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Abstract: This paper uses a method to analyze the economic influence of the size of floating offshore
wind farms. The economic aspects analyzed, LCOE (Levelized Cost Of Energy) and costs, depend
on the number of floating offshore wind turbines, which establishes the effect of the size of the
farm. This influence has been carried out for a map in a specific location. Regarding the case study,
18 alternatives have been considered taking into account the total power of the farm and the types
of floating platforms. These aspects have been studied for the location of Galicia (Spain). Results
indicate how LCOE and costs vary when the size of the floating offshore wind farm is increased for
the studied kinds of offshore structures. Results are useful for planning an offshore wind farm in
deep waters in future investments.
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1. Introduction

Renewable energies have been used for centuries [1]. The European Union believes in these types
of energies, representing 86% of the new power installations in this area and generating 21.1 GW [2].
Spain has the second position of wind energy installed power, following Germany, which stays at the
first position [2]. The UE has 153.7 GW installed of wind power at the end of 2016, of which 12.6 GW
are offshore and 141.1 GW are onshore [2]. In addition, there are other types of offshore energies,
such as tidal stream energy, whose presence in the world is mainly in UK, with twenty-two projects
operating or in development since 2016 to 2022 [3].

Considering the onshore wind power cumulative capacity to 2030, there are three scenarios:
low, central and high considering the “Wind energy in Europe: Scenarios for 2030” Report of Wind
Europe [4]. In this context, Germany is the first country, followed by France and Spain. However,
considering offshore wind power cumulative capacity to 2030, the firsts positions are occupied by
United Kingdom, Germany and Netherlands [4]. In this study, Spain is not in the forecasts for the
future of offshore wind.

The study of Wind Europe indicates that the North Sea will have the highest quantity of offshore
wind farms by 2030, with a central value closed to 50 GW, higher than the 10 GW of 2016 [4]. The second
location is the Baltic Sea with 1.5 GW connected to the grid in 2016 and with values of 10 GW for 2030.
The Atlantic Sea did not have capacity installed in 2016, but previsions give a value close to 10 GW for
2030. The selected area of study to install a floating offshore wind farm in the present paper is region
of Galicia (Spain), located in the Atlantic Sea.
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However, one of the most important issues in terms of an offshore wind farm is to be competitive
in economic terms. In this sense, the LEANWIND project studied how to reduce the costs of farms
analyzing their installation, operation and maintenance, and logistics and supply-chain [5].

Europe is the most important area in terms of offshore wind energy around the world [6,7].
It represents 3589 offshore wind generators connected to the grid by the end of 2016. In addition,
European offshore wind energy industry has grown in 338 offshore wind generators installed in
2016 [6]. Offshore wind farms are installed in a mean water depth of 29 m and in a mean distance from
the offshore farm to shore of 44 km [6].

Regarding the type of offshore wind platforms installed in the offshore farms, there are several
types of platforms [8-13], such as monopiles, jackets, and semisubmersible. However, the majority
are monopiles (81%). Nevertheless, there also are gravity based foundations (7.5%), jackets (6.6%),
tripods (3.2%), and tripiles (1.9%) [6]. Therefore, all the offshore wind farms located in Europe are
composed of fixed structures (monopiles, jackets, tripiles, etc.) [14], which are mainly installed in the
North Sea [6,15]. These platforms are joined to an offshore wind generator with an average rated
power of 4.8 MW [6]. Recently, Navantia Fene shipyard, located in Fene (A Corufia, Spain), is building
five spar platforms which will be installed in the first floating offshore wind farm, located in Scotland.

Regarding floating offshore wind, there are three main types of platforms [16]: spar, such as
the Hywind concept [17,18]; Tensioned Leg Platform (TLP) [19,20], such as the concept developed
by Blue H Technologies; and semisubmersible platforms [21-23], such as the WindFloat structure.
Spar and semisubmersible concepts are the most developed technologies. In fact, a floating offshore
wind farm of 5 Hywind structures has been installed in UK and a floating offshore wind farm of
semisubmersible platforms is planned to be installed in Portugal in the future. These floating platforms
have an advantage regarding the fixed structures: the installation in deep waters. Therefore, they can
be installed in more locations than the platforms that fix to the seabed, which can only be installed
in shallow waters. Floating offshore wind technology is being developed to create new solutions for
deep waters. In this sense, there are many studies about the design of the floating platforms [10,24],
but there is less information about the economic aspects of the farms [19,25]. Therefore, this paper
aims to introduce some economic aspects of floating offshore wind that are useful for planning this
type of farms.

Some authors have considered the influence that noise has on the layout of an offshore farm [26],
the environmental impacts [27,28], policies [29], evaluate the best offshore locations [30]; and to
analyze the financing and risks of offshore wind [31] and other marine uses [32], or the influence of the
compressed air energy storage in an offshore farm [33]. Others explain the influence of optimizing
the site of wind turbines [34], but without considering offshore locations, or its electric lines [35].
The influence on costs and the total power of the farms has been also analyzed [36], but for the case
of monopile foundations, which are located in shallow waters. On the other hand, it is important to
notice the relevance of the size an offshore wind farm during recent years, which has increased from
46.3 MW in 2006 to 379.5 MW in 2016 [6]. This last value has increased in 12% the total power of the
farm regarding the previous year [6]. It represents that the mean number of offshore wind turbines per
offshore wind farm was 79 in 2016 in Europe. Ulla et al. analyzed the impact that offshore and onshore
wind has on the property prices homes in Denmark [37]. Sokosloski et al. consider the influence that the
public opinion has in terms of offshore wind farms [38]. They analyzed the results of two surveys: one
general survey about the aspects related to the offshore wind (without disaggregating fixed of floating
offshore farms) considering the New England resident, and other one considering a particular offshore
wind farm. They also consider the influence of the political outlook (Republicans or Democrats) in
the opinion of the people. Their results indicate the importance of where and how politicians should
carry out policies related to offshore wind farms in order to satisfy the public opinion of the citizens of
the area where the farm will be installed. On the other hand, Ho et al. analyze a method to locate an
offshore wind farm considering its profitability, social aspects, security, and environmental issues of
the farm [39] taking into account the Delphi method. They consider their influence in the marine policy
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that Governments should develop. In terms of the profitability, they identify the following criteria:
“distance from grid connections, the optimum wind turbine spacing for minimal energy loss, the ocean
waves challenging offshore wind farm construction/maintenance, the suitable ocean depth for a wind
turbine foundation, the distance from ocean structures, the wind speeds and directions, the wind
turbine sizes, the proximity to energy demand, the proximity to ports and services, the investment
incentives, the production incentives, the feed-in-tariff for offshore wind energy, the distance from oil
and gas fields, the distance from commercial fishing areas, the distance from shipping and flight risks”.
Regarding the social aspects, they considered: “the visual impact, the presence of tourist aspects,
the local acceptance and the employment opportunities”. Considering the security issues, they take
into account: “the distance from maritime borders, the conflict of the farm with Navy use and the Air
Force navigational risks from wind turbines”. Finally, taking into account the environmental issues,
they analyze: “the distance from marine parks or marine protected areas, the distance from habitats
for endangered species or coral reefs, the distance from wildlife habitat, the distance from bird’s paths,
the impact of noise pollution”.

Castro-Santos et al. [40] describes a methodology to calculate the costs of a floating offshore
wind farm following the main stages of its life-cycle: “definition, design, manufacturing, installation,
exploitation, and dismantling”. This method presented for a floating offshore wind farm has been
generalized for a floating offshore renewable energy farm in Castro-Santos et al. [41]. The present
paper analyzes the influence of size in the offshore wind farms. This work resulted from these two
previous papers, where the methodology has been developed (for the case studies of the Galician
region in Castro-Santos et al. [40] and for Portugal in Castro-Santos et al. [41]), and the conclusions
of a sensitivity study carried out in a previous paper [42]. It explains that the size of the farm is an
important parameter of an offshore wind farm. This is the reason why this paper was made, in order
to analyze how is this influence.

In this context, the objective of this paper is to analyze the importance of the size of the farm
in the economic aspects (LCOE (Levelized Cost Of Energy) and costs) of a floating offshore wind
farm installed in deep waters (more than 50-60 m) [24,43]. These economic parameters depend on
the number of wind turbines, which determines the size of the farm [42]. This influence has been
calculated considering a particular area, which is represented using the correspondent map of the
location. Eighteen alternatives have been studied in terms of the global power of the offshore wind farm
(100, 200, 300, 400, 500, and 600 MW) and the types of substructures considered (spar, semisubmersible
and Tensioned Leg Platform). The location selected to analyze the case of study is Galicia, a Spanish
Northwest region. Results obtained show the influence that the size of the farm has in the LCOE and
costs of a floating wind farm. It is useful for Governments to develop marine special policies in order
to plan the marine spaces where offshore wind farms can be installed in the future of this technology.

2. Methodology

The method proposed analyzes the influence that the size of a floating offshore wind farm has in
two economic aspects of the farm: the LCOE and the costs.

The calculation of the LCOE of a floating offshore farm depends on several variables [42]
(see Figure 1): the wind scale factor related to wind speed, the cost of the wind turbine, the capital cost
and the number of offshore wind turbines. In addition, the costs of a floating offshore farm depend
on the number of wind turbines, the cost of the offshore generator, the distance from shore to the
offshore location and the diameter of the wind turbine [42]. Consequently, the number of offshore
wind generators is a piece of great importance to establish the economic aspects of a floating offshore
wind installation. The method to calculate LCOE and costs of the farm has been developed in previous
studies [40,41,44].
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Figure 1. Influence of the size of the farm in the LCOE (Levelized Cost Of Energy) and costs of a

floating offshore farm.

The Levelized Cost Of Energy (LCOE) depends on the life-cycle costs of the floating offshore
wind farm (LCSy), the energy produced by the farm (Ey), the capital cost (r) and the number of years of
the project (Narm ), such as Equation (1) is shown [45].

Nfarm LCS;
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LCOE =

Moreover, the influence of the size of the farm has been calculated for a group of points (a map)
of a specific location, not only for a single value, such as other studies have previously developed.

The total number of offshore wind turbines (N ) has been calculated considering the farm size,
which is an input, and turbine size, which is fixed at 5.075 MW. However, it has been considered
that a limitation in the number of wind turbines per row (Nwrr) and the number of lines of the farm
(kwTp). In this sense, three turbines have been considered per each row of the network of the offshore
farm taking into consideration the power supported by a particular type of offshore electric cable.
It is because the manufacturer limits the size of the electric cable. Therefore, the number of offshore
wind turbines is calculated using Equation (2):

Nwt = Nwrr-kwrsp )

On the other hand, the total number of lines considering TP, as an input is given by kyr, as

Equation (3) is shown.
TP,

~ Pwr-Nwrr

®)

kwr
Being:

e TP, nominal power of the farm (MW).
e Py turbine’s rated power (MW).
e  Nwrr: Number of wind turbines per row in the farm.

On the other hand, the actual farm size (TP;) is calculated considering Equation (4). It has been
assumed as an input to analyze the influence of the size in the economic aspects of the farm.

TPy = kwr Nwtg - Pwr (4)

3. Case of Study

Several alternatives have been studied in this paper. Considering different total power of the farm
and different floating offshore wind structures. A previous study [42] has established the importance
of the number of offshore wind turbines in order to determine the economic aspects of a floating wind
farm. Therefore, in this article six different values for the total power of the farm have been considered
(see Table 1): 100 MW, 200 MW, 300 MW, 400 MW, 500 MW, and 600 MW. However, all of them have
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the same type of offshore turbine of 5.075 MW of power per unit. It makes that the number of wind
generators, calculated using Equation (2), were 18, 39, 57, 78, 96, and 117 offshore wind generators,
depending on the total power of the farm. Furthermore, the real total power of the farm will be 91.35,
197.93, 289.28, 395,85, 487.20, and 593.78 MW respectively for the farms of 100, 200, 300, 400, 500 and
600 MW.

Table 1. Total power of the farm and total number of wind turbines.

TP, kwr Nwr, TP,

100 6.00 18 91.35
200 13.00 39 197.93
300 19.00 57 289.28
400 26.00 78 395.85
500 32.00 9% 487.20
600 39.00 117 593.78

In addition, three types of floating platforms have been taken into consideration: semisubmersible
or PA [46], Tensioned Leg Platform (TLP), or PB [10] and a spar platform or PC) [10] (see Figure 2).

\

COSTS

i platforms

( fTP,)

100 MW

200 MW
300 MW
( PB )

400 MW

500 MW
600 MW
" J

A 4

- >,

( LcoE ¥

Figure 2. Alternatives of study.

All these options have been studied for the area of Galicia (Figure 3), located in the Northwest of
Spain, where the wind resource is optimum for these types of technologies. This region has the best
values of offshore wind speed of the Iberian Peninsula.
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Figure 3. Location of the Galician region.
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Finally, two economic aspects are calculated, the LCOE and the costs, for the previous alternatives
regarding the total power of the farm and the types of platforms. Their objective is to visualize into
the corresponding map, the influence of the size of the farm for reducing the cost of the offshore farm.
Therefore, LCOE and costs have been calculated for a total of 18 alternatives.

4. Results

4.1. Costs

Considering the results of the costs, the highest variations are regarding the cost of manufacturing

and installing each of the components of the farm: platforms, wind generators, anchoring, electrical

system and mooring.

Figure 4 shows the variation of the manufacturing cost (C3) of the small and the large farm,
100 MW and 600 MW respectively. It goes from 192.98 to 439.62 M€ for a small farm of 100 MW
(Figure 4a) and from 1188.9 to 2371.4 M£ for the big farm of 600 MW (Figure 4b). Obviously, this highest
cost for the big farm is compensated by the highest value of the energy generated in this case.

C3

[M€]
3000
1750
1250
900
750
700
300
100
50

A

(a)

I A
(b)

c3
[M€]

3000
1750
1250
900
750
700
300
100
50

0

Figure 4. Cost of manufacturing for the PA and an offshore farm of 100 MW (a) and 600 MW (b).
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On the other side, the cost of installing the farm (C4) differs from 9.46 to 208.34 M€ for a small
farm of 100 MW (Figure 5a) to 39.23 to 518.35 M¥ for a big farm of 600 MW (Figure 5b).

C4 c4

[M€] [M€]
3000 3000
1750 1750
1250 1250
900 900
750 750
700 700
300 300
100 100
50 50

40 A0

(a) (b)
Figure 5. Cost of installing for the PA and an offshore farm of 100 MW (a) and 600 MW (b).
Considering the only the best point of the geography for all the scenarios, Figure 6 shows the

variation of the cost of manufacturing regarding the power of the farm. More power of the farm
indicates more cost of manufacturing.

1400 -
1200 -
1000 -
800 -
600 -
400 - e TLP
200 - =S par

0

— Semisubmersible

C3 (M€)

100 200 300 400 500 600
Power of the farm (MW)

Figure 6. Variation of the cost of manufacturing the farm in M€ regarding several types of floating
wind structures and different total power of the farm.

Figure 7 shows, such as the cost of manufacturing, how the cost of installing is increasing according
the size of the farm. Furthermore, the cost of installing a semisubmersible platform is lower than the
installation of the tensioned or the spar structures due to the way of transport of the floating platform
from the shipyard, where it is built, to the offshore location, where it is installed. The semisubmersible
structure can be directly towed, while the spar and tensioned structures require specific vessels for
the process.



Sustainability 2018, 10, 4484 8of 13

100.00
80.00 -~

60.00 -
—Semisubmersible

40.00 - TP
20.00 - —Spar
100 200 300 400 500 600
Power of the farm (MW)

c4 (M€)

Figure 7. Variation of the cost of installing the farm in M€ regarding several types of floating wind
structures and different total power of the farm.

4.2. Levelized Cost of Energy

The LCOE has been calculated taking into consideration the costs previously analyzed and
following the equations proposed in previous papers [40,47].

The smallest floating offshore wind farm considered has 100 MW of total power. It gives an LCOE
from 117.05 to 1128.7 € /MWh for a farm with PA platforms (Figure 8a), from 130.03 to 1280.9 € /MWh
for a farm with PB platforms (Figure 8b), and from 127.9 to 1282.4 € /MWHh for a farm with PC platforms
(Figure 8c).

LCOE
[EMWh]

LCOE
[EMWh]

LCOE
[E/MWh]

140
130
120
110
100
90

140
130
120
110
100
90

140
130
120
110
100
90

(b)
Figure 8. LCOE for the PA (a), PB (b), and PC (c) platforms and an offshore farm of 100 MW.

The farm of 200 MW of total power gives an LCOE from 100.31 to 882.93 €/MWh for a farm with
PA platforms (Figure 9a), from 112.14 to 1011.4 €/MWh for a farm with PB platforms (Figure 9b),
and from 109.99 to 1012.7 € /MWh for a farm with PC platforms (Figure 9c).

LCOE
[E/MWh]
140
130
120
110
100
90
A
()

(a) (b)
Figure 9. LCOE for the PA (a), PB (b), and PC (c) platforms and an offshore farm of 200 MW.

Thirdly, the farm of 300 MW of total power gives an LCOE from 96.29 to 820.78 € /MWh for a
farm with PA platforms (Figure 10a), from 107.83 to 943.19 € /MWh for a farm with PB platforms
(Figure 10b), and from 105.68 to 944.33 € /MWHh for a farm with PC platforms (Figure 10c).
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Figure 10. LCOE for the PA (a), PB (b), and PC (c) platforms and an offshore farm of 300 MW.
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The farm of 400 MW of total power gives an LCOE from 93.70 to 782.61 €/ MWh for a farm with
PA platforms (Figure 11a), from 105.07 to 901.35 € /MWh for a farm with PB platforms (Figure 11b),
and from 102.91 to 902.28 €/MWh for a farm with PC platforms (Figure 11c).

LCOE

LCOE
[€/MWh]

[€/MWh]

140 140
130 130
120 120
110 110
100 100
7 90 9
(@)

(b)
Figure 11. LCOE for the PA (a), PB (b), and PC (c) platforms and an offshore farm of 400 MW.

The farm of 500 MW of total power gives an LCOE from 92.69 to 765.82 €/ MWh for a farm with
PA platforms (Figure 12a), from 103.99 to 882.93 € /MWh for a farm with PB platforms (Figure 12b),
and from 101.82 to 883.68 €/ MWh for a farm with PC platforms (Figure 12c).
[€/MWh]

LCOE LCOE

[€/MWh] [EMWh]
140 140 140
130 130 130
120 120 120
110 110 110
100 100 100
9

Vs / 90 7 90
(a) (b)

Figure 12. LCOE for the PA (a), PB (b), and PC (c) platforms and an offshore farm of 500 MW.

LCOE

Finally, biggest farm, whose total power is 600 MW, gives an LCOE from 91.74 to 751.45 € /MWh
for a farm with PA platforms (Figure 13a), from 102.97 to 867.18 € /MWh for a farm with PB platforms
(Figure 13b), and from 100.8 to 867.73 € /MWh for a farm with PC platforms (Figure 13c).
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e
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(a) (b)
Figure 13. LCOE for the PA (a), PB (b), and PC (c) platforms and an offshore farm of 600 MW.

We can observe that in all the previous types of offshore farms studied (100 MW, 200 MW, 300 MW,
400 MW, 500 MW, and 600 MW), the best value for LCOE is for the PA platform (semisubmersible
structure). Additionally, Figure 14 represents the evolution of the LCOE considering several types of
floating wind platforms and the six alternatives of the total power for the farm. This figure only takes
into account the values of the best point of the geography. It shows how the LCOE is lower when the
total power of the farm is increased for all the types of floating wind structures (spar, semisubmersible,
and tensioned). For instance, for the case of the PA (semisubmersible platform), the LCOE is reduced
from 117.05 to 91.74 € /MWHh for the 100 MW and the 600 MW respectively, which represents a reduction
of 21.63% of the value regarding the small farm; for the case of the PB (tensioned platform), the LCOE is
reduced from 130.03 to 102.97 € /MWh for the 100 MW and the 600 MW respectively, which represents
a reduction of 20.81%; and for the case of the PC (spar platform), the LCOE is reduced from 127.90 to
100.80 €/MWh for the 100 MW and the 600 MW respectively, which represents a reduction of 21.19%.
Therefore, we can conclude that these types of installations should be carried out considering a big
farm of more than 100 MW of total power and independently of the type of floating wind structure.

140.00 -~
130.00
120.00

110.00 - —Semisubmersible

100.00 - —TLP
Spar

LCOE (€/MWh)

90.00 -

80.00

100 200 300 400 500 600
Power of the farm (MW)

Figure 14. Evolution of the LCOE in €/MWHh regarding several types of floating wind structures and
different total power of the farm.

In conclusion, results are focused in the LCOE and the costs, two parameters that have influence
on the size of the farm. Considering the LCOE the best floating structure for the same location is the
semisubmersible platform. This value is reduced a value around a 21% when the total power of the
farm is increased for all the types of platforms and farms. Therefore, a floating offshore wind farm
should be higher than a 100 MW farm. In addition, installation and manufacturing costs have great
variations considering the size of the farm.
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5. Conclusion and Policy Implications

This paper has developed a method to analyze the economic influence, in terms of its LCOE and
its costs, of the size of floating offshore wind farms. The economic aspects analyzed, LCOE and the
costs, depend on the number of floating offshore wind turbines, which establishes the importance of
the size of the farm. In addition, this influence has been carried out for a map in a specific location.

Regarding the case of study, some alternatives have been considered taking into account the
total power of the farm (100 MW, 200 MW, 300 MW, 400 MW, 500 MW, and 600 MW), which
involve a different number of floating offshore wind generators, and the kinds of floating structures
(semisubmersible, tensioned and spar). All these aspects have been studied for the location of
Galicia (Spain).

Results are centred in two main economic influences of the size of the farm: the LCOE and the
costs. In terms of LCOE, the semisubmersible structure has the best economic value. In addition,
the LCOE reduces its value when the total power of the floating offshore wind farm is increased for
all kinds of offshore structures. This reduction is from 20.81% to 21.63% depending on the type of
platform and considering a farm of 100 MW and a farm of 600 MW. Consequently, the installation of
a floating wind farm should consider a big farm of more than 100 MW. On the other hand, costs of
manufacturing and installing have the biggest variations regarding the size of the farm.

This study will help Governments to know the influence that size has in the economic
development of a floating offshore wind farm located in a particular location. This fact can be
considered by Governments in order to analyze the offshore renewable energy policies of their
countries. For instance, they need to know the size of the locations where a floating offshore wind
farm will be installed at sea in order to analyze their maritime traffic or other factors. It is directly
related to the size of the farm in terms of the total power, which has been analyzed in the present paper.
In addition, this tool can help to plan the characteristics of a farm in future investments. It helps to
analyze the best locations in economic terms where a floating offshore wind farm can be installed to
focus the main efforts of Governments in these areas.
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