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Abstract: The multi-wind turbine platform technology has the potential to harness the significant
source of offshore wind energy in deep waters. However, the wake interference between the turbines
on the multi-wind turbine platform can cause a reduction in power production; hence, it is important
to study the wake effects in the initial phase of the design. This paper studies the effects of wake
interference between the wind turbines on three different platform configurations to find a suitable
configuration for the wind turbines on a multi-turbine platform. The analytical Larsen wake model
and computational fluid dynamics (CFD) simulations are used for evaluating the wake effects. The
platform configuration required for the wind turbines is determined based on the results of wake
effects, and then a novel platform is designed. The free-floating stability behavior of the multi-wind
turbine platform is analyzed using the hydrostatic analysis of the modeled platform. The wave-body
interaction between the platform and the waves is predicted using the hydrodynamic analysis. A
preliminary cost analysis of the multi-turbine platform concept is evaluated and compared with a
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1. Introduction

Wind power has become one of the leading sources of renewable energy generation
around the globe and a major source of electricity supply in the United States since the
beginning of the 21st century [1]. The wind resources are abundant offshore, more specif-

ically in deep waters at depths greater than 50 m in the regions near highly populated
coastal states. For harnessing these deep-water wind resources, the wind turbines need
floating platforms. The four important floating platform concepts are buoyancy- and
ballast-stabilized semi-submersible [2-5], buoyancy-stabilized barge [6], ballast-stabilized
spar buoy [7-9], and mooring line-stabilized tension leg platform [10-12]. The type of
floating platform is selected based on the mooring system, the number of wind turbines,
site requirements, construction, grid connection, and operating conditions of the sea [13].
Recently, the concept of multiple wind turbines on a floating platform has drawn attention
because they are more stable and enable the use of higher towers and hence greater capture
of wind energy [14-23]. The installation and mooring costs can be reduced by employing
multiple wind turbines on a single platform as they can share common mooring lines [24].
However, the wake interference between the wind turbines is the most challenging issue
that needs to be addressed in the design phase of the system [25]. The wake effect is
Attribution (CC BY) license (https:// @ phenomenon where the wind speed downstream of a turbine has reduced speed and
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this research is to model a floating platform that can arrange multiple wind turbines to
minimize the wake effects on the downstream wind turbines and maximize aerodynamic
performance. A semi-submersible platform is used because it can be fabricated at the dock
and towed to its installation site, thereby reducing installation costs by eliminating the
need for expensive marine cranes and construction barges [4].

Lefranc and Torud [14] conducted feasibility, design, and cost analysis for a semi-
submersible platform with three wind turbines installed and showed that the wake interac-
tion between upwind and downwind turbines was the most challenging issue and proved
that the power loss due to the wake effect was significant at low velocities and almost
unchanged at high velocities. They also proved that the economics of the multi-wind
turbine concept were comparable to the current single platforms in terms of the cost of
energy production. Hu et al. [15] experimented without considering wind on a 1:50 scale
model of a semi-submersible floating multi-wind turbine platform to check the accuracy
of the numerical models in predicting the wave-body interaction between the waves and
the platform. The linear wave-body interactions were analyzed using the potential flow
method and pressure distributions on the platform due to waves were calculated using
the CFD model. A large semi-submersible platform with four wind turbines installed at
each corner was designed by Kim et al. The hydrodynamic forces data were obtained using
ANSYS AQWA and implemented in GL-DNV Bladed [28]. A square semi-submersible-type
multi-unit floating offshore wind turbine (MUFOWT) platform was designed in South
Korea that accommodates 3 MW wind turbines at the four corners. Six energy converters
along with twenty-four-point power absorber-type linear generator-based wave energy
converters (WEC) were also placed on platform sides. A series of model tests were per-
formed on the scaled model of MUFOWT by the research institute in Korea. The dynamic
motions of wave energy converters were excluded from the model tests by fixing them
to the platform [16-18]. A similar type of hybrid wind-wave floating offshore platform
was considered by Lee et al. [19] to analyze the multi-body hydrodynamic interactions in a
frequency domain. Jang et al. [20] showed that the heave plates with a minimal increase
of mass can reduce the pitch and heave motions of a multi-unit offshore floating wind
turbine. The concept of a triangular-shaped floating platform with three wind turbines at
each corner was presented in [21,22] that considered only hydrodynamic loads to study the
motion and elastic responses of the structure. This concept used a wind-tracing floating
structure with a single-point mooring system that allows for the entire platform to rotate
in response to the change of the wind direction. Bae et al. [25] conducted a fully coupled
dynamic analysis between the blades, towers, floater, drivetrains, and mooring framework
of a multi-unit floating offshore wind turbine. However, the wake effects of the wind
turbines were not considered in this study.

In this paper, the wake interference effects between the wind turbines are analyzed
using an analytical Larsen wake loss model and the CFD method to find the wake expansion
and velocity deficits downstream of the wind turbines. Initially, the wake effects on three
different configurations have been investigated to select a suitable configuration. The
velocity distribution calculated at the downstream turbine using the Larsen wake model
is compared with the CFD simulations. The design aspects of the offshore floating multi-
wind turbine platform for installing the five 8 MW wind turbines considering the main
dimensions of the floater are presented. For the selected design case, the hydrostatic
analysis is carried out to predict the floating stability. The hydrodynamic performance of
the platform is evaluated to find the added mass, response amplitude operators (RAOs),
pressures, and motions. The cost analysis of the proposed concept is presented and
compared with a single wind turbine floating platform. This paper is an extended and
more elaborated version of the work published in [29].

The rest of the paper is organized as follows. The materials and methods are provided
in Section 2. The results of wake effect analysis, multi-wind turbine platform configuration,
hydrostatic analysis, hydrodynamic analysis, and cost analysis of the configuration are
discussed in Section 3. Section 4 discusses conclusions and suggestions for future work.
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2. Materials and Methods

In this section, the Larsen wake loss model and RANS equations with the k — w
SST turbulence model are presented. The wake loss model and CFD method are used
to calculate the downwind expansion of the wake and the wind speed distribution in
the wake.

2.1. Larsen Wake Loss Model

The Larsen wake model is the analytical wake model that accurately predicts the wake
behavior by including the turbulence intensity factor [13]. The analytical Larsen wake loss
model [30-33] is based on the Prandtl turbulent boundary layer equations that afford the
closed-form solutions for the wake diameter (D) and the mean wind speed (1) in the
wake as a function of axial distance (x) and radial distance (r). The Larsen wake loss model
is described as follows:

SEAIE “1 35\, -}
Uy = 7 CPArotor(x+xO) 2} ’ |j’2 (3C%CFArotor(x+x0)> f (27_[) (30%) ’ (1)

1

Dy = 2(;75"1,’) 5 (36%) 5 [CFArotor(x + xo)]% (2)

where 1, is the mean wind speed and Cr is the thrust force coefficient of the upstream
wind turbine, respectively, and Ayoor is the area of the rotor disk. The estimation of the
thrust force coefficient is approximated as 7/u; since the wind speed is between the cut-in
and rated wind speed [34-36]. The estimation of parameters c; and xg is given by:
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where Dy is the rotor diameter and D,y is the effective rotor diameter, given by:
1++/1-C
Desf = Dy | — =" ()

2y/1—Cr

and Dy 5 is the wake diameter at a distance of 9.5 rotor diameters downstream of the turbine,
given by:
Dg5 = [Dyp +min(H, Dyyp)] (6)

where H is the hub height of the upstream wind turbine and D, is given by:
D, = max[1.08D;,1.08D; + 21.7D,(I; — 0.05)] @)

where I; is the total turbulence intensity, given as [37]:

L =\/I2+ 12 8)

where I, is the atmospheric turbulence intensity assumed to be between 5% and 8% for
offshore, which depends on the temperature variations between different altitudes [38-40],
and [, is the wake added turbulence for spacing larger than 2D as a function of axial
distance (x) and is given by:

D,

Iy = 0.29<x) o vice )
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2.2. CFD Model

The continuity equation and unsteady RANS equations with the k — w shear stress
transport turbulence model [41-43] are used for CFD calculations implemented in ANSYS
Fluent. The equations can be expressed as follows:

Vo=0 (10)
R (@)= -Vt vV (77) (11)
at o '
a ~
ﬁ(pk) + V.(pkv) = V. [(y + Z;) Vk} + P — B pkw (12)
3( w) + V.(pwv) =V + L) Vol + P - B w2 9K (13)
5 (P (owv) = V.| ot T2tw = P2p O pw OX

where v represents the velocity of the flow field, p is the density, p is the pressure, v is
the kinematic viscosity, and v’ v’ is the Reynolds stress tensor. k is the turbulent kinetic
energy, w is the specific dissipation rate, # is the dynamic viscosity, and Py and P,, are the
turbulence production terms. The model constants are defined in Table 1.

Table 1. Constants of the k — w SST model.

*

o Twi w2 72 B2 B
1 2 1.17 0.44 0.083 0.09

3. Results and Discussion
3.1. Wake Effect Analysis

Larsen’s wake loss model is implemented in MATLAB to calculate the wake diameter
and the velocity deficit in the wake for three platform configurations. CFD calculations
based on the continuity equation and the nonlinear Reynolds-averaged Navier-Stokes
(RANS) equations, with a standard k — w shear stress transport (SST) closure for turbulence,
are performed in ANSYS Fluent to compare with the results of the analytical Larsen wake
model [44].

For downstream wind turbines, there is a possibility of wake overlap, and if the overlap
of the wake is from two upstream wind turbines, then the wind speed can be estimated
as the average of the wind speeds [26,45]. The three platform configurations considered
for this study are square, pentagon, and hexagon-shaped platforms. For a square-type
platform configuration, the four wind turbines are placed at each corner, separated by a
distance of 2.75 times the rotor diameter in the crosswind and downwind directions. For
pentagon and hexagon platform configurations, the wind turbines are arranged in three
rows. For the pentagon platform, the 2 wind turbines (T1 and T2) in the first row are
1.5 rotor diameters apart in crosswind direction, the third-row turbine (T5) is placed at a
2.75 D, distance downstream of the first row, and the 2 turbines in the second row (T3 and
T4) are placed in between the first and third row in the windward direction, whereas in the
crosswind direction they are placed to avoid the wake expansion with an added 20% of
the rotor diameter distance between the tip of the wake and the wind turbine rotor. The
hexagon configuration is similar to the pentagon except for the two turbines (T5 and T6)
in the third row instead of one. The Larsen wake loss model implemented on the three
configurations using MATLAB is shown in Figures 1-3.
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Figure 1. Wake propagation for a square platform.
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Figure 2. Wake propagation for a pentagon platform.
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Figure 3. Wake propagation for a hexagon platform.
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The nonlinear wake expansion downstream of the wind turbines in the above figures
shows that the rear wind turbines in the square platform (T3 and T4) and hexagon platform
(T5 and T6) are in the direct wake of upstream turbines (T1 and T2), whereas in the pentagon
platform, the rear wind turbine (T5) is in partial wake of the upstream turbines (T1 and T2).
The value of 17 considered for the wake analysis is 12.5 m/s, which is the rated wind speed
of the reference wind turbine used for this study. The normalized average velocity profile
along the downstream distance for a selected wind turbine is shown in Figure 4. It can be
seen that there is a velocity deficit (u2 < ul) behind the rotor which can be correlated to
the wind turbine wake that is surrounded by the varying turbulence intensity depicted in
Figure 5. The turbulence intensity is related to the mean wind speed in the wake and the
standard deviation () in mean wind speed as Z—; [46]. The streamwise velocity profiles near
the downstream wind turbine at a 2.75 D, distance downstream in the wake for the square
(T3) and pentagon platform (T5) configurations are depicted in Figure 6. The velocity profile
for the hexagon platform is not considered because it will be similar to the square platform
as the downstream wind turbines in both cases are in the direct wake. The normalized
average velocity along the radial distance for the square platform wind turbine is slightly
lower relative to the pentagon platform near the center, which can correspond to the fact
that the downstream wind turbine (T3 and T4) for the square platform is in direct wake,
whereas for the pentagon platform (T5) it is in the partial wake. However, the normalized
velocities in both cases become equal between 1 and 1.5 times the diameter distance.
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Figure 4. Normalized average velocity profile for a selected wind turbine.
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Figure 5. Effective turbulence for a selected wind turbine.
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Figure 6. Velocity profile of the downstream turbine.

In this study, the rotors of the configurations are modeled using an actuator disk tech-
nique [44]. The rectangular computational domain of dimensions 20D(X) x 15D(Y) is created
in the ANSYS design modeler. The discretization of the model is performed using quadrilat-
eral elements by employing refinement at the rotors. The wall boundary condition is imposed
on the top and bottom boundaries of the computational domain. The three grid refinement
levels used for generating the number of elements for the square configuration, pentagon
configuration, and hexagon configuration are presented in Table 2. Different numbers of
quadrangular layers and growth rates were used to develop the three meshes. An inflation
tool with a growth rate of 1.2, 1.1, and 1.05 was used to obtain various levels of quadrangular
cells in the boundary layer of the rotor disk so that y* is less than 1, as necessary by turbulence
models [43,47,48]. To obtain the grid-independent results, different levels of grid refinements
were tested in ANSYS Fluent to reach y* < 1 for all the conditions of the rotor. Figure 7
presents the mesh sensitivity study results in terms of a normalized velocity profile for turbine
5 of the pentagon platform configuration. This sensitivity study showed that mesh 2 and mesh
3 have approximately similar results and were found to have a satisfactory computational
speed and accuracy, valid for all the simulated operating conditions.

Table 2. Mesh independence study characteristics.

Type Grid Features Mesh 1 Mesh 2 Mesh 3
Elements 1,021,500 2,122,370 3,982,860
Global growth rate 1.2 1.1 1.05
Square -
y* maximum 0.27 0.21 0.2
Skewness maximum 0.8 0.73 0.72
Elements 1,050,600 2,150,730 4,050,340
Global growth rate 1.2 1.1 1.05
Pentagon ;
y* maximum 0.27 0.21 0.2
Skewness maximum 0.8 0.73 0.72
Elements 1,065,000 2,163,740 4,122,610
Global growth rate 1.2 1.1 1.05
Hexagon -
y" maximum 0.27 0.21 0.2

Skewness maximum 0.8 0.73 0.72
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Figure 7. Mesh sensitivity study results of a pentagon platform.

The discretized model of the pentagon configuration of mesh 2 is shown in Figure 8.
The pressure-based coupled algorithm is used as the solution method for solving the
momentum and continuity equations with second-order upwind discretization for the
convection terms of the flow equations. A uniform wind speed of 12.5 m/s is used as a
velocity inlet boundary condition with an atmospheric turbulence intensity of 10% and
a viscosity ratio of 10%. The atmospheric pressure is selected as the outlet boundary
condition. The value of the residual used for obtaining the convergence criteria of the
CFD analysis is below 10~%. The velocity contours of the three platform configurations are
shown in Figures 9-11. It can be observed that there is a velocity deficit downstream of the
wind turbines in all cases which corresponds to the wind turbine wake that is surrounded
by the varying turbulence intensity, as shown in Figure 12.

Figure 8. Discretized model of the pentagon configuration.
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Figure 9. Velocity contours for the square platform.

Figure 10. Velocity contours for the pentagon platform.

Figure 11. Velocity contours for the hexagon platform.
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Figure 12. Turbulent kinetic energy contours of the pentagon platform.

The normalized velocity profile for the downstream wind turbine at a 2.75 D, distance
downstream for the three platform configurations (T3 for square, T5 for the pentagon and
hexagon) is depicted in Figure 13. The velocity profile is approximately similar for the most
part in the square and hexagon platforms as the wind turbines are in the direct wake. It can
also be observed that the velocity for the pentagon configuration is slightly higher than
in the other two cases, which can correlate to the values from the Larsen wake loss model
shown in Figure 6.

1.5 T T

K
—#— Square Platform
—&— Pentagon Platform

s

7 Hexagon Platform |

051

051

Normalized radial distance (r/D)
=

15 :
0.2 0.4 0.6 0.8 1 1.2 1.4

Normalized average velocity (u2/ut)

Figure 13. Normalized velocity profile of the downstream turbine.

For the hexagon platform, the top part of the curve shows a reduced velocity due to the
presence of the wind turbine (T6) at a 1D rotor diameter. The normalized velocity profile
of the analytical Larsen wake model and CFD results at the downstream wind turbine of
the pentagon platform is shown in Figure 14. Table 3 shows the comparison between the
Larsen wake model and CFD analysis values of normalized streamwise velocity near the
downstream wind turbine in the wake for the three platform configurations. The values
show a good comparison between the analytical Larsen wake model values and the CFD
simulation results.
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Figure 14. Comparison of the normalized velocity profile at the downstream turbine.

Table 3. Comparison of normalized streamwise velocity.

Larsen Wake Loss Model CFD

Maximum 1 0.99

Square Minimum 0.54 0.51
Mean 0.77 0.74

Maximum 1 0.99

Pentagon Minimum 0.56 0.58
Mean 0.79 0.77

Maximum 1 0.97

Hexagon Minimum 0.54 0.53
Mean 0.77 0.72

The mean value of normalized streamwise velocity for the wind turbine in the wake
in all three cases is approximately equal. However, for the square and hexagon platform
configurations, the wake deficit is twice the pentagon platform because of the two wind
turbines in direct wake, which means there will be twice the loss in power production.
Hence, the pentagon platform configuration is selected for the design of the offshore
floating multi-wind turbine platform.

3.2. Platform Configuration

Based on wake effect analyses, the pentagon platform configuration is selected for the
design and is modeled in SOLIDWORKS. The main consideration for the platform design is
to minimize the wake effects on the downstream wind turbine. The semi-submersible plat-
form for installing the five 8 MW wind turbines on the columns connected by pontoons is
shown in Figure 15. The main dimensions considered for this novel platform configuration
are provided in Figure 16. To accommodate the 8 MW wind turbine tower base with proper
margins, the cylindrical column height and diameter are set to 30 and 15 m, respectively.
The diameters of the top and bottom pontoons are 2 and 3.5 m, respectively. The platform
is anchored to the seabed by a turret system at the center column with catenary mooring
cables attached to the seabed using anchors.
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Figure 15. Offshore floating multi-wind turbine platform.
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Figure 16. Platform configuration.

The wind turbine used in this study is based on the LEANWIND 8 MW reference wind
turbine designed for offshore wind farms [49]. The specifications of the reference wind
turbine and designed platform configuration are shown in Tables 4 and 5, respectively.

Table 4. Properties of the wind turbine.

Parameter Value
Power 8§ MW
Rotor diameter 164 m
Hub height 110 m
Nominal rotor speed 10.5 rpm
Cut-in, rated, and cut-out wind speed 4,12.5,and 25m/s

Total wind turbine mass 1,038,000 kg
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Table 5. Properties of the platform configuration.

Parameter Value

Water depth 250 m

Platform draft 15m

Freeboard 15m

Platform mass 16,081,370 kg
Platform roll inertia 5.027 x 10! kg.m?
Platform pitch inertia 3.277 x 101 kg.m?
Platform yaw inertia 8.284 x 10! kg.m?
Number of mooring lines 4
Mooring line length 600 m

3.3. Hydrostatic Analysis

The hydrostatic performance of the free-floating offshore platform in seawater with
a water depth of 250 m is calculated using ANSYS AQWA. The discretized model of the
offshore floating platform configuration is shown in Figure 17.

Figure 17. Discretized model of the floating platform.

The hydrostatic stability analysis is used to calculate the ability of the platform to float
and keep an upright position in normal environmental conditions. The platform needs
to support the overall weight and restrain roll, pitch, and heave motions by providing

H
enough buoyancy [50]. The center of buoyancy, Xp = (Xp, Y, Zp), is calculated based on
the platform draft of 15 m, as follows [51]:

N
>—><B _ pg [ XZnsdS (14)
Fp

where } = (X,Y,Z) is a point on a submerged body, Fg = pgV is the buoyancy force,
and V is the volumetric displacement of the water. The center of gravity, the center of
floatation, and the center of buoyancy calculated from the hydrostatic analysis are shown
in Table 6. An active ballast system can be used to balance the location of the center of
gravity at the center column. The ballast needed to achieve the desired draft of 15 m is
calculated to be 18,930 m®. The ballast requirement is fulfilled by using the seawater filled
in the platform columns.
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Table 6. Hydrostatic results of the floating platform.
Parameter X Y zZ

Center of gravity above the keel Om Om 15m

Center of buoyancy above the keel Om Om 7m

Center of flotation above the keel —5m 0Om 15m

Other Properties
Longitudinal metacentric height 23.5m
Transverse metacentric height 23.5m
Volumetric displacement 34,620.45 m3
Cut waterplane area 534 m?
Principal second-moment area X: 10,433,353 m* Y: 1,955,0784 m*

The semi-submersible platform concept depends on the large waterplane area, draft,
and ballast for maintaining stability. The stability requirements for the operating conditions
of the wind turbine are mainly focused on the platform roll (rotation about the x-axis), pitch
(rotation about the y-axis), and heave (translation in the z-axis) motions. The hydrostatic
stiffness values evaluated from the hydrostatic analysis are presented in Table 7. These
values of the hydrostatic restoring coefficients show that the platform is stable in all three
cases of motion responses. Hydrostatic stiffness is the major contributor to the system
stiffness of offshore floating platforms that use slack-type moorings. For the platform to
be stable, the stiffness coefficients must oppose small displacements in the platform. The
necessary condition in heave, roll, and pitch is that the stiffness values are positive, as
provided in Table 7. For heave, this is possible if the waterplane area is not zero, and for
roll and pitch, the necessary condition is that the metacentric heights are positive, as shown
in Table 7 [52].

Table 7. Hydrostatic stiffness values of the platform.

Variable Value

Heave (Z) 5.36 x 103 kN/m
Roll (RX) 3.38 x 10° kN.m/°
Pitch (RY) 1.78 x 10° kN.m/°

3.4. Hydrodynamic Analysis

The prediction of the wave-body interaction between the floating platform and the
waves is evaluated by performing the hydrodynamic analysis [51,53,54]. The potential
flow linear diffraction model is used to calculate the first-order hydrodynamics and wave
loadings on the platform in the frequency domain using ANSYS AQWA. The simulation is
carried out with encounter frequencies set as 50 for wave directions ranging from 180° to
—180°. The added mass, pressures and motions, response amplitude operators (RAOs), and
radiation damping are calculated in the hydrodynamic diffraction module. The stability
analysis of the platform is carried out using the calculated parameters in the hydrodynamic
response module. The structure interpolated pressure contour plot of the platform for a
selected frequency of 1.2674 rad /s, incident wave amplitude of 1.5 m, and wave direction
angle of 0° is computed as shown in Figure 18.
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Figure 18. Pressure distribution on the floating platform.

The wave exciting force is calculated using the direct integration of the pressure on
the body surface, and the hydrodynamic added mass and damping coefficient is therefore
evaluated by the decomposition of the radiation force. The hydrodynamic added mass in
the frequency domain for a selected frequency is shown in Table 8.

Table 8. Added mass coefficients of the floating platform.

Variable Value
Surge 3.2 x 107 kg
Sway 2.3 x 107 kg
Heave 3.6 x 107 kg

Roll 2.2 x 10'° kg.m?
Pitch 1.1 x 100 kg.m?
Yaw 2.6 x 1010 kg.m2

The natural modes of the platform are found from the stability analysis in the hydro-
dynamic response module, as shown in Table 9. The natural modes of the platform define
the dynamic behavior of the platform.

Table 9. Natural modes of the floating platform.

Mode Type Angular Frequency (rad/s)
I Heave 0.28
I Pitch 0.34
I Roll 0.35

The frequency response amplitude operator (RAO) for the heave, pitch, and roll
motion of the floating platform is shown in Figures 19-21, respectively.
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Inventions 2022, 7, 58

17 of 21

As can be seen in the above figures, the platform responses for the wave heading angle
of 0° in all three cases are located below the frequency of 0.5 rad/s. It can also be observed
that the frequency response in all three motions peaks around the natural frequency of the
platform. The roll response is relatively low because the platform is symmetrical about the
x-axis. However, the frequency responses of the pitch and heave motions have relatively
higher values, and hence more attention should be paid to pitch and heave motions to
ensure a good hydrodynamic performance of the offshore floating platform in coupled
wind-wave conditions.

3.5. Cost Analysis

The preliminary cost analysis of the offshore floating multi-wind turbine platform
is performed and compared with a conventional single floating wind turbine platform to
evaluate the economic feasibility. The main costs considered for this analysis are offshore
wind turbine costs (Cr), floating platform cost (Cp), mooring cost (Cp;), and installation
cost (Cy).

Total cost (TC) = Cr+Cp+ Cyp + C; (15)

The cost of an offshore wind turbine is calculated based on the cost per MW (USD/MW)
of energy generated (Cyyy) times the power rating (Pr) of the wind turbine [55-58].

Cr = Cmw * Pr (16)

The cost of the offshore floating platform is dependent on the cost of material and
quantity of the material for the foundation, which can be calculated based on the mass of
the platform (Mp) and the cost per ton of steel (Cg).

Cp = CS * Mp (17)

The mooring cost is calculated considering the length of the mooring (L), number of
mooring lines (Nj), mass per unit length in kg/m (m;), and the cost per kg of mooring (c;,).

Cm = Ny Ly = my * cpy (18)

The installation costs of the system include the installation and transportation costs of
the wind turbines, platform, and mooring system.

Cr = Crustan + Ctmnsport (19)

The values of the parameters [59-61] considered for the total cost calculation of the
multi-turbine platform are presented in Table 10. Based on the parameter values considered,
the total cost per kW (USD/MW) of energy generated for the offshore floating multi-wind
turbine platform to install five 8 MW wind turbines is evaluated to be USD1,880,800/MW.
For a single wind turbine platform, the total cost per kW (USD/kW) of energy is found to
be USD2,025,500/MW, which is significantly higher than the multi-turbine platform. This
difference is because of the reduction of mooring and transportation costs in the case of a
multi-turbine platform as the five wind turbines use common mooring lines and they are
transported with the platform to the installation site after the assembly at the dock. Hence,
the proposed multi-wind turbine platform design is a promising concept that can enhance
the offshore wind industry.
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Table 10. Parameters considered for the analysis.

Variable Value

Pg 8§ MW

Cuw USD1,300,000/ MW

Mp 16,081 tons

Cs USD600/ ton

Ny 4

Lu 600 m

m 120 kg/m

Cm USD3/kg

Chustall USD290,000/ MW

Ctransport USD140,000/MW

4. Conclusions

The wake interference between the wind turbines can cause a reduction in energy
generation, and hence wake analysis is important in the design phase of a multi-wind
turbine platform. The wake effect analysis carried out using the Larsen wake model and
CFD simulations on three different configurations showed that the pentagon platform
configuration is the best possible configuration for installing the multi-wind turbines. The
normalized streamwise velocity profile at the downstream wind turbine in wake showed
agreement between the analytical Larsen wake model and CFD simulations. The design as-
pects of the offshore floating multi-wind turbine platform considering the main dimensions
of the floater were presented. The hydrostatic analysis showed that the designed platform
satisfied the floating stability requirements. The calculated hydrostatic stiffness values
proved that the platform was stable in all three motion responses considered. Hydrody-
namic stability analysis was carried out to predict the wave-body interaction between the
platform and the waves. In all three motion responses evaluated, the peak values occurred
around the natural frequency of the platform. The motion responses in frequency responses
showed that the pitch and heave motion responses had relatively high values and should
be given attention to ensure a good hydrodynamic response of the platform. The cost
analysis showed that the proposed multi-turbine platform design is a promising concept
that can enhance the offshore wind industry. However, this cost analysis is a preliminary
analysis with only the manufacturing and installation costs.

Future work is suggested on the detailed economic analysis to include the design and
development costs, operation and maintenance costs, and the cost of electrical subsystems
to find the levelized cost of energy. Additionally, further work can be performed by
including wind turbines on the platform to analyze the dynamic effects of wind loads and
calculate the coupled aero-hydrodynamic responses of the multi-wind turbine platform.
Furthermore, the structural analysis of the entire system can be carried out to predict the
structural behavior under the coupled wind-wave loading.
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