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Abstract: The combined exploitation of wave and offshore wind energy resources is expected to
improve the cost competitiveness of the wave energy industry as a result of shared capital and
operational costs. In this context, the objective of this work is to explore the potential benefits of
co-locating CECO, an innovative wave energy converter, with the commercial WindFloat Atlantic wind
farm, located on the northern coast of Portugal. For this purpose, the performance of the combined
farm was assessed in terms of energy production, power smoothing and levelised cost of energy
(LCoE). Overall, the co-located farm would increase the annual energy production by approximately
19% in comparison with the stand-alone wind farm. However, the benefits in terms of power output
smoothing would be negligible due to the strong seasonal behaviour of the wave resource in the area
of study. Finally, the LCoE of the co-located farm would be drastically reduced in comparison with
the stand-alone wave farm, presenting a value of 0.115 per USD/kWh, which is similar to the levels
of the offshore wind industry as of five years ago. Consequently, it becomes apparent that CECO
could progress more rapidly towards commercialisation when combined with offshore wind farms.

Keywords: marine renewable energy; offshore wind energy; wave energy; CECO; WindFloat Atlantic;
co-located wind–wave farm

1. Introduction

In recent years, concerns related to climate change and energetic sustainability have
prompted different policies (e.g., Paris Agreement [1], 2030 Agenda for Sustainable De-
velopment [2] and EU’s Green Deal [3]) to foment a transition towards a sustainable and
carbon-neutral economy. Within the emerging renewable energy sources, marine renewable
energy (MRE), which presents a vast, geographically diverse and virtually untapped re-
source (up to 32 TW [4]), is expected to play a crucial part in achieving the above-mentioned
goals. Previous studies have analysed the potential benefits of developing a fully fledged
MRE industry [5]. First of all, MRE could contribute to increasing and diversifying the
current low-carbon generation portfolio (in the order of 330 and 550 GW by 2050 [5]).
Second, MRE could supply a significant share of future energy demands (e.g., up to 10% of
EU’s energy needs by 2050 [5]). Finally, MRE appears as a fantastic opportunity to develop
a new industrial sector and boost the economy of coastal regions, contributing to their
long-term sustainability [5].

Among the large variety of MRE sources, offshore wind and wave energy have at-
tracted greater interest from the academic and industrial communities [6]. On the one hand,
offshore wind energy, with an estimated global resource of 71,000 GW, has experienced
substantial growth over the last decade. In 2020, offshore wind capacity has exceeded

J. Mar. Sci. Eng. 2022, 10, 267. https://doi.org/10.3390/jmse10020267 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse10020267
https://doi.org/10.3390/jmse10020267
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-5507-0995
https://orcid.org/0000-0003-0930-6658
https://orcid.org/0000-0002-7846-8311
https://orcid.org/0000-0002-0733-8851
https://orcid.org/0000-0002-3768-3314
https://orcid.org/0000-0003-4337-8428
https://doi.org/10.3390/jmse10020267
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10020267?type=check_update&version=2


J. Mar. Sci. Eng. 2022, 10, 267 2 of 22

35 GW, representing 4.8% of the global wind capacity [7]. In this context, the EU appears as
a global front-runner, presenting an installed capacity of 24.92 GW [8] and future goals to
reach between 230 and 450 GW by 2050 [9]. Several factors, including developer experi-
ence, standardisation of turbine foundations, improvements in wind turbine technology,
better practices during installation and maintenance operations, and economies of scale
have all contributed to this rapid development [10]. As result, in the period between
2010 and 2020, the levelised cost of energy (LCoE) has dropped by 48%, from 0.162 to
0.084 USD/kWh [10]. However, significant progress is still required to make offshore wind
energy cost-competitive with other renewable sources, such as onshore wind or solar PV,
which present LCoE values of 0.039 and 0.059 USD/kWh, respectively [10]. For this pur-
pose, the offshore wind industry is trending towards deeper water locations, which present
stronger wind conditions [7], and floating turbines with higher hub heights and longer
blades, which present larger power capacity [11].

On the other hand, wave energy, despite presenting a large and globally diverse re-
source [12], is still far from reaching the commercialisation stage [13]. This fact is intimately
connected to the lack of progress of wave energy converter (WEC) technology. Over the last
two decades, a multitude of WEC concepts, based on different working principles, has been
put forward. Among them, point absorbers (e.g., CorPower [14,15]), overtopping devices
(e.g., Wavedragon [16] and Wavecat [17]), oscillating water columns [18,19], attenuators
(e.g., Pelamis [20]), as well as oscillating wave surge (e.g., Oyster [21]) and submerged
differential pressure (e.g., CETO [22]) devices, stand out. However, the great majority of
them are still present at low technology readiness levels, far from commercial viability [23].
As a result, LCoE values for wave energy are approximately ten times higher than other
renewable sources such as onshore wind and solar PV [24]. In consequence, significant
effort is still required to increase the cost competitiveness of wave energy. In this context,
improving WEC performance and reliability becomes essential to decrease the associated
LCoE. In addition, the negligible development of WEC technology has inevitably led to
a lack of industrial expertise in terms of supply chain, logistics and operational tasks
(including WEC deployment, maintenance, grid integration and decommissioning) [25].

On these grounds, it becomes apparent that offshore wind and wave energies present
certain similarities in terms of exploitation locations, conversion technologies, operation
and maintenance tasks, grid integration and logistics [26]. Consequently, potential syn-
ergies between the two energy forms could contribute to improving significantly their
cost competitiveness [27]. Among the different methodologies available to exploit simul-
taneously offshore wind and wave energy resources, co-located wind–wave arrays have
emerged as the most feasible option [6]. This approach offers valuable mutual benefits
for wind and wave operations [28]. First, a huge opportunity for shared costs arises [29].
Concerning capital costs, wind and wave operations could share expenses in terms of sea
space leasing, consenting procedures, electrical infrastructure (export cable, offshore and
onshore substations) and onshore facilities [30]. In addition, operational costs can also be
reduced by sharing logistics and integrating operation and maintenance tasks [31]. In this
context, Astariz et al. observed that, for the German and Danish coasts, co-located wave
energy farms presented LCoE reductions ranging between 55 and 70%, with respect to
stand-alone wave farms [32,33]. Another benefit of combining wind and wave exploita-
tion is the reduction in power output variability (i.e., power smoothing) of offshore wind
farms [34]. This fact is supported by the higher predictability of wave conditions and the
lag between peak wind speeds and peak wave heights (especially in regions dominated
by swell waves) [35,36]. In this sense, Astariz et al. found reductions in downtime and
power variability for the North Sea Alpha Ventus and Horns Rev offshore wind farms of
approximately 87 and 6%, respectively, due to the presence of co-located wave farms [37].
Similarly, Gaughan and Fitzgerald found that, in the Irish West coast, the power variability
of offshore wind farms could be significantly reduced by the co-location of wave energy
farms [38]. On the other hand, the operation of a co-located WEC array may result in sig-
nificant wave height reductions in its lee (known as the shadow effect [33,39]), facilitating



J. Mar. Sci. Eng. 2022, 10, 267 3 of 22

accessibility and maintenance operations of wind farms [40]. For instance, Astariz et al.
found that the sheltering effect of co-located wave farms could increase up to 20% the
annual accessibility to offshore wind farms located in the North Sea [33,41]. Last but not
least, a transfer of knowledge, including industrial best practices and operational standards,
could flow from the wind to the wave energy sectors.

In consequence, certain WEC technologies (mainly offshore floating devices) could
progress more rapidly towards commercialisation if they were used as a co-located solution
for offshore wind farms, benefiting from the offshore wind industry as result of cost sharing
and transfer of knowledge. Among the different WEC technologies that could benefit
from the synergies with the offshore wind industry is the CECO device [42]. CECO is a
novel WEC concept that simultaneously harnesses the kinetic and the potential energy
of the waves by means of oblique motion (Section 2.2.1). As a result of this innovative
configuration, CECO has shown a promising potential for harnessing wave energy [43].
Furthermore, CECO presents a broad range of operating water depths, making it suitable
for co-location with offshore wind farms. Against the foregoing backdrop, the objective of
this paper is to assess the effectiveness and potential benefits of co-locating the CECO device
with a commercial floating offshore wind farm. In this context, the performance of CECO
as a co-located solution was assessed in terms of energy output, power smoothing and
LCoE reductions. To date and to the best knowledge of the authors, no previous research
has addressed these issues in detail. For this purpose, the northern coast of Portugal, where
the WindFloat Atlantic offshore wind farm is located [44], was used as case study (Figure 1).
This region, facing the North Atlantic, presents one of the most energetic wind and wave
regimes in continental Europe [45,46]; therefore, it appears as a promising location for
exploiting both the offshore wind and wave energy resources.

The remainder of this paper is structured as follows: Section 2 describes the area
of study and the characteristics of wave (CECO) and wind conversion technologies and
presents the methodology used to evaluate the effectiveness of the proposed co-located
wind–wave array. Section 3 presents the results obtained. Section 4 discusses the main
advantages and disadvantages of the proposed co-located wind–wave array. Finally,
conclusions are drawn in Section 5.

Figure 1. Location of the area of study. (Colour lines represent the bathymetric isolines. Red and
magenta dots highlight the position of the SIMAR dataset and wind turbines, respectively. Blue
dashed line represents the allocated sea space for the WindFloat Atlantic farm. Red dashed line
represents submarine cables area).

2. Materials and Methods
2.1. Area of Study

For the present work, the WindFloat Atlantic offshore wind farm was used as a case
study [44]. Located off the northern coast of Portugal (Figure 1), the water depth and
distance to shore are in the order of 100 m and 15 km, respectively. WindFloat Atlantic is
composed of three turbines (of 8.4 MW each) mounted on semi-submersible floating plat-
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forms anchored to the seabed. The turbines are aligned in a west–east direction, separated
by approximately 600 m. It is worth pointing out that the allocated sea surface for the wind
farm spans an area of 11.25 km2 (Figure 1), opening the possibility for future wind farm
expansions or co-location of WEC arrays. Finally, WindFloat Atlantic has available excellent
port infrastructures. For the day-to-day operation and maintenance tasks, a base was set up
in the the Port of Viana do Castelo, which is located at a 20 km distance. For manufacturing
and assembly purposes, the outer Port of Ferrol (Spain), located approximately at 270 km
distance, appears as an excellent alternative [47].

Besides its outstanding wind energy resource [45], the northern coast of Portugal
also presents a very energetic wave climate, with mean annual values of wave power (per
meter of wave front) in the order of 25 kWm−1 [48]. Nonetheless, the wave regime of the
region also presents a strong inter- and intra-annual variability [46,48]. This behaviour
is governed by the North Atlantic Oscillation (NAO), which corresponds to a large scale
meridional oscillation of atmospheric mass between the Azores High and the Iceland
Low. Its behaviour is defined by the so-called NAO index that can be positive or negative,
corresponding to a high or low pressure difference between the Azores High and the
Iceland Low, respectively. Therefore, periods with positive NAO values result in strong
wave regimes with a predominant north–west direction. Conversely, periods with negative
NAO values derive into weaker wave regimes shifted towards a more westerly direction. As
a result, the mean seasonal values of wave power range from summer to winter conditions
from 10 kWm−1 to 45 kWm−1, respectively [46,48]. In consequence, this area appears as a
perfect location for the installation of co-located wave-wind arrays, therefore, for evaluating
their potential benefits and synergies under a wide range of wave conditions.

2.2. Co-Located Wave–Wind Farm
2.2.1. Energy Conversion Technologies

This section presents the wave and wind conversion technologies considered for the
present work. With the aim of capturing wave energy, the CECO device was used as case
study. CECO is a (oscillating body) point absorber WEC, whose main novelty resides in
presenting a sloped power take-off (PTO) system [49]. This PTO configuration allows it
to capture both the vertical and horizontal force components of ocean waves [50,51]. In
consequence, wave energy is absorbed by a floating body with its motions restrained to an
inclined direction. The main elements of the floating body are two lateral mobile modules
(LMMs) joined by a frame of tubular elements. In its current version, CECO uses a rack
pinion system to transform the absorbed energy into electricity (Figure 2). Therefore, the
pinion is housed in the interior of the supporting element, while the rack is mounted on the
floating frame and oscillates with it, driving a rotatory electric generator. Nonetheless, for
future designs, a gearbox linked to the pinion or a linear electric generator may be adopted
to reduce the energy losses in the transmission and generation stages of CECO [43].

Over the last five years, extensive research has been conducted to refine the original
CECO design. First, the shape and mass of the LMMs have been optimised to improve the
hydrodynamic response of CECO [52,53] and, consequently, increase the power absorption
for a wider range of wave conditions [42]. Furthermore, it was found that both the PTO
damping [54] and inclination [55] also play a predominant role in CECO’s response. In
consequence, relevant variables related to the LMMs (mass and submergence levels) and
PTO system (damping and inclination) could be adjusted (by a control system) to match
the resonance condition of the most frequent sea states, thus improving CECO’s power
absorption.

In addition, CECO offers high flexibility in terms of installation. For nearshore lo-
cations (<30 m of water depth), the original CECO design was based on a fixed-bottom
support structure (monopile, tripod or jacket foundations). However, for deeper locations,
the use of a fixed support structure becomes economically unfeasible; therefore, a floating
support structure is required. In this context, the floating version of CECO was designed
and optimised for the wave conditions of the Portuguese coast, using an operational-limit
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sea state of Hs = 7.5 m and Tp = 16 s, with a configuration based on a tension leg platform
with a star-shape mooring system offering the best results in terms of energy production
and mooring loads (Figure 2) [56]. For the present work, the floating version of CECO
defined by Giannini et al. [56] was used as case study. The main design characteristics
of the device are summarised in Table 1, while its (absorption) power matrix is shown in
Figure 3.

Figure 2. Main parts of the CECO device for offshore installations.

Figure 3. Power matrix of CECO device. (Numbers represent the mean power production for each
sea-state bin. Colourmap represents the power produced for the different sea states).
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Table 1. Main design characteristics of CECO wave energy converter.

Parameter Value

PTO inclination angle (°) 30
LMM inclination (°) 45

LMM length (m) 9.52
LMM width (m) 6

LMM maximum stroke (m) 15
LMM mass (ton) 288

Overall width (m) 22
PTO rated power (MW) 0.5

Regarding wind conversion technology, WindFloat Atlantic uses the MHI-Vestas V164-
8.3 MW offshore wind turbine, which, to date, appears as the most powerful turbine used
for a floating wind farm [57]. As indicated in Section 2.1, the turbines are mounted on
an innovative three-column semi-submersible floating structure (WindFloat ® [58]), which
is anchored to the seabed. The floating structure achieves stability by combining the use
of damping plates with a static and dynamic ballast system. As a result, the mounting
structure is able to withstand wave heights and wind speeds exceeding 17 m and 100 kmh−1,
respectively [58,59]. Due to the lack of detailed technical information, for the present work,
the Vestas V164-8.0 MW wind turbine was used as case study, since its characteristics are
very similar to the MHI-Vestas V164-8.3 MW. The main technical specifications and power
curve of the wind turbine are shown in Table 2 and Figure 4, respectively [60].

Figure 4. Power curve of Vestas V164-8.0 MW wind turbine.
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Table 2. Main technical specification of the Vestas V164-8.0 MW wind turbine.

Parameter Value

Rated power (MW) 8.0
Rotor diameter (m) 164

Hub height (m) 105
Cut-in wind speed (ms−1) 4
Rated wind speed (ms−1) 13

Cut-off wind speed (ms−1) 25
Survival wind speed (ms−1) 50

Based on Figure 4, the power curve of the Vestas V164-8.0 MW turbine can be expressed
analytically as follows:

P(V) =


0, V < VI(

anVn + an−1Vn−1 + ... + a2V2 + a1V + a0
)
, VI ≤ V < VR

PR, VR ≤ V < V0

0, V ≥ V0

(1)

where an, an−1, ..., a2, a1, a0 are the polynomial coefficients of the power curve, while VR and
PR are, respectively, the rated velocity and rated power of the wind turbine (Table 2). In
this case, the values of the polynomial coefficients, obtained from a sixth order polynomial
regression fit, are summarised in Table 3.

Table 3. Polynomial coefficients of the Vestas V164-8.0 MW power curve.

Parameter Value

a6 (m−6s6) 1.493 × 10−1

a5 (m−5s5) −7.358
a4 (m−4s4) 1.418 × 102

a3 (m−3s3) −1.367 × 103

a2 (m−2s2) 7.028 × 103

a1 (m−1s) −1.794 × 104

a0 (−) 1.751 × 104

2.2.2. Layout Design

In this section, a preliminary design for the co-located CECO array is proposed. The
array, with a total capacity of 5 MW, is formed by a single row of devices, which follows a
curvilinear trajectory oriented to the prevailing NW wave direction (Figure 5). Due to the
lack of previous research dealing with the CECO park effects, a conservative separation of
330 m (approximately 15 times the overall width of CECO) between devices was chosen.
The distance between the wave and wind arrays was set to be higher than 800 m, with
the aim of avoiding potential disruptions during operational and maintenance tasks. As
a result, it was assumed that wave and wind arrays do not share mooring or structural
elements. In addition, the proposed design ensures that all CECO devices lie inside the
allocated sea space for the WindFloat Atlantic wind farm, saving extra cost in terms of
sea-space consenting and leasing. It is worth mentioning that the optimal design of the
array, in terms of energy output and shadow effect [61], is beyond the scope of this work;
therefore, the array was designed to assess the feasibility of CECO as a co-located solution.
Finally, the main characteristics of the co-located wave–wind farm are summarised in
Table 4.



J. Mar. Sci. Eng. 2022, 10, 267 8 of 22

Table 4. Main characteristics of the co-located wind–wave farm.

Parameter Value

Number of WECs 10
Number of wind turbines 3

Rated power of WEC array (MW) 5
Rated power of wind turbine array (MW) 24

Rated power of co-located farm (MW) 29
Spacing between WECs (m) 330

Spacing between wind turbines (m) 600
Water depth (m) 95

Figure 5. Spatial distribution of the proposed co-located wave-wind farm. (Colour lines represent
the bathymetric isolines. Red and magenta dots highlight the position of WECs and wind turbines,
respectively. Black dashed line represents the allocated sea space for the WindFloat Atlantic farm).

2.3. Performance Assessment of the Co-Located Wave-Wind Farm

This section presents the methodology used for assessing the performance of the co-
located wave–wind farm proposed in Section 2.2. The methodology focuses on evaluating
the energy output of the co-located wind–wave farm in comparison with the individ-
ual wind and wave farms (Section 2.3.1), the reduction in power production variability
(Section 2.3.2) and the potential LCoE reductions (Section 2.3.3).

2.3.1. Energy Output

The energy output produced by the co-located wind–wave farm (Eww f ) can be ex-
pressed as

Eww f = Ewnd f + Ewav f , (2)

where Ewnd f and Ewav f are the energy outputs produced by the wind and wave farms,
respectively. In this sense, the energy production of the wind farm is calculated as follows:

Ewnd f = nwtEwt, (3)

where nwt is the total number of wind turbines and Ewt is the energy output produced by
an individual wind turbine, which can be computed as
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Ewt = T
∫ V0

Vi

P(V) f (V)dV, (4)

where T is the period of time considered, Vi and V0 are, respectively, the cut-in and cut-off
velocity values of the turbine, P(V) is the power curve of the wind turbine (Equation (1))
and V the wind velocity at the hub height of the wind turbine. Assuming a logarithmic
wind velocity profile, V can be obtained as

V = Vz0

(
z
z0

)α

, (5)

where z is the hub height, Vz0 is the wind speed at a reference height z0 (in this case,
a 10 m height) and α is an empirical coefficient that depends on the surface roughness
characteristics. Based on previous studies on the region, a value of α = 0.056 was used [62].
Finally, f (V) is the wind probability distribution. For the present work, the well-known
Weibull distribution was used. Therefore, f (V) can be expressed as

f (V) =
k
c

(
V
c

)(k−1)
e−(

V
c )

k
, (6)

where k and c are the so-called scale and shape parameters of the Weibull distribution,
respectively. In consequence, combining Equations (1), (4) and (6), Ewt can be expressed as

Ewt = T
{∫ VR

Vi

(
anVn + an−1Vn−1 + ... + a1V + a0

) k
c

(
V
c

)(k−1)
e−(

V
c )

k
dV

+
∫ V0

VR

PR
k
c

(
V
c

)(k−1)
e−(

V
c )

k
dV
}

,

(7)

On the other hand, the energy output produced by the wave farm Ewav f can be
expressed as

Ewav f = nwecEwec, (8)

where nwec is the total number of WECs forming the wave farm and Ewec is the energy
output produced by an individual WEC, which can be calculated according to Equation (9).

Ewec =
n

∑
i=1

PiOi, (9)

where Pi is the power generated by the WEC for the i-th sea state (Figure 3) and Oi is the
occurrence for a certain reference period (year, month or day) of the i-th sea state.

To compute the energy production of the farms, the wind and wave conditions of the
area of study were obtained from the SIMAR datasets. SIMAR is an hourly re-analysis
dataset managed by the Spanish Port Authority (Puertos del Estado), which covers the
period from 1958 to date. Wind and wave conditions were computed for the North
Atlantic and the Mediterranean Sea, with a spatial resolution of 0.25°× 0.25°, by means of
joint numerical modelling of atmospheric, sea level and wave conditions [63]. From the
SIMAR dataset, hourly wind and wave data, covering the period from 1 January 1960 to 31
December 2020, were obtained for the location highlighted in Figure 1. This large number
of data allowed us to estimate the energy outputs on an annual and monthly bases. Finally,
due to the simplicity of the proposed co-located wind–wave array (Section 2.2.2), the wave
and wind park effects were not considered when computing energy production.

2.3.2. Power Smoothing

The contributions of the CECO array to reduce the power output variability of the
WindFloat Atlantic farm was assessed by means of the Power Smoothing Index (PSI) [62],
which can be computed by means of Equation (10).
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PSI =

{CVwnd−CVwnd−wav
CVwnd

, CVwnd > CVwnd−wav

0, CVwnd ≤ CVwnd−wav
(10)

where CVwnd and CVwnd−wav are the variation coefficients for the energy outputs of the
wind and co-located wind–wave farms, respectively. Overall, PSI values range in a scale
from zero to one. Therefore, a PSI value of one indicates that the power variability, for a
certain reference period, is eliminated. Conversely, PSI values close to zero indicate that
reductions in power output variability are almost negligible.

2.3.3. Cost Benefits

With the aim of assessing the potential cost benefits of the co-located wind–wave
farm proposed in Section 2.2.2 (Figure 5), the LCoE was computed and compared for three
different scenarios, the stand-alone wind farm (WindFloat Atlantic), the stand-alone wave
farm (CECO array) and the co-located wind–wave farm. For this purpose, the analytical
cost model proposed by Clark et al. [30], which was developed ad hoc for co-located
floating wind–wave farms, was used. The model computes the LCoE using a life-cycle cost
approach [30].

LCoE =
∑T

t=0
Ct

(1+r)t

∑T
t=0

Et
(1+r)t

, (11)

where T is the lifespan of the project in years; Ct and Et are the costs and energy output for
the t-th year of the project, respectively; and r is the discount rate, which can be computed as

r =
rin f lation + rloan

1 − rin f lation
, (12)

where rin f lation and rloan are the inflation and loan rates, respectively. Following the work
of Clark et al. [30], for the present study, values of 2% inflation rate and 10% loan rate were
used. With respect to the costs, Clark et al. [30] classified them into four main categories,
pre-installation (Cprei), implementation (Cimp), operational (Cop) and decommissioning
costs (Cdecm).

Ct = Cprei + Cimp + Cop + Cdecm, (13)

Pre-installation costs include expenses related to market analysis, resource and feasibil-
ity assessment, site selection, metocean data acquisition, engineering design and consenting
and licensing procedures. For this cost item, Clark et al. [30] suggested the use of different
values found in the literature. For the present work, the value of USD 250,000 per installed
MW, proposed by Myhr et al. [64], was considered.

On the other hand, implementation costs include expenses covering the design (Cdesgin),
construction (Cconst) and installation (Cinst) of conversion technologies and electrical subsys-
tems, such as substations (Csubstat), as well as inter-array and export cables (Ccable).

Cimp = Cdesign + Cconst + Cinst + Csubstat + Ccable, (14)

Table 5 summarises the analytical expressions proposed by Clark et al. [30], for each
of the sub-costs of Equation (14).

With regards to the operational costs, these include O&M (CO&M), administrative(Cadm)
and insurance (Cins) expenses.

Cop = CO&M + Cadm + Cins, (15)

Similarly, the values and analytical expressions proposed by Clark et al. [30], for each
of the sub-costs of Equation (15), are summarised in Table 6.
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Table 5. Values and analytical expressions proposed by Clark et al. [30] for implementation costs
of wind and wave energy farms (lmoor, length of the anchoring and mooring lines; larray, length of
inter-array cable; lexport, length of export cable).

Costs (USD) Wind Wave

Conversion technology
Design Cdesign = 240, 000 Cdesign = 240, 000

Construction Cconst = 1096[1350PR + nwt(511 + lmoor)] Cconst = 1, 519, 037nwec
Installation Cinst = 977, 620(nwt + nwec)

Electrical systems Substation Csubstat = 20, 000(100 + PR)
Cable Ccable = 307(larray + 1.60lexport)

Table 6. Values and analytical expressions proposed by Clark et al. [30] for operational costs of wind
and wave energy farms (rins, insurance rate of the project).

Costs (USD) Wind Wave Co-Located Wave–Wind

O&M CO&M,wt = 133, 000PRT CO&M,wec = 228, 564PRT CO&M = 0.82(CO&M,wt + CO&M,wec)
Administrative Cadm = 3, 000, 000

Insurance Cins = rinsCt

Finally, decommissioning costs can be computed according to Equation (16).

Cdecm = rdecmCt, (16)

where rdecm is the decommissioning rate, which, for the present work, was set to 3% [30].
For further details of the cost model, the readers are referred to the work of Clark et al. [30].

3. Results
3.1. Energy Output

The energy output produced by the wind, wave and co-located farms was computed
on annual (Section 3.1.1) and monthly (Section 3.1.2) bases, using the methodology pre-
sented in Section 2.3.1.

3.1.1. Energy Output: Annual Scenario

For the stand-alone wind farm, the hourly wind velocities at the hub height (105 m)
of the wind turbine were computed by means of Equation (5) from the SIMAR reanalysis
datasets (Section 2.3.1) and then fitted to the Weibull probability density function, as can
be observed in Figure 6. Overall, the wind distribution presents its largest frequency for
wind speeds in the order of 7 ms−1, ensuring the operation of the Vestas V164-8.0 MW
wind turbine for more than 78% of annual hours. Furthermore, the fraction of time for
which the turbine operates at its rated power exceeds 9%, representing approximately 630
annual hours. On these grounds, the annual energy production of the wind farm was
obtained combining Equations (3) and (7), yielding a value of 70.44 gigawatt hours per
year (GWh/a). This value is in good agreement with the annual energy output reported by
WindFloat Atlantic during its first year of operation [65].

On the other hand, the SIMAR hourly records of wave data (spanning from 1 January
1960 to 31 December 2020) were used to assess the wave energy resource in the area of study.
For this purpose, the omni-directional wave energy matrix (Figure 7) was constructed in
terms of significant wave height (Hs), peak period (TP) and annual number of hours of
occurrence (Oi). In general, the most recurrent sea states are concentrated in the range of
1–3 m of Hs and 9–13 s of TP. However, the bulk of wave energy shifts towards the region
of 2–5 m of Hs and 9–15 s of TP, with some sea states exceeding values of 20 MWhm−1. On
these grounds, the annual energy production of the wave farm was computed by combining
the CECO and wave resource matrices as indicated in Equations (8) and (9). Therefore, the
annual energy output of the wave farm resulted as 13.52 GWh/a.

As a result, the co-located wind–wave farm yields a total annual energy produc-
tion of approximately 84 GWh/a, with the wind and wave farms contributing 84% and
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16%, respectively. Finally, Table 7 summarises the values and contributions of the energy
production for the annual scenario.

Figure 6. Observed wind data (histogram) and Weibull probability density function (red line) for the
annual scenario (k and c are the annual scale and shape parameter values of the Weibull distribution).

Figure 7. Wave resource energy matrix. (Colourmap represents the annual energy per meter of wave
front and the numbers represent the occurrence in annual hours for each sea state (Oi)).
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Table 7. Annual energy production for the co-located and stand-alone wind and wave farms.

Parameter Value

Energy output of single wind turbine (GWh) 23.48
Energy output of wind farm (GWh) 70.44

Energy output of single CECO (GWh) 1.35
Energy output of wave farm (GWh) 13.52

Energy output of co-located wind–wave farm (GWh) 83.96

3.1.2. Energy Output: Monthly Scenario

Following the methodology presented in the previous section, the monthly energy
production was computed for the stand-alone and co-located wind and wave farms. For
the stand-alone wind farm, the SIMAR wind records were used to obtain the monthly
Weibull probability density functions, which are shown in Figure 8. In general, the wind
distribution presents a homogeneous behaviour across the different months of the year,
with the most recurrent wind speeds located between 5.5 and 7 ms−1. As a result, the
percentage of time for which the turbine is operating, ranges from 82% in January to 70%
in September. Conversely, the fraction of time for which the turbine operates at its rated
power varies significantly during the year, from 12% in January and December to only 3%
in September. According to Equations (3) and (7), the monthly energy production of the
wind farm was computed and is presented in Figure 9. As expected, with the exception
of September, a uniform monthly energy production, ranging from 7.20 GWh to 5.5 GWh,
was obtained.

Figure 8. Observed wind data (histogram) and Weibull probability density function (red line) for
the monthly scenario (k and c are the monthly scale and shape parameter values of the Weibull
distribution).

For the case of the wave farm, the SIMAR wave records were used to characterise the
wave resource on a monthly basis. Therefore, the omni-directional monthly wave energy
matrices were constructed and plotted in Figure 10. Overall, the wave energy resource
presents a strong seasonal variability. For the winter months (January, February, March and
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December), the bulk of wave energy is concentrated in the range of 2–5 m of Hs and 9–15 s
of TP, with some sea states exceeding monthly energy values of 4 MWhm−1. Conversely,
for the summer months (from June to August), the wave energy resource is significantly
lower, with a very limited number of sea states exceeding 1 MWhm−1, which is mainly
concentrated in the range of 1–3 m of Hs and 5–13 s of TP. Again, combining the CECO
and wave resource matrices (Equations (8) and (9)), the monthly energy output of the wave
farm was computed and plotted in Figure 9. As expected, energy production presents a
strong intra-annual variability, ranging from 1.57 GWh in January to 0.67 GWh in July.

Figure 9. Monthly energy output for the stand-alone and co-located wind and wave farms.

On these grounds, the monthly energy production of the co-located wind–wave farm
is presented in Figure 9. In general, the energy output varies significantly across the year.
During the winter period, the production is in the range from 7.5 to 8.5 GWh, while, for the
summer months is in the order of 5–6.5 GWh. This behaviour is strictly related to the strong
intra-annual variability of the wave energy resource (Figure 10). For instance, during the
winter months, the energy output of the wave farm represents, approximately, from 20
to 25% of the wind farm. This fact highlights the potential of CECO in terms of energy
production, considering that the installed capacity of the wave farm is a fifth of the wind
farm. However, for the summer months, the wave farm barely represents 10% of the wind
farm energy output. All in all, the presence of the co-located wave farm would increase
the overall energy production up to 23% and 10% during the winter and summer months,
respectively.

In addition, the monthly variation in the capacity factor for the stand-alone and co-
located wind and wave farms is shown in Figure 11. Overall, the wind farm presents a
low intra-annual variability in the capacity factor, with its values ranging between 0.41
and 0.30, with the exception of September, with the lowest value of 0.24. This fact is in
good agreement with the homogeneous monthly distribution of the wind resource shown
in Figure 8. On the other hand, the capacity factor of the wave farm presents a strong
intra-annual variability (ranging from 0.42 in the winter months to 0.17 in the summer
months), which is coherent with the seasonal behaviour of the wave resource in the area
of study (Figure 10). It is worth pointing out that, for the winter months, the capacity
factor of the wave farm exceeds the values obtained for the wind farm. This fact is due to
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the relatively small electric generator used by the CECO device (500 kW). Finally, for the
co-located wind–wave farm, the capacity factor is similar to the stand-alone wind farm,
with the highest discrepancies present in the summer months, for which the low values of
the wave farm hinder the overall capacity factor of the co-located farm.

Figure 10. Wave resource energy matrix. (Colourmap represents the monthly energy per meter of
wave front and the numbers represent the occurrence in annual hours for each sea state (Oi)).

3.2. Power Smoothing

From the results presented in Figures 9 and 11, it becomes apparent that the presence
of the co-located wave farm would be counterproductive to reduce the variability in the
intra-annual energy produced by the wind farm. In this context, the power output for
the stand-alone wind farm presents a variation coefficient of CVwnd = 0.76 , while the
combined wind–wave farm presents a value of CVwnd−wav = 0.75. Therefore, according to
Equation (10), the power smoothing index (PSI) would be close to zero, confirming that
the co-located wave farm has no positive effects in smoothing the power output of the
wind farm. This fact is mainly due to the combination of the strong seasonal behaviour of
the wave resource in the area of study (Figure 10) and the present stage of development
of CECO, which must be optimised to improve its efficiency and energy production for
milder wave conditions [46].

3.3. LCoE Analysis

The LCoE associated with the wind, wave and co-located farms was assessed using
the analytical cost model proposed by Clark et al. [30], which is described in detail in
Section 2.3.3. In this context, Table 8 summarises the main input values of the LCoE
model used in the present work. It is important to note that the most conservative values
proposed by Clark et al. [30] were taken for parameters, such as inflation, loan, insurance
and decommissioning rates.
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Figure 11. Monthly capacity factor for the stand-alone and co-located wind and wave farms.

Table 8. Input parameters for the LCoE model.

Parameter Value

Lifespan (years) 20
Inflation rate, rin f lation (%) 2

Loan rate, rloan (%) 10
Insurance rate, rins (%) 2

Decommissioning rate, rdecm (%) 3
Length of mooring wind farm (m) 2700
Length of mooring wave farm (m) 6252

Length of mooring co-located farm (m) 8952
Length of inter-array cable wind farm (km) 1.2
Length of inter-array cable wave farm (km) 2.8

Length of inter-array cable co-located farm (km) 5.2
Length of export cable (km) 20

For the stand-alone wind farm, an LCoE of 0.096 USD/kWh was obtained, which
is in good agreement with the values reported by the floating offshore wind energy in-
dustry [66,67]. Figure 12 summarises the pre-installation, implementation, operation and
decommissioning costs per megawatt of installed capacity. As expected, the implementa-
tion and operation stages account for the majority of the total costs, representing 41% and
52%, respectively. The remainder costs are split between the pre-installation (4.47%) and
decommissioning (2.92%) stages.

On the other hand, the LCoE obtained for the stand-alone wave farm was
0.347 USD/kWh, which is in line with previous works dealing with the LCoE assess-
ment of wave energy farms [30]. In comparison with the wind farm, the total cost, per
megawatt of installed capacity, would increase by 68%. This fact is explained by the low
maturity level of the wave energy industry, which is especially relevant for the installation,
operation and maintenance tasks (Figure 12). In consequence, it can be concluded that a
CECO wave farm is not yet ready for full commercial exploitation. Nonetheless, CECO
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is still at an early stage of development; therefore, significant LCoE reductions could be
achieved by the optimisation of its design and the economy-of-scale effect.

Finally, the co-located wave–wind farm yields an LCoE of 0.115 USD/kWh, which rep-
resents a substantial reduction (up to 200%) in comparison with the stand-alone wave farm.
As can be observed in Figure 12, the largest savings are concentrated in the implementation
and operation costs. On the one hand, for the implementation stage, expenses are reduced
by 39%, taking advantage of the shared electrical infrastructures such as the offshore and
onshore substations and the export cable. On the other hand, operation costs present
reductions in the order of 44%, as a result of shared administration, operation, maintenance,
transport, insurance and facility costs. Considering the total cost per megawatt of installed
capacity, the results are even more encouraging. In this context, the co-located wave–wind
farm would present a similar total cost (per megawatt) to that of the stand-alone wind farm
and a reduction of 41% in comparison with the stand-alone wave farm. Consequently, from
the economic point of view, CECO appears as a feasible option to be used in a co-located
wave–wind farm.

Figure 12. Costs per megawatt of the stand-alone and co-located wind and wave farms.

4. Discussion

This section presents a discussion related to the main aspects tackled in this investiga-
tion, namely, (i) the comparative analysis between the stand-alone wave and wind farms
and (ii) the potential benefits derived from the co-located wave–wind farm.

First of all, the results obtained in Sections 3.1.1 and 3.1.2 confirm the promising
potential of the CECO concept to harvest wave energy. In annual terms, the energy output,
per megawatt of installed capacity, of CECO is larger than the one produced by the offshore
wind turbine (Table 7). This fact is especially noticeable during the winter months (Figure 9).
It is noteworthy to point out that the annual performance of CECO is clearly hindered by the
strong seasonal variability in the wave resource in the area of study (Figure 10). Therefore,
in locations with a more homogeneous intra-annual wave resource, the performance of
CECO could be even better. In terms of LCoE, the values obtained for the stand-alone CECO
farm are aligned with the trends observed for the wave energy industry (i.e., approximately
ten times higher than traditional renewable sources). Consequently, at its current stage,
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CECO is not viable from the commercial point of view. Nonetheless, CECO is still at an
early stage of development; therefore, the design optimisation of mooring systems, device
geometry, PTO configuration and control strategies may result in significant reductions in
the associated LCoE. Furthermore, mass production of the CECO device would contribute
to decreasing, even more, its associated costs due to the economy-of-scale effect.

On the other hand, the results obtained proved that, in combination with offshore
wind farms, CECO could progress more rapidly towards commercialisation. In comparison
with the stand-alone CECO farm, the LCoE value obtained for the co-located wave–wind
farm (0.115 USD/kWh) is almost three times lower. This value is similar to the LCoE of
the offshore wind industry as of five years ago [8]. Therefore, the proposed co-located
CECO–wind farm would be on the edge of commercial viability. These results appear even
more encouraging when considering that a preliminary layout was used for the CECO farm,
since its optimum design is beyond the scope of this work. Furthermore, it is worth noting
that the LCoE model [30] was applied without considering any discount method, such as
the so-called learning rates, and taking conservative values for parameters, such as inflation,
loan, insurance and decommissioning rates. On the other hand, it is important to point out
that the cost model developed by Clark et al. (2019) presents certain limitations, which may
contribute to uncertainties in the LCoE estimations [30]. Therefore, the results presented in
the present work should be taken as a first approximation and a more accurate estimation
of the LCoE would require the use of a higher TRL version of CECO and a technology-
specific LCoE model. Besides the LCoE reductions observed, the co-location of the wave
array would also increase the annual energy output by 19%. However, the presence of the
co-located wave array would not contribute to reducing the intra-annal variability of the
energy produced by the wind farm. As aforementioned, the power smoothing capacity of
the wave farm is hindered by the strong seasonal variations of the wave resource in the
area of study (Figure 10). Nonetheless, it is important to point out that the contribution of
CECO to power smoothing could be significantly improved by device optimisation and the
adoption of control strategies, which may lead to an increase in the energy production for
milder wave conditions, consequently reducing the intra-annual power variability. Another
aspect that may have influence on the results obtained in terms of power smoothing is
the design considered for the wave farm. As indicated in Section 2.2.2, several constraints
were considered for its definition, including the use of a single row of devices, with a
conservative separation of 330 m, restricted to the sea space allocated for the offshore
wind farm. As a result, the layout obtained consisted of 10 CECO units (Figure 5), with
an installed capacity of 5 MW, and should be considered as a preliminary design. In this
context, the use of an optimised layout with a larger installed capacity could increase the
energy output generated for milder wave conditions, consequently resulting in a greater
contribution to smooth the power output of the wind farm. However, this fact should
be corroborated with future research. Finally, additional benefits could derive from the
presence of the co-located wave farm, such as milder wave conditions within the area of
the wind farm, which could facilitate accessibility, operation and maintenance tasks.

5. Conclusions

In recent years, the interest in exploiting the energy resource of ocean waves has
translated into the development of multiple WEC concepts. However, WEC technology
is still in its infancy, with associated LCoE values up to ten times higher than traditional
renewable sources, therefore, far from commercial viability. In this context, potential
synergies with the offshore wind energy industry could significantly contribute towards
the development of a fully fledged wave energy industry. Among them, the share of
operational and capital costs and of power output smoothing stands out. On the other
hand, offshore wind farms could also benefit from the sheltering effect of co-located
wave farms, mitigating harsh wave conditions within the farm, consequently facilitating
operation and maintenance tasks. On these grounds, the objective of this work is to assess
the potential benefits of co-locating the CECO device, a promising WEC concept that uses a
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sloped PTO configuration to harness both the kinetic and potential energy of the waves,
with the commercial WindFloat Atlantic offshore wind farm.

Overall, CECO presents promising results in terms of energy production (per megawatt
of installed capacity), outperforming the offshore wind turbine, especially during the winter
months. However, CECO is still far from commercial feasibility, presenting an associated
LCoE of 0.347 USD/kWh, which is approximately 4 and 7 times higher than the values of
the offshore and onshore wind industries, respectively. In consequence, significant design
refinement dealing with mooring systems, device geometry, PTO configuration and control
strategies must be conducted to reduce the associated LCoE of CECO. Furthermore, the
results show that the co-location with offshore wind farms could facilitate the transition
of CECO towards commercialisation. In this sense, the LCoE obtained for the co-located
CECO-wind farm was 0.115 USD/kWh, which is almost three times lower than the value
of stand-alone CECO wave farms and similar to the levels of the offshore wind industry
as of five years ago. Finally, the expected know-how acquired from the offshore energy
industry could also help to improve the efficiency of transport, deployment, operational
and maintenance tasks of CECO farms.

In summary, the results presented in this paper highlight the benefits of co-locating the
CECO device with an offshore wind farm. In addition, this study presents a benchmark to
compare, in the same sea space, the performance of a WEC technology with a commercial
offshore wind turbine. Lastly, it is worth mentioning that additional aspects of the CECO
farm, including its optimum layout, associated shadow effects and impact on temporal
windows for operation and maintenance tasks, are beyond the scope of this paper; therefore,
they are to be addressed in detail in future research.
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