

visits. 

3.3.4.5 Onsite Data Collection 

As accurate estimations of energy production potential are requirements by the financial 

community for offshore wind projects, precise definition of all of these atmospheric and 

aquatic parameters is critical. 

These parameters can be derived from various sources depending on the stage of project 

development. Early stage conceptual planning relies mostly on existing climatological data 

ŀƴŘ ƳƻŘŜƭ ǊŜǎǳƭǘǎ όǎǳŎƘ ŀǎ ǿƛƴŘ ƳŀǇǎύΦ !ŘǾŀƴŎŜŘ ǎǘŀƎŜǎ ǊŜƭȅ ƻƴ ƻƴπǎƛǘŜ ƳŜŀǎǳǊŜƳŜƴǘ 

campaigns lasting 1 ς 3 years. 

Meteorological, wave and current data are monitored using a variety of instrumentation.  



 
 

 

 

 

POWERED ς Deliverable ς WP 3 ς Task 3.1 ς May 2012 Pag.100 

 

Atmospheric data is measured by tall meteorological masts installed on offshore platforms 

ǘƻ ŀǎǎŜǎǎ ǘƘŜ ǎƛǘŜΩǎ ǿƛƴŘ ǊŜǎƻǳǊŎŜ ŦƻǊ ōƻǘƘ ŜƴŜǊƎȅ ŀǎǎŜǎǎƳŜƴǘ ŀƴŘ ƳŀȄƛƳǳƳ ƭƻŀŘƛƴƎ 

purposes. These measurements can be complemented by remote sensing devices (such as 

lidar and sodar), weather buoys, and regional weather observations to assess atmospheric 

conditions throughout and surrounding the project area. 

Wave and current data are collected by instrumented buoys and acoustic Doppler current 

profilers (ADCPs). Additional information acquired from specialized radar and satellite data, 

as well as regional and historic surface data sources, can further characterize the offshore 

environment. 

Additional information on data meaurements techniques are reported in par 5.1. 

3.3.4.6 Seabed Characteristics and Water Depth 

The geologic and bathymetric characteristics of a project site are significant design 

parameters for offshore wind turbines. The site bathymetry (water depth) will primarily 

drive the size of the underwater structure and its exposure to hydrodynamic forces, whereas 

the seabed soil properties and profiles will influence the suitable foundation types. From a 

system perspective, the geologic and bathymetric characteristics help determine the axial 

and lateral pilŜ ǊŜǎǇƻƴǎŜǎΣ ƭƻŀŘπŎŀǊǊȅƛƴƎ ŎŀǇŀōƛƭƛǘƛŜǎΣ ǊŜǎƻƴŀƴǘ ŦǊŜǉǳŜƴŎƛŜǎΣ ǳƭǘƛƳŀǘŜ 

strength, fatigue strength, and acceptable deformation of the offshore support structure. 

A geologic survey of the site often begins with a desktop review of available data to 

understand conditions likely found on-site. Detailed design and engineering work involves a 

multi-step on-site investigation process, including seismic reflection methods combined with 

soil sampling and penetration tests. These techniques obtain information about sediment 

characteristics and stratification to depths of at least 60 meters (200 feet) below the sea 

floor. Sediment and subsurface descriptors include the following: 

¶ Soil classifications 

¶ Vertical and horizontal strength parameters 

¶ Deformation properties 

¶ Permeability 
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¶ Stiffness and damping parameters ς for prediction of the dynamic behavior of the 

wind turbine structure. 

 

3.4 Offshore Wind Turbine Technological and Energetic features 

 

3.4.1 The main turbine models  

The two most important manufacturers of offshore wind turbines are Siemens and Vestas, 

which together produce 86% of the global offshore capacity. Siemens, which bought the 

Danish company Bonus, is the leader of offshore wind turbines industry with 715 machines 

installed in 20 different wind farms, corresponding to 49% of the total operating turbines. 

Vestas follows with 545 turbines in 17 wind farms and a share of 37%. Also BARD plays a 

considerable role, with 80 turbines and 400 MW of  offshore wind capacity, that is with a 

share of 6%.  

Table 3 shows the most offshore wind turbine manufactures, whereas in Figure 81 is shown 

the national breakdown of active offshore wind turbines for different manufacturers ([4.]). 
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Table 3 Main offshore wind turbine manufactures  

Manufactures Nationality 
Number of 

wind farms 

Number of 

turbines 
Turbine models 

Siemens Germany 20 715 

2.3-82; 2.3-93; 2.3-101; 3.6-

107; 3.6-120; Bonus 450 

kW 

Vestas Denmark 17 545 
V39-500; V47-660; V66-2.0; 

V80-2.0; V90-3.0 

REpower Germany 3 14 5M 

Nordex Germany 2 2 N90-2300 

NEG Micon  Denmark 2 33 NM72/2000 

WinWind Finland 2 20 WWD-3 

BARD Germany 2 81 5.0 

GE Wind US 2 14 GE 3.6  Offshore 

Goldwind China 1 1 GW70/1500 

Sinovel China 1 34 SL3000/90 

Subaru Japan 1 7 80/2.0 

Enercon Germany 1 1 E-112 
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Figure 81 Breakdown of active offshore wind turbines for different manufacturers. 

Siemens is present offshore with 6 turbine models:  

- 2.3-82  

- 2.3-93  

- 2.3-101  

- 3.6-107  

- 3.6-120  

- Bonus 450 kW  

Of these the most representative of the dominant technology are Siemens 2.3-93 and 3.6-

107, respectively, with a rated power of 2.3 MW and 3.6 MW. Today these are among the 

most popular models: there are 250 2.3-93 units and 343 3.6-107 units operational.  

Vestas is present offshore with these 5 models:  

- V39-500  

- V47-660  

- V66-2.0  

- V80-2.0  

- V90-3.0  

Serie1; Siemens (ex 
danese Bonus); 715; 

49% 

Serie1; Vestas; 545; 
37% 

Serie1; REpower; 
14; 1% 

Serie1; Nordex; 2; 
0% 

Serie1; NEG Micon 
(ex Nordtank e 
Micon); 33; 2% 

Serie1; WinWind; 
20; 1% 

Serie1; BARD; 81; 
6% 

Serie1; GE Wind (ex 
Enron); 14; 1% 

Serie1; Goldwind; 1; 
0,07% 

Serie1; Sinovel; 
34; 2% 

Serie1; Subaru; 7; 
1% Serie1; Enercon; 1; 

0,07% 
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Of these turbines the 2 MW V80-2.0 MW and the 3 MW V90-3.0 are dominant, respectively 

with 216 and 319 operating units.  

Considering the trend of the market in recent years to bigger investments and higher power 

levels, the following high-power turbines gain in importance:  

- REpower 5M from 5 MW  

- BARD 5.0 from 5 MW  

- GE Wind 3.6 Offshore 3.6 MW  

- Enercon E-112 4.5-MW  

The tables below highlight the main technical features of the mentioned offshore turbines 

(data from [4.]). 
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Siemens 2.3-93 

Rated Power pr. Turbine 2.3 MW 

 

Number of Turbines 91 

IEC Wind Turbine Class IEC  IA 

Operational  

Cut-in Wind Speed 4 m/s 

Rated Wind Speed 13.5 m/s 

Cut-out Wind Speed 25 m/s 

Rotor & Hub  

Rotor Diameter 93 m 

Rotor Area 6793 m2 

Rotor Speed (rated) 16 rpm 

Rotor Weight (incl. hub) 60 t 

Hub Height (above sea level) 68 m 

Blade Tip Speed (rated) 77.9 m/s 

Blade Tip Height (above sea 
level) 

114.5 m 

Pitch System Hydraulical 

Nacelle  

Drive Train Type High Speed 

Gearbox Ratio 1:91 

Gearbox Stages 3 Planetary, 1 Helical 

 

Gearbox Manufacturer Winergy 

Generator Type Asynchronous 

Power Converter Type Full Scale 

Yaw Gears - Number 8 

Nacelle Weight  

(without rotor and hub) 82 t 

Tower  

Structure Type Tubular 

Structure Material Steel 
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Siemens 3.6-107 

Rated Power pr. Turbine 3.6 MW 

 

Number of Turbines 140 

Design Life 25 years 

Operational  

Cut-in Wind Speed 4 m/s 

Rated Wind Speed 13.5 m/s 

Cut-out Wind Speed 25 m/s 

Rotor & Hub  

Rotor Diameter 107 m 

Rotor Area 8992 m2 

Rotor Speed (rated) 13 rpm 

Rotor Weight (incl. hub) 95 t 

Hub Height (above sea level) 77.5 m 

Blade Tip Speed (rated) 72.8 m/s 

Blade Tip Height (above sea 
level) 

131 m 

 

Pitch System Hydraulical 

Nacelle  

Drive Train Type High Speed 

Gearbox Ratio 1:119 

Gearbox Stages 3 Planetary, 1 Helical 

Generator Type Asynchronous with 
squirrel-cage rotor 

Generator Poles 4 poles 

Power Converter Type Full Scale 

Yaw Gears - Number 6 

Dimensions of Nacelle  

Length 20 m 

Width 10 m 

Height 10 m 

Nacelle Weight  

(without rotor and hub) 125 t 

Tower  

Structure Type Tubular 

Structure Material Steel 

Height 57 m 

Weight 250 t 
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Vestas V90-3.0 

Rated Power pr. Turbine 3 MW 

 

Number of Turbines 100 

IEC Wind Turbine Class IEC IA 

Design Life 20 years 

Operational  

Cut-in Wind Speed 3.5 m/s 

Rated Wind Speed 15 m/s 

Cut-out Wind Speed 25 m/s 

Rotor & Hub  

Rotor Diameter 90 m 

Rotor Area 6362 m2 

Rotor Speed (rated) 16.1 rpm 

Rotor Speed (max) 18.4 rpm 

Hub Height (above sea level) 70 m 

Blade Tip Speed (rated) 75.9 m/s 

 

Blade Tip Speed (max) 86.7 m/s 

Blade Tip Height (above sea 
level) 

115 m 

Pitch System Hydraulical 

Nacelle  

Drive Train Type High Speed 

Gearbox Ratio 1:104 

Gearbox Stages 2 Planetary, 1 
Helical 

Generator Type DFIG 

Generator Poles 4 poles 

Power Converter Type DFIG 

Turbine Voltage Level 1000/400 V 

Yaw Gears - Number 6 

Dimensions of Nacelle  

Length 9.65 m 

Width 3.85 m 

Height 4 m 

Tower  

Structure Type Tubular 

Structure Material Steel 

Weight 153 t 
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Vestas V80-2.0 

Rated Power pr. Turbine 2 MW 

 

Number of Turbines 80 

IEC Wind Turbine Class IEC IA 

Operational  

Cut-in Wind Speed 4 m/s 

Rated Wind Speed 16 m/s 

Cut-out Wind Speed 25 m/s 

Rotor & Hub  

Rotor Diameter 80 m 

Rotor Area 5027 m2 

Rotor Speed (rated) 16.7 rpm 

Rotor Speed (max) 19.1 rpm 

Hub Height (above sea level) 70 m  

 

Blade Tip Speed (rated) 70.0 m/s 

Blade Tip Speed (max) 80.0 m/s 

Blade Tip Height (above sea 
level) 

110 m 

Weight pr. Blade 6.5 t 

Pitch System Hydraulical 

Nacelle  

Drive Train Type High Speed 

Gearbox Ratio 1:100.5 

Gearbox Stages 2 Planetary, 1 
Helical 

Generator Type DFIG 

Generator Poles 4 poles 

Turbine Voltage Level 690/480 V 

Yaw Gears - Number 6 

Dimensions of Nacelle  

Length 10.4 m 

Width 3.4 m 

Height 5.4 m 

Nacelle Weight  

(without rotor and hub) 79 t 

Tower  

Structure Type Tubular 

Structure Material Steel 

Weight 160 t 
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REpower 5M 

Rated Power pr. Turbine 5 MW 

 

Number of Turbines 2 

Design Life 20 years 

Operational  

Cut-in Wind Speed 3.5 m/s 

Rated Wind Speed 14 m/s 

Cut-out Wind Speed 30 m/s 

Rotor & Hub  

Rotor Diameter 126 m 

Rotor Area 12469 m2 

Rotor Speed (rated) 12.1 rpm 

Rotor Speed (max) 13.9 rpm 

Rotor Weight (incl. hub) 125 t 

Hub Height (above sea level) 87 m 

 

Blade Tip Speed (rated) 79.8 m/s 

Blade Tip Speed (max) 91.8 m/s 

Blade Tip Height (above sea level) 148 m 

Weight pr. Blade 17.5 t 

Pitch System Electrical 

Nacelle  

Drive Train Type High Speed 

Gearbox Ratio 1:97 

Gearbox Stages 2 Planetary, 1 Spur 

Generator Type DFIG 

Generator Poles 6 poles 

Power Converter Type DFIG 

Turbine Voltage Level 950/660 V 

Yaw Brake Type Hydraulical 

Tower  

Structure Type Tubular 

Structure Material Steel 

Height 59 m 

Weight 225 t 

Foundational Structures  

Structure Type Jackets 

Support Structure Material Steel 

Support Structure Supplier Burnt Island Fabrication 
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BARD 5.0 

Rated Power pr. Turbine 5 MW 

 

Number of Turbines 80 

Design Life 20 years 

Operational  

Cut-in Wind Speed 3 m/s 

Rated Wind Speed 12.5 m/s 

Cut-out Wind Speed 25 m/s 

Rotor & Hub  

Rotor Diameter 122 m 

Rotor Area 11690 m2 

Rotor Speed (rated) 12.5 rpm 

Rotor Weight (incl. hub) 155.5 t 

Hub Height (above sea level) 90 m 

 

Hub Weight 70 t 

Blade Tip Speed (rated) 79.8 m/s 

Blade Tip Height (above sea level) 152 m 

Weight pr. Blade 28.5 t 

Nacelle  

Drive Train Type High Speed 

Gearbox Ratio 1:96.965 

Gearbox Stages 2 Planetary, 1 Helical 

Generator Type DFIG 

Power Converter Type DFIG 

Dimensions of Nacelle  

Length 14 m 

 

Width 8.5 m 

Height 8 m 

Nacelle Weight  

(without rotor and hub) 280 t 

Tower  

Structure Type Tubular 

Structure Material Steel 

Height 63 m 

Weight 450 t 

Structure Description Diameter is 6.5 m 
(bottom) og 5.5 (top) 
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GE Wind 3.6 MW 

Rated Power pr. Turbine 3.6 MW 

 

Number of Turbines 7 

IEC Wind Turbine Class IEC IB 

Operational  

Cut-in Wind Speed 3.5 m/s 

Rated Wind Speed 14 m/s 

Cut-out Wind Speed 27 m/s 

Rotor & Hub  

Rotor Diameter 104 m 

Rotor Area 8495 m2 

Rotor Speed (max) 15.3 rpm 

Hub Height (above sea 
level) 

73.5 m 

Blade Tip Height (above 
sea level) 

124 m 

 

Pitch System Electrical 

Nacelle  

Drive Train Type High Speed 

Gearbox Stages 3 Planetary, 1 Spur 

Generator Type DFIG 

Power Converter Type DFIG 

Tower  

Structure Type Tubular 

Structure Material Steel 

Height 70.5 m 

Weight 160 t 

Supplier Bladt Industries 

Structure Description Diameter is 5 m 
(bottom) and 3 m 
(top) 
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Enercon E-112 

Rated Power pr. Turbine         4.5 MW 

 

Number of Turbines         1 

Operational           

Cut-in Wind Speed         2.5 m/s 

Rated Wind Speed         13 m/s 

Cut-out Wind Speed         28 m/s 

Rotor & Hub           

Rotor Diameter         112 m 

Rotor Area         9852 m2 

Rotor Speed (max)         13 rpm 

 

Hub Height (above sea level)         108 m 

Blade Tip Speed (max)         77.6 m/s 

Nacelle           

Drive Train Type         Direct Drive 

Generator Type         Synchronous 

Generator Manufacturer         Enercon 

Power Converter Type         Full Scale 

Turbine Voltage Level         400 V 

Yaw Gears - Number         8 

Tower           

Structure Type         Tubular 

Structure Material         Concrete 

Height         100 m 

Weight         2500 t 

Structure Description         Diameter is 4 
m (top) and 12 m 
(bottom) 
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3.4.2 Wind Conditions and Wind Turbine Classes 

The design of a wind turbine shell ensure the appropriate level of reliability for its correct 

operation and specified durability, in every load condition. The sources of loading on a wind 

turbine can be divided into the following: 

¶ Aerodynamic loads 

¶ Gravitational loads 

¶ Inertia loads (due to the blades rotation) 

¶ Operational loads (depending on the electrical conditions, the control operations, 

e.g. braking, yawing, emergency procedures) 

They depend on the turbine characteristics and on the external conditions that are mainly 

the electrical power network conditions and the wind conditions.  

The international standard for safety requirements of wind turbine generators ([24.][25.]) 

divides the external conditions into normal and extreme categories. The normal external 

conditions generally concern recurrent structural loading conditions, while the extreme 

external conditions represent rare external design conditions (as having a 1-year or 50-year 

recurrence period). The design load cases shall consist of potentially critical combinations of 

these external conditions with wind turbine operational modes and other design situations.  

Wind conditions are the primary external conditions affecting structural integrity. Other 

environmental conditions also affect design features such as control system function, 

durability, corrosion, etc. 

3.4.2.1 Small Wind turbine (SWT) classes ([25.]) 

The external conditions to be considered for design are dependent on the intended site or 

site type for a SWT installation. SWT classes are defined in terms of wind speed and 

turbulence parameters. The intention of the classes is to cover most applications. The values 

of wind speed and turbulence parameters are intended to represent many different sites 

and do not give a precise representation of any specific site. The wind turbine classification 

offers a range of robustness clearly defined in terms of the wind speed and turbulence 

parameters. Table 4 specifies the basic parameters, which define the SWT classes. A further 
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SWT class, class S, is defined for use when special wind or other external conditions or a 

special safety class are required by the designer and/or the customer. 

The design values for the SWT class S shall be chosen by the designer and specified in the 

design documentation. For such special designs, the values chosen for the design conditions 

shall reflect an environment at least as severe as is anticipated for the use of the SWT. 

The particular external conditions defined for classes I, II, III and IV are neither intended to 

cover offshore conditions nor wind conditions experienced in tropical storms such as 

hurricanes, cyclones and typhoons. Such conditions may require wind turbine class S design. 

Table 4 Basic parameters for SWT classes 

SWT class    I    II    III   IV  S   

Vref(m/s) 50 42,5 37,5 30 
Values 

specified by the 
designer 

Vave (m/s) 10 8,5 7,5 6 

I15 0,18 

 

In Table 4, the parameter values apply at hub height and 

Vref is the reference wind speed averaged over 10 min, 

Vave is the annual average wind speed, 

I15 is the dimensionless characteristic value of the turbulence intensity at 15 m/s. The 

turbulence intensity is the ratio of the wind speed standard deviation to the mean wind 

speed, determined from the same set of measured data samples of wind speed, and taken 

over a specified period of time ([25.]). 

 

3.5 Transmission and electric grid connection systems 

The outstanding growth of the offshore wind farms size (up to the 630 MW London Array 

Phase 1), along with their distance to shore, has given to the design of the electric 

transmission system a crucial importance in terms of offshore economical feasibility. Longer 

transmission lines lead to higher investment costs as well as higher energy losses. However 

in some cases offshore wind energy can be an opportunity to bring the electric production 

closer to large urban centers of energy consumption. An interesting challenge in this regard 
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would be to coordinate offshore wind projects with the expansion strategies carried by 

electricity network operators.  

Onshore and offshore wind turbines have at most a generator voltage level of 690 V, a 

transformer in the nacelle, or at the basement, which is used to increase the generator 

voltage to the medium voltage of the wind farm network. The current standard for offshore 

wind power plants is 33÷36 kV. However their increasing size and distances will require AC 

networks with a bigger voltage in the next future, that will result in larger and more 

expensive transformers. A possible solution to contain the transformer size may consist of 

high voltage electric generators (e.g. 4000 V) ([26.]).  

In cases of offshore wind parks at large distance from the coast (> 10 km) it is adopted the 

solution of the voltage transformer station at sea. These stations enable high voltage 

transmission and therefore greater efficiency. Two examples of this type are:  

- Horns Rev (Denmark): 160 MW installed capacity, park voltage at 36 kV, offshore 

transformer platform (the first in history) that rises to 150 kV for a 15 km AC 

transmission line.  

- Nysted (Denmark): 165.6 MW installed capacity, park voltage at 33 kV, offshore 

transformer platform that rises to 132 kV for a 10 km AC transmission line to the 

coast.   

The design of the layout of offshore wind farms is influenced by the prevailing wind 

direction, the seabed morphology, but also by the electrical transmission design. For 

instance it should be considered the option of redundancy in the power connection to the 

coast, in order to achieve the transmission reliability. 
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Figure 82 A) Solution with one offshore transformer station (OSS3) and B) solution with 2 transformer 

stations and 2 lines to the coast ([26.]). 

 

3.5.1 Transmission Systems: HVAC, HVDC-LCC, HVDC-VSC 

Main technologies of transmission to the coast are ([26.]):  

- HVAC (High Voltage Alternating Current): transmission through high-voltage AC 

current.  

- HVDC - LCC (High Voltage Direct Current, Line Commutated Converter): transmission 

through high-voltage DC current, with power conversion using line commutated 

thyristors.  

- HVDC - VSC (High Voltage Direct Current, Voltage Source Converter): transmission 

through high-voltage DC current, with power conversion using a pulse width 

modulation with IGBT. 

 

3.5.1.1 HVAC Systems 

The scheme of HVAC transmission systems is composed of:  

- an AC based collector system within the wind farm 

- an offshore transformer station, possibly accompanied by a reactive power 

compensation system. With increasing distances compensation is necessary 
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- three-phase transmission line. At a voltage level of 150 kV three-core polyethylene 

insulation cables are used (XLPE). At very high voltage levels (400 kV) three separate 

cables are used instead 

- onshore transformer station that transforms the voltage at the local network levels. 

This  includes a compensation unit. 

 

 

Figure 83 Basic scheme of a connection between an HVAC offshore wind farm and the main electricity grid 

([26.]). 

 

The transmission capacity of cables, at 150-170 kV, reaches 200 MW every three-phase 

connection, while the maximum length is 200 km, using reactive power compensation on 

both sides of the line. The 400 kV technology, which is under development, promises instead 

a cable capacity of 1200 MVA, over a maximum distance of 100 km ([26.]).  

Almost all current operating offshore parks adopt alternating current transmission because 

the distances from the coast and the power of the plants are still quite limited. The main 

advantage of this technology is the low cost of voltage transformation and its compact 

converter stations. On the other hand they have the disadvantage that with longer distances 

energy losses become much larger, in particular because of the capacitive phenomena 

concerning submarine cables. 
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