Techno-economic assessment of 20MW floating wind turbines

Humberto Silva
humberto.silva@tecnico.ulisboa.pt

Instituto Superior Técnico, Universidade de Lisboa, Portugal

November 29, 2019

Abstract

The increasing energy demand, especially from renewable sources, calls for more efficient solutions.
Wind turbines with higher rated power, deployed further offshore where the conditions are more
favourable for energy production, will mark the future standards in the offshore industry. However,
deeper waters make the use of floating platforms essential for their techno-economic feasibility. This
thesis presents the upscaling of an 8MW floating offshore wind turbine to 20MW. The study is divided
in three phases: estimation of the numerical accuracy of the simulations performed for the 8MW
turbine to select the numerical settings for OpenFAST; scaling to a 20MW configuration and test it
under several load cases; make an estimation of the levelized cost of energy for the 20MW turbine. The
numerical accuracy of the 8MW model is affected by a compromise between time and computation
capacity, but the results show that one can have confidence on the solution based on the settings
chosen. After scaling to a 20MW configuration using classic similarity rules, the hydrostatic stability
and dynamic behaviour under several load cases were tested, showing great stability. In fact, there
might be margin to use a smaller platform with a less conservative approach. The techno-economic
model showed that the system is still unable to compete with other sources of energy, but allows to
conclude that there are ways of reducing the levelized cost of energy in the future.

Keywords: Floating offshore wind turbine; Numerical simulation; Numerical accuracy; Upscaling;

Levelized cost of energy.

1. Introduction
1.1. Motivation

Climate change and the severe environmental conse-
quences that the use of fossil fuels bring, allied with
the increase in energy demand at an unprecedented
rate, are making the world shift towards renewable
and more sustainable energy sources. Wind pow-
ered energy generating devices are one of the main
solutions for the problem stated.

Although, onshore installations are reaching its
limit, especially in areas with high population den-
sity. This motivates the countries and investors to
deploy wind turbines offshore. A number of the
most relevant advantages of taking wind farms fur-
ther away from the coastline are stated as follows:
stronger and more steady wind; no limitation to the
size of an offshore wind turbine; vast availability of
sea surface and no dealing with land occupation;
no dealing with noise pollution and visual impact.
On the other hand, offshore wind turbines imply
higher capital investment, more challenging struc-
tural design, less accessibility, higher costs related
to maintenance issues and electric power transmis-
sion to shore [1]. This is why wind turbines with
high rated power, from 5 to 10MW now and up to
20MW in the near future, are needed. Only this

magnitude of power ratings can make offshore wind
feasible, especially for floating wind turbines.

1.2. Offshore wind structures

Offshore wind support structures can be classified
according to the depth of the installation site as:
shallow water (<30 meters); transitional water (30
to 60 meters); deep water (>60 meters). This study
is focused on the deploying of wind turbines in deep
waters, thus the solution lies on floating structures.
Figure 1 shows that as the industry goes to deeper
waters, floating platforms become more economi-
cally viable than the others.
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Figure 1: Variation of the cost of offshore wind sub-
structures with water depth. [2]



Currently, there are four main types of floating
platform designs: barge; semi-submersible; spar;
tension-leg platform.
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Figure 2: Main floating platform concepts. [3]

Spar and semi-submersible concepts are already
proven concepts with real scale prototypes tested
and pre-commercial projects ongoing, like the
WindFloat Atlantic project. This study uses a
semi-submersible floating platform with the Wind-
Float design.

1.3. Objectives
e Implement a model of a 8MW wind turbine
identical to the WindFloat project;

e Use that model to estimate the numerical ac-
curacy of the OpenFAST simulations and es-
tablish the numerical settings for them;

e Scale the 8MW wind turbine to 20MW and
analyse its behaviour;

e Provide an estimate of the LCOE for the
20MW wind turbine.
2. MW model description
The starting point for this work is the implemen-
tation of the 8MW model in OpenFAST. Table 1
presents a general list of characteristics of the tur-
bine.

Rated electrical power 8 MW
Rotor orientation Upwind
Configuration 3 blades
Cut-in wind speed 4m/s
Cut-out wind speed 25 m/s
Rated wind speed 13 m/s
Rotor diameter 164 m
Hub diameter 4m

Hub height 101.75 m
Cut-in, Rated rotor speed 4.8, 10.5 rpm
Rated generator speed 500 rpm

Table 1: Vestas V164-8.0MW wind turbine general
properties [4].

2.1. Nacelle and tower
The main nacelle properties needed as input for
OpenFAST are presented in table 2.

Length (m) 20.0
Width (m) 7.5
Height (m) 8.0
Weight (kg) 390 000

Table 2: Nacelle properties.

The value used to calculate the mass per unit of
length is higher than the steel density to account
for some secondary structures that may be present,
in this case 8500 kg/m?3. Table 3 presents the data
that OpenFAST, through the ElastoDyn and Aero-
dyn modules, requires to model the tower.

Height (m) Diameter (m) Thickness (m) Mass density (kg/m)
11.90 7.70 0.0360 7367.61
21.04 7.43 0.0346 6832.92
29.73 7.16 0.0332 6318.32
38.42 6.89 0.0318 5823.79
47.11 6.62 0.0304 5349.36
55.80 6.35 0.0290 4895.00
64.49 6.08 0.0276 4460.73
73.18 5.81 0.0262 4046.54
81.87 5.54 0.0248 3652.43
90.56 5.27 0.0234 3278.41
99.25 5.00 0.0220 2924.46

Table 3: Tower properties.

2.2. Rotor blades and hub
The data provided by the manufacturer about the
blades is presented in table 4 [4].

Rotor diameter (m)  164.0
Blade length (m) 80.0
Hub radius (m) 2.0
Maximum chord (m) 5.4

Table 4: Blade data from manufacturer.

The chord at the root and tip of the blade re-
sult from an interpolation between the NREL 5MW
baseline [5] and the 10MW DTU reference wind tur-
bine [6]. The location of the maximum chord length
in the blade is kept the same, in terms of percent-
age of its length, as in the 5MW baseline. The val-
ues between the maximum chord location and the
root and tip follow a linear trend, an increase from
root to maximum chord and a decrease from there
to the tip. Blade twist and airfoil distribution are
kept the same from the 5MW baseline model. The
blade properties at root, maximum chord and tip
are presented in table 5.

2.3. Floating platform
The floating platform consists in three columns
placed in the vertices of an equilateral triangle,



Span (m) Chord (m) Twist (deg) Airfoil
0.00 4.65 13.31 1
19.88 5.40 11.48 4
80.00 2.17 0.11 8

Table 5: Blade characteristic data for input files.

each with a hexagonal heave plate on the bot-
tom end and with the tower placed on one fo the
columns. Also, there are several braces connect-
ing the main columns that are not modelled neither
in the WAMIT simulations nor in OpenFAST, be-
cause their diameter is small when compared with
the main columns. Thus, it will not have an impact
on the hydrodynamics of the model, since only po-
tential theory is used. Figure 3 is an illustration of
WindFloat’s floating platform.

Figure 3: Three-dimensional view of the Windfloat
support structure. [7]

Table 6 has the dimensions of the floating plat-
form that were used as an input for OpenFAST’s
modules HydroDyn and ElastoDyn, but also to
make a CAD model of the platform in SolidWorks.
The CAD model was used to get the mass and mo-
ments of inertia of the platform, that are essential
for the code to simulate the motion of the system.

To balance the moment crated by the wind tur-
bine (sitting in a column, not in the platform CM)
and in order to keep the operating draft (equal
weight and buoyancy) as designed, the columns of
the platform are filled with ballast water. The pro-
cess to find the amount of ballast needed is divided
in two steps, first to ensure stability and a second
to keep the draft.

2.4. Mooring system

The floating platform is secured by three catenary
mooring lines that are spread symmetrically about
the platform centre of mass, as shown in figure 4.

Operating draft 32.1 [m]
Column elevation over sea level 11.9 [m]
Column centre to centre 74.8 [m]
Column diameter 13.2 [m]
Length of heave plate edge 15.4 [m]
Heave plate thickness 0.115 [m]
Column thickness 0.0320 [m]
Mass (no ballast) 2.62450E+06 (k9]
Ballast water (column 1) 5976 [m?]
Ballast water (columns 2 and 3) 3488 [m?3)
Roll inertia 3.18392E+09  [kgm?]
Pitch inertia 3.18392E+09  [kgm?]
Yaw inertia 5.30743E4+09  [kgm?]

Table 6: Floating platform properties for the SMW
wind turbine.
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Figure 4: Sketch of the mooring system (not at
scale).

Table 7 presents the most important data that
OpenFAST uses as an input.

Number of mooring lines 3 []
Angle between adjacent mooring lines 120 [deg]
Water depth 100 [m]
Depth from fairlead to seabed 68.015 [m]
Radius to anchors from platform CM 600 [m]
Radius to fairleads from platform CM  43.18 [m]
Unstretched mooring line length 566 [m]

Table 7: Mooring configuration.

3. Numerical convergence properties

Most of the the mathematical models used in en-
gineering do not have an analytical solution, this
means that numerical solutions are required. Open-
FAST is the code used to address this problem. As
in all numerical solutions, it is not exact and there
will be an error.

e(¢i) = ¢2 - (bea:act (1)



3.1. Numerical convergence

The goal of doing the verification of this code is to
prove that the solution it provides does not contain
significant errors. An estimate of the discretization
error of a solution can be found by successively re-
ducing the time step.

bi = do + ahy

And the error estimate for time step 1 is:

(2)

6:¢i—¢0:ah§’ (3)

where ¢; is the approximate solution for a given
time step, ¢q is the estimated value of the exact so-
lution for the smallest time step used in the study,
« is a constant and p is the observed order of con-
vergence [8]. In a normal mesh refinement study,
h; would be the size of the mesh, but in this case is
the size of the time step.

Another purpose of this work is to prove that
p will be equal to the theoretical order of conver-
gence of the discretized equations. In the mesh re-
fining study, the time step is reduced by half at each
iteration, from At = 0.1s until At = 0.003125s.
So as to calculate the order of convergence and
the discretization error at leat three different time
steps are needed. This means that, with the six
time steps used, four orders of convergence and dis-
cretization errors can be found, one for each set of
three time steps.
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The order of convergence is calculated by dividing
equation (4) by (5). After doing some algebraic
manipulation and knowing that Z—z = Z—f = 2 one
gets:

pZm(?E(;)zi) (7)

Since the exact solution, ¢y is unknown, to get
the discretization error, equation (5) is divided by

(6).

(4)

(5)

e1=¢1— ¢ = qb22p—_¢11 (8)

Once this is known, an estimate for the exact
value of a variable can be calculated.
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AeroDyn discretizes the turbine blades to imple-
ment the BEM theory, so, in order for it not to in-
fluence the choice of the time step, the aerodynamic
module is disabled in this part of the study. Thus,
there is only discretization in time and simulations
of 300 seconds were run with an irregular sea state
(Hs = 2.5m; T, = 10s). Table 8 presents the mean
displacement in heave for all the simulations done
and table 9 the numerical results obtained.

Mean

At (s)  Heave (m)
0.1 0.00143
0.05 0.00125
0.025 0.00114
0.0125 0.00108
0.00625 0.00104
0.003125  0.00103

Table 8: Mean heave for each time step.

Heave

1 ¢i—¢i-1 p $o

6 1.830E-04

5 1.089E-04 0.75 0.00098
4 6.225E-05 0.81 0.00099 15.92
3 3.340E-05 0.90 0.00101 8.26
2 1.800E-05 0.89 0.00101 3.85
1 2.09

ei(%)

Table 9: Order of convergence, estimate of exact
solution and discretization error for heave.

The order of convergence observed tends to a
value close to one, and the explanation for it lies in
the way that the code is implicitly discretizing the
radiation equation with the rectangle rule, which is
a first order method.

Analysing the results, one can conclude that a
reasonable time step to use in the simulations to do
throughout this work is 0.00625 seconds. The rea-
son to choose this time step instead of the smallest,
and consequently the one with the smaller error,
lies on the fact that the simulations would become
too heavy in computational terms and that would
consume too much time. As a consequence, opt-
ing for the non optimal solution, but one that gives
confidence in the results is a compromise that has
to be done.

Afterwards, the aerodynamic module was en-
abled. The wave conditions are kept the same as
before and a wind profile with a mean speed of
13m/s was generated by TurbSim. The goal now is
to find the ideal number of nodes per blade of the
rotor that allow the BEM method to converge. For
this, a total of nine simulations were done. Firstly,



with 10 nodes per blade, three simulations with the
three smaller time steps considered before. Then,
the procedure was repeated for 20 and 40 nodes per
blade. This allows to determine the discretization
error that would be obtained for different number
of nodes used.

0.06

Discretization error {%)
e
@

o 5 10 15 20 25 30 35 a0 45

Number of nodes

Figure 5: Error of discretization in function of the
number of nodes per blade.

From figure 5, one can observe that the error
of discretization is decreasing when the number of
nodes per blade increases. Although the error is
already very small when using 10 nodes, it is clear
that there is a significant decrease when going from
10 to 20 nodes, being 57% of the error for 10 nodes,
and a smaller decrease from 20 to 40 nodes. In the
latter, the error of discretization is 42% of the ini-
tial error with 10 nodes. Even though the optimal
solution would be to choose 40 nodes per blade, as
demonstrated, it was opted to use only 20. This
choice is the result of weighting time of simulation
against accuracy of the results and also to the fact
that the largest decrease in error arises from 10 to
20 nodes.

3.2. Statistical convergence

Achieving statistical convergence means that, at
some point in time, the initial conditions of a sim-
ulation stop having influence over the solution in
analysis. In order to do that, a very large simula-
tion is needed, so that by the end of that period
of simulated time there is no influence of the initial
conditions.

In this case, a time of 2500 seconds was simulated
and values of the relevant solutions were taken in
periods of 500 seconds from that time series. To
have consistent results, the outer factors that will
have an influence on the floating structure need to
be the same in each period of 500 seconds. Thus,
the wave spectrum and the wind profile have to be
periodic.

Table 10 displays the difference in percentage be-
tween the result taken in one period and the result
of the last (2000-2500s). That is, the smaller this
percentage, the less influence the initial condition
still has on the solutions taken in this period.

Mean

Period (s) Surge  Heave  Pitch Yaw
0-500 19.04% 35.53% 2.95% -40.91%
500-1000  0.55% 1.67% -0.15% 14.34%
1000-1500 -0.06% -0.26%  0.01%  10.38%
1500-2000  0.05%  -0.11%  0.10% 2.42%
2000-2500 0.00%  0.00%  0.00% 0.00%

Table 10: Error of the mean value in each period
when compared with the last 500s.

Looking into table 10, one can see that the first
period must be ruled out when taking the results
from a simulation because the influence of the ini-
tial conditions is still significant. Ideally, the results
would be taken from 1500 seconds, however it would
no be feasible in terms of time and computational
capabilities to do a 2000 seconds simulations for ev-
ery case tested. So, a compromise is done. Looking
at the results presented, it was opted to make sim-
ulations of 1000 seconds and take out the first 500
seconds, which allows to get confidence on the so-
lution.

4. Upscaling to 20MW

The scaling procedure of the 20MW wind turbine
results from the application of classical similarity
rules between it and the SMW wind turbine. So, if
the power output of the wind turbine is 2.5 times
bigger (from 8 to 20MW), the rotor swept area is
also 2.5 times bigger, resulting in a scaling factor

of:
120
=4/ — ~ 1.58.
sf 3

Design parameter

(10)

Scaling factor

Linear dimensions sf
Power sf?
Thrust at rated wind sf?
Rotor mass sf3
Moment of inertia of the blade sf°

Table 11: Scaling factors for rotor and tower pa-
rameters.

This results in the scaling factors for the rotor
and tower presented in table 11 and for the platform
in table 12.

Design parameter  Scaling factor

Linear dimensions sf
Mass sf3
Moment of inertia sf®
Force sf3

Table 12: Scaling factors for the floating platform.



Another similarity factor needs to be accounted
for when handling the rotational characteristics of
the wind turbine. To ensure they are the same, the
tip-speed ratio needs to be maintained constant. [9]

QR

A summary of the characteristics of the 20MW
wind turbine are presented in table 13.

Rated electrical power 20 MW
Rotor orientation Upwind
Configuration 3 blades
Cut-in wind speed 4m/s
Cut-out wind speed 25 m/s
Rated wind speed 13 m/s
Rotor diameter 259.3 m
Hub diameter 6.32 m
Hub height 159.43 m
Rated rotor speed 6.64 rpm

Rated generator speed 500 rpm

Table 13: 20MW wind turbine general properties.

4.1. Nacelle and tower

Tables 14 and 15 present all the data necessary re-
garding the tower and nacelle needed to run a sim-
ulation.

Length (m) 31.6
Width (m) 11.9
Height (m) 12.6
Weight (kg) 1 541 610

Table 14: Nacelle properties.

Height (m) Diameter (m) Thickness (m) Mass density (kg/m)
18.82 12.17 0.0569 18419.0
33.27 11.75 0.0547 17082.3
47.01 11.32 0.0525 15795.8
60.75 10.89 0.0503 14559.5
74.49 10.47 0.0481 13373.4
88.23 10.04 0.0459 12237.5
101.97 9.61 0.0436 11151.8
115.71 9.19 0.0414 10116.3
129.45 8.76 0.0392 9131.1
143.19 8.33 0.0370 8196.0
156.93 7.91 0.0348 7311.2

Table 15: Tower properties.

4.2. Rotor blades and hub

The procedure to get the upscaled blade data was
different from the other parts of the turbine. In-
stead of upscaling each parameter individually from
the MW model, it was opted to use Qblade soft-
ware. NREL’s MW reference blade data comes
with the code and giving the hub radius, blade
length and root chord, all presented in table 16, it
calculates all the discretized data needed for Open-
FAST’s input files.

Rotor diameter (m)  259.31
Blade length (m) 126.49
Hub radius (m) 3.61
Maximum chord (m) 7.36
Root chord (m) 5.06

Table 16: Upscaled rotor data.

4.3. Floating platform

The floating platform geometry is kept the same
as in the 8MW model. So, the same assumptions
apply to this case. The only difference is that the
new data is upscaled with the methodology already
presented in this section.

Operating draft 50.75 [m]
Column elevation over sea level 18.82 [m]
Column centre to centre 118.27 [m]
Column diameter 20.87 [m]
Length of heave plate edge 24.35 [m]
Heave plate thickness 0.182 [m]
Column thickness 0.032 [m]
Mass (no ballast) 7.80750E+06 (k9]
Ballast water (column 1) 12 085 [m?]
Ballast water (columns 2 and 3) 15 031 [m?3)
Roll inertia 3.16474E+10  [kgm?]
Pitch inertia 3.16474E+10  [kgm?]
Yaw inertia 5.27183E+10  [kgm?]

Table 17: Floating platform properties for the
20MW wind turbine.

4.4. Mooring system

Regarding the mooring system, there are some in-
puts that remain the same from the 8MW model,
since the mooring configuration is kept. However,
the parameters regarding the platform dimensions
change and also the anchor radius and unstretched
mooring line length were scaled according with sf.
All the parameters regarding the mooring configu-
ration are shown in table 18.

Number of mooring lines 3 []
Angle between adjacent mooring lines 120 [deg]
Water depth 100 [m]
Depth from fairlead to seabed 49.432  [m]
Radius to anchors from platform CM  880.39  [m]
Radius to fairleads from platform CM  68.28 [m]
Unstretched mooring line length 895 [m]

Table 18: Mooring configuration.

4.5. Free decay

Before testing how the system reacts to the forces
of nature, wind and waves in this case, since the
presence of current is neglected, free decay tests are
done. It consists in evaluating the system’s response
to an initial offset from the equilibrium position.
Figure 6 presents the free decay response to an offset
in pitch motion.
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Figure 6: Pitch motion for free decay load case.

It can be seen that the motion has little damping.
The fact that the effect of viscous forces is not being
modelled may be causing this phenomenon. Follow-
ing the methodology done by [10], for models that
use potential theory without Morison elements, like
this one, need extra damping to accurately repre-
sent the system’s real damping. It is possible to
include this extra damping coefficients trough the
”additional quadratic drag” matrix in HydroDyn
and they are estimated for the semi-submersible
platform from OC4. However, to scale them ac-
curately for this model is difficult due to the differ-
ences in the two geometries.

4.6. Constant wind

Before testing the influence that dynamic loads have
on the behaviour of the system, steady state perfor-
mance is tested. Figure 7 shows the mean offset in
surge, but also in pitch.

Mean surge (m)

0 5 10 15 20
Wind speed (m/s)

(a) Surge

Mean pitch (2)

0 5 10 15 20
wind speed (m/s)

(b) Pitch
Figure 7: Mean offset of the platform.

The maximum mean value in both surge and
pitch motions occurs at a wind velocity close to the
rated wind speed, 12m/s. Which is coherent with
the fact that at rated wind speed there is already
a blade pitch angle, that makes the thrust of the

rotor become smaller. A maximum mean value of
around 12 meters in surge is within an acceptable
limit and a maximum of 1.15 deg as well. Actually,
according to [7], the Windfloat platform designed
for a 5 to 10MW wind turbine has a limit of 10 deg
in operation, making this result around 10 times
smaller.

4.7. Operational conditions

The following simulations show representative load
cases of operational conditions under which the
wind turbine may have to perform.

Load case Reference wind speed (m/s) H, (m) T, (m)
2.1 13 2 10
2.2 13 3 10
2.3 13 4 10
24 13 5 10
2.5 13 3 8
2.6 13 3 12
3.1 18 6 12
3.2 18 8 14
3.3 18 10 16

Table 19: Operational load cases.
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Figure 8: Mean and standard deviation of platform
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pitch in pre-extreme conditions.
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Going through load case 3.1 to 3.3, where mean
wind speed is above rated and wave conditions are
rougher, one can observe in figure 9 that mean pitch
is lower than in moderate conditions, illustrated
in figure 8. This was expected to happen due to
the blade pitch increase triggered by greater wind



speeds. Although, there is a bigger oscillation than
before, as seen by the higher values of standard de-
viation. For load case 3.3, the standard deviation is
close to the mean pitch of the platform, indicating
that the pitch angle is spread over a big range of
values. This case may not represent an operational
condition, in a real situation this wave height would
likely cause the turbine shutdown. The conditions
are close to what a 50-year storm looks like [11].
Nevertheless, the simulation can be carried out by
OpenFAST and the power production is ideal, pro-
ducing 20MW.

5. Economic model

Floating wind is still in its beginnings and there-
fore has high costs, especially for prototypes and
pre-commercial arrays, like the WindFloat Atlantic
project. As the technology is still not totally devel-
oped, since there are no commercial scale projects,
there is potential to reduce costs of floating wind
and reach parity with fixed-bottom wind when de-
ployed at scale.

5.1. Cost competitiveness level of the WindFloat
technology

The Windfloat project is currently advancing with
its second phase, corresponding to the deployment
of three MW wind turbines that are schedule to
operate 20 to 25 years. Thus, the TRL is level 5.
Analysing figure 10, one can see that the costs are at
their maximum level. However, they are expected
to go down from here, so the technology should be-
come profitable in the near future.
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Figure 10: Cost evolution of technology through
time. [12]

5.2. Levelized cost of energy

The levelized cost of energy measures the lifetime
costs of building and operating a power generating
device divided by the energy produced in its life-
time.

The project costs can be divided in categories:
Capital expenditures (CAPEX); Operational ex-
penditures (OPEX); Decommissioning costs (DE-
COM).

When calculating the LCOE, CAPEX and DE-
COM, that are one time costs, have to be depre-
ciated over the lifetime of the project, N with a

discount rate , r. To do this, a capital recovery
factor, CFR is used and it differs according to the
time of the expense. If it is for a present value, such
as CAPEX, equation (12) is applied, but for a fu-
ture expense, like DECOM, one has to use equation
(13).

r(1+7r)V
CRFpy = sy -1 (12)
T
CRFpy = Asov-1 (13)

Knowing the annual energy production, AEP and
that OPEX is an yearly payment, the LCOE can
now be calculated as:

_ CRFpyXCAPEX+4+OPEX+CRFry XxDECOM
LCOE = Jeon
(14)

5.3. Energy production
Wind availability is an important factor when cal-
culating the cost of energy, since a wind turbine can
only fulfil its purpose if the wind resource is enough.
As this is an initial study, this model assumes that
throughout the whole year there is a mean wind
speed of 13 m/s at hub height.

The wind speed is considered to vary according
to a Weibull distribution, resulting in the energy
and power curves presented in figure
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Figure 11: Relation between Weibull distribution
and power and energy curves.

Considering an availability of 97% and electrical
transmission losses of 4.5%, the annual energy pro-
duction, AEP is 106 724 MWh, which corresponds
to a 61% capacity factor.

5.4. Cost breakdown and results

The breakdown of the costs between CAPEX,

OPEX and decommissioning is presented in table

20. Detailed information on the cost breakdown in-

side CAPEX and OPEX is can be consulted in [13].
With the data gathered, one can get the LCOE

presented in table 21.



CAPEX $/kW % LCOE
Development and management costs 66 1.2%
Other capital project costs 140 2.5%
Wind turbine 1,325 23.4%
Floating Platform 2,022 35.7%
Installation 768 13.6%
Mooring system 230 4.1%
Other construction costs 217 3.8%
Total 4792 84.7%
OPEX $/kW/y % LCOE
Operations 31 5.0%
Maintenance 62 9.9%
Total 93 14.9%
OTHER $/kW % LCOE
Decommissioning 240 0.4%
Total 240 0.4%

Table 20: Total breakdown of the costs.

$/MWh
CAPEX 989
OPEX 17.4
DECOM 0.5
LCOE 116.8

Table 21: Simplified LCOE.

5.5. Factors to reduce the LCOE

The LCOE provided by this model with only one
wind turbine is not competitive with the current re-
newable energy solutions. Table 22 gives the LCOE
estimated in 2018 for onshore wind and solar energy
and one can see that they are drastically inferior.

LCOE ($/MWh)
Onshore wind 55
Solar 70

Table 22: LCOE for other technologies. [14]

One way of tackling this problem is increasing the
number of devices operating in the wind farm. No
project on a pre-commercial or commercial stage
deploys just one wind turbine.
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Figure 12: Variation of LCOE with the number of
devices.

Figure 12 shows a decrease on the LCOE from
116.8 $/MWh to around 96 $/MWh, which is better

but still not ideal. One would expect it to decrease
more sharply, however it does not happen.

The model used to calculate the LCOE consid-
ers that when the number of devices increases, the
OPEX keeps constant, but the CAPEX increases
linearly. So, what is happening is that the LCOE
will decrease until the point that the OPEX costs
become negligible compared to the rest, which hap-
pens when the farm has more than 8 wind turbines.

6. Conclusions

This study is divided in three phases: estimation
of the numerical accuracy of the simulations per-
formed for the 8MW turbine to select the most
appropriate numerical settings for the OpenFAST;
scale the floating wind turbine to a 20MW configu-
ration and test it under several load cases; make an
estimate of the LCOE for the 20MW turbine.

The results obtained in this study suggest that
the 20MW floating wind turbine is capable of per-
forming under the conditions tested. Regarding the
techno-economic model, it can be concluded that
the cost of producing energy with a system of this
magnitude can be competitive with other energy so-
lutions in the coming years. The main conclusions
from this work are listed as follows:

e An important part of this study was the es-
timation of the discretization error of the so-
lutions provided by OpenFAST. This allowed
to choose the settings for further simulations,
such as time step, number of nodes per blade
and simulation duration. It can be concluded
that the optimal solution in terms of numerical
error could not be chosen, because of limited
time and computation resources. Nevertheless,
the compromise done between accuracy of the
solution and the resources gives confidence that
in the solutions calculated afterwards with the
settings chosen.

e Due to some geometrical uncertainties on the
platform dimensions of the WindFloat Atlantic
project, the dimensions used for the 8MW
model are conservative. After the scaling pro-
cess was done, the platform oversizing of the
8MW model shifted to 20MW platform. This
has to be accounted for when analysing the re-
sponse of the system to the operational load
cases. For the cases 3.2 and 3.3, for wave
significant heights and peak periods close to
a 50-year storm, with such high mean wind
speed, not only the mean pitch, but especially
the standard deviation of the response should
have higher values. The results obtained show
that the turbine could continue to operate nor-
mally, and with significant margin, since the
maximum pitch could go up to 10 degrees in a



structure of this kind. This allows to conclude
that the platform has a good response under
the load cases tested, but it could still perform
well and be smaller, which leads to savings in
terms of manufacturing and logistics and, con-
sequently, to a smaller LCOE.

The limitations of the economic model allow
to conclude that the LCOE that was estimated
can be reduced to a point where the technol-
ogy might become competitive. Deploying big-
ger wind farms in favourable locations in terms
of wind and positioning concerning the O&M
logistics, together with development of more
reliable technology for a turbine of such great
magnitude, seem to indicate that an even lower
LCOE than the one of the existing energy so-
lutions can be achieved.
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