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Abstract Concept design of floatingwind turbines consist-
ing of a column-supported semi-submersible and a vertical-
axis wind turbine are proposed. Detailed motion response
analyses of the proposed floating wind turbines are car-
ried out using a computer program developed in this study.
Together with wave-induced oscillatory motions, steady and
slowly varying motions induced by waves and winds are also
examined. As a case study, the feasibility of power supply
to offshore Greek islands from the proposed floating wind
turbines is examined.

Keywords Wind energy · Floating wind turbine · Vertical-
axis wind turbine · Offshore wind farm · Aegean Sea

1 Introduction

In order to reduce the massive CO2 emission from conven-
tional fossil fuel thermal power plants and/or to reduce the
dependence on nuclear power plants, utilization of natural
renewable energies is now being strongly promoted world-
wide. Among various candidates of possible natural energy
resources, wind power is considered to be one of the most
promising resources along with solar power.

Introduction of wind power plants has been particularly
active inEurope, inwhich, as the result of themassive deploy-
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ment of wind power plants, little land space is now available
for further wind power generation. In addition, wind noises
associated with the rotation of blades of wind power gener-
ators have now become a new environmental problem.

In order to mitigate these problems, offshore wind power
generation is now being actively promoted, and offshore
wind farms consisting of an array of a large number of wind
turbines are being constructed or planned in many places
worldwide. As an offshore wind turbine, there could be
two types, that is, a bottom-fixed type and a floating type.
Between them, in the present study, the authors focus on a
floating one, which is advantageous over a bottom-fixed one
as the water depth becomes greater, and examine its feasibil-
ity as a preliminary study.

One of the problems associated with the power (electric-
ity) generation at an offshore wind farm is the high cost of
power cables used for the power transmission to a land area.
Considering this problem, in this study, the authors examine
the feasibility of power supply to grid-remote islands from
an offshore wind farm deployed in the vicinity of the cor-
responding islands, which could not only mitigate the high
cost of power transmitting cables but also ensure the energy
supply and independence of those islands through renewable
energy resources. As a case study, this paper chooses the
Aegean islands of offshore Greece, where power demands
increase sharply in summer due to a large inflow of people
visiting from all of Europe.

2 Concept design of a floating wind turbine

2.1 Basic requirements

Design of a wind turbine and a floating structure is carried
out to meet the following requirements.
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Table 1 Principal particulars of the SWVAWT

Rated power 2 MW

Rated wind speed 12 m/s

Power coefficient (electricity) 0.318

Power coefficient (turbine) 0.461

Wing span 63.5 m

Wing cord length 7.94 m

Number of wings 3

Rotation diameter 95.3 m

Tip speed ratio 3.75

1. High efficiency of wind power generation
The power coefficient of the designed wind turbine was
estimated to be Cp = 0.318. The performance of the
wind turbine including the power coefficient was esti-
mated numerically (Shibuya 2006) by the two-stage
multiple streamtubes method (Paraschivoiu 1988). The
wing section is NACA-0018, which is a symmetrical
shape. Numerical simulation using sliding mesh with a
turbulence model of DES was also carried out in order to
obtain the performance of the turbine (Wakisaka 2011).
These two approaches gave good agreement on a 2-D
basis. The main specifications described in Table 1 were
obtained by these numerical analyses.
The power coefficient of our vertical axis wind turbine
(VAWT), that is, Cp = 0.318 may not be higher than that
of conventional horizontal-axis wind turbines (HAWTs),
but, if compared to the generated power to cost ratio, the
present VAWT is of significantly better performance than
conventional HAWTs.

2. Long natural period to realize small motions
Preferably longer than 30 sec. in all six modes of motion.

3. Small inclination (trim and heel) in survival condition
(for safety) and in operating condition (for power gener-
ation) Preferably less than 5◦, even in survival condition.

4. Small size of a floating structure
In this study, firstly, the rated power of the wind power
generator is assumed to be 2MW. The size of the floating
structure is then determined in the design procedurewhile
requiring that the structure could support the wind power
generator safely with possible minimum size, preferably
around 100 m in the main dimensions in order to mini-
mize the cost.

5. Feasible mooring system
Mooring systems are designed so that the following
requirements are satisfied.

1. Mooring lines can withstand the expected maximum
(static + dynamic) stresses.

2. Natural periods of all sixmodes ofmotions are longer
than 30 s to eliminate the resonance with waves.

2.2 Type of the wind turbine considered

Although most of the existing offshore wind turbines are
‘horizontal axis’ wind turbines, the present study chooses a
‘vertical axis’ wind turbine in order to exploit the following
advantages of vertical axis wind turbines.

1. The structure is simpler.
Because there needs to be no taper, there is no screw to
the blade, which leads to lower cost of construction. Also
a VAWT does not have a yawing mechanism, nor a pitch
control mechanism, which are generally equipped in
large scale HAWTs. Moreover, maintenance of a VAWT
is easier because of less moving parts, and, thus, theman-
agement cost can be reduced.

2. Lower noise.
3. Gyroscopic effect is small.

As will be shown later numerically, the gyroscopic effect
due to the rotation of blades of a VAWT on the dynamic
responses of a supporting floating structure is small.

4. No response delay to the change of wind direction.
5. Pitch control of the blades is not necessary.

The authors understand that most of HAWTs of the size
of 2 MW are equipped with a pitch control mechanism
to attain higher performance. On the other hand, for a
VAWT, blade pitch control is not necessary, if a control
system is properly equipped so that appropriate tip speed
ratio is maintained according to wind speed change.

6. The center of gravity can be lowered.
7. Maintenance can be done easily.

Since the VAWT proposed in the present study does not
have such moving parts as yaw mechanism or pitch con-
trol, less mechanical troubles are expected. It is also
easier to inspect the blade surfaces such as for paint dete-
rioration because the blades are straight and not twisted.

These are the advantages of VAWTs as compared to
HAWTs. Although the power coefficient itself of a VAWT
is not necessarily better than that of a HAWT (e.g., Ashwill
1992), the simpler structures of VAWTs are expected to lead
to significant cost reduction, though an explicit quantitative
cost reduction estimation is not possible at the present stage.

As a floating wind turbine, the fact that a VAWT can flexi-
bly change the ratio of its horizontal and vertical dimensions
in complying with the stability requirement as a floating
structure may also be advantageous over a HAWT.

Jonkman (2007) and Jonkma and Matha (2011) carried
out dynamic analyses of three concepts of offshore floating
HAWTs, that is, HAWTs supported on a TLP (Tension Leg
Platform), a spar buoy, and a barge and compared their per-
formances. Detailed reviews of the possible application of
VAWTs to offshore floating turbines and the methods for
their dynamic analyses in marine environmental conditions
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Fig. 1 Possible mooring
systems of a floating wind
turbine

taut mooring by polyester lines  

catenary mooring by steel-chain lines 

were carried out by Borg et al. (2014a, b and 2015). There
also already exist several studies conducted on the feasi-
bility of floating VAWTs such as those by Blonk (2010)
and by Fowler et al. (2014), but the present study focuses
more on the feasibility from the viewpoint of the dynamic
behaviors of a floating VAWT. As will be shown later,
the numerical methods used for the dynamic analyses of
VAWTs in this study are mostly based on conventional
ones.

For a vertical axis wind turbine, a vertical axis turbine
with straight wings (SWVAWT) is considered in this study.
Compared to conventional vertical axis wind turbines such
as a Darrieus-type one, the SWVAWT is more efficient
because the whole length of each wing is exploited for the
power generation, while, in a Darrieus-type turbine, the parts
around the upper and lower edges of its wings are not effec-
tively used for the power generation, and, thus, the blade
length of the wind turbine could be smaller than that of a
conventional vertical axis wind turbine of the same rated
capacity.

The principal particulars of the SWVAWT assumed in this
study are shown in Table 1. The wing section is NACA-0018,
which is a symmetrical shape.

2.3 Floating structure

Water depth at the installation site affects the type of afloating
structure. The present study assumes the water depth is 100–
300 m.

As for the floating structure on which the SWVAWT is
installed, possible candidates may be (1) column-supported
semi-submersible (2) tension-leg platform (3) spar buoy, and
(4) barge. Among them, from the viewpoint of the reduction
of wave-induced motions, a semi-submersible, a tension-leg
platform and a spar buoy could be candidates. (A barge-type
floating structure with an additional motion damping mech-
anism such as a moonpool could also be possible, but is not
considered in this study.)

Preliminary design of a semi-submersible supporting a
5MWHAWTwas conducted by Lefebvre and Collu (2012).
In this study, also, a semi-submersible is chosen as a floating
structure on which a SWVAWT is mounted.

2.4 Mooring system

In the water depth considered in the present study (100–
300m), if steel chains are used, in order to ensure appropriate
restoring forces, a mooring system of long chains is needed,
which, in turn, exerts large forces at the attachment points of
the mooring lines on the structure due to their large weight
and also could induce significant displacements/inclinations
of the corresponding semi-submersible because of its small
waterplane area. If polyester mooring lines are used instead
of steel chains, such a burden can be reduced, because its
weight in water can be almost zero. Besides, the restoring
force characteristics of polyester mooring lines are linear,
and, thus, the design of the mooring system is relatively easy.

On the other hand, little restoring forces are induced by
polyestermooring lines if they are deployed as catenary lines,
because their weight in water is small. Therefore, they need
to be deployed as taut lines as shown in Fig. 1 to secure
substantial restoring forces, which, in turn, could shorten the
natural period of motions excessively. In this respect, steel-
chain catenarymooring lines are advantageous over polyester
taut mooring lines in that natural periods of motions could
be made much longer than the periods of relevant compo-
nent waves of the wave power spectrum representing the
corresponding offshore area, where the corresponding float-
ing structure is to be deployed.

2.5 Designed floating wind turbine

As a floating wind turbine, two possible ones, that is, a
wind turbine supported on a triangular-type 3-column semi-
submersible (Fig. 2) and that supported on a triangular-type
4-column semi-submersible (Fig. 3) were designed.

The designwas carried out following the design procedure
shown in Fig. 4 while considering the design requirements
described in Sect. 2.1. In the design process, various struc-
ture sizes and/or mooring systems were studied, and the steel
structure weight, which is roughly proportional to the con-
struction cost, was estimated. Finally, the main particulars
of the structure were decided based on the criterion of cost
minimization. The principal particulars and the values of rel-
evant parameters of the designed two semi-submersibles are
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Fig. 2 A vertical-axis wind mill supported on a 3-column semi-
submersible

shown in Tables 2 and 3, respectively. The values shown in
the tables are those obtained while using roughly estimated
values of hydrodynamic forces and so on. The more accurate
values are obtained bymore elaborate numerical simulations,
as will be shown later in this paper.

As shown in Figs. 2, 3, on the 3-column semi-submersible,
a wind turbine is supposed to be deployed on one of the 3
columns consisting of a triangular array, while, on the 4-
column semi-submersible, a wind turbine is supposed to be
deployed on the center column of the 4-column array. From
the viewpoint of construction and/or maintenance works, the
former one is desirable in that the required reach of a work-
ing crane used for the placement or replacement of a heavy
wind turbine is shorter, which, in turn, reduces the necessary
capacity of the crane. As for the construction cost, in gen-
eral, the construction cost of a 4-column semi-submersible
is higher than that of a 3-column semi-submersible because
of its larger structural weight.

On the other hand, the 3-column system that has a rela-
tively small displacement may be needed to be moored by
steel-chain catenary lines in order that the natural periods
of motions are larger than the period range of the relevant
wave power spectrum representing the deployment site. In

Fig. 3 A vertical-axis wind mill supported on a 4-column semi-
submersible

this respect, the 4-column system could be moored by taut
polyester lines because of its relatively large weight.

In the dynamic analyses shown later in this paper, the
possibility of the deployment of both the steel-chain catenary
mooring system and the polyester taut mooring system were
examined for both the 3-column semi-submersible and the
4-column semi-submersible.

3 Development of a computer code for dynamic
analyses of floating wind turbines

To evaluate the various performances of the designed system,
a computer program was developed for frequency domain
and time domain analyses in waves, wind, and current. The
following summarizes the main specifications of the devel-
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Design Footing/Column and Estimate Weight

Calculate Wind/Current Force

Static Inclination < 5deg

Naturaul Period > 20sec

Estimate Total weight, Center of Gravity, 
Displacemnet, GM and Radius of Gyration

Design Tower and Estimate Weight

Start:
Design Windmill

Nominal Capacity

Design Shaft and Estimate Weight

Design Brace/Diagonal/Support and Estimate Weight

Complete 
Structure Design

Design Mooring System

Calculate Max/Min Tension 

Complete Mooring 
Design

Estimate Size and Weight of Windmill

Set Ballast to Keep Displacement and Stability

Strength Check of Blade and Arm

Stress < Allowable

Max/Min Tension < Allowable

Fig. 4 Design procedure

oped program. (Most of the specifications described below
in Sect. 3.1 are based on Kobayashi et al. (1985)).

3.1 Specifications of the developed computer code

1. Equations of motions
In principle, the equations of motions that describe the

response time history should be expressed with convolu-
tion integral accounting for the memory effect (Cummins
1962). However, in the present computations, for the sake
of simplicity, it is assumed that the equations of motions
can be expressed by the following equation, in which hydro-
dynamic coefficients (Ai j , Ni j ) at a certain representative
period are taken.(As for the representative period, for exam-
ple, the average period of the corresponding wave spectrum
may be taken.)

6∑

j=1

{(
Mi j + Ai j

)
ẍ j + Ni j ẋ j + ki j x j

}

= Di + Ti + Fwavei + Fdrifti + Fwindi
+Fcurrenti + Fwti (1)

here i = 1 ∼ 6,
and
x j :motion displacement in jth direction,
Mi j :mass in ith motion (i = 1 ∼ 3), mass moment of

inertia in ith motions (i = 4 ∼ 6),

(
M11 = M22 = M33, Mi j = 0 i f i �= j

)
.

Ai j : added mass in ith motion due to jth motions,
Ni j : damping coefficient in ith motion due to jth motion,
ki j : restoring force/moment coefficient in ith motion due

to jth motion,
Di : viscous drag force/moment in ith direction,
Ti : mooring force/moment in ith direction,
Fwavei : wave force/moment in ith direction,
Fdrifti :drift force/moment in ith direction,
Fwindi : wind force/moment in ith direction,
Fcurrenti : current force/moment in ith direction, and Fwti :

force/moment due to the gyroscopic moment of the wind
turbine in ith direction.

2. Viscous drag force
The drag force proportional to the square of the velocity of

a water particle relative to the corresponding floating struc-
ture can be taken into account. When viscous drag forces
are taken into account, since it is nonlinear with respect
to wave amplitude, iterative calculations are necessary until
convergent solutions are obtained. The expected Reynolds
number and KC number are 105 (brace) ∼106 (column) and
1 (column) ∼10 (brace) respectively. Accordingly, referring
to standard textbooks (e.g., Hoerner 1965), the drag coeffi-
cient, CD = 1.17 and CD = 0.83 were used for the direction
perpendicular to the central axis of a cylindrical structure
and for the direction perpendicular to the bottom surface of
a cylindrical structure, respectively.

3. Mooring force/moment
Mooring forces are evaluated simply by multiplying the

linear restoring coefficient (spring constant) and the displace-
ment. The dynamic effect due to themotions ofmooring lines
is not accounted for.

4. Wave force/moment
Supposing the power spectrum of irregular waves is S(ω),

then the surface displacement ζ(t) is expressed as follows.

ζ(t) =
N∑

i=1

ζi cos (ki x cosχ + ki y sin χ − ωi t − εi ), (2)

where ζi = √
2S(ωi )�ωi , and
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Table 2 Particulars of the
designed semi-submersibles

3-Column
semi-submersible

4-Column
semi-submersible

Number of columns 3 4

Total mass (kg) (ballast mass (kg)) 6.69 × 106 (3.57 × 106) 1.12 × 107 (0.48 × 107)

Displacement (m3) 6,692 11,184

Center-to-center distance between columns (m) 93.0 130.0

Draft (m) 15.0 18.5

Column Diameter (m) 6.8 5.4

Depth (m) 20.0 30.0

Footing Diameter (m) 27.0 21.0

Depth (m) 2.0 4.0

Ixx (kg m2) 1.28 × 1010 2.22 × 1010

Iyy (kg m2) 1.28 × 1010 2.22 × 1010

Izz (kg m2) 1.82 × 1010 3.39 × 1010

GM (m) 16.0 6.3

KG (m) 14.5 18.8

Mooring line spring
constant

k11 (N/m) 5.5 × 105 8.2 × 105

3.7 × 104 2.0 × 104

k22 (N/m) 4.7 × 105 7.9 × 105

3.7 × 104 2.0 × 104

k33 (N/m) 4.5 × 105 5.9 × 105

7.8 × 103 2.9 × 104

k44 (N-m/rad) 6.5 × 108 1.6 × 109

2.3 × 107 8.3 × 107

k55 (N-m/rad) 6.5 × 108 1.6 × 109

2.3 × 107 8.3 × 107

k66 (N-m/rad) 1.8 × 107 3.4 × 107

2.0 × 106 2.3 × 106

* Mooring line spring constant (upper level: polyester taut lines, lower level: steel chain catenary lines)

Table 3 Values of relevant
parameters of the designed
semi-submersibles

3-Column
semi-sub

4-Column
semi-sub

Allowable
limit

Max wave height (m) 25.0 25.0

Max wind velocity (m/s) 50.0 50.0

Natural period (sec)
(taut polyester
mooring)

Surge/sway 31 32 >30

Heave 26 25 >30

Roll/pitch 30 30 >30

Yaw 262 311 >30

Static inclination (deg.) 0.9 5.0 <5.0

Bending stress (MPa) Brace 14.6 × 105 3.32 × 105 < 3.33 × 105

Shaft 1.85 × 105 3.13 × 105 <3.33 × 105

Arm 0.62 × 105 1.87 × 105 <2.71 × 105

Max mooring tension
(N) (static + dynamic)

Catenary steel chain 0.20 × 106 1.77 × 106 <4.82 × 106

Taut polyester 3.97 × 106 5.10 × 106 <11.3 × 106
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ωi : radial frequency of ith component wave,
ki : wave number,
εi : random numbers that distributes uniformly between

0 ∼ 2π ,
χ : wave direction,
�ωi : division width of radial frequency.
In waves described by Eq. (2), wave force or moment
Fw(t) is written as follows.

Fw(t) =
N∑

i=1

Hw(ωi ) · ζi cos(ωi t + εw(ωi ) + εi ). (3)

Here,Hw(ω), εw(ω) represent respectively the force/moment
amplitude and the phase in regular waves of frequency ω and
unit amplitude.

5. Drift force/moment
In order to obtain the time-varying drift force/moment in

irregular waves, in principle, velocity potentials up to 2nd
order are needed to be calculated. In this analysis, however,
for the sake of simplicity, they are calculated in an approx-
imate manner by using the method proposed by (Pinkster
(1974)) as follows.

FD(t) =
N∑

i=1

N∑

j=1

HD

(
ωi + ω j

2

)
ζiζ j

cos
{(

ωi − ω j
)
t + εi − ε j

}
. (4)

Here HD(ω) represents the response function of steady drift
force/moment in regular waves of frequency ω and unit
amplitude.

6. Wind and current force/moment
Wind and current force/moment are calculated by the fol-

lowing equations

F(t) = 1

2
ρSCDv(t)2. (5)

Here, ρ, S,CD, v(t) are the density of air/water, projected
area, drag coefficient,wind/current speed relative to the struc-
ture, respectively.

As is evident in Eq. (5), the wind turbine load on the
rotor blades was simplified by only accounting for a drag
coefficient. The method applied in the present study is aimed
to roughly evaluate the effect of drag force acting on a wind
turbine as a whole on the dynamics of the supporting floating
structure. Elaborate evaluation of the aerodynamic loads and
their effect on the supporting structure is not within the scope
of the present study.

7. Moment induced by the gyroscopic moment due to
rotating blades

z 

x 
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ωI

θω sinI

θ
ω

co
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bz

bx

z 
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φ

o 

ωI

φω sinI
φ

ω
cos

I
by

bz

roll pitch 

Fig. 5 Moment due to the gyroscopic moment caused by the rotation
of blades

First, consider a space-fixed coordinate system (x, y, z),
in which the x–y plane coincides with the horizontal plane
while the z axis is vertically upward. The origin o of the
coordinate system is placed at the root of the SWVAWT.
Next, also consider a body (supporting floating structure)-
fixed coordinate system (xb, yb, zb), which coincides with
the (x, y, z) coordinate system when the body is at rest. (see
Fig. 5)

As shown in Fig. 5, the blades are assumed to be rotating
about zb axis with angular velocity ω. The angular momen-
tum of the rotating blades of the SWVAWT is directed along
the zb axis with its magnitude Iω, where I represents the
mass moment of inertia of the rotating blades around the zb
axis.

(i) Effect of time-wise variation of ω

As the effect of time-wise variation of ω, yaw moment
I ω̇ around z axis is induced.

(ii) Effect of pitch θ

Under the pitch motion θ , the x component of the angu-
lar momentum is Iω sin θ , and its time derivative is

d

dt
(Iω sin θ) = I ω̇ sin θ + Iωθ̇ cos θ ≈ I ω̇θ + Iωθ̇.

(6)

Thus as the result of pitch motion, roll moment I ω̇θ +
Iωθ̇ around x axis is induced.

(iii) Effect of roll φ
Under the roll motionφ, the y component of the angular
momentum is −Iω sin φ, and its time derivative is

d

dt
(−Iω sin φ) = −I ω̇ sin φ − Iωφ̇ cosφ

≈ −I ω̇φ − Iωφ̇. (7)

Thus, as the result of roll motion, pitch moment
−(I ω̇φ + Iωφ̇) around y axis is induced.
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After all, the effect of a SWVAWT on the motions of the
floating structure is summarized as follows.

Moment about x axis: I ω̇θ + Iωθ̇ ,
Moment about y axis:−(I ω̇φ+ Iωφ̇), andMoment about

z axis: I ω̇.
These moments correspond to Fwti in the equations of

motions (Eq. (1)).
8. Numerical integration
For the numerical integration of Eq. (1), the Newmark-β

method (β = 1/6) was used.

3.2 Validation of the developed computer code

As a part of the validation of the developed computer code,
calculations were carried out for the following cases.

1. RAO (Response Amplitude Operator) of a single vertical
truncated cylinder.
The particulars of the cylinder are summarized in Table 4.
InFig. 6,RAOsof heave andpitch obtainedby frequency-
domain calculations and those obtained by time-domain
calculations are compared. The agreements are quite
good.

2. Time histories of surge and heave motions of a 4-column
semi-submersible.

Table 4 Particulars of the truncated vertical cylinder subjected to the
validation of the developed computer code

Mass 785.4 kg

Diameter 1.0 m

Draft 1.0 m

GM 0.625 m

Center of gravity 0.5 m below the free surface

Mass moment of inertia Ixx = Iyy = Izz = 49.1 kg m2

Water depth 2.0 m

0
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heave(freq. domain)
pitch(freq. domain)
heave(time domain)
pitch(time domain)

wave period (sec) 
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a

k
z

ζ
θ

ζ
,

Fig. 6 Comparison of RAOs obtained by frequency-domain calcula-
tions and those obtained by time-domain calculations

In Figs. 7 and 8, time histories of surge and heave
motions in irregular waves obtained by the superposi-
tion of frequency-domain responses and those obtained
by the direct time-domain calculations in the same time
series of waves are compared. The agreements are again
quite good.

4 Case study of power supply to offshore Greek
islands

Windenergyhas always contributed toGreece’s energyneeds
and will play a significant role in further investments since
Greece, as any EU country member, sets the same energy
targets for the year 2020, which includes meeting the 20 %
of the primary energy demand by renewable energy sources.
The focus on wind energy is being supported by Greece’s
noteworthy wind energy potential, as well as an exceptional
offshore wind power resource prevailing in the Aegean Sea.

The case of the Aegean islands is of particular interest for
numerous reasons. More and more studies prove the rich off-
shorewind potential that continues even during the peak-load
summer periods while at the same time, the islands display
an annual increase of the electricity consumption at a rate of
8 %, almost double the mainland rate (Hatziargyriou et al.
2006). Due to geographic, technical, financial, and social rea-
sons, their interconnection to the mainland grid still remains
under planning. Hence, they base their electricity supply on,
usually non-financially viable, small autonomous power sta-
tions. Offshore wind development can offer an efficient way
to cover the country’s medium and longer term electricity
supply, ensure the security of this supply and contribute
to the protection of the environment from climate change.
Moreover it will be a great contribution to enhancing the
competitiveness of the economy by exploiting a significant
indigenous energy source and promoting better integration
of the islands into the country’s energy system.

4.1 Wave and wind statistics of offshore Greece

Positioning an offshore wind farm is a decision based upon
a combination of parameters with the main point being
that of having a good wind potential. Based on previous
research (Katsoulis 1993), the highest winds can be found
in the central Aegean Sea. Islands that belong to the NE
Cyclades complex, show a remarkable offshore environment.
The bathymetry of the area introduces water depths of 50m
and more at only a few km offshore from the islands. This is
a fact that makes clear that an economically viable offshore
development would come from floating wind systems.

The description of the sea and wind state of the central
Aegean Sea was based on a statistical analysis performed
with a set of data including wave, current, and wind con-
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Fig. 7 Comparison of the time
history of surge response
obtained by superposition of
frequency-domain responses
and that obtained by direct
time-domain calculation. a
Superposition of frequency
domain responses. b Direct time
domain calculations
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ditions that were provided by the POSEIDON system of
the Hellenic Center for Marine Research. From the POSEI-
DON network of observation buoys, the buoy station named
“Mykonos”, placed East of Mykonos Island and North of
Naxos Island was selected as a representative point of the
central Aegean Sea. Good quality measurements were avail-
able for a total of 11 years, 2001–2012, and were analyzed
statistically for defining the sea state of the area and acquir-
ing the needed information such as significant wave heights,
average wave periods, wind speeds, etc. (POSEIDON Oper-
ational Oceanography System 2013).

4.1.1 Wave

The wave spectrum S(ω) for the area of interest can be
determined from measured wave elevation records through
several mathematical formulations. In this case, an appropri-
ate description for the spectrum is selected to be JONSWAP
spectra (Joint North Sea Wave Project). The two important

parameters are the significant wave height H1/3, which is
defined as the mean of the highest 1/3 of waves and the
average wave period T1. Using the available values for the
significant wave height and average wave period, the spec-
trum was determined by using the equation below and a
selection of frequencies within the spectrum range defined
was made:

S(ω) = 155H2
1/3

T 4
1 ω5

exp

(
−944

T 4
1 ω4

)
(3.3)Y , (8)

where

Y = exp

{
−

(
0.19ωT1 − 1√

2σ

)2
}

(9)

and,

σ =
{
0.07 i f ω ≤ 5.24/T1
0.09 i f ω > 5.24/T1
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Fig. 8 Comparison of the time
history of heave response
obtained by superposition of
frequency-domain responses
and that obtained by direct
time-domain calculation. a
Superposition of frequency
domain responses. b Direct time
domain calculations

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

2800 2900 3000 3100 3200 3300 3400 3500

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

2800 2900 3000 3100 3200 3300 3400 3500

(a) Superposi�on of frequency domain responses 

(b) Direct �me domain calcula�ons 

The total number of the available measurements, over the
period of 11 years from 2001–2012, was 27 863 making for
75 % of usable data, enough to offer the appropriate descrip-
tion of the sea state environment of the area.

The area experienced mild wave conditions with the
majority of the waves in the range of 0.5–1.0 m signifi-
cant wave height while the highest recorded significant wave
height was in February 2003 and reached 5.76 m height with
a corresponding wave period of 7.64 sec and wind speed
at 18.52 m/s. For the motion analyses of the floating wind
turbine system, the sea state that is particularly important is
not only the severest recorded condition but also the extreme
conditions that are expected to happen in the life time of the
corresponding offshore floating wind turbine system. Apart
from the maximum measured values, an estimation about
the extreme wave height of the area, the respective aver-
age period and the maximum value of wave height that is
expected to appear are needed. Figure 9 shows the probabil-
ity of occurrence of the recorded significant wave heights.
In order to find the survival condition in the next 20 years of
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Fig. 9 Significant wave height occurrence over 11 years at offshore
Greece

life of the system, an extrapolation of the data is necessary.
The probability of an extreme wave happening in the next
years is found by dividing the average wave period of the
2001–2012 data, which was calculated at 3.68 sec, by the
life expectancy of the system which was chosen at 20 years.
The Weibull distribution was used for providing the best fit
described by the formula for the cumulative distribution func-
tion as:
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Fig. 10 Maximum expected significant wave height occurrence in
20 years at offshore Greece

F(x; k, λ) = 1 − e−(x/λ)k for x ≥ 0 and k, λ > 0. (10)

The occurrence of the survival condition was found at a
probability equal to 5.83 × E − 09, resulting in a maximum
expected significant wave height at the value of 9.82 m, as
shown in Fig. 10.

For predicting the average wave period of the significant
waves T1/3, Wilson‘s prediction formula was used (Goda
2002), that is:

T1/3 = 3.3 × (
H1/3

)0.63 (11)

assuming that the period and the wave height are expressed
in second and in meter respectively. Then the average period
of all the waves T1 was estimated while assuming that the
following relationship holds.

T1 = T1/3/1.1 (12)

Substituting the maximum expected significant wave height
9.82 m into Eq. (11) and using Eq. (12), the average wave
period of the severest expected sea state that a floating wind
turbine may encounter during its life expectancy, that is
20 years, at offshore Greece is obtained as T1 = 12.64 sec.

As for a representative sea state for an operational con-
dition of a floating wind turbine at offshore Greece, again
referring to the measured data over 11 years, the significant
wave height H1/3 and the average wave period T1 were set
to be as H1/3 = 2.75 m and T1 = 5.06 sec, respectively.

4.1.2 Wind

From the available data for the wind speeds over the 11 years
of study, variations in seasonal or monthly average wind
speeds were noticed, that is, high occurrence of average wind
speeds more than 10 m/s during the months July–September,
as well as February-March with average values more than
7.5 m/s. In general, in every month, the appearance of the
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Fig. 11 Wind speeds occurrence over 11 years, 2001–2012, at offshore
Greece

Table 5 Representative sea states at offshore Greece

Significant
wave height
(m)

Average
wave period
(sec)

Wind speed
(m/s)

Maximum sea state 9.82 12.64 40

Medium sea state 2.75 5.06 12

monthly highest wind speed values was observed on aver-
age about 50 % of the days of each respective month. North
wind direction was found dominant while there were signif-
icant occurrences of NW and SW directions. As it is shown
in Fig. 11, in the figure of wind distribution for the total data,
the wind speeds with highest occurrence are in the range of
6–10 m/s, while there was a large number of very low wind
speeds below 0.25 m/s.

4.1.3 Representative sea states at offshore Greece

Thus, from the measured data of waves and wind, the sea
states shown in Table 5 were chosen as representative sea
states at offshore Greece.

4.2 Dynamic response analyses of floating wind turbines

Dynamic response analyses of the 3-column and the 4-
column semi-submersible SWVAWTswere carried out using
the computer code described in Sect. 3. In all the analyses,
head wave and wind shown in Fig. 12 were assumed. Current
was not taken into account. The water depth was assumed to
be 100 m.

The effect of turbulent wind on the dynamic response of
floating wind turbines was not taken into account, because
as mentioned in 3.1 (6), elaborate evaluation of aerodynamic
loads on wind turbines is not within the scope of the present
study. It is also noted that, since frequencies of most of the
aerodynamic loads induced by turbulent wind are far higher
than the natural frequencies of the dynamic responses of the
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floating structure, the effect of turbulent wind on the dynam-
ics of the floating structure can be considered to be negligible.

4.2.1 RAO (Response Amplitude Operator)

As one of the basic dynamic response characteristics of float-
ing wind turbines, RAOs (Response Amplitude Operators)

wave 
wind 

Fig. 12 A floating wind turbine in head wave and wind

were calculated. The floating wind turbines subjected to the
calculations were the SWVAWT supported on a 3-column
semi-submersible (Fig. 2) and that supported on a 4-column
semi-submersible (Fig. 3). As for the mooring systems, both
a steel-chain catenary mooring system and a polyester taut
mooring system were examined.

Figures 13 and 14 show respectively the RAOs of the 3-
column supported SWVAWT and the 4-column supported
SWVAWT. (In obtaining these results, in order to identify
where natural periods are located, viscous damping forces
were not accounted for.) One of the important RAO charac-
teristics is where natural periods of motions are located. It is
desirable if natural periods of all the 6 modes of motions are
far off the relevantwave periods consisting of thewave power
spectrum representing the sea site where the floating wind
turbines are to be deployed. If Figs. 13 and 14 were observed
from this viewpoint, all the natural periods of the 4-column
supported SWVAWT in surge, heave, and pitch motions are
longer than 20 sec., which, in general, is fairly long com-
pared to the relevant wave periods of real seas, even if it is
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Fig. 13 RAOs of the 3-column supported SWVAWT. a Catenary mooring. b Taut mooring
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Fig. 14 RAOs of the 4-column supported SWVAWT. a Catenary mooring. b Taut mooring
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Fig. 15 RAOs of the 3-column supported SWVAWT (with viscous drag force) (The wave height was assumed to be 9.82 m). a Catenary mooring.
b Taut mooring
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Fig. 16 RAOs of the 4-column supported SWVAWT (with viscous drag force) (The wave height was assumed to be 9.82 m). a Catenary mooring.
b Taut mooring

moored by taut lines. On the other hand, the natural periods of
motion of the 3-column supported SWVAWT are relatively
shorter, mainly because of its lighter mass, the natural period
of heave motion is even shorter than 20 sec when moored by
taut lines. The natural periods of themotions are summarized
in Table 6. It is, however, shown later that motion responses
are within allowable levels even in the expected severest sea
state of offshore Greece.

4.2.2 Significant and maximum values of motion amplitudes
in an expected maximum sea state

Using the calculated RAOs, significant and maximum val-
ues of motion amplitudes in an expected maximum sea state
at offshore Greece, shown in Table 5, were estimated. The
results are summarized in Table 7. (In obtaining the results
shown in Table 7, viscous damping forces were accounted
for, because, if not, it is known that the RAOs at and around
natural periods become unrealistically large, which, in turn,

results in unreasonably large significant and maximum val-
ues. The RAOs of the 3-column supported SWVAWT and
the 4-column supported SWVAWT with viscous damping
effects are shown in Figs. 15 and 16, respectively.)

As expected, the significant and maximum values are
smaller when moored by steel-chain catenary mooring lines,
but the significant and maximum values of the taut-moored
4-column semi-submersible can remain reasonably small,
3.0 m and 4.2◦ for surge and pitch, respectively, which may
be acceptable from the viewpoint of its survivability. Even
those of the taut-moored 3-column semisubmersible remain
2.8 m and 4.1◦, respectively, which may suggest a polyester
taut mooring system could be acceptable even for a 3-column
supported SWVAWT.

4.2.3 Steady excursion and steady tilt

In Table 8, steady excursion and steady tilt in various sea
states are summarized. The values shown in the Table were
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Table 6 Natural periods
identified from the calculations

3-Column supported SWVAWT 4-Column supported SWVAWT

Catenary mooring Taut mooring Catenary mooring Taut mooring

Heave (sec) 21.5 18.1 28.4 22.4

Pitch (sec) 28.1 24.5 44.6 25.1

Table 7 Significant and maximum values of motions in an expected maximum sea state at offshore Greece

3-Column supported SWVAWT 4-Column supported SWVAWT

Catenary mooring Taut mooring Catenary mooring Taut mooring

Surge
(m)

Heave
(m)

Pitch
(◦)

Surge
(m)

Heave
(m)

Pitch
(◦)

Surge
(m)

Heave
(m)

Pitch
(◦)

Surge
(m)

Heave
(m)

Pitch
(◦)

1/3 Significant
value

2.3 1.2 1.7 4.6 1.4 2.1 1.8 1.1 1.6 3.9 1.5 2.1

maximum value 4.5 2.5 3.4 9.1 2.8 4.1 3.6 2.3 3.2 7.8 3.0 4.2

Table 8 Steady excursion and steady tilt of floating SWVAWTs

3-Column supported SWVAWT 4-Column supported SWVAWT
Catenary mooring Taut mooring

Steady excursion
(m)

Steady tilt (◦) Steady excursion
(m)

Steady tilt (◦)

H1/3 = 2.75 m, T1 = 5.06 sec,wind = 12 m/s 4.4 0.4 0.2 0.2

H1/3 = 2.75 m, T1 = 5.06 sec,wind = 25 m/s 19.2 1.9 0.9 0.9

H1/3 = 9.82 m, T1 = 12.64 sec,wind = 40 m/s 54.0 4.8 2.2 2.2

H1/3 = 9.82 m, T1 = 12.64 sec,wind = 0 m/s 0.02 0.03 0.01 0.02

obtained by taking the average values of the timeseries of the
corresponding motion responses.

FromTables 7 and 8, it can be known that expectedmotion
amplitudes are smaller if moored by catenary steel-chain
lines compared to the case moored by taut polyester lines,
whereas, steady excursion and steady tilt are notably larger
if moored by catenary steel-chain lines compared to the case
moored by taut lines. (In Table 8, steady excursion and steady
tilt with no wind are shown as well, from which it can be
known that steady excursion and steady tilt due to drift force
is quite small.)

As for the motion amplitudes, which were shown in
Table 7, even though the restoring coefficients, that is, spring
constants of taut polyester mooring lines are much larger
than those of catenary steel-chain mooring lines, expected
motion amplitudes in practical sea states turned out to be
larger if moored by taut polyester lines. The main reason for
this fact may be that the natural periods of motion become
shorter because of larger spring constants and, thus, become
closer to relevant wave periods of the corresponding wave
power spectrum. On the other hand, if moored by catenary
steel-chain lines, as is evident in Table 8, steady excursion
and steady tilt, especially steady excursion, are much larger

than the case moored by taut polyester lines. In operational
condition, steady tilt could result in reduction of power gen-
eration, while, in survival conditions, large steady tilt could
endanger the floating wind turbine and large steady excur-
sion could cause a serious problem in a wind farm, in which
a large number of floating turbines are deployed with close
proximity to each other.

4.2.4 Steady yaw in wind

Oneof the unique negative characteristics of afloatingVAWT
is the steady yaw inwind induced due to the power take-off by
a wind turbine. Kanner and Yeung (2014) proposed several
designs of spar-supported floating VAWTs that can reduce
the yaw rotation. The steady yaw moment can be roughly
estimated by dividing the power take-off with the angular
velocity of the turbine.

For example, supposing a wind turbine is generating rated
power 2 MW with tip speed ratio 3.75 and rotation diameter
95.3m (see Table 1) in wind 12m/s, then the angular velocity
of the wind turbine rotation ω is,

95.3

2
× ω

/
12 = 3.75 ⇒ ω = 0.944 rad/s. (13)
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Table 9 Steady yaw angles of
floating SWVAWTs in wind
speed 12m/s

3-Column supported SWVAWT 4-Column supported SWVAWT

Catenary mooring (◦) Taut mooring (◦) Catenary mooring (◦) Taut mooring (◦)

61.0 6.7 52.8 3.5
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Fig. 17 Time series in expected medium sea state at offshore Greece (H1/3 = 2.75 m,T0 = 5.06 sec, wind(uw0):12 m/s). a Wave. b Pitch

Therefore, the induced yaw moment M is,

M = 2MW

ω
= 2 × 106 Nm/s

0.944 rad/s
= 2.1 × 106 Nm. (14)

Table 9 summarizes the steady yaw angles of the 3-column
supported SWVAWTand the 4-column supported SWVAWT
induced by rated wind velocity 12 m/s. (As the restoring
spring constants in yawdue to themooring lines, those shown
in Table 2 were used.) It is evident from the Table that exces-
sive steady yaw angle could be induced ifmoored by catenary
mooring lines,while, ifmooredby tautmooring lines, it could
be kept reasonably small.

4.2.5 Motion time series in wave and wind

An example of a motion time series in wave and wind are
calculated and shown in Figs. 17 and 18. Motions shown in

Figs. 17 and 18 are those in the medium sea state and those
in the maximum sea state at offshore Greece (see Table 5),
respectively.

In obtaining these results, in order to account for the possi-
ble slowvariation ofwind speed,wind speeduw was assumed
to vary in the following way.

uw = uw0 · (1.0 + 0.1 · sinωt) , (15)

where uw0 is of constant value and ω = 2π/T, T = 60 sec
was assumed.

Slowly varying components of wind, or to be more spe-
cific, wind variationswith periods close to the natural periods
of the dynamic responses of the floating structure, espe-
cially those of horizontal dynamic responses, are important
in examining the dynamic effect of wind loads on the dynam-
ics of the floating structure, which is the reason why the wind
variation of 60 sec. period was assumed.

123



100 J. Ocean Eng. Mar. Energy (2016) 2:85–104

(a) wave 

(b) pitch 

4-column with taut mooring 

(a) wave 

(b) pitch 

3-column with catenary mooring 
m m 

deg. deg. 

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

300 350 400 450 500 550 600

sec 

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

300 350 400 450 500 550 600
sec 

-2.0

0.0

2.0

4.0

6.0

8.0

300 350 400 450 500 550 600
sec 

-2.0

0.0

2.0

4.0

6.0

8.0

300 350 400 450 500 550 600
sec 

Fig. 18 Time series in expected severest sea state at offshore Greece (H1/3 = 9.82 m,T0 = 12.64 sec, wind(uw0):40 m/s). a Wave. b Pitch
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Fig. 19 Pitch time series with and without time-wise variation of wind speed (H1/3 = 9.82 m,T0 = 12.64 sec,wind : 40 m/s) (3-column
supported SWVAWT moored with catenary lines). a With time-wise variation of wind speed. b Without time-wise variation of wind speed

FromFigs. 17 and 18, it can be reconfirmed that themotion
characteristics indicated already in this paper are in effect,
that is, steady tilt is significantly larger if moored by cate-
nary lines. As for the time-varyingmotion responses, they are
very small in the medium sea state regardless of the moor-
ing systems. Even in the expected maximum sea state, the
time-varying motion responses are reasonably small from
the viewpoint of the safety of the floating systems.

Overall, the maximum inclinations (steady part + time-
varying part) are about 7◦ for the 3-column catenary moored

SWVAWT and about 6◦ for the 4-column taut moored
SWVAWT, both of which may be acceptable from the view-
point of their safety.

Besides these motion characteristics, one noticeable fea-
ture observed in the time series of pitch motions of the
3-column SWVAWT moored by catenary lines is the slowly
varying component of significant amplitude. This turned out
to be caused by the slow variation of the wind speed induced
by the second term of the right-hand side of Eq. (15). This
is confirmed in Fig. 19, in which the pitch motions in wind
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Fig. 20 Gyro effect on pitch motions (Difference between pitch
motions with and without gyro effect) (H1/3 = 2.75 m,T0 =
5.06 sec,wind = 25 m/s) (3-column supported SWVAWT moored
by catenary lines)

of time-varying speed represented by Eq. (15) and those in
wind of fixed speed are compared. It is apparent that the
slow variation of pitch motions disappear in wind of fixed
speed. Although real wind speed may vary in a more compli-
cated manner than represented by Eq. (15), this fact suggests
that such slow variations of significant amplitude could be
inducedby slowvariations ofwind speed if the corresponding
floating structure is moored with relatively small restoring
coefficients.

4.2.6 Gyro effect on motions

Motions of a floating SWVAWT are affected more or less
by the gyroscopic effect induced by the rotations of the
SWVAWT as described in Sect. 3.1(7). Figure 20 shows
an example result on how such gyroscopic moment affects
the pitch motions. (The figure shows the difference between
pitch motions with and without the gyro effect. In calcu-
lating without gyro effect, the term Fwti in Eq. (1) was
neglected.)

As observed, the effect is very small, less even in the rel-
atively high wind of the cut-out speed 25 m/s. It is almost
periodic with constant amplitude, which suggests that the
relevant effect comes from the time-varying part of the wind
speed (second term of the right-hand side of Eq. (15)). This
is confirmed by the fact that, if the wind speed is assumed to
be constant, the periodic part observed in Fig. 20 disappears,
and, thus, the gyro effect becomes even smaller.

Then, it may be concluded that the gyro effects of the
SWVAWT are very small and practically negligible in the
present design.

These results reconfirm the advantage of a vertical axis
wind turbine mentioned in Sect. 2.2.
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Fig. 21 Time series of the ratio of relative wind speed to absolute
wind speed (4-column taut moored SWVAWT, H1/3 = 2.75 m, T1 =
5.06 sec,windspeed = 12 m/s)

4.3 Motion effects on power generation

One of the disadvantages of a floatingwind turbine compared
to a fixed wind turbine is that the motions could negatively
affect the power generated as:

1. Wind speed relative to thewind turbine varies due towave
induced motions, which, in turn, results in the time-wise
variation of generated power.

2. Wind speed incident perpendicular to blades is reduced
due to the inclination of a wind turbine, which, in turn,
reduces the power generated.

Figure 21 shows an example of the time series of the ratio of
relative wind speed to absolute wind speed when the wind
speed is 12 m/s. The ratio remains very close to unity, the
deviation from 1 is contained within 1 % at most.

On the other hand, referring to Fig. 17, the maximum
inclination in medium sea state (H1/3 = 2.75 m, T1 =
5.06 sec,wind = 12 m/s) is 1.0◦. for the catenary-moored
3-column SWVAWT and 0.5◦. for the taut-moored 4-column
SWVAWT at most.

Thus, considering that the power generated by a wind tur-
bine is proportional to the cube of incident wind speed and
assuming the incident wind speed is wind speed times the
cosine of inclination, possible maximum power generation
reduction due to motions may be estimated as follows.

1. 3.0 % ⇐ 1 − {0.99 × cos(0.5 deg)}3 for the 3-column
SWVAWT moored by steel-chain catenary lines

2. 3.0 % ⇐ 1 − {0.99 × cos(1.0 deg)}3 for the 4-column
SWVAWT moored by polyester taut lines

4.4 Expected annual electricity yield

Considering the power curve of the VAWT, as well as the
probability function of occurring wind speeds as resulting
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from the statistical analysis of wind data gathered for the
case study site, the annual power output of the system is
calculated. The following formula was used:

APO =
∫ ∞

0
P(u) f (u)du × 365 × 24 (MWh), (16)

where, P(u) power output as a function of wind speed (MW)
f (u) probability function of wind speeds’ occurrence
u wind velocity (m/s)
The calculation that resulted showed the annual power

output of the system of one floating VAWT operating at
the offshore central Aegean Sea averaged over the 11 years
would be equal to 5.66 GWh. Considering the rated power of
the SWVAWT assumed in this study is 2MW as was shown
in Table 1, with this annual electricity yield, the capacity fac-
tor is 32.3 %, which is reasonably high if compared to the
usual capacity factor 20 % of land-based wind turbines. [The
long-term average value of the capacity factor of a wind park
of total rated power 825 kW installed on the Lesbos Island in
the Aegean Sea during 1995–2004was slightly above 12.5%
(Kavadias et al. 2009).]

During the 11 years 2001–2012, there were years that do
not have measurements over long periods 3–4 months and
some that were better represented . Among them, since 2011
was a year with almost full data availability, a more detailed
analysis was performed for 2011 as a representative year in
order to calculate the monthly electricity yield and respec-
tive capacity factor over the course of one year. As shown in
Table 10, the annual yield in 2011 turned out to be 7.0 GWh
with capacity factor 40%.The results of themonthly capacity
factors, as shown in Table 10, ranged from 20 to 64 %, with
an extremely significant value of 53% (one of the three high-
est monthly electricity yields) during the month of August,

Table 10 Monthly electricity yield for year 2011

Month Electricity yield
(MWh)

Capacity factor
(%)

January 480.1 32

February 405.8 30

March 593.9 40

April 915.0 64

May 435.1 29

June 373.6 26

July 297.3 20

August 788.5 53

September 665.7 46

October 726.4 49

November 894.2 62

December 437.0 29

Total ∼7.0GWh 40

Table 11 Annual energy demand in a residential sector (quoted from
IslePact 2013)

Island Population Annual energy demand
Residential sector (GWh)

Naxos 17,646 31

Mykonos 9320 26

which happens to be the month with the greatest peak in
power demand due to mainly two reasons: August’s high
tourist season and summer’s hottest temperatures resulted in
much increased cooling needs.

The above show that the present floating wind turbine
system deployed at the offshore site of Aegean Sea islands
cannot only supply a great load of energy safely and in a
constant way, but also, and more importantly, when mostly
needed.

4.5 Feasibility of power supply to islands from offshore
Greece

The offshore site under consideration is close to two major
population centers that are the islands of Mykonos and
Naxos, each one with different characteristics. Naxos is the
biggest island of theCyclades complexwith 17 646habitants,
whileMykonos is an islandwith great energyfluctuations due
to the vast amount of tourists that visit the island despite the
small number of 9 320 habitants. Table 11 shows the island’s
residential energy demand per year.

If compared to the energy demand of the annual energy
output of the floating SWVAWT system, it can be concluded
that one floating VAWT system can provide 18 % of Naxos’
electricity demand and 21 % for Mykonos. Consequently, a
park of at least six floating SWVAWTs can give total energy
independence to the biggest island in the complex in terms
of electricity demand of the habitants, provided that a suffi-
cient energy storage system is available, although, in practice,
actual development is highly dependent on the cost of energy,
the analysis of which is missing in the present study.

5 Conclusions

Two concept designs of floating vertical-axis wind turbines,
that is, a floating wind turbine supported on a 3-column
semi-submersible and that supported on a 4-column semi-
submersible, were proposed and dynamic motion response
analyses of the proposed floating wind turbines in waves and
winds were carried out by using the developed computer
code. The sea states assumed in the analyses were deter-
mined while referring to the waves and winds measured for
11 years at offshore Greece.
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Motion responses of the designed floating turbines in
waves and winds including the steady excursion and tilt were
calculated. As for the mooring system, a steel-chain catenary
mooring system and a polyester taut mooring system were
chosen as possible candidates.

The dynamic motions in waves and winds of the designed
wind turbines are very small in the medium sea state. Even
in the expected maximum sea state, the dynamic motions
are reasonably small from the viewpoint of the safety of the
floating systems.

Among the two floating turbines designed in the present
study, the 4-column supported wind turbine moored by taut
polyester lines may be an appropriate candidate for a floating
vertical-axis wind turbine of large rated capacity (2 MW in
this study), for the following reasons.

1. The burden of the semi-submersible to sustain the weight
of mooring lines is mitigated considerably if moored by
polyester lines, because the weight of the lines in water
can be almost zero.

2. The steady excursion and steady tilt in waves and winds,
especially steady excursion, can remain reasonably small
if moored by taut lines.

3. The steady yaw in wind could be excessively large if
moored by catenary lines, whereas it can be kept reason-
ably small if moored by taut lines.

4. The natural periods of dynamicmotion could be designed
far off the relevant period range of the wave power spec-
trum even if moored by taut mooring lines.

If the polyester mooring lines are used, the catenary mooring
system is not possible, because their weight inwater is almost
zero and thus appropriate restoring forces cannot be obtained
if they are deployed in catenary lines. Therefore, they need to
be moored as taut lines, which, in turn, shortens the natural
periods of motion. In order to avoid this, the total weight of
the floating wind turbine needs to be increased, which is the
reason why the 4-column semi-submersible instead of the
3-column semi-submersible was chosen in the case of taut
mooring lines.

After all, itmaybe concluded thatmotions of floatingwind
turbines are quite susceptible to where the natural periods of
the motions are located in their RAOs, and, thus, their weight
and hydrostatic andmooring restoring coefficients need to be
designed so that the natural periods are far off the relevant
wave period range of the wave power spectrum at the site of
their deployment.

The central Aegean Sea state was processed statistically
and showed very good wind conditions combined with small
wave heights. Under the site specific wind characteristics,
the behavior of the system may be referred to as trustworthy.
The average annual power output estimated for the years of
2001–2012 was 5.66 GWh (capacity factor 32.3 %), which

suggests that the total annual residential energy demand of
the surrounding island populations can be covered at a per-
centage of over 18 % by the operation of only one floating
SWVAWT system. A park of six floating turbines should be
enough to offer power independence to the habitants. Even
for severe sea states, the proposed systems can be consid-
ered safe. On those terms, the site is an excellent candidate
for offshore development. In practice, however, since actual
development is highly dependent on the cost of energy, the
cost analysis, which ismissing in the present study, is needed.
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