
Journal of Physics: Conference Series

PAPER • OPEN ACCESS

Comparison of dynamic response and levelized cost of energy on three
platform concepts of floating offshore wind turbine systems
To cite this article: Yuka Kikuchi and Takeshi Ishihara 2020 J. Phys.: Conf. Ser. 1452 012035

 

View the article online for updates and enhancements.

This content was downloaded from IP address 106.163.101.228 on 04/03/2020 at 00:18

https://doi.org/10.1088/1742-6596/1452/1/012035
http://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsslELcgtg617M2Uv4ZBluxwdrkAuCEvwFdiHRmSes5MfRPyHBgg-e05F76SJy-U_cJw9ESJjFWyM8p76tHf90J5ktQ6BgrHRelxPP0sjon_A9sLMT7CAZ8HNiV5ZUgBXa9HjJBfuUDq_SimBv17Xp6XeHSaSwjbJnmtk1D5msRWju5qJeh0jYbVo1LJal-N-UhaSsXWAf0zLsb-4-_TWxK2-2ZAg87yBhrbizDdHSJ72k1Kvmxn&sig=Cg0ArKJSzPltFQADa0gh&adurl=http://iopscience.org/books


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

NAWEA WindTech 2019

Journal of Physics: Conference Series 1452 (2020) 012035

IOP Publishing

doi:10.1088/1742-6596/1452/1/012035

1

 

 

 

 

 

 

Comparison of dynamic response and levelized cost of energy 

on three platform concepts of floating offshore wind turbine 

systems 

Yuka Kikuchi, Takeshi Ishihara 

Department of Civil Engineering, The University of Tokyo, Hongo 7-3-1, Bunkyo-ku, 

Tokyo, JAPAN 

kikuchi@bridge.t.u-tokyo.ac.jp 

Abstract Spar, semisubmersible and barge platforms are modelled based on the full-scale 

demonstration projects in Japan for a generic 5 MW turbine. Three platforms are evaluated 

with the structural and stability parameters. The characteristic of floater motions and mooring 

forces are clarified by performing the dynamic analysis. The dynamic responses are validated 

with the water tank tests. The levelized cost of energy is assessed by using the engineering cost 

model. 

1.  Introduction 

The floating offshore wind turbine system is promising in the deep-sea area. A wide range of floating 

platform concepts have been demonstrated in Norway, Portugal and Japan for floating offshore wind 

turbine (FOWT) systems. Spar concepts using gravity in the form of ballast are used in Hywind [1] 

and GOTO FOWT projects [2]. Semisubmersible concepts using distributed buoyancy are used in 

WindFloat [3] and Fukushima FORWARD projects [4]. In 2018, a barge platform using buoyancy 

from the large water plane area was installed to aim the cost reduction in the Next-generation offshore 

floating wind energy project [5]. Carbon Trust [6] summarized the recent demonstration projects and 

Taboada [7] reviewed different type of floating offshore wind foundations. 

Butterfield et al. [8], [9] proposed the qualitative stability triangle and gave the qualitative 

assessment of spar, barge and TLP. These platforms were classified in terms of how they achieve basic 

static stability in the pitch and roll directions. These platforms provide restoring moments primarily 

through the mooring system combined with the excess buoyancy in the platform, a deep draft 

combined with the ballast and a shallow draft combined with the water plane area, respectively. 

Semisubmersible platform is a hybrid concept, which use restoring features from these three concepts. 

Jonkman and Matha [10] numerically investigated the ultimate loads on the towers of TLP, spar and 

barge concepts in 2011. It was found that the platform motion induced ultimate and fatigue loads for 

all turbine components in the barge system were the highest. The difference in the ultimate and fatigue 

loads between the MIT/NREL TLP system and OC3-Hywind system were not significant. Koo et al. 

[11] and Goupee et al. [12] experimentally compared the spar and semisubmersible platforms in 2014. 

Bagbanci et al. [13] numerically investigated dynamic responses of spar and semisubmersible 

concepts in 2015. The surge, heave and pitch amplitudes for the spar and semisubmersible platforms 

were observed to have a similar pattern as compared using both FAST code and water tank tests in 

Roddier et al. [14]. The levelized cost of energy for different platforms is also useful information. 

Myer et al. [15] investigated the levelized cost of energy for spar, TLP and semisubmersible by using 
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engineering cost model. However, the quantitative comparison between spar, semisubmersible and 

barge platforms has not been conducted yet.  

In this study, spar, semisubmersible and barge platforms are modeled based on the full-scale 

demonstration projects conducted in Japan. The platform concepts are quantitatively evaluated with 

the structural and stability parameters. The dynamic responses are then investigated by the dynamic 

analysis and validated with the experimental data from the water tank tests. Finally, the levelized cost 

of energy for these three platforms are assessed by using the engineering cost model.     

2.  Static characteristics of three platform concepts  

2.1.  Model description 

NREL 5 MW from the National Renewable Energy Laboratory [16] is used for the turbine model. The 

diameters and thickness of the tower bottoms are enlarged for the larger bending moments due to the 

floater motions. The hub heights are set as higher than the rotor diameters and are the same for all 

three platforms. Table 1 shows the principal dimensions and mass properties of NREL 5 MW wind 

turbine. 

Three platforms are built based on the demonstration projects conducted in Japan. Figure 1 shows 

the overview of three platforms. The spar is modelled based on GOTO FOWT demonstration project 

and is scaled up from a 2MW turbine to a 5 MW turbine. The semisubmersible platform is based on 

Fukushima Floating Offshore demonstration project and also is scaled up from a 2MW turbine to a 5 

MW turbine. The barge is built based on Next-Generation Floating Offshore project and is scaled up 

from 3 MW to a 5 MW turbine. 

The principal dimensions and mass properties for each platform are shown in Table 2. The spar 

has a long draft and a small water plane. The barge has a short draft and a large water plane. 

Semisubmersible has a middle value between spar and barge. As a result, the displacement volume of 

water for the semisubmersible platform is the largest. Those for the spar and barge platforms are 61 % 

and 70 % of semisubmersible one as shown in Table 2. Figure 2 shows comparison of water plane are, 

draft and displacement of three platforms.  

 
Table 1. Principal dimensions and mass properties of turbine.  

Item Unit Designations 

Power MW 5.0 

Blade mass kg 17,740 

Blade length m 61.5 

Hub mass kg 56,780 

Nacelle mass kg 240,000 

Tower top mass kg 350,000 

Tower mass kg 514,000 

Rotor diameter m 126.0 

Tower top diameter m 3.78 

Hub height m 83.1 

 
Table 2. Principal dimensions and mass properties for each platform. 

Item Unit Spar Semisubmersible Barge 

Height m 130 32 11 

Maximum width m 9.4 67.5 51 

Draft m 120 21.3 7 

Water plane area m2 67 691 1296 

Displacement volume of water m3 8,029 13,084 9,123 

Weight turbine and platform ton 7,852 12,988 8,912 

Platform weight including ballast ton 6,988 12,134 7,813 
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(a) Spar (b) Barge 

 

 
Side view Top view 

(c) Semisubmersible 

Figure 1. Overviewof three platform. 
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(a) Water plane area and draft (b) Displacement 

Figure 2. Comparison of water plane are, draft and displacement of three platforms. 

 

 

The configuration of mooring lines is the same for three platform concepts. The number of mooring 

is six. The mooring angle is set as 40 degree in order to have the same mooring stiffness in the surge 

direction. Figure 3 shows the side and top views of mooring lines and Table 3 lists the main 

dimensions of mooring line. The water depth is set as 150 m. 
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(a) Side view of one mooring line (b) Configuration of mooring lines 

Figure 3. Side view and configuration of mooring line. 

Table 3. Description of main dimensions of mooring line. 

 Unit Spar Semisubmersible  Barge 

Anchor radius m 674.5 780 774.2(ML1,2), 777.3(ML3-6) 

Anchor depth m -150 -150 -150 

Radius of fairlead m 5.2 36 / 36.7 22.5 

Fairlead depth m -70 -13.3 -7 

Unstretched line length m 696.1 793 801.3 

Line diameter m 0.132 0.132 0.132 

Mass per length in air kg/m 382 382 382 

Axial stiffness N 2.42E+9 2.42E+9 2.42E+9 

2.2.  Hydrostatic restoring force 

The platform concepts are categorized by the way of the floater stabilization in the pitch direction as 

mentioned by Butterfield et al. [8]. The static balance in the pitch direction is evaluated as the ratio of 

tower base moment into the restoring force of the platform. The linearized hydrostatic restoring force 

of the platform in the pitch direction 𝐶55 is calculated by the product of metacenter height 𝑀𝐺̅̅̅̅̅ and 

displacement volume as shown in Equations (1) and (2).  

                      𝑀𝐺̅̅̅̅̅ =
𝐼𝑦

𝑉
− 𝐺𝐶̅̅ ̅̅                                                                                                             (1) 

      𝐶55 = 𝑀𝐺̅̅̅̅̅ V                                                                                                               (2) 

 

where 𝐼𝑦 is the second moment of water plane area, 𝑉 is the displacement volume, G is the center of 

gravity and C is the center of buoyancy. Figure 4 shows comparison of the parameters obtained from 

the static balance in the pitch direction for each platform. The metacenter height of spar is around 10 

m due to the lower gravity center as described in Table 4. Barge has the highest metacenter since the 

second moment of water plane area is large. The hydrostatic restoring moment of barge is almost three 

times larger than that of spar. 

 

Table 4. Description of main parameters of three platforms. 

Item Unit Spar Semisubmersible  Barge 

Second moment of water plane area  m4 88 146,942 297,400 

Gravity center m -73 -11.09 -3 

Buoyancy center m -62 -13.93 -3.5 

Distance between gravity and buoyancy centers m 10.7 -2.84 -0.5 

Metacenter height m 10.71 8.39 32.28 

−𝐺𝐶̅̅ ̅̅  m 10.7 -2.84 -0.5 

𝐼𝑦/𝑉 m 0.01 11.23 32.78 

Hydrostatic restoring moment kN･m/rad 865,180 1,103,941 2,943,613 
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(a) Metacenter height (b) Hydrostatic restoring moment 

Figure 4. The parameters obtained from the static balance in the pitch direction for each platform 

. 

 

2.3.  Hydrodynamic force 

The added mass, radiation damping and wave-excitation forces are obtained from the potential 

theory by using AQWA [17]. The drag forces are considered by applying Morison’s equation.  

Table 5 shows the drag coefficients used in this study. The drag coefficient of spar in the normal 

direction at high Reynolds number is 0.6. The drag coefficients of semisubmersible platform in the 

normal and axial directions are obtained from the forced oscillation test as shown by Ishihara and 

Zhang [18]. The drag coefficients of barge are also obtained by the forced oscillation test. 

Figure 5 shows the comparison of added mass, radiation damping and Figure 6 illustrates the 

amplitude and phase of wave-excitation force (The sum of Froude Krylov and diffraction force) for 

each platform. The added masses of spar and semisubmersible platform are almost wave period 

independent, and that of barge depends on wave periods. Radiation damping in the heave direction 

shows much larger value in barge, comparing to the spar and semisubmersible platform due to the 

moonpool. The wave-excitation force for the barge in the heave direction shows much larger than spar 

and semisubmersible platform due to the larger water plane area. The barge has the opposite wave-

excitation phase from the spar and semisubmersible platform in the pitch direction. 

 

 

 

Table 5.  Drag coefficients used for each platform. 

Direction Spar Semisubmersible Barge 

Normal 0.6 
Main column 0.56 Upper column 0.61 

1.0 
Brace 0.63 Lower column 0.68 

Axial None 9.6 5.0 
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(a) Added mass in the surge direction   (b) Radiation damping in the surge direction 
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(c)  Added mass in the heave direction (d) Radiation damping in the heave direction 
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(e)  Added inertia mass in the pitch direction (f) Radiation damping in the pitch direction 

Figure 5.  Comparison of the linear hydrodynamic forces for each platform. 

 

 



NAWEA WindTech 2019

Journal of Physics: Conference Series 1452 (2020) 012035

IOP Publishing

doi:10.1088/1742-6596/1452/1/012035

7

 

 

 

 

 

 

 

0

2 10
6

4 10
6

6 10
6

8 10
6

1 10
7

1.2 10
7

1.4 10
7

0 10 20 30 40 50 60

Spar

Semisub.

Barge

A
m

p
li

tu
d

e 
o

f 
w

av
e 

ex
ci

ti
n

g
 f

o
rc

e
 [

N
]

Period (Sec.)
 

-180

-90

0

90

180

0 10 20 30 40 50 60

Spar

Semisub.

Barge

P
h

as
e 

o
f 

w
av

e 
e
x

ci
ti

n
g
 f

o
rc

e 
[d

eg
re

e]

Period (Sec.)
 

(a) Amplitude in the surge direction   (b)  Phase in the surge direction 
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(c) Amplitude in the heave direction (d) Phase in the heave direction 
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(e) Amplitude in the pitch direction (f) Phase in the pitch direction 

Figure 6.  Comparison of the wave-excitation force for each platform.  
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3.  Dynamic characteristics of three platform concepts 

3.1.  Natural period and Response Amplitude Operator 

The dynamic analysis is performed to investigate dynamic characteristics of platforms by using FAST 

v8.10 [19]. Table 6 shows the predicted natural periods for each platform. The natural periods are also 

theoretically evaluated by Equation (3).  

T = 2π√
𝑀𝑖𝑖+𝐴𝑖𝑖

𝐾𝑖𝑖+𝐶𝑖𝑖
                                                                                                             (3) 

where M is the mass matrix of platform, A is the added mass matrix, C is the hydrostatic-restoring 

matrix from the water plane area and the center of buoyancy and K is the linearized hydrostatic 

restoring matrix from all mooring lines.  

In order to investigate the difference of natural periods between three platforms, Figure 7 (a), (c) 

and (e) show the sum of mass and added mass normalized by the value of spar, which corresponds to 

the numerator in Equation (3). Figure 7 (b), (d) and (f) shows the sum of hydrostatic stiffness and 

mooring line stiffness normalized by value of spar, which corresponds to the denominator in Equation 

(3).  

In the surge direction, the hydrostatic stiffness is almost zero and the mooring line stiffness shows 

almost the same value for all three platforms due to the same configuration of mooring line as shown 

in Figure 7 (b). The difference of natural periods among the three platforms is affected by the ratio of 

mass and added mass.  

In the heave direction, the added mass of semisubmersible platform is much larger than the others. 

However, the hydrostatic restoring force of semisubmersible platform and that of barge are seven 

times and seventeen times larger than that of spar due to the difference of water plane area as shown in 

Figure 7 (d). The large hydrostatic force leads the shorter natural periods of the barge.  

In the pitch direction, the hydrostatic stiffness significantly affects the natural periods. The 

hydrostatic stiffness of barge in the pitch direction is three times larger than that of spar as shown in 

Figure 7 (f).  

 

 

Table 6. The predicted natural periods for each platform.  

Direction 
Natural periods (sec.) 

Spar Semisubmersible Barge 

Surge 67.2 78.6 64.9 

Heave 27.6 17.2 6.7 

Pitch 35.9 22.3 11.4 

 

 

Response Amplitude Operators (RAOs) in the regular wave with the wave height of 2.5 m is 

predicted for each platform and those obtained from the water tank tests performed in the 

demonstration projects are used for validation. 

Figure 8 reveals RAOs in the range of dominant wave periods. In the surge direction, motions for 

three platforms show almost the same value, while in the heave and pitch direction, the motion of 

barge is larger since the shorter natural period overlaps with the dominant wave periods.  
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(a) Mass and added mass in the surge direction (b)  Stiffness in the surge direction 
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(c) Mass and added mass in the heave direction (d) Stiffness in the heave direction 
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(e) Mass and added mass in the pitch direction (f) Stiffness in the pitch direction 

Figure 7.  Comparison of mass, added mass, hydrodynamic stiffness and mooring line stiffness     

for each platform. 
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Figure 8.  Comparison of RAOs in the surge, heave and pitch directions for each platform. 

 

 

3.2.  Maximum response for DLC6.1 

DLC6.1 (Design Load Case 6.1) is calculated for the extreme condition in conformance with the 

requirement of IEC61400-3 standards [20]. In this study, the environmental conditions at Fukushima 

offshore site as shown by Ishihara et al. [21] is applied. The extreme wind speed of 50 m/s for the 50-

year-recurrence period, turbulence intensity of 0.11, wind share of 0.11, wind direction of 0-degree, 

Kaimal spectrum are used for the wind conditions. The significant wave height of 11.7 m and the peak 

wave period of 14.76 second, the wave spectrum of Pierson-Moskowitz is applied for the wave 

conditions. The current speed is set as 1.44 m/s.  

Figure 9 shows the floater motion and mooring force for each platform. In the surge direction, all 

three platforms show almost the same motion. In the heave and pitch directions, the barge shows the 

largest motion. Especially in the pitch direction, the motion of barge is around three times larger than 

the spar and semisubmersible platforms. The difference of mooring force is due to the difference of 

the fairlead depth. 
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(a) Floater motion (b) Mooring force 

Figure 9.  Comparison of floater motion and mooring force for each platform. 

4.  Assessment of levelized cost of energy 

The cost of each platform is estimated by using the engineering cost model. Figure 10 shows the steel 

weight of each platform, in which the ballast weight is excluded and the thickness is assumed based on 

the demonstration projects. The weight of semisubmersible platform is about twice that of spar. It 

should be noticed that the semisubmersible platform can be optimized by getting rid of the central 

column like WindFloat. 
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Figure 10.  Steel weight of each platform. 

For the barge, the tower bottom diameter and thickness need to be enlarged corresponding to the 

larger bending moment, which is not considered into the cost in this study. The installation steps are 

categorized into turbine assembly, floater towing and mooring installation. 0.92, 0.92, 3.69 €M per 

turbine are assumed for each step, and 0.6 k€/kW is assumed for the cable installation based on the 

next-generation demonstration project in Japan [5]. Operation and maintenance costs are also simply 

assumed as 0.1 €k/kW/year as shown in the reference [6]  for the commercial phase, where 1￡ is 

converted to 1.11 €. Table 7 summarizes the assessed initial capital cost and O&M cost. 20-year-

operation period, the interest rate of 3 %, capacity factor of 40 %, the availability of 90 % are assumed. 

The difference of LCOE is affected by the difference of steel weight for each platform. The optimized 

semisubmersible platform can reduce the LCOE. 

Table 8 summarizes the characteristics in terms of cost for each platform. Spar is good for turbine, 

platform and mooring line, but needs the deep water in the port for installation. Semisubmersible 

platform is good for turbine, mooring line and installation, but the optimization of steel weight is a 

challenge. Barge is good for platform, mooring line and installation, but the turbine needs to allow a 

larger floater motion. 



NAWEA WindTech 2019

Journal of Physics: Conference Series 1452 (2020) 012035

IOP Publishing

doi:10.1088/1742-6596/1452/1/012035

12

 

 

 

 

 

 

Table 7. Levelized cost of energy for each platform. 

 
Cost (€k/kW) 

Spar Semisubmersible Barge 

Design 0.1 0.1 0.1 

Turbine 1.2 1.2 1.2 

Platform 0.65 1.27 0.87 

Mooring line 0.67 0.76 0.77 

Cable 0.6 0.6 0.6 

Installation 1.1 1.1 1.1 

Initial Capital 
Cost 4.32 5.03 4.64 

O&M 0.1 0.1 0.1 

LCOE 12.38 13.89 13.06 
 

 

 

Table 8. Summary of characteristics in terms of cost for each platform.  

 Spar Semisubmersible Barge 

Turbine Good Good Challenge 

Platform Good Challenge Good 

Mooring line Good Good Good 

Installation Challenge Good Good 

 

5.  Conclusions 

In this study, dynamic response and levelized cost of energy are compared among three type of 

platforms, namely, spar, semisubmersible and barge floating platforms. The conclusions are 

summarized as follows: 

1) Three platforms are built based on the demonstration projects in Japan. The static characteristics 

on these platforms are quantitatively evaluated by the structural and stability parameters. The 

hydrostatic restoring moment of barge is almost three times larger than that of spar due to the large 

water plane area of barge platform. 

2) The dynamic characteristic of three platforms are also evaluated. Shorter natural periods of barge 

in the heave and pitch directions leads the largest motion in the dominant wave periods. The 

maximum floater motion of barge in the pitch direction is almost three times larger than those of 

spar and semisubmersible platforms.  

3) The levelized cost of energy for each platform is assessed by using the engineering cost model. 

The weight of semisubmersible is almost double larger than that of spar, which suggests the 

importance of optimization of the semisubmersible platform.  
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