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ABSTRACT

The variability of wind energy necessitates continued reliance on fossil fuel power sources as baseload,
hindering the integration of renewable energy. This study proposes co-locating Wave Energy Converters
(WECs) with Offshore Wind Turbines (OWTs) to partly mitigate these issues, adopting a ‘topping-up’ strategy,
integrating WEC capacity into existing OWT arrays. Using the ERA5 global reanalysis dataset, global wind
and wave resources, their correlation and various other metrics were calculated. Four regions — Western
Australia, Brazil, Pacific coast USA, and Portugal — were chosen for co-location based on their favourable
conditions. Applying theoretical resources to four WEC technologies and a 15 MW reference OWT, a
sensitivity analysis was conducted across the study sites, considering downtime, normalised power output, and
variability. Australia demonstrated enhanced power stability (27.2% less variability) when WECs were applied.
Brazil demonstrated significant improvement (26.3% less variability), with USA and Portugal also displaying
performance enhancement (21.72% and 16.32%, respectively, less variability). Southern Hemisphere sites
benefit from seasonal offset peaks in resource phase, reducing overall variability. Swell-driven wave climates
contribute to smoother combined power output due to phase delays between resources. This study serves as
a global co-location framework, facilitated by the ERAS5 dataset, allowing replication for diverse locations

worldwide.

1. Introduction

In recent years, the global transition towards sustainable energy
has accelerated due to the growing population and intensifying climate
crisis [1,2]. Wind energy, as one of the leading renewable energy re-
sources, has seen significant advancements, particularly offshore, which
offers greater energy potential and reduced land use conflicts compared
to their onshore counterparts. This development has enhanced the
economic competitiveness of offshore wind compared to established
sources of electricity generation [3,4]. In 2023, global offshore wind
capacity reached 75 GW, marking a 24% increase from 2022, with
projections indicating growth to 487 GW by the end of 2033 [5].
However, a major challenge impeding the full integration of wind en-
ergy into power grids is its inherent variability. Wind speeds fluctuate
over time and space, leading to inconsistent electricity generation that
cannot always meet demand; research suggests that electrical networks
have shifted towards wind-dominated regimes [6], and numerous other
studies cite this inherent variability as an obstacle in providing baseload
power by wind and its further penetration into the electricity market [7,
8]. To compensate for this intermittency, power grids currently rely
on fossil fuel-based baseload generation, which ensures grid stability
but contradicts decarbonisation efforts [9]. This dependence on fossil
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fuels limits the potential for increased Ocean Renewable Energy (ORE)
penetration and hinders progress towards climate goals.

The necessity of addressing wind energy variability is further em-
phasised by geopolitical and economic disruptions in fossil fuel sup-
plies. A notable example occurred in 2022 when Russia significantly
reduced gas exports to Europe in response to European support for
Ukraine, highlighting the vulnerabilities associated with fossil fuel
dependence [10]. A more resilient energy system requires solutions
that reduce reliance on conventional baseload power while enhancing
renewable energy reliability.

ORE options, such as energy storage [11], tidal stream [12], tidal
range [13], and wave power [14], offer a promising avenue for address-
ing wind energy variability. Among these, wave energy is particularly
well-suited as a complementary resource. Unlike wind, wave energy
exhibits lower short-term variability and often persists even when
wind speeds decline. Wave energy is also significantly less variable
over short time scales (hourly) compared to other marine resources,
a characteristic that is required to reduce the variability of wind
energy conversion. For example, and in contrast, tidal stream is a
discontinuous source of energy, only generating power for 6-12 hours
per day.! The global theoretical wave energy resource is estimated at

1 1t is also noted that tidal energy suffers from variability at the fortnightly — spring-neap — timescale.
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approximately 2 TW, comparable to total global energy demand [14,
15]. If effectively harnessed, wave energy could play a strategic role in
achieving net-zero emissions by 2050, and help limit global tempera-
ture rise below two degrees Celsius compared to pre-industrial levels
(1850-1900), as outlined in the Paris Agreement [16,17].

Despite its potential, wave energy faces significant economic barri-
ers, primarily due to its high Levelised Cost of Energy (LCoE) [18,19].
However, co-locating Wave Energy Converters (WECs) with Offshore
Wind Turbines (OWTSs) presents an economically viable strategy. Since
wind and wave resources often occupy the same spatial footprint,
as shown by Gao et al. [20] in their assessment of hybrid resource
potential in Australia and by Wen et al. [21] in their analysis of joint
exploitation feasibility along China’s southeast coast, their combined
deployment can help mitigate wind energy fluctuations and produce
a more stable power output. This is particularly beneficial in regions
where wave climates are quasi-independent of the wind climate (re-
gions dominated by swell waves); the two resources will have a weaker
correlation and be more effective at reducing power output variability,
leading to an overall more consistent (aggregated) power output [22].
Co-location is only attractive in these situations; when the two re-
sources are strongly correlated (local wind-driven wave climates, for
example in semi-enclosed seas), the potential to reduce variability is
highly restricted [23].

Numerous studies have explored the benefits of co-locating OWTs
and WECs. Stoutenburg et al. [24] highlighted how the co-location of
OWTs and WECs could reduce power variability and power outages;
in California, co-located wind-wave farms were found to have the
potential to reduce annual power outages to just 100 h, compared to
over 1000 h for standalone wind farms and more than 200 h for wave
farms. Similar research in Ireland supports these findings, demonstrat-
ing that co-located farms provide significant advantages in suitable
climates [25]. Economic assessments indicate that while floating off-
shore wind energy remains the most cost-effective option, co-located
floating wind-wave systems outperform standalone wave farms [26].
Moreover, integrating floating OWTs with WECs is considered a viable
hybrid approach that enhances electricity generation while reducing
overall costs [27]. Kluger et al. [28] investigated the integration of
WECs into offshore wind farms equipped with energy storage. Their
findings indicated that a 50:50 wind-wave farm has the potential to
reduce farm output variability by 16%, decrease power curtailment
by 7%, and increase grid efficiency by 2% compared to a 100% wind
farm. This integration not only enhanced supply-demand matching but
also improved the overall efficiency and reliability of renewable energy
systems.

This study aims to quantify the performance benefits of combining
wind and wave energy converters across multiple global sites. Despite
significant advancements in offshore wind energy, its variability re-
mains a critical barrier to achieving high levels of renewable energy
penetration. While previous research has explored co-locating wind
and wave energy, most studies have focused on capacity displacement
rather than augmentation. To address this research gap, this study
investigates the benefits of a ‘topping-up’, or augmenting, approach,
where WEC devices are added to an OWT array in operation, construc-
tion, or planning, rather than displacing OWT capacity. By enhancing
existing offshore wind farms with WEGs, this approach aims to im-
prove grid stability and economic feasibility. This approach represents
the most economically viable option for WEC deployment at present,
leveraging existing infrastructure to achieve cost savings. Although a
comprehensive analysis of these cost savings is beyond the scope of this
study, they have been thoroughly examined by Astariz et al. [18,29].
Additionally, the technological challenges associated with integrating
WECs with OWTs, environmental impacts, and the effects of wake
interactions between ORE infrastructure are not within the scope of this
study. The study aim will be addressed by the following objectives:

(i) Source wind and wave data at appropriate spatial and temporal
resolutions using the ERAS global reanalysis dataset.
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(ii) Use the 4C Offshore global renewable database to understand ar-
eas currently under development for renewable energy projects.
These locations will aid site selection.

(iii) Conduct bulk (spatial and temporal) analysis by calculating
the theoretical wind and wave resources. This will show pos-
sible regions that exhibit favourable phasing between wind and
waves.

(iv) Statistical metrics, such as linear correlation, cross-correlation,
and variability will be calculated to quantify and understand the
synergy between the resources at various locations.

(v) Investigate selected sites in detail and optimise the joint occur-
rence using the technical resource. Device power curves for vari-
ous technology types (including attenuators and point absorbers)
will be applied to address this objective.

2. Data & methodology
2.1. Data sources

The European Centre for Medium-Range Weather Forecast (ECMWF)
ERA5? dataset is used for this study. ERAS5 is a fifth generation ECMWF
reanalysis of the global climate. It provides estimates on single and
multiple levels for a large number of atmospheric, ocean-wave, and
land-surface quantities. Atmospheric data is provided at a spatial
resolution of 0.25x0.25°, and ocean waves at 0.5x0.5° [30,31], at hourly
time-steps, from 1940-present. ERA5 has been extensively validated,
for both the purposes of wind and wave power, with metocean values
deemed suitable for power analysis [32,33]. ERA5 was selected because
of its global nature; data can be accessed for any location on Earth,
something that is not possible with deployed instruments or regional
models® [23]. This methodology is therefore easily relocatable to any
region of interest. Global values for significant wave height H,, mean
wave period 7,,, peak wave period T,, and the 10 m components
of eastward and northward wind were accessed. During the initial
global analysis, data spanning 2020 was selected for analysis, for
2928 three-hourly data points at each grid point. Once specific study
sites were identified for further analysis, data was selected spanning
11 years (2012-2022), resulting in 96,432 hourly data points at each
location (i.e. three-hourly data was used for the initial bulk analysis,
followed by one hourly data for the detailed analysis). This data period
was selected to prioritise a balance between computational feasibility
and what was most relevant to recent climatic conditions, all while
maintaining adequate data volume and capturing necessary interannual
fluctuations.

Within the ECMWF ocean model output parameters [34], H| is
defined as H, = 4./m,, where m is the Oth moment of spectral density.
T,, is based on the moment of order -1: T, = T,,_,o = m_, /my. T,, is more
commonly referred to as mean wave energy period (T,), therefore ERA5
T,, will be referred to as 7, hereafter.

2.2. Raw data analysis methodology

2.2.1. Wind power

The ERAS dataset provides wind data as the 10 m u-component of
wind (#) and 10 m v-component of wind (v). Initially, wind speed (U)
is calculated using:

U= Vuz+ 02 (€8]

For the application of wind speed to OWTs, wind speed needs to be
calculated at hub height. The power law wind profile is applied [35]:

Z a
U= U,<7> )

r

2 ERAS refers to ECMWF Reanalysis v5
3 While ERA5 was selected for this study, similar global coverage can also
be achieved using other global reanalysis models
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where U and U, are wind speed at hub height Z and reference height
Z,. a is the shear exponent, applied as 0.11 in this study as neutral
atmospheric stability is assumed. This is a reasonable assumption over
the open ocean, and has been used extensively in the literature [35,36].

The theoretical wind resource was estimated by calculating Wind
Power Density (WPD) in units of W/mzz

WPD = % p,U? 3)

where p,, is air density, 1.225 kg m~3 in this study.

2.2.2. Wave power

The theoretical wave resource was estimated by calculating Wave
Power Flux (WPF) per metre of wave crest (W/m). Considering deep
water conditions, H,; and T, can be used directly to give a measure of
WPF:

WPF =

2
L “fr H]T, )
where g is gravitational acceleration (9.81 m/s?), H; is significant wave
height, p,, is the density of seawater (1023 kg/m?3), and T, is wave
energy period. Deep water conditions were selected for this study, as
water depth exceeds the wavelength for all locations selected. Deep
water assumptions also ease global analysis, as one equation can be
applied to all spatial and temporal positions.

2.3. Statistical metrics

Less variable power output will only occur if the wind and wave re-
sources are out of phase with one another. Pearson’s linear correlation
is a metric that can be used to quantify this, as used by Wen et al. [21]
and Kalogeri et al. [37] within the context of joint wind/wave analysis.
It is calculated using:

R= %)

N — —
i Z (Pwind,i - Pwind)(Pwaue,i - Pwaue)
N | oP,i.. 0P,

i=1 wave

where P, Piave; Tepresent instantaneous WPD and WPF, respec-
tively, at index i. P,;,, and P,,,, represent the mean values of WPD
and WPF, respectively, while ¢P,;,, and ¢P,,,, represent their re-
spective standard deviations. Lower values represent more favourable
conditions, as the two resources peak at different times. The cross-
correlation coefficient is another metric used to find similarities or
patterns between two time-series datasets and identify time shifts (lag)

between them. It is calculated using [25]:

N-t
o(r) = 1 Z [Pyind (k) = Hwind][Pwave(k + 7) — Havel ©)
N 4~ Owind Cwave

where U, ind> Hwave> A0 G pings Cwave are the mean and the standard de-
viation of P,;,, and P,,,., respectively. c (r) represents the correlation
at time lag, z. To gauge the overall stability of the combined output the

Coefficient of Variability (CoV) can be calculated using [21]:

oP,

F,
where oP, is the standard deviation of the aggregated (combined)
output, normalised by the mean of the aggregated output, P,. CoV is a
measure of how widely spread values are around the mean, normalised
by the mean output. This produces a dimensionless measure which can
be compared to other locations and scaled regardless of the absolute
power of any particular array. Values will vary between 0 and 1, with
lower values representative of a less variable power output.

Another useful metric is Wind and Wave Synergy (WIWAS) [21]:

No. of hours(Pying > 80 W/m? or P,y > 2.5 kW/m)
Total no. of hours

WIWAS = ®
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Table 1

Information regarding the reference 15 MW OWT used in this study [39].
OWT IEA 15MW
Nominal Power (MW) 15
Cut-in Wind Speed (m/s) 3
Cut-out Wind Speed (m/s) 25
Hub Height (m) 150

The threshold WPD was set to 80 W/m? as this is the power density
when the cut in speed of a 15 MW OWT* is met (>3 m/s) [38,39]. Sim-
ilarly, 2.5 kW/m was selected for the threshold WPF as it corresponds
with the typical cut in significant wave height and energy period of
WECs (>1 m and >5 s, respectively) [21,40]. The threshold values have
been altered from the original equation by Wen et al. [21] to represent
the performance of the WECs and OWTs considered in this study.

To aid the site selection process, a new metric was developed which
combines the results produced by WIWAS and linear correlation; Wind
Wave Correlation Synergy (WWCS). It is calculated using:

(1=R) /(1 = Ryip) + WIWAS /W IW AS, ©
2
R, and WIW AS,,,,. represent the minimum and maximum for R
(Eq. (5)) and WIWAS (Eq. (8)), respectively. Output values will vary
between 0 and 1, with larger values representative of locations more
suitable for co-location.

WWCS =

2.4. Site selection

Initially, values for the theoretical wind and wave energy resource,
WIWAS (Eq. (8)), linear correlation (Eq. (5)) and WWCS (Eq. (9))
were calculated on a global grid for a single, arbitrary, year — 2020.
These values were then plotted to locate potential sites that would
be suitable for a co-located energy conversion system. This selection
process was combined with the 4C Offshore wind database [41] to
establish which regions have OWT arrays in operation, construction or
in planning. Once these criteria have been satisfied, four study sites
across the globe were selected for further analysis: Mid-West array in
Western Australia, Ventos Fluminenses in Southeastern Brazil, Olympic
Wind in Northwestern (Pacific coast) USA, and Botafogo in Midwestern
Portugal. These sites were selected based on their energetic wind and
wave resources, favourable resource phase-lag, WWCS, and OWT array
status. Further details about these sites are included in Section 3.1 and
Section 3.2.1.

2.5. Selection of OWT and WEC devices

To quantify the technical application of combined systems, the
estimated theoretical resources will be applied to various device power
curves and power matrices. The selection of the OWT power curve will
depend upon the capacity of the selected OWT array. As the specific
power curves for devices are highly protected intellectual property of
the manufacturers, the International Energy Agency (IEA) reference 15
MW turbine will be used. Details about the reference device can be
found in Table 1, with the specific power curve in Fig. A.1.

Considering WECs, these devices are in their infancy compared to
OWTs. A variety of devices will therefore be applied to each site to
aid the understanding of the performance of each device in different
wave climates. Details about the WEC devices used in this study can be
found in Table 2, with the specific power matrices in Figs. A.2, A.3, A.4.
Pelamis, SeaPower, and Archimedes WaveSwing (AWS) were selected
as they represent well-researched, and ocean tested, technologies with

4 When considering the reference International Energy Agency (IEA) 15 MW
OWT used in this study (see Table 1).
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Table 2
Information regarding WECs used in this study.
WEC Nominal Power Classification Power Matrix Resolution Source
mMw) (m xs)
Pelamis 0.76 Attenuator 0.5 X 0.5 (Hs xTe) [43]
SeaPower 3.587 Attenuator 0.5 x 1.0 (Hs xTe) [45]
AWS 2.47 Point Absorber 0.5 x 0.5 (Hs xTe) [46]

Fig. 1. Illustration of a Peripherally Distributed Array (PDA). WECs are deployed at the perimeter of the OWT array, corresponding with the dominant wave direction. Wavey
parallel lines are representative of WECs and turbines of OWTs. Dashed lines represent array/export cables. Horizontal dashed area represents onshore area, and blank white space

is offshore area.

reliable, publicly available power matrices [42,43]. The selected tech-
nologies offer a diverse range of designs and power matrices, enabling
the evaluation of performance across a variety of wave climates. Other
WECs were excluded due to limited data availability, incomplete vali-
dation, or early development stages, which would reduce the reliability
of the analysis conducted within the study.

This study considers a Peripherally Distributed Array (PDA) co-
located system [44]. A PDA system will deploy WECs at the perimeter
of the OWT array, corresponding with the dominant wave direction, as
illustrated in Fig. 1. At each site, statistical metrics were calculated with
the percentage of additional capacity (deployed WECs) ranging from 0
to 100.

3. Results & discussion
3.1. Global analysis

Initially, annual mean values for Wave Power Flux (WPF) and Wind
Power Density (WPD) during 2020 were calculated and plotted (Fig.
2). Similar patterns are seen by both WPF and WPD, the resources are
typically larger between the subtropical high-pressure zones and the
mid-latitude areas (30°-60° latitude).

The largest values of annual mean WPF and WPD are within the
Southern Ocean, at 113 kW/m and 2.7 kW/m?, respectively. More
sheltered locations, such as the Gulf of Mexico, the Asia-Pacific re-
gion, and the Mediterranean Sea, exhibit reduced WPF, with values
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Fig. 2. Annual mean WPF (A) and WPD (B) for 2020. Calculated using 3-hourly data for the duration of 2020. The specific study array sites are shown using the labels MW

(Mid-West), VF (Ventos Fluminenses), OW (Olympic Wind), and BF (Botafogo).

<6 kW/m. Reduced WPD can be observed at regions near the In-
tertropical Convergence Zone (5°-15° latitude), as well as other more
sheltered areas, such as the Asia-Pacific region. At these locations WPD
falls to <0.7 kW/m2. The wave resource values are consistent with
those calculated by Gunn and Stock-Williams [14], although covering
a different time period.

Using the global WPF and WPD time series, correlation and WIWAS
for each grid point were calculated (Fig. 3). Typically, exposed regions
exhibit a lower correlation (R) between the WPF and WPD (<0.4), con-
versely, more sheltered locations exhibit a higher correlation (>0.6).
Locations that exhibit a lower correlation generally have a wave climate
that is dominated by swell waves, which are relatively independent of
the local wind climate. In contrast, regions with a higher correlation ex-
hibit a higher dependency on the local wind climate. This can be caused
by topographical features, such as land masses, or the transition onto
the continental shelf, dissipating (or refracting) the swell waves before
they reach a certain region. A similar pattern, although to a lesser
extent, is seen with WIWAS (Fig. 3). More exposed locations exhibit
more favourable synergy (>0.8), with sheltered locations being less
suitable (<0.4). Fig. 4 represents combined values for linear correlation
and WIWAS, where larger values are representative of more suitable
locations for co-location. As expected, more exposed locations exhibit
higher suitability, whilst sheltered locations display reduced suitability.

Sites deemed suitable for combined wind/wave energy conversion
were selected based upon results from Figs. 2, 3, and 4. These locations
were filtered further using the 4C Offshore wind database to identify
sites where wind arrays were operational, in construction, or at various
stages of planning. This resulted in the selection of four specific sites

for more detailed analysis.® Information about these study sites is
summarised in Table 3.

3.2. Theoretical resource

This section expands on the estimated theoretical wind and wave
resources present at each study site, using data spanning the study
period 2012-2022. Fig. 5 visually compares four study sites across key
metrics: linear correlation, WIWAS, WPD, and WPF. These regional
plots offer an initial assessment of each site’s co-location potential
based on the spatial distribution of these parameters. The western
coastline of Australia demonstrates strong wave and wind resources
with low correlation. The southern Brazilian coastline, although wave
power is relatively lower, the combination of very low correlation
and high WIWAS values indicates strong complementarity between
resources. The northwestern coastline of the USA, and midwestern
coastline of Portugal exhibit moderate resource availability but still
satisfy the criteria for viable co-location. While Fig. 5 confirms the
theoretical viability of each site, the following sections (3.2.1 to 3.3.3)
provide a more detailed analysis of wind and wave resources, includ-
ing seasonal variations, correlation analysis, and device-specific power
assessments.

5 Botafogo (Portugal) is planned to use 18 MW turbines, this study will
apply a 15 MW power curve to this site instead. This was done to enable a
European comparison to other global locations, and since a reference 18 MW
turbine power curve is not available.
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Fig. 3. Correlation (A) between WPF and WPD, and WIWAS (B). Both plots represent 3-hourly data over the duration of 2020. The specific study array sites are shown using the

labels MW (Mid-West), VF (Ventos Fluminenses), OW (Olympic Wind), and BF (Botafogo).

Latitude
o

0° 60°E  120°E  180°
Longitude

120°W 60°W

Fig. 4. Global WWCS. The plot represents 3-hourly data over the duration of 2020. Larger values are representative of more ideal locations for co-location. The specific study
array sites are shown using the labels MW (Mid-West), VF (Ventos Fluminenses), OW (Olympic Wind), and BF (Botafogo).

3.2.1. Regional wind and wave resource statistics

3.2.1.1. Regional wave climates. The wave climate, and its associated
Wave Power Flux (WPF), are shown in Fig. 6(a) and Fig. 6(b), re-
spectively. Table 4 contains relevant resource statistics relating to each
study site. Ventos Fluminenses presents the most concentrated range of
sea states, with 0.5 m < H, < 2.5 m and 5.0 s< T, < 10 s. Conversely,
Mid-West, Olympic Wind and Botafogo present a much broader distri-
bution of sea states, with the latter being the most extreme case (1.5 m

<H;<30mand 70s <7, <12.0s,075m < H, <30mand 55 s
<T,<11.0s,0.5m < H; <4.0mand 5.0 s< T, < 12.0 s, respectively).

Mid-West experiences the highest percentage of time at a more
energetic state (5% at H; > 4 m, T, > 8.5). This is validated by Fig.
6b, the modal WPF at Mid-West is 18.1 kW/m. This trend continues
for larger WPF values, with a greater percentage of time at larger WPF
values compared to all other sites. Botafogo and Olympic Wind have
similarly matched WPF values; however Olympic Wind experiences a
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Table 3
Study sites and their associated wind array information.
Study Region OWT Array Array OWT Nominal Array
Site Array Location Capacity Power Status
(Lon,Lat) (MW) (MW)
1 Western Mid-West 114.13, —29.50 3000 15 Planning
Australia
2 Southeastern Ventos —41.6, —22.52 2820 15 Planning
Brazil Fluminenses
3 Northwest Olympic —124.5, 46.72 2000 15 Planning
USA Wind
4 Midwestern Botafogo -9.27, 40.33 990 18 Planning
Portugal
1 1
16°S 16°S H I 100 5
3 E g 7 8 R <
. = 3 <
2 TR I-E 055 2 0 2 2 Z
© 5 © = © Lom 1 0
— 325 O as — 325 408 g g
20
A0S O 112E120°E 1286 O A0S OFETZE 120°E 128°E 0 S 04°E 112°E 120°E 128°E 104°E 112°E 120°E 128°E
Longitude Longitude Longitude Longitude
1 o 1
100 .
© s o &S w O 80 £ o 2%
3 5 3 < 3 2 S S
£ 05 £1es 05 = = 60 = = =
8 8§ 8 = 5 0 ¢ 3 TE
24°S 20 2
48W 40°W 32°W 26°W L 48°W 40°W 32°W 24°W 0 48°W 40°W 32°W 24°W 48°W 40°W 32°W 24°W 0
Longitude Longitude Longitude Longitude
1 1 25
g 100 ’
0.8 o6 0.8 _
) 5 [ A ® 80 E o 2 &
° 0.6 = B g0 06 ¢ ° S o =
E: g Ze 3 g E 60 = E 15 2
T 045 © 042 ® g S 12
- S N - 40 & - g
0.2 0.2 20 0.5
0 SEl 0 0
144°W136°W128°W120°W 144°W136°W128°W120°W 144°W136°W128°W120°W 144°W136°W128°W120°W
Longitude Longitude Longitude Longitude
1 1 1
L 100 =
0.8 262N 3 0.8 5
[} 5 [} ® 80 E o e
o 06 2 Ty 062 T s © s
E 2 28N g 2 0 = = 15 2
5 045 T 045 T g 5 1 g
- S Hon| - 40 & o g
=4 0.2 y 0.2 20 05
0 2 0 0

24°W 16°W 8°W 0°

20°W 16°W 8W  0°

Longitude Longitude

24°W 16°W 8°W  0°

Longitude

Longitude

Fig. 5. Regional plots showing linear correlation, WIWAS, WPD, and WPF for each study site region: Australia (1st row), Southern Brazil (2nd row), Northwestern USA (3rd row),
and Midwestern Portugal (4th row). The specific study array locations are represented by the red dot. Data spanned the study period 2012-2022.

slightly larger modal WPF at 7.6 kW/m for 7% of total time. Ven-
tos Fluminenses has the lowest WPF resource, with a modal WPF of
6.06 kW/m. This is supported by the H, and T, values, as a higher
percentage of time (5%) is spent at H; < 2.7 and 7, > 8.4. The mean
values in Table 4 also corroborate these findings.

3.2.1.2. Regional wind climates. The wind climate, and associated Wind
Power Density (WPD), are shown in Fig. 6(c) and Fig. 6(d), respectively.
Table 4 contains relevant resource statistics relating to each study site.
Considering the wind states, Olympic Wind presents the least energetic
resource, with a mean wind speed of 6.52 m/s. Ventos Fluminenses has
a mean wind speed of 6.79 m/s. Botofogo and Mid-West are similarly
matched with large wind resources (mean wind speeds of 7.53 m/s and
7.91 m/s, respectively). Botofogo does however experience the largest
range of wind speeds of all four sites, with wind speed values between
3-14 m/s for >1% of total time. This results in a less stable resource, as

percentage of total time remains at > 0.89% for WPD 0.4-1.2 kW/m?,
a larger extent than any other site. Mid-West operates with the lowest
time at zero output (7.5%) and consistently has a larger WPD output,
whilst Olympic Wind has the largest percentage of time at zero output
18.4%, and generally the lowest consistent WPD.

3.2.2. Seasonal variability

Monthly averages of WPF and WPD were calculated and plotted
for each study site (Fig. 7). Mid-West and Ventos Fluminenses are
situated in the Southern Hemisphere, accordingly, the meteorological
winter covers the months of June, July and August, and the me-
teorological summer covers December, January, and February. The
inverse is true for Olympic Wind and Botafogo as they are situated
in the Northern Hemisphere. Generally, resources were found to be
more energetic during winter months and less energetic during summer
months. Interestingly, this pattern does not apply to the wind climate
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Table 4
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Statistics relating to the wind and wave resources of each study site, over the duration of the study period

(2012-2022).

[

Study Site H, T, Prind Poave WIWAS
(m/s) (m) () (kwW/m?) (kW/m)
Mid-West 7.908 2.612 9.813 1.08 36.578 0.969
Ventos Fluminenses 6.785 1.855 7.941 0.688 15.025 0.999
Olympic Wind 6.523 2.356 9.149 0.754 32.502 0.999
Botafogo 7.531 2.292 8.977 0.787 31.609 0.988
Australia Mid-West Brazil Ventos FI 1ses 4
12 T T T T T T T T
Australia Mid-West
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Fig. 6. Wave statistics of four sites (a) and wind speed statistics (c) of each
respectively, is shown in (b) and (d). White space in (a) represents zero values.

30

of South-Western Australia (where the Mid-West array is located).
Here, WPD peaks during the summer and spring months (November,
December, January) at 1.44 kW/m?, whilst the winter peak is only
1.15 kW/m?. The West Coast Trough, a common climatic feature of
Western Australia, may be the cause of this. The West Coast Trough
is strongly linked to the high intensity sea breeze experienced along
the South-Western coastline during summer periods; the presence of
a high-pressure system to the south of Australia results in an easterly
airflow across the continent, gradually warming as it travels across the
continent, resulting in a low-pressure trough forming in a north-south
direction [47,48]. Ventos Fluminenses experienced offset seasonal wind
resource peaks and troughs; WPD peaks at 1 kW/m? during spring
and reaches a minimum value during Autumn at 0.45 kW/m?2. This
presents a promising opportunity for the joint occurrence of wind and
wave energy converters as the two resources are likely to consistently
complement each other on a seasonal scale; the resources peak at

WPF (KW/m)

(b)

16 T T T T T

Australia Mid-West
Brazil Ventos Fluminenses | |
USA Olympic Wind
Portugal Botafogo

Percentage of Total Hours (%)

0.6
WPD (kW/m?)

(d)

study site for the duration of the study period (2012-2022). Their relation to WPF and WPD,

a different seasonal phase so the overall power output will remain
more consistent.® Both Olympic Wind and Botafogo exhibit seasonal
values which are to be expected, with both resources peaking during
more energetic winter months, and troughs during calmer summer
months. Fig. 7 also represents the seasonal uncertainty in both re-
sources, denoted by the 90% confidence intervals. As to be expected,
winter months exhibit larger uncertainty in both resources at all study
sites; more dynamic and variable atmospheric and oceanic conditions

6 The effect of seasonal phasing when considering co-location can only
be fully understood by analysing long-term data trends. While the technical
resource analysis (Section 3.3) considers the entire study period, it relies on
statistical representations that do not explicitly resolve seasonal-scale effects.
Identifying these longer-term trends requires direct visualisation of data over
extended timescales.
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Fig. 7. Monthly mean WPF (blue) and WPD (orange) for each study site based on 11 years of model analysis (2012-2022): Mid-West (a), Ventos Fluminenses (b), Olympic Wind
(c), and Botafogo (d). Error bars represent 90% confidence intervals. X-axis represents months of the year.

operate during these months, increasing the extremes, resulting in an
overall less stable resource. The larger confidence intervals at Ventos
Fluminenses indicate a significantly more unstable wind resource across
all months; with the 90% confidence intervals circa +0.2 kW/m?.

3.2.3. Resource correlation

The correlation, and associated time lag, between the wind and
wave resource at each study site is shown in Table 5 and illustrated
in Fig. 8, calculated over the entire study period (2012-2022). All
study sites present feasible correlation conditions for co-located wind
and wave energy conversion. Ventos Fluminenses presents the strongest
potential for co-location as it represents the lowest correlation between
resources (C(0) = 0.202). This will likely result in sufficient power
smoothing, as the two resources are generally out of phase with one
another. Mid-West displays similar potential, with a low correlation
of C(0) = 0.204. Botafogo displays modest potential with C(0)=0.438.
Olympic wind experiences the highest correlation of C(0)=0.562. This
larger correlation may cause issues for a combined array, as power
output variability might not be reduced. However, it is not significant
enough to disregard Olympic Wind as a potential site for co-location.

Resource correlation can be illustrated further using a joint proba-
bility plot which shows the relationship between WPF and WPD, and
the percentage of time spent at each value (Fig. 9). Time periods
with large WPF do not frequently correspond to periods of large WPD,
representing low correlation, and suitable scenarios for co-location.

The correlation values are largely comparable with those found in
other studies. Gao et al. [20] identified that Cliff Head (Mid-Western

Australia) presented strong potential for the co-location of WECs and
OWTs. C(0) was found to be 0.21, a value consistent with this study
(C(0) = 0.202). Fusco et al. [25] identified that the western coast of
Ireland presents a strong opportunity for co-location. At this location,
C(0) was calculated to be 0.1, with C,,,,(z) 0.356 at 10 h. This suggests
that Western Ireland could potentially serve as a more ideal co-location
site within Europe than the Botofogo site selected within this study,
due to its more optimised resource phasing. Neill [23] identified the
co-location potential within the Celtic Sea. Across the 10 year study
period C(0) was found to be 0.502, with a z of 3 h. The Celtic Sea offers
moderate potential for co-location, however the Botafogo site presented
in this study, and Western Ireland [25], offer stronger potential for a
European co-location site. Other aspects, such as grid connectivity and
suitable ports to facilitate construction, are also important, and need to
be considered when evaluating an optimal site for co-location. Gideon
et al. [49] identified resource phasing characteristics along the US
Californian coastline. C(0) values were found to be 0.439, with C, . (7)
0.451 at 1 h. The Californian coastline and Washington coastline
(Olympic Wind) display similar correlation values, however Olympic
Wind operates with larger phase shift between resources (C,,, () at
5 h), so could represent a more ideal site for co-location along the US
West Coast. Wen et al. [21] identified potential sites for co-location
within the Taiwan Strait. These sites had C(0) values ranging between
0.6-0.7, this would likely provide an unstable resource due to the
strong phasing between wind and waves; all locations analysed within
this study present more favourable resource phasing, and so suggest a
stronger potential for co-location.
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Correlation between WPD and WPF at each study site for the duration of the study period (2012-2022). C(0)
represents instantaneous cross-correlation, C,,(7) represents the maximum cross-correlation coefficient at time lag

7, in hours.
Study Site C(0) Cran(7) (h)
Mid-West 0.204 0.386 22
Ventos Fluminenses 0.202 0.223 4
Olympic Wind 0.562 0.611 5
Botafogo 0.438 0.473 6
0.7 T T T T T T T T T

Australia Mid-West (7= 22 h)
Brazil Ventos Fluminenses (7= 4 h)
0.6 USA Olympic Wind (7 =5 h)
Portugal Botafogo (7= 6 h)

Corss-Correlation Coefficient
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Fig. 8. Cross-correlation and their associated time lag between WPD and WPF at the four study sites.
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Fig. 9. Joint probability estimates of WPD and WPF at the four study sites. More energetic sea states are not highly correlated with larger values of wind power. White spaces

are representative of zero values.

3.3. Technical resource

For a more thorough understanding of the suitability each site
has to the joint occurrence of wind and wave energy conversion, the

10

power curves of OWT and power matrices of WEC devices need to be
applied. In each case, the suitable OWT is employed (as specified in
Table 1), then various WEC devices are applied (see Table 2), ‘topping-
up’ (i.e. augmenting) the capacity of each study site OWT array. The
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Fig. 10. Downtime against the percentage of additional WEC capacity added (compared to linked OWT array), for four different WEC devices at four different study sites: Mid-West
(a), Ventos Fluminenses (b), Olympic Wind (c), and Botafogo (d). Downtime is expressed as a percentage, with downtime being equal to any output values below 5% of the

installed capacity.

effect of this on variability and downtime are explored in this section,
including sensitivity analysis between WEC technologies.

3.3.1. Downtime

Apart from cost reduction through shared infrastructure, one of
the overall motivations for co-located wind-wave energy conversion
is the development of a more consistent and stable power resource.
This not only includes reduced variability, but more generally, reduced
array downtime due to lulls in the resource, which is particularly an
issue with renewable energy resources [20]. Downtime is considered
as the percentage of time total power output is below 5% of the
installed capacity [20]. The results of this are found in Fig. 10. As to
be expected, downtime generally reduces as WEC capacity is added,
except for SeaPower WEC at Ventos Fluminenses, which marginally
increased downtime. Ventos Fluminenses operates with the highest
proportion of time spent at reduced H, and T, values, and thus, lower
WPF values (Table 4). This characteristic, when combined with the
Sea Power WEC matrix results in highly inefficient power production;
SeaPower requires a higher proportion of time spent with 7, > 9.5 s
and H; > 4 m for a higher capacity factor to be achieved. This is
the likely cause for downtime increase at Ventos Fluminenses when

11

SeaPower WEC capacity is added. Other locations operate with a higher
proportion of time at larger H, and 7,, so experience more efficient en-
ergy conversion with Sea Power WEC. Once again, Mid-West displayed
the lowest downtime of 1.25% for 100% of additional wave energy
capacity. Olympic Wind has the largest total reduction in downtime;
8.3% for 100% of additional capacity. Ventos Fluminenses has the sec-
ond lowest downtime at 3%, although Mid-West experiences a higher
rate of change, with a larger reduction experienced between 0%-40%
additional WEC capacity. Botafogo downtime reduces to a minimum
of 6.8% at 100% additional capacity. Pelamis and AWS devices are
generally evenly matched at all sites, except for Ventos Fluminenses
where Pelamis outperforms AWS. SeaPower is consistently the worst
performer across all study sites. Interpretation of these performances is
expanded upon further in 3.3.3.

3.3.2. Variability

The CoV for each study site, with increasing additional capacity of
WEC devices, can be found in Fig. 11. At all study sites, increased WEC
capacity reduced CoV, meaning the overall output was more stable,
and less variable. Mid-West displays the lowest CoV, at 0.417; this
is representative of the largest reduction in variability (17%). Ventos
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Fig. 11. Coefficient of Variability (CoV) against the percentage of additional WEC capacity added (compared to linked OWT array), for four different WEC devices at four different
study sites: Mid-West (a), Ventos Fluminenses (b), Olympic Wind (c), and Botafogo (d). The different WEC devices are shown in the legend.

Fluminenses and Botafogo operate with similar variability performance.
However, when WEC capacity is added, Ventos Fluminenses displays
much stronger performance, with a reduction in CoV of 13%, compared
to only 6% at Botafogo. Olympic Wind operates in the middle ground,
with a CoV reduction of 9%. These values were achieved using Pelamis
WEC (Ventos Fluminenses and Olympic Wind) and AWS WEC (Mid-
West and Botafogo), at 100% additional capacity; Wave energy is a
much less variable resource at these sites. There are diminishing returns
as the percentage of additional WEC capacity increases, the highest
rate of change (steepest gradient) is between 0%-10% of additional
capacity, gradually declining until the midpoint at 50%. Beyond this
point, return on additional installation of WEC devices begins to taper
off. Interpretation of these performances is expanded upon further in
3.3.3.

Understanding the achievable technical resource on an intra-annual
scale can also assist the perception of combined resource variabil-
ity. Fig. 12 illustrates the monthly means for combined and stock
(wind-only) arrays. These averages have been normalised based on
the site-specific mean output, enabling comparison regardless of the
array capacity. Combined arrays are representative of the stock OWT
array, supplemented by an additional 50% Pelamis capacity. Pelamis
was selected based on its extensive ocean testing and its more common
use across literature and 50% was selected as a midpoint representation

12

to illustrate the general effects of co-location on intra-annual variability
without biasing towards either end of the capacity scale. Mid-West,
Ventos Fluminenses and Botafogo become more stable, with most val-
ues closer to the mean throughout the year. Botafogo exhibits the
lowest overall seasonal variability, with combined output remaining
within +0.12 of the mean. Mid-West similarly performs well, with a
maximum variance of +0.21. Ventos Fluminenses performs strongly
during January-July, with values being closer to the mean and more
stable. During the second half of the year (August-December) the
additional WEC capacity has little impact on variance. Olympic Wind
performs less effectively when WEC capacity is added during the sum-
mer but shows improved performance in the winter. This is due to the
rate of resource change experienced at this scale (see Fig. 7). During the
winter, the wind resource has a larger relative change than the wave
resource over this temporal period (i.e. it is more variable). Conversely,
during the summer, the wind resource is more stable, and so will have
less variance than the combined array over this time period. The results
presented in Fig. 12 are largely to be expected; a combination of the
intra-annual WPF and WPD values (Fig. 7). There is minimal change in
variance when there is a strong positive correlation, however when the
site displays a negative/zero correlation, variance is reduced.
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Fig. 13. Performance of four WEC devices, at four different study sites. Larger combined score is representative of a stronger performing WEC array. Values are expressed at a

percentage of additional WEC capacity (compared to linked OWT array).

3.3.3. WEC sensitivity analysis

OWT development and commercial optimisation has led to their
design converging on a horizontal axis, three twisted-blade configu-
ration [50]. Due to their common design, device power curves are
largely consistent. Conversely, WEC design is broadly spread, with
multiple technology types (e.g. point absorber, attenuator, terminator)
currently being developed. Therefore, a sensitivity analysis is con-
ducted to understand the optimum WEC device for the specific sea
state of each study site, and which percentage of additional capacity
represents the most effective array capacity-performance ratio. Fig. 13
shows how the performance of the four WEC devices varies by site

as additional WEC capacity is added (expressed as a percentage in-
crease). Performance is represented by a composite score that combines
three metrics: coefficient of variation (CoV), downtime, and mean total
output. Each metric is normalised to a 0-1 scale based on its range
across all devices at each site, where 0 indicates the worst and 1 the
best performance. The normalised metrics are then equally weighted
and summed to produce the final score. Pelamis and AWS typically
have similar performance across most sites at lower percentages of
additional capacity, with the exception of Ventos Fluminenses, where
Pelamis consistently outperforms AWS. Pelamis operates with stronger
performance at larger percentages of additional capacity, except for
Mid-West, where they remain evenly matched. The larger performance
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gap seen between Pelamis and AWS at Ventos Fluminenses is due to the
specific sea state present at that location; more quiescent wave climates
enable devices to operate at a higher capacity factor (see Figs. 6(a),
A.2, A.3) and will therefore display better performance at that site.
The slight stronger performance of AWS at Mid-West is due to a similar
reason; the more energetic wave climate enables AWS to operate at a
higher capacity factor, resulting in stronger performance. SeaPower is
consistently the weakest performer at all study sites, at all percentages
of additional capacity, and is not recommended for deployment at any
of the selected sites. Higher performing alternatives present a more
feasible option. This poor performance is a direct consequence of the
reduced operating window for larger capacity factors (Fig. A.4). The
performance of the WEC device is largely due to the specific availability
of capacity factor across sea states, and not due to the technology type
(attenuator, point-absorber, etc.) as each WEC device tested operated
over approximately the same range of H, and T,, however a broader
range of WEC devices, including more of each classification would need
to be tested for a more definitive conclusion. It is recommended that
each site deploys at least 30% additional capacity; although techni-
cal performance continues to improve with additional WEC capacity
up to 100%, the rate of improvement significantly decreases beyond
30%-50%. Given the current cost and maturity limitations of WECs,
we recommend up to 30% additional capacity as a practical balance
between performance gain and deployment feasibility.

All sites presented in this study would be suitable for the joint
occurrence of wind and wave energy conversion, with the total power
output of each array becoming more stable as WEC capacity is added
(reduced downtime and variability). However, some sites present a
more effective optimisation of the combined resources than others.
Mid-West (Australia) offers the strongest case for co-located wind-wave
energy conversion, representing the lowest CoV and downtime, joint
lowest C(0), largest time lag, and largest combined score. Olympic
Wind (US Pacific) shows the largest performance increase; its combined
score increased by a maximum of 1.7, owing to its significant reduction
in downtime and CoV, so should strongly be considered for co-location.
Ventos Fluminenses and Botafogo display sufficient maximum perfor-
mance gains, via a reduction in downtime and CoV, of 1.34 and 1.07,
respectively.

4. Conclusion

This study has presented an analysis of the benefits to the joint
occurrence of wind-wave energy converters at four different global
locations. ERAS5 has been used to source temporal and spatial data relat-
ing to global wind and wave climates. Statistical metrics, such as linear
correlation, cross correlation, variability, and synergy were calculated
to gauge the suitability of each study site (with contrasting wind and
wave climates) to the joint occurrence of wind-wave energy conversion.
A sensitivity analysis of WEC technologies to each sea state was also
conducted using the power matrices of four different WECs. The Mid-
West OWT array in Western Australia was concluded as the most
suitable site for co-located conversion, owing to its low correlation,
and large time lag between resources. These suitable characteristics
are driven by the swell driven wave climate, together with the typical
wind seasonal profile, at the Mid-West OWT array in Western Australia.
When WEC capacity was added to the array, it also displayed the
lowest downtime and variability, indicating a more stable total power
output. The Olympic Wind array in Northwestern USA showed the
strongest improvement in overall performance compared to its baseline
when WEC capacity was added; Olympic Wind had the greatest change
in downtime and saw a large decrease in variability. Botafogo in
Midwestern Portugal, and Ventos Fluminenses in Southeastern Brazil
both performed sufficiently, with overall array performance increasing
at both sites when WEC capacity was added. The Southern hemisphere
sites displayed strong potential at the instantaneous and seasonal scales;
both Mid-West and Ventos Fluminenses had seasonally offset peaks
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in resource phase. Conversely, the high latitude northern hemisphere
sites (Botafogo and Olympic Wind) show potential due to instantaneous
differences from a swell driven wave climate.

AWS and Pelamis both performed similarly at the Mid-West ar-
ray, however Pelamis outperformed AWS at all other sites as Pelamis
was able to operate at higher capacity factors at these less energetic
sites. SeaPower regularly performed the weakest across all sites, a
direct consequence of the reduced operating window for larger capacity
factors.

This study presents itself as a framework for the analysis into the
joint-occurrence of wind-wave energy converters at sites across the
globe. The use of the ERA5 dataset enables this study to be replicated
at any location on Earth. The power matrix of any WEC or power curve
of any OWT can be applied, so the implications of joint occurrence
can be understood considering any WEC/OWT combination. The use
of a ‘topping-up’ approach has enabled a more effective understanding
of the achievable benefits to the joint occurrence of converters. The
current economic feasibility of WECs is such that the only method of
widespread commercial implementation is via offsetting their cost using
OWT arrays. Furthermore, the widespread implementation of WECs
will likely significantly accelerate their development, on account of the
economic incentive.

However, this study does contain limitations, and possible targets
for future research. This study does not present metrics relating to the
economic costing of technologies, and the associated market/supply
chain; factors that will likely have a stronger weighting on the feasi-
bility of co-located arrays. This study does not account for the wake
effect caused by multiple turbines within proximity of each other, farm
layout, and other logistical considerations. These factors are likely to
greatly impact power availability. Furthermore, this study only consid-
ers prototype OWTs and WECs, for a more accurate representation of
co-located wind-wave energy conversion performance, more up-to-date
power matrices should be used. Furthermore the resolution of the ERA5
dataset could introduce some inaccuracies, particularly considering the
nearshore environment. This is important when applying other WEC
technology types, such as overtopping WECs (e.g. WaveDragon [51]),
so additional validation will be required. Future research should adopt
the approach taken in this study, but focus on these limitations.
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Full information relating to the ERA5 dataset used can be found
here https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-er
a5-single-levels?tab=form. The wave energy power matrices are pre-

sented in the appendix, and the wind power curve can be downloaded
here https://nrel.github.io/turbine-models/IEA_15MW_240_RWT.html.
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Fig. A.4. SeaPower power matrix. Power values are in kW. From SeaPower [45].
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