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EXECUTIVE SUMMARY 

The present deliverable aims to benchmark the full scale PivotBuoy X140 system against other large 

scale floating offshore wind systems, as an outlook for the future commercial floating offshore wind 

systems in the 15MW range. This benchmark is carried out in two fronts: a design benchmark, 

positioning the PivotBuoy concept and design approach amongst the current floating offshore wind 

systems; and a simulation benchmark, by comparing the simulation approach and estimated 

response of the full scale PivotBuoy X140 system against other 15MW floating offshore wind designs. 

The design benchmark begins by introducing the need for optimizing offshore floating wind systems 

using a different perspective than commonly used in oil and gas. Floating offshore wind, as a novel 

industry, has adopted the best practices of the oil and gas industry, which have higher redundancy 

and safety margins than are arguably necessary for floating offshore wind. If a competitive LCoE is to 

be reached, these safety margins need to be shaved by optimizing for the offshore wind risk profile 

and design drivers. As the floating offshore industry is taking its first steps, many different concepts 

at different TRL stages are currently being developed. A review of concepts above TRL 3 is presented 

and then categorized according to their main underlying static stability principle. 

The PivotBuoy design falls in the hybrid category 

due to its innovative blend of single point TLP 

mooring, weathervane capacity, downwind 

turbine, and semi-submersible type floater. Due 

to its innovative and risky approach, the hybrid 

category is lagging in TRL when compared to the 

more established mooring stabilized category 

(spars) or buoyancy stabilized category (semi-

submersibles). However, the PivotBuoy concept 

is well placed within its class in terms of TRL and 

development plan.  

The second approach starts by introducing a review of the main challenges related to the numerical 

modelling of floating offshore wind systems, which adds a new layer to the common offshore wind 

approach: to model the floating foundation hydrodynamic response and resulting coupled 

interaction between hydrodynamics and aerodynamic performance. While these excitations have 

been studied individually in the past, floating offshore wind systems are unique in that the 

aerodynamic and wave loading are not only of similar importance, but also heavily coupled. The 

current state of the art regarding simulation of floating offshore wind systems is then summarized, 

presenting different modelling approaches, at different fidelity levels, commonly used for floating 

offshore wind systems. 

Following the review of the numerical modelling approaches, the simulation work carried out so far 

within WP5 of the PivotBuoy project is summarized, with the relevant results presented, including a 

comparison of two different numerical codes, one more suited to aeroelastic modelling, HAWC2, and 

the other to hydrodynamic modelling, OrcaFlex. The simulation results for the full-scale PivotBuoy 

X140 design is then discussed in more detail for the three sites considered. Yaw misalignment is 

found in extreme (unlikely) cross-directional cases for the PivotBuoy design, which leads to 
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suboptimal turbine performance under these conditions. Despite having a conservative prediction of 

the yaw misalignment, this suggests that the weathervane capacity can be improved. An individual 

pitch controller (IPC) strategy is found to remove yaw misalignment at the expense of higher blade 

loading. This work has been published elsewhere [1]. Additional research is proposed to further 

investigate this approach. 

Finally, open literature results for floating offshore wind foundations equipped with the novel 15MW 

offshore reference turbine are compiled. The relevant cases found are the WindCrete spar and 

ActiveFloat semi-submersible, both developed within the EU H2020 COREWIND project, and the 

VolturnUS-S semi-submersible platform developed within the IEA Wind Task 37. The COREWIND 

concepts are particularly relevant since their site selection coincides with one of the sites used for 

the PivotBuoy X140 analysis (Canary Islands).  

The system main characteristics are compared, and despite having the largest steel consumption, the 

PivotBuoy design enables a weight reduction factor of 3.5 to 7.5 when compared to the other 

designs. The hydrodynamic and aeroelastic models used are discussed, and the lack of second order 

wave forces on the PivotBuoy is identified as a limitation of the current numerical model.  

The maximum nacelle accelerations, a key 

performance indicator of floating foundations, are 

then compared between the different projects, 

showing that PivotBuoy X140 performs similar to other 

concepts, and under the limits identified in the 

COREWIND project. 

 

 

The maximum mooring line tension is then compared 

with the VolturnUS-S design, which is moored with a 

catenary system, while the Pivotbuoy is moored by 

small TLP system. The COREWIND mooring line 

tensions were not publicly available. The maximum 

loads on the tendons of the Pivotbuoy X140 design are 

comparable to those found in the catenary mooring of 

the VolturnUS-S, despite the different mooring system.  

This review has found the large scale PivotBuoy X140, designed for the 15 MW offshore reference 

turbine, to be on par with other hybrid concepts in terms of TRL and development plan, and 

comparable in terms of predicted performance when compared to other floating designs for the 

same turbine. 

Furthermore, future areas of research and development are identified, such as investigating the IPC 

strategy to improve the yaw alignment, or augmenting the numerical model of the PivotBuoy X140 

design with second order wave excitation in order to capture the expected low frequency response 

of the floater. 
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1 INTRODUCTION 

 

Floating offshore wind (FOW) is a nascent industry that has been fast developing, partly because it 

has benefited from the existing offshore oil and gas (O&G) industry to leverage its own growth, as 

seen by the common substructure designs in Figure 1, which are directly adapted from the O&G 

industry. While these are good starting designs, there are differences between both industries that 

justify further optimization to lower the levelized cost of energy (LCoE), thus increasing the 

competitiveness of FOW. 

Traditional O&G industry designs need to address the high environmental risks and possible human 

loss in the event of serious failure. To mitigate these risks, a healthy dose of conservatism and design 

redundancy is embedded in the O&G standard practices. While these are proven well-known designs, 

they can be overly conservative for the FOW industry, where not only the environmental risks are 

much smaller, but the platforms are unmanned, limiting the human loss risk [2]. Other design drivers 

become relevant for FOW systems, which are less important or negligible for O&G designs. For 

example, FOW systems have a significant mass located at ever increasing hub heights, leading to a 

higher center of gravity, and larger overturning moments while in operation, which need to be 

supported by the substructure.  

In order to achieve a competitive LCoE, the FOW industry needs to optimize these classic O&G 

designs with an economic-driven perspective, or embrace innovative and disrupting concepts, such 

as PivotBuoy, that better suit these new constraints. A sign of this optimization process is the 

significant number of floating offshore wind concepts under development, with at least 34 different 

FOW concepts above TRL 3, as seen in Figure 2. An overview of these designs, their categorization, 

and how they address this optimization will be presented in section 2, together with the PivotBuoy 

design and its positioning within the FOW concepts. 

 

Figure 1 Main types of classic offshore industry designs adapted for floating offshore wind systems. Reproduced from [3]. 
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Figure 2 Geographic distribution of the main floating offshore wind projects above TRL 3 (total of 34). Adapted from [4]  

 

This optimization process to achieve competitive FOW systems is not trivial, and ultimately it will be 

determined by site-specific (e.g. met-ocean data) and project specific (e.g. turbine capacity, local 

infrastructure) conditions. A key tool for this optimization process is the numerical modelling of FOW 

systems. Numerical simulations enable the exploration of different design variations in a cost-

effective manner when compared to model scale testing in laboratories, or prototype testing in the 

ocean.  

 

Figure 3 Complexity of a floating offshore wind system. Adapted from [5]. 
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However, as illustrated in Figure 3, a FOW structure is a complex dynamic non-linear system, with 

different physics involved, which is not trivial to model. This becomes a challenging exercise in order 

achieve accurate results within reasonable computational costs, given the large design space 

involved. Furthermore, the need for optimization and reducing conservative safety margins, places 

higher demands on the numerical modelling accuracy, if such objectives are to be accomplished 

safely. As a result, significant effort is currently being placed in developing, testing, and validating 

simulation tools for FOW systems, such as the landmark IEA Task 30 Offshore Code Comparison 

Collaboration OC3-OC6 project series led by NREL. The numerical modelling of floating offshore wind 

systems is briefly reviewed in section 3, focusing on the state of the art, main challenges, and open 

literature results.  

The simulation work carried out for PivotBuoy is summarized in section 3, followed by the 

comparison with other reference projects from the literature and the resulting discussion, which is 

presented in section 4. Finally, the main conclusions and future work are given in section 5 

 

1.1 Objectives 

The work developed on this deliverable focuses on positioning the PivotBuoy and assessing its merits 

when compared to other floating offshore wind systems. Namely, the objectives are to: 

1. Compare the PivotBuoy design approach to other floating offshore wind systems. 

 

2. Benchmark the performance of the large-scale 15 MW PivotBuoy X140 design, estimated 

from numerical simulations, against other similar floating offshore wind systems using 

publicly available simulation data. 

 

1.2 Approach 

The objectives stated above are achieved with the following approach: 

1. Design Benchmark 

a. Literature review of the main FOW systems 

b. Categorization of these systems in groups with defining characteristics 

c. Description and position of the PivotBuoy concept 

d. Comparison of the different FOW categories and the positioning of the PivotBuoy 

within the context presented.  

 

2. Simulation Benchmark 

a. Literature review of the numerical modelling of FOW systems 

b. Survey of publicly available data for other FOW systems 

c. Summary of the simulations carried out for the PivotBuoy concept 

d. Benchmark of PivotBuoy performance compared to other FOW systems. 
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2 REVIEW OF CURRENT FLOATING OFFSHORE WIND CONCEPTS 

 

A review of FOW concepts is presented in this section. A brief historical perspective of FOW 

development if given in section 2.1. A common categorization used to classify these systems is 

introduced in section 2.2, followed by a brief discussion of each category main characteristics and 

leading designs. A few hybrid concepts that overlap these categories are also discussed. The 

PivotBuoy design is presented in section 2.3, and its categorization discussed. Finally, a general 

comparison of these systems is presented in section 2.4, with the PivotBuoy positioning within the 

reviewed concepts discussed in section 2.5. 

 

2.1 Historic Perspective of Floating Offshore Wind 

The historical evolution of the installed capacity of Floating Offshore Wind (FOW) projects is shown in 

Figure 9, where the most relevant projects are highlighted, including a prediction of the installed 

capacity in 2021 and 2022. It is clear that the research and development of FOW is still very recent. 

The first floating offshore wind project started only in 2008, installing an 80kW turbine in Brindisi, 

Italy. Since 2008 the increase in the number of projects, the number of turbines installed per project, 

and the increase in the turbine's total power capacity is a noticeable trend. 

In the following years, the installed capacity rose markedly due to the WindFloat demonstration unit 

(2 MW) and the 2.3 MW Hywind installation in Norway. From 2013 to 2015, three turbines for a total 

of 16 MW were commissioned in Fukushima, Japan. After Fukushima's project, dramatic growth in 

installed capacity occurred in 2017 due to the Equinor project. Equinor consists of five 6MW 

turbines, totaling 30 MW, located 25 km off the East Coast of Scotland. Another relevant project is 

located in the UK. Kincardine B has 47.5 MW and is developed by Principle Power, one of WindFloat 

consortium partners. In 2021, another sharp increase in the cumulative installed capacity is expected 

due to 4 French floating projects totaling 97 MW. In 2021, CTG is also expecting to install its 5.5 MW 

floating offshore wind prototype. In 2022, Equinor, Korea National Oil Corporation and the Korean 

power company Korea East-West Power plant started constructing a 200 MW project called Donghae 

1. Donghae 1 is located in Ulsan, South Korea. The installation is, however, dependent on feasibility 

studies [6, 7].  

By 2030, industry experts estimate that around 5 GW to 30 GW of floating offshore capacity could be 

installed worldwide and that, based on the pace of developments across various regions, floating 

wind farms could cover around 5% to 15% of the global offshore wind installed capacity, which is 

estimated at almost 1 000 GW by 2050. 
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Figure 4 Historical cumulative installed capacity of floating offshore wind projects. Adapted from [6]. 

 

Regarding the distribution of floating offshore wind projects per country, Figure 5 identifies Japan's 

predominance, which accounts for 41.7 % of the total already developed projects. The following 

country is the UK, mainly due to Kincardine B and Hywind projects. Portugal, Sweden, Norway, the 

USA and France all rank in third place with a project developed per country. The review of projects, 

including decommissioned, planned, and in-place projects, identifies a worldwide total of 61 projects. 

As Figure 5 exemplifies, most floating offshore projects are in the concept/planning stage, while only 

19.7 % (12 projects) are operational. According to the current status of the projects, the expectation 

of installed capacity growth is reinforced.  

 

 
 

Figure 5 Share of developed floating wind projects by country (left) and status of the worldwide floating wind projects 
(right) as of 2019. Adapted from [6]. 
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2.2 Categorization of Floating Offshore Wind Systems  

A common categorization proposed by [8] is to distinguish the different floating wind systems based 

on their underlying static stability mechanisms. The three main categories are as follows: 

¶ mooring line stabilized, where tensioned mooring lines provide the main restoring moment, 

e.g., tension leg platform (TLP); 

¶ ballast stabilized, where a deep ballast lowers the center of gravity bellow the center of 

buoyancy providing the main restoring moment, e.g., spar; 

¶ buoyancy stabilized, where the water plane area induces a large second moment of area, 

either by a large area (barge) or large are moment arm (semi-submersible), providing the 

necessary righting moment. 

These categories are typically shown in a ternary plot, as seen in Figure 6, with the idealized cases on 

the vertices. In practice, the floating wind concepts rely on a combination of different mechanisms 

and fall somewhere between the vertices. This is particularly noticeable for hybrid concepts, which 

present innovative designs that rely on different features and cannot be completely described by a 

single category.  

 
Figure 6 Representation of floating wind concepts as a function of their main stability drivers. Adapted from [8, 9, 10]. 

 

2.2.1 Mooring stabilized floaters 

These concepts rely mostly on the mooring system to provide the necessary righting moment. The 

prime example of a mooring stabilized floater is the tension leg platform (TLP). The mooring system 

is comprised by several vertical tendons which are kept under tension in all conditions, due to the 

high net positive buoyancy, provided by the high-displacement, low-density floater. The anchors of 

the structure are typically gravity-based, suction or pile driven. Since the stability is provided by the 

mooring lines, the transit to site can be challenging, especially if the turbine is already integrated, 

and can require additional buoyancy elements or special support barges [11]. 

http://ec.europa.eu/research/environment/index_en.cfm


D5.4: Benchmark of PivotBuoy vs Other Floating Systems 

¢Ƙƛǎ ǇǊƻƧŜŎǘ Ƙŀǎ ǊŜŎŜƛǾŜŘ ŦǳƴŘƛƴƎ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ IƻǊƛȊƻƴ Iнлнл  
research and innovation programme under grant agreement No 815159 15 

This approach enables a smaller lightweight design of the substructure, which is easier to fabricate 

and assemble, lowering costs and restrictions on port facilities. However, it requires special moorings 

(tendons) and anchoring system to withstand the high vertical loading, resulting not only in a more 

expensive mooring and anchoring system, but also in a more complex installation as well. Therefore, 

there is a shift in the CAPEX from the floater towards mooring/anchors costs and installation costs. 

This should result in a net reduction of the CAPEX for the TLP to be a competitive option [4, 12]. 

A significant benefit is the limited response in heave, roll and pitch due to the stiff tendons which 

typically shift the natural resonance to higher frequencies outside of the wave excitation. This 

reduces the turbine fatigue and dynamic cabling fatigue. However, it faces specific challenges, such 

as the 'pull-down' effect, which increases the draft as the platform is offset from its equilibrium 

positionΣ ƻǊ ǘƘŜ ΨǊƛƴƎƛƴƎΩ ǇƘŜƴƻƳŜƴƻƴΣ ǿƘŜǊŜ ǎǘǊǳctural deformation response can be excited by 

higher order wave loads. A summary of the main benefits and challenges are presented in Table 1. 

 

Table 1 Generic advantages and disadvantages of TLP type concepts. 

TLP Advantages TLP Disadvantages 

Enables a lightweight floater design which lowers 

construction costs and provides good scalability for 

larger turbines. 

Requires some form auxiliar stability during tow, such 

as temporary buoyancy elements or support barges 

[11]. 

Limited hydrodynamic response, with significant 

reduction of heave, roll and pitch. 

The mooring/anchoring system is costly and requires 

complex offshore operations to install. 

Small mooring footprint facilitates underwater 

management of umbilical cables and farm layout 

Complex installation procedure requiring special 

vessels. 

 

Several concepts have been presented that fall within this category. Examples of conventional TLP 

type structures include the TLP by MIT/NREL [13], the UMaine TLP [14], or the PelaStar TLP 

developed by Glosten Associates [15].  

The PelaStar TLP, shown in Figure 7, is an example of classic TLP solution adapted for floating 

offshore wind. It consists of a single column with a five-arm foundation, each being moored by fiber 

rope tendons to high vertical-load anchors in the seabed [15]. This structure is sufficiently 

underwater to reduce its exposure to wave action and provides minimal response in heave, roll and 

pitch. There are publicly available estimations for the CAPEX and LCoE using this technology, with a 

median forecast of LCoE2020 of 110 £/MWh in 2013 currency presented for exploitable UK waters 

ώмнϐΦ ¢ƘŜ tŜƭŀ{ǘŀǊ ¢[t ƛǎ ŎǳǊǊŜƴǘƭȅ ŀǘ ŀ άŘŜƳƻƴǎǘǊŀǘƻǊ-ǊŜŀŘȅέ ǎǘŀƎŜ ŦƻǊ ŀ сa² ǘǳǊōƛƴŜ ƛƴ ǘƘŜ /ŜƭǘƛŎ 

Sea off Cornwall, UK, although no developments seem to be made in the past years [16]. A recent 

partnership between GE and Glosten is developing a 12 MW turbine using the PelaStar foundation 

[17]. 
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Figure 7 Several TLP concepts for floating offshore wind: the UMaine TLP (left) [14]., the GICON-SOF hybrid TLP [18], and 
the PelaStar TLP (right) [16]. 

 
There are other concepts in different stages of development that are not conventional TLPs. A 

notable example is the innovative GICON-SOF project which combines the advantages of a semi-

submersible with those of a TLP. This project has iterated through a number of different designs [19], 

with the current iteration shown in Figure 7. This concept couples the TLP design with a lowerable 

gravity anchor base, which works as barge during transit to provide stability, and simplifies 

installation by ballasting the anchor to the seabed with the tendons already pre attached, as shown 

in Figure 8. This design adopts a buoyancy stabilized approach for assembly and transit, reverting to a 

mooring stabilized structure for operation. This approach retains the favorable motion response of 

the TLP and simplifies its installation process [20].  

 

 
Figure 8 Transit and installation process of the GICON-SOF design. From left to right: transit to site with the gravity 
anchor base providing stability; at site ballasting the anchor to lower it to the seafloor; tension the tendons to achieve 
the operational draft. Source: Daniel Walia, Chair for Windenergy Technology, University of Rostock. [20] 
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In order to lower the CAPEX, two construction approaches are taken. The first is to use prefabricated 

components that are then transported to port, which allows for cheaper construction and puts less 

demands on the port facilities. However, transport needs to be considered. The second is to keep the 

design as light as possible using prestressed ultra-high-performance concrete (UHPC), which is 5 to 6 

times cheaper than welded steel structures. A LCoE between 50-улϵκa²Ƙ ƛǎ ŜȄǇŜŎǘŜŘ ŦƻǊ an 

80x6MW farm in 2030, which is estimated to be up to 10% lower than a similar farm with a 

conventional TLP design [21]. 

 

2.2.2 Ballast stabilized floaters 

Ballast stabilized concepts often rely on long cylindrical floaters which are ballasted at the bottom to 

lower the center of gravity below the center of buoyancy, thus providing the needed restoring 

moment. These foundations are simple shapes with a narrow profile, which is easy to fabricate and 

assemble, but are quite large and heavy structures. Only a small part of the foundation is exposed to 

wave action, limiting the wave forces [22]. 

A main feature of this design is the high stability achieved through high drafts, at the expense of 

some logistic challenges for the installation, namely the turbine integration and transit to site, and 

large water depths, especially for larger turbines. Turbine integration at port is unfeasible due to 

water depth requirements. The foundation is towed to sheltered waters where it is upended, and 

turbine integration is carried out using heavy lifting vessels. The water depth requirement also limits 

the tow-to-port maintenance strategy, which is only viable if sheltered waters at a sufficient depth 

are available close by. Therefore, heavy lifting at sea is expected for major repairs using this 

substructure, which will increase operational costs [12].  

The standard mooring option for spars is a catenary mooring system, which is a simple low-cost 

mooring using drag embedment anchors and applicable to a wide range of water depths. However, 

relatively higher excursions are allowed, and the wide mooring footprints require effective subsea 

space management [22, 23]. Due to the low water plane area, cylindric shape, and catenary mooring, 

the heave and yaw response have low stiffness and damping, which can lead to unfavorable motion 

response, impacting turbine performance. A summary of advantages and disadvantages of spars is 

given in Table 2. 

 

Table 2 Generic advantages and disadvantages of Spar type concepts. 

Spar Advantages Spar Disadvantages 

Simple structural design facilitates fabrication and 

assembly 
Requires a large and heavy structure, increasing costs. 

Inherently stable once it is ballasted 
Long draft poses logistic challenges, with turbine 

integration done in sheltered waters. 

Simple mooring design 
Can have large motions, with implications for the 

turbine accelerations and fatigue. 
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Figure 9 Spar buoy concepts: the OC3-Hywind (left) taken from [24]; 5MW downwind advanced spar (center) [25], and 
Hywind Scotland (right). 

 

The most notable example of a classic spar for floating offshore wind is the Hywind spar project, 

which started with the 2.3MW Hywind Demo installed in 2009 and still in operation. Based on the 

lessons learned in the Hywind Demon, the Hywind Scotland project was developed in 2017, 

consisting of five 6MW turbines installed off Aberdeenshire, Scotland. The project Hywind Tampen is 

scheduled to start late 2022, installing 11 spars equipped with 8MW turbines to power five offshore 

platforms in the North Sea [26].  

Within the phase IV of the OC3 project [24], a Hywind spar buoy concept was adapted to support the 

NREL 5MW turbined, which was named the OC3-Hywind (Figure 9). An extensive simulation 

campaign with different codes was carried out for this concept, from static equilibrium checks and 

eigenmode analysis, up to aero-hydro-servo-elastic response in irregular waves. Therefore, the OC3-

Hywind spar is one the most simulated FOW spar concepts. 

The Japanese Kabashima Goto Island project installed a 2MW downwind turbine on a hybrid spar in 

2013. The design is optimized for lower construction costs by using two independently manufactured 

sections: a top section made of ring-stiffened steel; and a lower section made of precast prestressed 

concrete, including horizontal fins to mitigate yaw response. The downwind turbine has the capacity 

to passively weathervane [27]., which removes the need for an active yaw system, reducing mass at 

hub height at a small turbine efficiency penalty. A smaller 100kW prototype installed in 2012 was 

operational for one year, where it was exposed to a severe typhoon event [28]. This event led to a 

series of simulations of the typhoon event with satisfactory results [29, 30, 31]. 

The Fukushima FORWARD Project includes Fukushima Hamakaze, a 5MW downwind turbine with an 

άŀŘǾŀƴŎŜŘ ǎǇŀǊέ ŦƻǳƴŘŀǘƛƻƴ [32] shown in Figure 10. This design aims to provide a more compact 

design by reducing the draft at the expense of diameter, while improving its motion characteristics 

by adding stabilizing fins and heave plates [23]. This project has since been scheduled for 

decommissioning due to low profitability.  
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Figure 10 Advanced spar design of the fukushima Hamkaze showing underwater section (left) and floating substation 
(Fukushima Kizuna) with the advanced spar design being towed to site (right). [25] 

 

Another approach is taken by WindCrete, which minimizes the CAPEX by reducing construction costs 

through a single continuous spar and tower concrete structure. This single continuous structure does 

not require any joints between the foundation and the tower, which is often a weak point 

susceptible to fatigue. The concrete substructure is expected to have more than 50 years lifetime, 

contributing to a lower LCoE. A 2015 analysis estimates a LCo9 ƻŦ мнлϵκa²Ƙ ŦƻǊ ŀ рллa² ŦŀǊƳ 

using 4MW turbines [33], with a more recent analysis estimating from 70-мнлϵκa²Ƙ ŦƻǊ ŀ 500MW 

using 10MW turbines, depending on site selection [34].This concept is currently being adapted for a 

15MW turbine within the COREWIND project [35].  

 

2.2.3 Buoyancy stabilized floaters 

These concepts rely on a large second moment of area to provide the necessary the righting 

moment. This can be achieved with a large waterplane area (barge type) or by increasing the 

moment arm of the water plane area using column stabilized floaters (semi-submersible type). While 

there are several developers using semi-submersibles, only a few currently pursue the barge type 

solution. These concepts often adopt a catenary mooring system and some type of motion improving 

device, such as the damping pool for the barge type Floatgen by Ideol, or water entrapment plates in 

the semi-submersible WindFloat. 

The semi-submersibles rely on column buoyancy to provide the restoring moment, which can lead to 

larger designs as the turbines increase in size. The hull is often comprised of three to four steel 

columns, connected by steel bracers, which requires significant welding at port increasing costs. 

These larger dimensions can pose some logistic challenges, but the overall low draft and stability 

facilitate turbine integration at port and installation without specializes vessels, lowering installation 

costs [12]. The lower draft enables operation at shallower waters, making this design feasible for a 

wide range of water depths and ports. Furthermore, the low draft and transit stability also enable a 

tow-to-port maintenance strategy for major repairs, which can significantly lower operational costs 

[12]. Once at site, the semi-submersible is ballasted to its operational draft. Semi-submersibles 

typically have a large area exposed to wave action, which can lead to significant wave loading on the 
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structure, including higher order wave loading effects which cannot be neglected [18, 19]. 

The dimensions of the semi-submersible can be optimized such that its response is outside the wave 

excitation frequency. However, heave and pitch modes can be challenging, which is often mitigated 

by adding heave plates or water-entrapment plates to mitigate its response. The mooring system is 

usually a simple catenary mooring using low cost drag embedment anchors, which simplifies 

installation and lowers mooring costs. However, relatively higher excursions are allowed, and the 

wide mooring footprints require effective subsea space management [22, 23]. A summary of 

advantages and disadvantages is given in Table 3. 

 

Table 3 Generic advantages and disadvantages of semi-submersible type concepts. 

Semi-submersible Advantages Semi-submersible Disadvantages 

Low draft enables turbine integration at port  
Larger dimensions and complex structure increase 

costs of the foundation 

Simple installation due to stability at a low draft  
More exposed to wave action, increasing the loading 

on the structure.  

Simple mooring design 
Can have large motions, with implications for the 

turbine accelerations and fatigue. 

 

The barge design relies on a large continuous waterplane area to provide its static stability, as 

opposed to the discontinuous columns stabilized approach of the semi-submersibles. One of the 

drawbacks of this structure is its susceptibility to the roll and pitch motions. Thus, the barge structure 

is better suited for calm seas. The barge-type structure's advantages are easy installation, no need 

for specialized vessels, and high adaptability to a wide range of seabed geologies, implying a low site 

dependency  

A barge floater developed by Ideol is comprised by a ring-shaped floater featuring a damping pool 

inside the ring, which counters the wave excitation to improve performance and stability. This 

concept is unique among other floating wind foundations due to its compact design and damping 

pool feature, which makes non-linear effects important [36, 37]. A 2MW demonstrator called 

Floatgen was installed in the French Atlantic coast in 2018. A second demonstrator named Hibiki-

Nada with 3 MW is operating in Kitakyushu, Japan, where it survived three typhoons since its 

installation in 2018 [38]. The fist pre-commercial project with three units with a total of 30MW is 

scheduled to start operating 2022-2023 in the French Mediterranean Sea [39]. 

A significant number of developers have adopted a semi-submersible design with a catenary mooring 

system, of which only a few will be mentioned here. For a broader review see [4, 23].  
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Figure 11 Examples of buoyancy stabilized floaters for wind turbines, top row, from left to right: Floatgen barge [39]; the 
OC4-DeepCwind floater [40]; Fukushima Mirai [41]. Bottom row, from left to right: one of the three floaters of the 
Windfloat Atlantic [42]; VolturnUS prototype [43]; and ActiveFloat concept [44].  

 

A notable example is the Windfloat semi-submersible by Principle Power [45], which features a three 

column semi-submersible with heave plates, an active ballasting system, and is supported by a 

catenary mooring system. A full scale 2MW prototype (WF1) operated for 5 years in Portugal under 

the North Atlantic conditions, after which it was successfully decommissioned. In 2020 the Windfloat 

Atlantic (WFA) project (Figure 11) completed its first pre-commercial offshore floating wind farm 

with 25MW (3x8.3MW) installed offshore Portugal. Other projects currently being developed with 

the Windfloat technology include the Eoliennes Flottantes du Golfe du Lion (EFGL) in the 

Mediterranean Sea, Kincardine Offshore Windfarm (KOWL) in the North Sea, where the first WF1 is 

now currently installed, and the Windfloat Japan [46]. 
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¢ƘŜ CǳƪǳǎƘƛƳŀ hŦŦǎƘƻǊŜ ²ƛƴŘ /ƻƴǎƻǊǘƛǳƳ Ƙŀǎ ŘŜǾŜƭƻǇŜŘ ŀƴ ƛƴǎǘŀƭƭŜŘ ŀ άŎƻƳǇŀŎǘ ǎŜƳƛ-ǎǳōƳŜǊǎƛōƭŜέ 

with a 2MW downwind turbine in 2013 which is still in operation, commonly referred as Fukushima 

Mirai (Figure 11). This is a catenary moored four-column semi-submersible, with three outer columns 

and a smaller center column where the turbine is mounted [41]. In 2015, during the second phase of 

ǘƘŜ CǳƪǳǎƘƛƳŀ Chw²!w5 ǇǊƻƧŜŎǘΣ ŀ ά±-ǎƘŀǇŜŘέ ŦƭƻŀǘŜǊ ŘŜǎƛƎƴŜŘ by Mitsubishi Heavy Industries 

(MHI) was deployed. This semi-submersible has three columns connected by two long pontoons, 

which provide enough buoyancy for a low draft float-out from port with the 7MW turbine installed. 

This semi-submersible has since been decommissioned due to low profitability [47]. 

The OC4-DeepCwind semi-submersible [40] with the NREL 5MW reference turbine [48] was used as a 

benchmark to test, improve, and compare several codes [49]. The subsequent OC5 project carried 

out model test of the same floater to validate the ultimate and fatigue loads predicted by the 

numerical models [50]. The numerical simulations showed a consistent trend to underpredict the 

ultimate and fatigue loads when compared to the experimental results, as reproduced in Figure 12. It 

was proposed that the differences stem from the hydrodynamic modelling, in particular the low 

frequency response outside of the wave excitation range that excite surge and pitch response [50]. 

These areas are currently under investigation in the new OC6 project phase I [51], which focuses on 

the validation and uncertainty quantification of the nonlinear hydrodynamic loading, while also 

adding higher fidelity tools (CFD) to the simulation approaches considered [52]. In fact, higher fidelity 

simulations tools (CFD) have been applied to the OC4-DeepCwind semi-submersible to assess 

damping [53, 54] or response in waves [55], including recommendations on how to apply CFD to 

floating offshore wind turbines [5]. This large scope of work carried out for the OC4-DeepCwind 

semi-submersible makes it an ideal candidate for benchmarking simulations tools or methods. 

 

 

Figure 12 Underprediction trend of the numerical ƳƻŘŜƭǎΩ estimation for ultimate and fatigue loads when compared to 
the experimental results for the OC4-DeepCwind semi-submersible. Reproduced from [50]. 
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The VolturnUS, which has been developed by the DeepCwind consortium [56] led by the University of 

Maine (UMaine), is currently the only floating offshore wind project implemented in the US. The 20 

kW 1:8 prototype is located in Maine and started operation in 2013. Some of the VolturnUS project 

developers plan to install a 12 MW demonstration project in 2022. The new project, entitled Maine 

Aqua Ventus, is the only recently approved floating project in the US. It will feature two 6 MW 

turbines using the same floating structure of VolturnUS. Recently, a steel-based variation named 

VolturnUS-S has been developed within the IEA Wind Task 37 [57] to be ablet to support the new 

15MW offshore reference turbine. A recent report estimated an LCoE under $60/MWh for the 

VolturnUS technology at commercial scale [58, 43]. If these LCoE forecasts are verified during the 

Maine Aqua Ventus project, this will be the lowest LCoE for a floating offshore wind solution to date. 

The ActiveFloat is a concrete semi-submersible concept developed by Esteyco. The choice of 

concrete potentially leads to a durable and cheaper design when compared to steel. This floater is 

comprised of three external columns, each with a heave damping plate, connected by three prismatic 

pontoons to a central conical column, where the turbine tower is installed. The pontoons are 

permantely ballasted with sea water, while the external columns are partially filled with water, using 

an active ballast system. A catenary mooring system is employed for stationkeeping [44]. 

 

2.2.4 Hybrid concepts 

Hybrid concepts refer to designs that rely on a combination of the previous stability principles, often 

taking an innovative approach that does not lend itself to the typical TLP, semi-submersible, or spar 

classification. These concepts can combine in a single floater benefits associated with different 

structures, however there is higher risk and uncertainty due to the higher degree of innovation 

involved. A few concepts (see Figure 13) will be discussed here, with more extensive lists available 

elsewhere (e.g. [23]). 

The Tension Leg Buoy (TLB), shown in Figure 13, is a spar type floater with excess buoyancy to keep 

six inclined mooring lines under tension, which provide the necessary stability. This approach allows 

for a lightweight spar design with lower drafts. The taut moorings provide high stiffness, resulting in 

smaller wave excitation response, at the expense of the more complex and costly mooring system 

[23, 59]. This concept first iteration was in 2005 and is known as the MIT Double Taut Leg [8]. A key 

concern for this concept is the high mooring and anchor loads, increasing costs and limiting site 

selection due to the seabed and depth restrictions. Newer iterations have been proposed, such as 

the TLB B with the 5MW reference turbine, which addresses these concerns and is a step forward in 

its development. [2]. 

The Swinging Around Twin Hull (SATH) developed by Saitec Offshore is an innovative concept that 

consists of an upwind turbine, installed on a floating platform built in concrete, with a semi-

submerged twin hull to improve stability, and a single point mooring turret (SPM) based system 

which connects to all mooring lines as well as the power cable. The turret system of the SATH 

platform is moored to the seabed through drag anchors and six catenary lines in three groups of two 

lines oriented at 120 degrees to each other [60]. In August 2020, a SATH demonstrator (BLUESATH) 

at a 1:6 scale of the 10 MW concept was deployed for a 12-month period of testing in open sea 
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waters, offshore of Santander, Spain. Unfortunately, this testing period was cut short in November, 

when an historic swell capsized the structure. The prototype was exposed to 10-meter waves when it 

capsized, which corresponds to a 60 meter wave at full scale. Prior to that it had survived storms with 

8-meter waves, which corresponds to 48 meter wave full-scale. Considering the prototype was 

designed for a 30 meter wave, this was considered a successful demonstrator despite its short 

operation time [61]. 

 

   
   

  
Figure 13 Examples of hybrid concepts, top row from left to right: TLB conceptual design, source: [2]; BlueSATH 
demonstrator; and Eolink demonstrator, source: [62]. Bottom row, from left to right: W2Power demonstrator, source: 
[63]; and Hexicon concept TwinWind, source: [64]. 

 

The EOLINK concept, patented by the French company Eolink, consists of a semi-submersible floater 

with 4 columns, and an external single point mooring system which is connected to the floater by 

two hawsers. The typical wind turbine tower is replaced by four inclined masts, two upwind and two 

downwind, which reduce the mass and improves structural resistance. This allows for the installation 

of larger rotors in a more compact floater, reducing the costs. Model test results were used to 
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