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Abstract. The objective of this paper is to examine the
importance of independent arrays in the offshore renewable energy
farms. In this context, several scenarios have been contemplated
for a floating offshore renewable energy farm: a farm only using
floating wave energy; a farm only using floating offshore wind
energy; and a farm composed by floating wave energy and floating
offshore wind energy installed in independent arrays. The article
proposes a method to calculate the main economic parameters and
decide their economic feasibility. A hypothetic offshore renewable
energy farm located in the Galicia region (Spain) has been studied
as case of study. Results show which of the scenarios has the best
economic results. This method is worthwhile to compare different
floating offshore renewable energy technologies in economic
terms and help in the decision making of this new emerging sector
that can help to rebuild Europe in the post-pandemic period.
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1. Introduction

With the growing global concern about the emission of
greenhouse gases, different policies and agreements have
been developed whose objectives in relatively close periods
will significantly reduce the reduction of these pollutants.
The Paris agreement [1] establishes that an increase in the
global temperature of the planet of 1.5°C must be
maintained, for this, in 2030, GHG (Greenhouse Gas)
emissions must have been reduced by 40% with respect to
the emissions of 1990 and achieve by 2050 a climate neutral
Europe. To achieve these objectives it is a priority to change
the form of energy production. Fossil fuels are major
producers of greenhouse gases and for example in 2020 in
the United States 80% of energy consumption comes from
these fuels [2]. In Europe, the outlook is more advantageous
[3], the energy consumed during the SARS-CoV-2
pandemic has caused the collapse of coal, renewables have
surpassed fossil fuels for the first time, yet to meet European
decarbonization targets they should grow threefold.
According to the forecasts of the International Energy
Agency, wind and solar will reach record growths this year
[4]. On the other hand, although renewable energies were
already reaching important values, a clear trend is shown
between before and after the pandemic, people are acquiring
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an environmental awareness and are realizing that the
planet has a limited capacity to absorb pollution,
promoting the use of clean energy both at the user level
and at the industrial level [5]

In order to ensure that this trend does not change and that
as energy consumption increases, energy consumption is
reverted, the EU is making great efforts that are reflected
in programs such as the Recovery Plan for Europe, the
Next Generation [6], etc. These programs finance projects
along different lines, such as digital transformation,
reindustrialization and a green pact in favor of clean
energy. The main objective of this type of aid is focused
on achieving climate neutrality.

To achieve this climate neutrality, it is essential to talk
about renewable energies, air, water, soil pollution or
consumer products, that is, if we are able to reduce
pollution (minimization of GHG) we are achieving all
these objectives.

The study we are conducting is based on showing the
alternatives in terms of renewable energy.

For years, different devices have been put into operation
that supply energy through renewable sources such as the
sun [7,8], water [9] or wind [10,11], but in most cases these
facilities were located on land. If we take into account that
most of the planet is water (70% of the planet's surface is
water) and that in terrestrial locations there are other
facilities that occupy part of these lands, such as cities,
cultivation areas and grass, etc. we can see that land-based
locations hold great potential for exploiting renewable
energy. In addition to this, the characteristics of the wind
in the sea are more usable and we can also have systems
to extract energy from the waves, among others.

In these two systems, energy extracted from the wind and
waves is the one on which this study will be based [12—
16].

Wind energy is a sector that is widely developed on land
but is still in the offshore development phase [17,18], but
part of the terrestrial technology is profitable, so the road
ahead is long and its development is more imminent.
Regarding wave energy, it is a less developed technology
and there are numerous prototypes but none are in
operation yet. Offshore wind energy differs in how the
structure is attached to the seabed. We can have different
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types, when we speak of foundations for shallow waters
(less than 30m) we can speak of substructures by
gravity[ 19] or monopile [20]. In the case of greater depths
(between 40 and 70m) we have tripod or jacket [21] type
substructures and in the case of depths greater than 80m we
have the TLP [22], semi-submersible [23] or spar [18,24].
Regarding the systems that provide wave energy, the
technologies used are by means of oscillating water column
(OWC) or by means of oscillating body converters and
overtopping converters [25].

OWC are conversion systems with a semisubmerged
chamber, keeping a trapped air pocket above a column of
water [26]. Waves generate the column to act like a piston,
moving up and down and thereby forcing the air out of the
chamber and back into it. This continuous movement
generates a reversing stream of high-velocity air, which is
channelled through rotor-blades driving an air turbine-
generator group to produce electricity [26]. Examples of
OWC are: Pico [27], LIMPET , Sakata , Mutriku , Ocean
Energy, Sperboy [28], etc.

Oscillating body converters are either floating or submerged
[26]. They exploit the more powerful wave regimes that
normally occur in deep waters where the depth is greater
than 40 m. There are many ways to transform the oscillating
movement into electricity: hydraulic generators with linear
hydraulic actuators, linear electric generators, piston
pumps, etc. [26]. Examples of Oscillating systems are:
AquaBuoy [29,30], Wavebob [31], PowerBuoy , Pelamis
[32,33], AWS, WaveRoller, Oyster, etc.

The aim of the present paper is to analyse the importance of
independent arrays in offshore renewable energy farms. In
this sense, three different scenarios will be considered for a
floating offshore renewable energy farm: (1) it will be
composed only by floating wave energy; (2) it will be
composed only by floating offshore wind energy; and (3) it
will be composed by floating wave energy and floating
offshore wind energy installed in independent arrays.

In the first part of the work, the life cycle of the marine
renewable energy farms is analyzed (analyzing the three
possibilities: wind energy, wave energy and a combination
of'both) and the economic parameters necessary to calculate
its viability. This analysis is carried out for an offshore farm
in northwestern Spain (Galicia) [34]. Once the parameters
have been calculated, it can be seen that of the three cases
analyzed, the most viable is that of offshore wind energy
and the least viable is that of wave energy. This type of
analysis will allow us to opt for the type of clean energy that
provides the most benefits and that helps regenerate the
planet with sustainable energies [35].

2. Methodology
The method proposed is based on three steps:

- Step 1: calculate the life-cycle cost of the offshore
renewable energy farm.

- Step 2: calculate the energy produced by the farm.

- Step 3: calculate the economic parameters associated
to the farm: Net Present Value (NPV), Internal Rate
of Return (IRR) and Levelized Cost Of Energy
(LCOE).
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All of them have been calculated using a software created
in Matlab®.

Step 1 consists in calculating the life-cycle costs of the
renewable energy farm, including design (€1 and C2),
manufacturing (€3), installing (C4), maintaining (C5) and
decommissioning (€6). These costs are different
depending on the type of offshore renewable energy
considered. In this sense, regarding the scenarios
considered (see case of study), cost such as the
manufacturing of the electric cable, the installation
process, the maintenance or the dismantling differ
depending on the type of farm selected. The total costs
(LCSFogrer) are calculated using equation (1) [36].

LCSporer =C1+C2+C3+C4+C5+C6 (1)

Step 2 calculates the energy generated by the farm (E),
whose value depends on the scenario considered: equation
(2) for scenario 1, equation (3) for scenario 2 and equation
(4) for scenario 3. Being E,,, the energy generated by the
wave energy converters and E,,; the energy generated by
the floating offshore wind energy structures.

E=E,, (2)
E=E,; 3)
E=E,,+E,; 4)

Finally, Step 3 calculates the economic parameters linked
to an offshore renewable energy farm such as the NPV
(see equation (5)), the IRR (see equation (6)) and the
LCOE (see equation (7)). Being: I the initial investment,
CF, the cash flow in year n, r the discount rate, Nfqym
the life-cycle of the farm, E,, energy generated in year n.

Nfarm (5)
CF,
NPY=-lo+ ) a+ne
N n=1
farm (6)
0=—I, + z L
0 s (1+IRR)"
n=
ZNfarm LCSroger,, @)
=0 n
LCOE = —— a : r)
Z farm n
n=0 (1+r)"

The project will be economically feasible for low LCOE,
NPV positive and IRR lower than the discount rate.

3. Case of study

Spain has three important offshore areas in terms of
offshore wind resource: Galicia, Andalucia and Canary
Islands [37]. The present paper will analyse the Galicia
region (see Fig. 1), whose strategic location in terms of
shipbuilding infrastructure [38] gives a great value to this
study.
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Portugal

Gibraltar,

Fig. 1. Location selected.
The total power considered for the farm of study is 500
MW.

Moreover, three scenarios will be studied regarding the type
of offshore renewable energy farm (see Table I).

Table 1. — Scenarios studied

SCENARIO 1 2 3
ENERGY W Offshore | Waves + Offshore
RESOURCE Ve | Wind Wind 1A

Scenario 1 considers a farm composed only by floating
wave energy. The wave energy converter selected is
Pelamis [39], which power is 0.75 MW per unit.

Scenario 2 takes into account a farm composed only by
floating offshore wind energy. The offshore wind structure
selected is the WindFloat [40], which unitary power is 5.075
MW. It has a length of 76 m, 6 mooring lines per platform
and 10 m of draft.

Scenario 3 analyses the use of floating offshore co-located
structures [41] using independent arrays (IA) of floating
wave energy converters and floating offshore wind devices.

Finally, a supposed future electric tariff of 190 €/ MWh, a
capital cost of 8% and a life-cycle for the farm of 20 years
were taken into consideration.

4. Results

4.1. SCENARIO 1

Considering only wave energy, results go: from -183.71%
to -110.36% for IRR (see Fig. 2), from -3,926 M€ to -1,895
ME for NPV (see Fig. 3) and from 759.25 €/ MWh to 1,076
€/MWh for LCOE (see Fig. 4). Therefore, for the tariff
considered, floating offshore wave energy will not be
economically feasible for all the regions considered because
their NPV is negative and their IRR is lower than the capital
cost.
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Fig. 2. IRR for Scenario 1.
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Fig. 3. NPV for Scenario 1.
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Fig. 4. LCOE for Scenario 1.

4.2. SCENARIO 2

Considering only floating offshore wind energy, results
go: from -24.39% to 22.21% for IRR (see Fig. 5), from -
1,035 M€ to 1,376 M€ for NPV (see Fig. 6) and from 92.69
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€/MWh to 765.81 €/ MWh for LCOE (see Fig. 7). Therefore,
for the tariff considered, floating offshore wind energy will
be economically feasible for some regions where NPV is

positive and where IRR is higher than the capital cost.
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Fig. 5. IRR for Scenario 2.
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Fig. 6. NPV for Scenario 2.
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Fig. 7. LCOE for Scenario 2.

4.3. SCENARIO 3

Considering two types of floating offshore renewable
energies (floating offshore wind and floating wave energy)
at the same offshore farm, results go: from -134.14% to
12.80% for IRR (see Fig. 8), from -1,338 M€ to 582.34 M€
for NPV (see Fig. 9) and from 137.19 €/MWh to 1,100
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€/MWh for LCOE (see Fig. 10). Therefore, for the tariff
considered, a floating offshore farm with independent
arrays will be economically feasible for some regions
where NPV is positive and where IRR is higher than the
capital cost.
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Fig. 8. IRR for Scenario 3.
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Fig. 10. LCOE for Scenario 3.

4.4. COMPARISON
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Comparing the best results of IRR, NPV and LCOE for the
three scenarios considered (see Table II), it is important to
notice that offshore wind has better values than wave
energy. However, if a mixed farm is built considering wave
energy and offshore wind in an independent array, results
will be better than the case of only wave energy. Therefore,
the presence of floating offshore wind energy in an offshore
renewable energy farm composed by wave energy
converters improves its economic results, doing it more
economically feasible.

Table II. — Comparison of the best values of IRR, NPV and
LCOE for the three scenarios studied.

SCENARIO 1 2 3
ENERGY Waves Offshore Waves + Offshore
RESOURCE Wind Wind TA
IRR (%) -110.36 22.21 12.80
NPV (M€) | -1,895 | 1376 58234
LCOE (€/MWh) | 759.25 92.69 137.19

5. Conclusion

This paper has analysed the importance of independent
arrays in offshore renewable energy farms.

In this context, three different scenarios have been
contemplated for a floating offshore renewable energy
farm: (1) only floating wave energy; (2) only floating
offshore wind energy; and (3) both floating wave energy
and floating offshore wind energy installed in independent
arrays.

The article has suggested a technique to analyse the main
economic parameters of these three scenarios and to analyse
and decide their economic feasibility in terms of NPV, IRR
and LCOE. All of them have been represented as maps of a
particular location.

The case of study has studied a hypothetic offshore
renewable energy farm located in the Galicia region
(Spain), one of Spanish areas with great offshore renewable
energy resources.

Results indicate which of the three scenarios has the best
economic results, that is to use only offshore wind, followed
by the use of floating offshore wind and wave energy with
independent arrays and, finally, the wave energy, which is
not economically feasible at this stage of development.

This document is helpful to compare different floating
offshore renewable energy know-hows in economic terms
and help to take decisions about this new developing sector
in order to reconstruct the post-pandemic European regions.
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