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Assessing wave energy
converters in the gulf of Mexico
using a multi-criteria approach

Miqueas Diaz-Maya®, Marco Ulloa'* and Rodolfo Silva?®

!nstituto Politecnico Nacional, CICATA-Altamira, Altamira, Mexico, Instituto de Ingenieria,
Universidad Nacional Auténoma de México, Mexico City, Mexico

The wave power in the Gulf of Mexico was analyzed, using 42 years
(1979-2020) of simulated data, with ERA-5 winds to force the WAVEWATCH
[l wave model. The model was successfully validated with three NDBC buoys,
42,055, 42,001 and 42,002. Comparison of significant wave heights obtained
from the Jason-2, Cryosat-2, and Saral satellites showed good mean
correlation coefficients and root mean squares. The spatial distribution of
wave power was studied, as well as its seasonal variability. The region
studied has moderate availability of wave power with marked seasonality. A
multi-criteria MCA approach, including both sea state and wave energy
converters (WECs), was then applied. Nine virtual sites were selected for the
study and the AAHPA device gave best results in 7 virtual sites and the Wavestar
device in the remaining two. The technology of these two devices, a system of
oscillating buoys, is the most viable technology for the Gulf of Mexico.

KEYWORDS
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Introduction

The availability of energy is an important factor in the development of any country’s
economy and in the welfare of its people. However, the unsustainable use of energy
resources impacts the environment, human health, and economic progress (Pérez-
Denicia et al., 2017). In 2020 in Mexico, most energy was generated from oil 59.8%,
followed by natural gas at 23.2%, renewable energy 10.5%, coal 3.6%, and nuclear 2.0%. Of
the renewable sources geothermic energy, solar and wind accounted for 3.4%,
hydroelectric 1.3% and biomass 5.7% (SENER, 2020). As the demand for electricity in
Mexico continues to grow, our commitment to try to decrease the amount of energy
produced from fossil fuels is becoming vital, and therefore all the available clean energy
resources must be considered. Marine energy from waves, currents, tides, thermal
gradient and salinity gradient must be assessed. Among these, wave energy has
greatest potential (Soerensen and Weinstein, 2008), partly because it is more
predictable than other renewables, such as wind or solar (Kamranzad and
Hadadpour, 2020).

Global assessments of the annual mean wave power estimate maximum values in the
Gulf of Mexico (GoM) to be 5-10 kW/m (Cornett, 2008; Mork et al., 2010; Gunn and
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Stock-Williams, 2012; Rusu and Rusu, 2021). In water depths of
over 40 m, Guillou and Chapalain (Guillou and Chapalain, 2020)
found an annual mean power of less than 8 kW/m in the GoM,
which coincides with that of Appendini et al. (Appendini et al,
2015). Off the Mexican coast in the GoM, Félix et al. (Felix et al.,
2018) found that the multi annual wave energy potential
excluding storms, is 18.0 MW, with 24.2 MW, including
storms (Hs = 4 m). More specifically, Hernandez-Fontes et al.
(Herndndez-Fontes et al, 2019) stated that the wave power
availability for a wave power threshold of over 5kW/m is
available 60-70% of the time off the states of Quintana Roo
and Tamaulipas. It should be pointed out that numerical results
of Hernandez-Fontes et al. (Hernandez-Fontes et al., 2019) were
not validated with wave measurements.

The GoM has significant urban and industrial development, and
thus a substantial base of electricity consumers, as well as almost
1900 oil platforms that require an electricity supply (Bureau of Safety
and Environmental Enforcement, 2020). However, the GoM is not
considered to offer steady wave power for energy harnessing, due to
hurricane risk and the variability of the potential resource (annual
index exceeding 1.0) (Cornett, 2008; Guillou and Chapalain, 2020).
Guiberteau et al. (Guiberteau et al,, 2015), however, suggested that the
Power Buoy and Pelamis wave energy converters (WECs), are
capable of adapting to the variability and to capture wave energy
to provide some electricity to the oil platforms in the GoM. Haces-
Fernandez et al. (Haces-Fernandez et al., 2018) also suggests that the
combination of Pelamis and wind power is a good option.

In the present quest for sustainable energy resources, the
adaptation of WEC technologies for low-medium wave power
regions has become a topic of research. If these regions cannot
supply electricity to large centers of consumption, then perhaps
the wave energy harvested can meet local needs. This study
explores various WEC technologies for harnessing wave energy
in the GoM, at sites associated with oil exploration and
exploitation. A multi-criteria analysis was used to select the
most viable WEC technology. The WAVEWATCH III wave
model (WW3) was used, validated with National Buoy Date
Center (NDBC) data and satellite altimetry data. The results
obtained for 1979-2020 (42 years) allowed us to study
interannual variations in wave parameters in the deep waters
of the GoM. A numerical characterization of the wave power was
carried out, and site selection and WECs were evaluated.

Materials and methods Section of this paper describes the
implementation and methodology of the model. In Results and
discussion Section the model validation, the wave power analysis
and the analysis of the different WECs using the multi-criteria
approach (MCA, also known as MCA factor) are shown.

Materials and methods

This section is divided into three stages: the implementation
and validation of the WW3 model for 1979-2020 is described, a
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brief description of the wave power in the GoM is given and,
finally, the analysis of WECs at various sites is presented, using
the MCA.

Study area

The GoM is a semi-enclosed sea (Figure 1) with moderate
waves, reaching significant wave heights of about 1 m (Ojeda
et al, 2017). The extreme waves generated in the GoM are
primarily due to frontal systems, tropical cyclones and winds
with southern and southeastern components known as
“Suradas”. The cold fronts in the area can lead to abrupt
temperature changes (up to 20°C in 24h) and rainfall of
200 mm day™ with strong winds and thus large waves (Pérez
et al, 2014). The cold front season usually lasts from October to
April, with the most intense period being between December and
March (Appendini et al., 2014). Meteorological data from 1981 to
2010 (CONAGUA, 2019) shows that on average there are 44 cold
fronts per season. The North Atlantic tropical cyclone season is
from June 1 to November 30, with most tropical cyclones directly
affecting the Mexican coast in September (Rosengaus et al.,
2014). Hurricane winds vary in severity and direction (Young
and Burchell, 1996). The “Suradas” are associated with high-
pressure systems that can occur at any time of the year, mostly
affecting Veracruz, Campeche, Yucatdin and Quintana Roo.
These anticyclonic systems provide warm, stable conditions
although, but the speed of the dry winds can reach over
60 kmh™! (CENAPRED, 2019).

Numerical model

The analysis undertaken here relies on hindcast data from the
WW3 version 6.07 [WAVEWATCH III Development Group
(WW3DG, 2019)], a third-generation wave model forced with
reanalysis winds from 1979 to 2020. This model solves the
random phase spectral action density balance equation for
wavenumber-direction spectra (Massel, 1996). The output
wave parameters of the model are the significant wave height,
peak period and peak directions recorded with a time resolution
of one hour.

Model set up

The WW3 model for the GoM is built on a structured mesh
with a resolution of 0.1875°. The wave spectrum was discretized
in 24 uniformly distributed directions and 29 frequencies
distributed in a logarithmic mesh covering the interval of
0.06623-0.9551 Hz, with a frequency increase factor set at 1.1.
Bathymetric and obstacle grids have a resolution of 15 arc-
seconds from the GEBCO database [GEBCO Compilation
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Study area, showing US offshore oil platforms (yellow dots) and oil exploitation areas in the GoM (Comision Nacional de Hidrocarburos, CNH) in
both shallow and deep water (orange and red respectively), and virtual sites (blue dots).

Group (GEBCO, 2021)]. Coastline and island data are from the
high-resolution GSHHS model database (Wessel and Smith,
1996). The wind forcing is from ERA5 (Copernicus Climate
Change Service (C3S), 2017) from the European Center for Mid-
Range Climate Forecasting (ECMWF). This dataset, covering the
period from1979 to 2020, has temporal and spatial resolutions of
one hour and 0.28°, respectively. The source term package ST4 by
Ardhuin et al. (Ardhuin et al., 2010) was used to improve the
duplication of wave parameters (Kalourazi et al., 2021). The time
steps for the global, spatial, intra-spectral propagation and the
source term integration are 1800 s, 900 s, 1350 s and 15s.

Validation

Validation of the WW3 model was carried out by comparing
the model predictions against altimetry (Jason-2, Cryosat-2 and
Saral satellites) and buoy data from the NOAA Deep Sea National
Buoy Date Center (NDBC) (Figure 2). The satellite data are from
the Sea State project (Piollé et al., 2020) of the IFREMER-Climate
Change Initiative (CCI). The WW3 results were interpolated
linearly over spatial and temporal scales based on the positions
of satellite trajectory observations for the periods: 01/01/2009-31/
12/2017, Jason-2, 01/01/2011-31/12/2017, Cryosat-2, and 01/01/
2014-31/12/2018, Saral. The altimeter data is the “along track” type,
implying that when there are no altimeter data, there is no data
from the model in some time periods. In the case of NDBC buoys,
validation was performed according to hourly data for the
significant wave height (H) and dominant period (Tp) over the
10-year period 2008-2017. To analyse deviations of simulated wave
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variables from satellite data and buoy observations, the following
statistical metrics were used: mean bias, root mean square error
(RMSE) and Pierson correlation coefficient (CC). They are defined
as follows:

Bias=s-o, (1)
N 2
RMSE = || 3 (s - 0" /N, @
N — —
cC=Y" (s-3)(0;-0) / 0,00, 3)

where N is the number of available observations, the overbar
indicates a mean value, s; indicates the simulated variable and o;
the observed variable, and o and o, are, in respective order, the
standard deviation of the simulated and observed variables.

Wave energy resource assessment

Following model validation, a total of 42 years from 1979 to
2020 was simulated. The wave power density (P) in kW/m for
deep water conditions is given by:

pg’

P=""TH

32n @

where p is the density of seawater (%), g is the gravity
acceleration (3), T, is the wave energy period (s), Hy is the
significant wave height (m) and T. = 0.86 T;, (Guillou, 2020),
with T}, being the dominant wave period (s).
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FIGURE 2

Satellite trajectories from 1st to 10th of January 2015 and NDBC buoy positions.
TABLE 1 Main characteristics of the WECs selected.
Device Rated power (kW) Classification Matrix resolution References
Pelamis 750 Attenuator 05mx0.5s Carcas, (2003)
OE buoy 2880 Oscillating water column 05mx1.0s Babarit et al. (2012)
Oceantec 500 Attenuator 05mx10s Patel et al. (2020)
Langlee 1665 Oscillating water surge converter 0.5 m x 1.0 s Babarit et al. (2012)
Wavestar 600 Point absorber 05mx1.0s (Marquis et al., 2012; Ambiihl et al., 2016; Heo and Koo, 2021)
Oyster 290 Terminator 05mx1.0s Silva et al. (2013)
AAHPA 178 Point absorber 1.0mx1.0s Aderinto and Li, (2020)

Characteristics of the selected WECs

Seven different WECs were selected for this work: Pelamis,
OE Buoy, Oceantec, Langlee, Wavestar, Oyster and AAHPA.
These WECs operate using different principles. Table 1 presents
the main characteristics of these WECs: power rating, operating
principle and power matrix resolution. The manufacturers of the
WECs specify these performance characteristics in terms of a
power matrix. This gives a representation of the WEC response
in terms of average power output, using the two sea state
parameters (H; and T. or Tp). The power captured by the
WEC is the product of the power matrix of the device and
the number of sea state hours represented by the sea state matrix
of Hy and T, or T,. The usefulness/applicability of the WECs
evaluated depends on them being able to operate at their rated
power for as long as possible in the GoM. Because the average
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wave regime in the GoM is lower than the regime these WECs
were designed for, the part of the power matrix with highest
powers of each device is not exploited. Thus, the device with most
potential is the AAHPA prototype, an oscillating buoy
specifically designed for the wave conditions in South Texas.

Pelamis device

The Pelamis is a WEC consisting of a series of semi-
submerged cylindrical sections, connected by hinged joints. It
resists the wave-induced movement of the joints by means of
hydraulic rams that pump oil at high pressure from motors
running electric generators (Carcas, 2003). In 2008, 3 Pelamis
devices  were (Portugal). In
2009-2010 out in the
United Kingdom with a second generation device and another

tested in  Agucadoura

another trial was carried
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was installed in 2012 by Scottish Power. In 2014, the company
went into receivership and the intellectual property was
transferred to the Scottish government body: Wave Energy
Scotland (EMEC, 2022).

OE buoy device

The OE Buoy is an oscillating water column device,
developed by Ocean Energy Ltd., Ireland. It has a semi-
submerged open chamber below the sea surface with an air
pocket held above the water column. The airflow is converted
into electrical energy as the column is oscillated by incoming
waves that pass the air through a two-way turbine (Babarit et al.,
2012). In its early stages, a 1:50 scale model of the device was
tested in Ireland, and later, a 1:15 scale model was successfully
tested in France, followed by ocean trials. In 2011, a 28-tonne 1:
4 scale model was installed in Galway Bay, Ireland, providing
energy production data (Lavelle and Kofoed, 2011; Ocean Energy
Ireland, 2017).

Oceantec device

The WEC Oceantec is an attenuator device. It extracts energy
from the waves in a gyroscopic device, using the relative inertial
motion caused by the waves. This motion powers an electrical
generator through a series of transformation stages. The
gyroscopic device is housed within a structure, or hull, that
stays aligned with the wave front, giving a pitch movement.
The structure containing the absorber element and the other
elements is vessel-shaped and can be scaled in size, to suit the
wave conditions at a given site. The mooring system consists of
four lines that allow the WEC to cope with the incident wave and
maximizes the absorption of directional wave energy (Patel et al.,
2020). Tests were carried out in 2008, off the north coast of Spain
(Salcedo et al., 2009).

Langlee device

This oscillating wave surge converter extracts kinetic energy
from the orbital motion of water particles excited by waves,
through a series of hinged flaps located just below the water
surface. It has a series of pairs of flaps that are placed
symmetrically opposite each other, mounted on a semi-
submerged, floating steel frame. At suitable wavelengths, the
symmetry helps to minimize the forces acting on the structure
and moorings, while the flaps must complement each other to
extract the maximum amount of energy (Babarit et al., 2012). The
device was developed by Langlee Wave Power, based in Norway.
In 2012 they conducted scale model tests at the Plataforma
Ocednica de Canarias (PLOCAN) facility (Langlee Wave
Power AS, 2013).

Wavestar device

The Wavestar device is a point absorber. It is essentially a
group of floats that rise and fall with the movement of the waves.
A hydraulic system transfers this movement, converting it into
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the rotational motion of an electric generator. The Wavestar can
be installed on shore, inland, or in shallow waters, or it can be
adapted for deep waters, and can work in combination with at
least one wind turbine (Marquis et al., 2012). In extreme events
that threaten the system, the bridge is raised to a safe height, as
are the arms (Drew et al, 2009; Aderinto and Li, 2019). The
Wavestar system was developed in Denmark in 2000 and in
2004 a 1:40 scale model was tested in the wave tank at Aalborg
University to verify the performance of the concept and
document the energy data obtained. In 2005, a 1:10 scale
model was constructed for ocean testing at Nissum Bredning,
a coastal lagoon in Denmark where the swell size is
approximately 1:10, compared to the North Sea. The device
2006,
15,000 operational hours and withstanding over 15 storms
with no damage to the system (WaveStar, 2019). In 2010, a 1:
2 scale model was installed at a depth of 6 m. There were two

was  successfully  installed in accumulating

versions of this 110 kW-capacity device, with different numbers
of floats. The power matrix used in this research corresponds to
the 20-float version with a nominal power of 600 kW.

OYSTER device

The Oyster is a device of oscillating fins fixed to the bottom.
The floating hinged flipper moves back and forth with the
movement of the waves, and the two hydraulic pistons pump
water at high pressure to a shore-based hydroelectric station that
drives an electricity-producing generator (Silva et al., 2013). The
Opyster device was developed in Scotland from 2005 by the
Aquamarine Power company. The first full-scale device was
tested in Orkney, Scotland, and the first Oyster was installed
with the help of the European Marine Energy Centre (EMEC) in
2009 (Cameron et al., 2010).

AAHPA device

The AAHPA device was designed for the wave conditions in
South Texas (GoM). It consists of a cylindrical buoy that
oscillates vertically through a fixed, solid frame during its
interaction with the waves. The cylinder is hollow, with an
inlet and an outlet that have one-way valves near to the
submerged base of the device. The valves open at a certain
critical wave period and close when the wave period falls to
less than this. This allows resonance at two different wave
frequencies. It does not have a specific mechanism for
converting mechanical wave energy into electrical energy, and
it is known as a self-adjusting WEC because it changes its inertia
by ballasting and deballasting with seawater. As yet, this device is
only a conceptual design; no tests have been performed yet.

The devices selected were designed for areas of high energy,
so it is not possible to harness their full rated power. However, by
studying sites with less energy important information can be
gleaned for future technological development. For example, the
design loads of the WEC is reduced and its probabilities of
survival are increased. In addition, installation, commissioning
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and maintenance are simpler, safer and less costly than at higher
power sites. In areas with low power, the annual variation of sea
wave energy is generally lower, while the tidal range is low (as in
the GoM), the
maintenance of these WECs (Foteinis, 2022).

facilitating installation, operation and

Multi-criteria approach

The multi-criteria approach (MCA) index was introduced by
(Kamranzad and Hadadpour, 2020) and later modified by
(Kamranzad et al, 2021). It is used to compare energy extraction
using different WECs at specific sites. The calculation of the index
involves different variables: the exploitable energy at the site (E.), the
accessibility, the availability, the energy production of the WECs
(E,), calculated from the sea state matrix of each site and the power
matrix of the WECs, the monthly variability index (MVg,_) and the
99th percentile of Hs (H?°). However, it does not take into account
factors such as the levelized cost of energy, lifetime of devices,
installation and operation costs, distance to energy consumption
centres, and other important factors. Therefore, this method is
mainly used to compare the type of technology that might be
suitable at a given site, it is a decision-making tool to compare
the suitability of WECs/sites. Although the choice is limited by the
above factors, the MCA index can be used to rank the performance
of WECs, not only in terms of their energy output, but also their
stability. Nine sites, close to oil platforms in the GoM, were selected
(Figure 1).

The total and exploitable wave energy per unit area (E; and
E., respectively) are given by:

E; = Ppean t
Ee = Prean te

©)
(6)

where t is the total hours per year (8760 h), t. is the theoretical
exploitable time, that is the total hours corresponding to
P>2kW/m (Zheng et al, 2013), and Ppe,y is the mean wave
power.

Accessibility refers to the percentage of time that marine
conditions are favorable for the operation and maintenance of
WEC activities offshore. The wave height threshold taken into
account is that of Lavidas et al. (Lavidas et al., 2018), ranging
from 1.5 to 4m with increments of 0.5m. Availability is
calculated according to the percentage of time that the wave
resource is favorable to WEC operations. As a result of Lavidas
etal. (Lavidas et al., 2018), we are considering WECs suitable for
high and low resources in terms of a wave height cut-in (Heyt—in)
and cut-off (Hey—ofr) of 0.5 and 4 m respectively. The analysis of
extreme events is based on the 99th and 95th percentiles of H.

The performance of each WEC at the different sites is
assessed in relation to energy production (E,).

RS S

™
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where, ny and ny represent n bin of T, or T. and Hs,
respectively, p; represents the percentage of occurrences in
each sea state is determined by H, and the energy period T.,
and Py is the rated power matrix supplied by each WEC
manufacturer.

Energy production of a WEC at a given site is estimated from
Eq. 7, which uses the power matrix of a device with the sea state
matrix. The values of Table 3 were estimated by multiplying the
expected energy production of each interval of the power matrix
by the expected number of hours/year of occurrence of that
interval. For this purpose, the wave climate data were represented
using a sea state matrix with the same resolution (i.e. same size of
height and period intervals) as the power matrix of each WEG, to
show the different wave conditions at each of the sites. The
annual energy production was then calculated by summing the
records for each year, and finally, the average annual production
was estimated by taking the 42-years average of the dataset.
Energy production was calculated on a monthly and an annual
basis. The general characteristics of the WECs selected are
described in Table 1 and the power matrices of the WECs
were obtained from the references consulted. It is important
to note that the power matrix used for the AAHPA device is
approximate, derived from the results of the work of (Aderinto
and Li, 2020).

The variability of the wave resource follows the monthly
variability index (MV) provided by (Cornett, 2008).

PMI - PM12

MV =
P

®)
where Py and Py, are the mean power of the waves for the
most and the least energetic month respectively, and P is the
mean wave power.

Combination of all the above factors constitutes the multi-
criteria factor for the selection of a wave energy harvesting site
(Kamranzad et al., 2021),

E. a1 are dalils E, ‘min (Hpercentile99)
— = X accessibility x availability x —fe—— x ———— =
MCA = ( (Hy < 1.5)

max (E) max (Eg) H, percentile99
MV,

©

where annual values of Hy < 1.5 are considered for accessibility. A
higher MCA value indicates a better match for a location/WEC
combination, allowing a classification of the WEC performance,
according to its energy production and stability.

Results and discussion

Validation

The results obtained from the WW3 model were successfully
validated in terms of 10 years daily means of Hs and T, from the
buoy 42,055 (Figure 3 and Table 2). The highest waves and
periods occur in winter, coinciding with the passage of cold
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FIGURE 3

Comparison between simulated and observed wave parameters from NDBC buoy 42,055 for 2008-2017.

TABLE 2 Validation metrics based on NDBC buoys and satellite data.

Buoy Variable Bias RMSE CC
42,055 Hs (m) 0.02 0.22 0.95

Tp (s) 0.38 0.9 0.84
42,001 Hs (m) 0.02 0.21 0.95

Tp (s) 0.61 125 0.70
42,002 Hs (m) 0.04 021 0.95

Tp (s) 0.54 1 0.81
Jason-2 Hs (m) -0.26 0.33 0.92
Cryosat-2 — -0.2 0.29 0.93
Saral — -0.24 0.31 0.93

fronts (CF). In summer, periods of calm can be disrupted by
tropical cyclones (Figure 4). The WW3 model tends to
underestimate the maximum significant height of the buoys,
measured in extreme events (Figure 5), probably due to the
underestimation of the ERA5 maximum winds. Overall, both the
modelled and in situ data from the NDBC buoys in the GoM
show good correlation coefficients (> 0.9 for Hg and > 0.7 for Tj,)
and root mean square errors (<0.3 m and <1.3s). To simplify,
the results for buoy 42,002 are not presented. The statistical
metrics obtained are comparable to those found in other works
using the WW3 model (e.g. (Sangalugeme et al., 2018; Sun et al.,
2020)). However, the variation in the correlation coefficients for
T, reflects the failure of the model to represent local extreme
events and long period swells accurately. For both NDBC buoy
and altimetry in the GoM, the values in Table 2 indicate good
agreement between the model data and the in-situ observations.

Figure 6 shows the comparison of the time series of Hy from
the Jason-2 satellite with the WW3 model, which are in good
agreement. The significant height of the satellite is in positive
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correlation with the modelled significant height (Figure 7).
Referring to the data in Table 2 the negative bias implies that
the model tends to underestimate the satellite data. For Hg, CC is
greater than 0.9 and RMSE is roughly 0.3 m.

Wave power spatial distribution and wave
climate characteristics

In this section the results of the theoretical wave power in the
GoM, that is, the spatial distribution of the mean wave power, the
percentiles of the wave power and the seasonality of the mean
wave power are described.

In general, mean wave power in the GoM is low. It is seen in
Figure 8 that the highest mean wave power is off the west coast of
the GoM (>5kW/m). Data from the virtual buoys, shown in
Figure 1, shows that in deep water the mean wave power is about
2-5 kW/m, while closer to the coast, the mean wave power is less
than 2 kW/m.

Figure 9 depicts the 25th, 50th, 75th and 99th percentiles of wave
power for the 42-years interval. The maximum values for all
percentiles are in the northwest of the GoM, at approximately the
same position as the wave power mean maximums. The latter
coincides with the results of Haces-Ferniandez et al. (Haces-
Fernandez et al,, 2018) and Félix et al. (Felix et al., 2018) who
identified the west of the GoM as promising for the harnessing of
wave energy for electricity. Nevertheless, with the exception of the
99th percentile, maximum values are found on the coast of Veracruz.
The 50th percentile, the median, does not exceed 3 kW/m in the
entire GoM. For the 75th percentile, the same distribution occurs
with maximum values in the west of the GoM. However, maximum
values can reach 6kW/m. Regarding the 99th percentile, the
observed values are between 10 and 55kW/m, with a maximum
of 55 kW/m in the southwest of the GoM.
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Comparison of the modelled significant wave heights and measured time series for selected extreme events: (A) Hurricane Ingrid (September
2013); (B) Hurricane Dolly (July 2008); (C) Cold front, January 2017; and (D) Cold front, October 2017.

The mean wave power for each season of the year was also and maximum values in excess of 8 kW/m. In autumn and
calculated, based on the 42-year period (Figure 10). The season spring, the mean wave power is 4 kW/m with maximum
with the highest wave power is winter, with an average of 6 kW/m values of 5.5 kW/m. The least energetic season is the summer
Frontiers in Energy Research 08
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Time series of modelled and measured significant wave heights from the Jason-2 satellite.
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FIGURE 7

Scatter plots of the significant wave heights of modelled and satellite data: (A) Jason-2; (B) Cryosat-2.

with a mean of 2 kW/m and minimum values of up to 0.5 kW/m.
The findings reported here agree with those of Félix et al. (Felix
etal, 2018) and the global trend (Cornett, 2008; Gunn and Stock-
Williams, 2012).

MCA factor

The results of the MCA factor, shown in this section
encompass essential aspects for estimating long-term energy
potential for possible WEC devices and sites. The MCA factor
includes aspects such as total and exploitable wave energy at the
site, accessibility, availability, annual energy production, monthly
variability, as well as extreme values. The results shown are for
9 sites in the GoM, selected for their proximity to oil activity
(Figure 1) where electricity generated from wave energy would
make a considerable contribution to the carbon footprint. Nearby
locations to these platforms areas were used to aid identification:
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New Orleans (New), Lafayette (Laf), Corpus Christi (Cor),
Matamoros (Mat), La Pesca (Pes), Tampico (Tam), Veracruz
(Ver), Ciudad del Carmen (Car) and Campeche (Cam).

The annual exploitable energy (E.) considers the average
power and the number of hours that the power is over 2 kW/m
(Lavidas et al., 2018). The E, varies between 11.9 (Lafayette) and
30.5 MWh/m (Matamoros) (Figure 11A), although La Pesca,
Corpus Christi and Campeche also have high E, values. The
ratio of exploitable energy to total energy (g—f) is 40-67%, with
Matamoros having the highest value and Lafayette the lowest
(Figure 11B). The values seen in the GoM are high compared to
those for the Caspian Sea, Persian Gulf and Gulf of Oman
(Kamranzad and Hadadpour, 2020) where the highest value
19%. the
Indian Ocean(Amrutha and Sanil Kumar, 2022) found sites
of up to 99.7%. the GoM is
considered to have a moderate ratio of exploitable to total

energy (g—f).

was However, another study in

with values Therefore,
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FIGURE 8
Spatial distribution of mean wave power.

Wave power (kW/m)

Another factor considered in the MCA is accessibility,
defined as the percentage of time in which it is possible to
operate a device at a given site, or perform maintenance
operations. This parameter is determined according to H,
thresholds. Figure 11C shows accessibility values on an annual
scale in the categories defined. For the 9 sites considered, the H;
is less than 2 m 94% of the time. Values of H, < 1.5 m at the 9 sites

Frontiers in Energy Research

A B
30°N 300N
27°N § J §
12 27°N =
24°N g 40 g
§ 24°N §
0.5
21°N % 21°N %
18°N = o =
o 0 18°N
100°W 100°W  95°W  90°W  85°W
s D
30°N 30°N
5E €
27°N 42 21N z
o 3 8 o o
24°N 3 24°N H
2 g o
21°N = 21°N g
1= =
18°N 18°N
100°W  95°W  90°W  85°W 100°W  95°W  90°W  85°W
FIGURE 9
Wave power (kW/m) percentile maps: (A) 25th; (B) 50th; (C) 75th; and (D) 99th. Note the scale in the colour bands is different.

10

vary between 72.5 and 88.8% of the time and are used to calculate
the MCA factor. The WECs would be accessible most of the time,
except during extreme events.

Figure 11D shows the availability values, indicating the
percentage of time when the wave resource favors the
operation of the WEC devices. Availability is greater than
74% at all sites. The highest and lowest values are at La Pesca
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and Lafayette, respectively. The values for these sites are high
compared to the annual availability value reported of 55.21% in
the Gulf of Oman (Kamranzad and Hadadpour, 2020) and
various sites in the Indian Ocean (Amrutha and Sanil Kumar,
2022), which range from 50% to about 97%. The Hgy percentile
value is also considered in the MCA factor. For the sites studied,
this is 2.74 m for Corpus Christi and 3.15 m for Campeche. The
range of values is narrow (Figure 11E).

Table 3 shows the annual energy production (E,), a
parameter that allows the local conditions at the study sites
for the WECs to be evaluated. The E, values for the various
WECs are between 83 (OE Buoy) and 1733 MWh (Wavestar).
For all WECs, except the OE Buoy, the Matamoros site has the
highest E, values.

In addition to the annual energy production (E,), the
variability of energy at the site must be considered. The
variability indexes calculated for each device and the 9 sites
are shown in Figure 12. The AAHPA device has the lowest
monthly MVIEo variability at all the sites. The MV I, intervals
are between 2.2 (OE Buoy at the Ciudad del Carmen site) and
0.55 (OE Buoy at the Lafayette site). The more northerly sites
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(New, Laf, Cof, Mat, Pes) have lower MV I, values than those in
the south.

The MCA factor was calculated for all sites (Figure 13),
allowing comparison of the performance of the WECs at each
study site. For 7 sites, the AAHPA is the most suitable WEC,
followed by the Wavestar at the other two sites. Corpus Christi
site and the sites in Tamaulipas have the highest values of the
MCA factor.

The Wavestar WEC is described as a point absorber (Marquis
et al, 2012; Ambiihl et al., 2016; Heo and Koo, 2021), oscillating
body system or wave activated system (Chen et al., 2018; Curto
etal., 2021), or attenuator (Amrutha and Sanil Kumar, 2022). Itis
essentially a group of floats whose operation does not depend on
the direction of the waves, ascending and descending with the
upward and downward motion of the waves. This device is small
in size, compared to the wavelength, with smaller horizontal
dimensions than the vertical. It can float on the sea surface or
below the water, relying on the pressure differential (Drew et al.,
2009; Aderinto and Li, 2019; Farrok et al., 2020). It is promising
as a WEC prototype, capable of changing the inertia of the
oscillating body using seawater as ballast and de-ballasting to
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(A) Annual Exploitable energy; (B) percentage of the ratio of exploitable energy to total energy; (C) annual accessibility;

(D) annual availability;

and (E) 99th percentile values of Hs for different locations in 9 sites in the GoM.

TABLE 3 Annual energy production at each site in the GoM.

New Orleans Lafayette Corpus Matamoros LaPesca Tampico Veracruz Ciudad Campeche
Christi del Carmen
E, (MWh) Pelamis 117 156 177 213 188 191 150 144 191
OEBuoy 83 98 103 125 116 131 116 120 131
Oceantec 324 451 545 638 551 490 333 300 500
Langlee 230 310 370 419 368 319 216 225 362
Wavestar 1029 1322 1609 1733 1594 1414 1108 1040 1526
Oyster 146 204 245 284 242 218 157 145 229
AAHPA 193 243 284 303 275 240 180 179 277

achieve resonance with two different wave frequencies (Aderinto
and Li, 2020).

In areas with a high wave climate, the movements of WECs
are limited in storms, to ensure their survival (Stuhlmeier and Xu,
2018); they do not generate electricity. However, in low-energy
areas, such as GoM, storm survival is not a major issue (Lavidas,
2019). However, existing types of WECs would only fully
function during relatively infrequent high-energy storms and
waves (Foteinis et al., 2017), since low-energy waves could not
drive them. The reason for this is that the power matrix of the
European WECs cannot be used to capacity with the average sea
state of the GoM. The range of significant heights and energy
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periods obtained for the sea state matrix was 0< Hg <3.5 m, 0<
T, <9. In the WECs evaluated in this research, approximately
60-80% of the power matrices cannot be used, as the nominal
power and peak powers are in higher ranges than GoM sea state
matrices. The storm fronts that affect the GoM for half of the
year, can be used to harvest energy (cold fronts and tropical
cyclones), through semi-submerged devices, such as oscillating
buoys.

The power matrices of the converters evaluated in this
OE Langlee,
WaveStar, Oyster and AAHPA, are added as a Supplementary
Material.

research: Pelamis, Buoy, Oceantec,
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Conclusion

From analysis of wave power in the GoM, using simulated
data from the WW3 numerical model with ERA-5 wind-
forcing, good mean correlation coefficients and root mean
squares were found when compared to the significant heights
obtained from the Jason-2, Cryosat-2, and Saral satellites.
While the WW3 model tends to underestimate storms, such

Frontiers in Energy Research

13

as atmospheric frontal systems and hurricanes, the mean
wave power was found to be 4 kW/m (variation coefficient
2), indicating unstable wave conditions. The month with the
highest mean wave power was January (5.5 kW/m) and the
July (2.5kW/m). Winter was the most
energetic season in the GoM, and summer the least. The

lowest was

monthly and seasonal variability in wave power was

moderate.
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Using the multi-criteria approach, AAHPA and Wavestar
technology were found to be the most viable WEC devices at
most of the GoM sites evaluated in this study. The functioning of
these two WECs work uses an oscillating buoy. For the offshore
sites assessed, Corpus Christi, Matamoros, La Pesca, and
Tampico had the highest MCA values. A farm of submerged,
wave activated devices would seem to be the most feasible
alternative. These could provide electricity for nearby oil rigs,
e.g., lighting, communications and impressed current cathodic
protection to prevent underwater corrosion. Other possible end-
uses could be the supply of electricity to power the electric motors
used by fleets of fishing vessels, either via supply stations or by
electricity repositories. For nearshore sites, oscillating buoys are
probably suitable, offering similar services. In addition to these
end-uses of the electricity generated by wave power, water
desalination plants in the area could also benefit from more
sustainably produced energy.

The provision of electricity from the harnessing of wave
power to isolated and socially marginalized communities around
the 9 sites assessed would also be a possible goal. As of now, there
are no wave powered energy generating plants in the GoM, as
indeed is the case in the rest of the world.

If we are to meet the commitments made in the various
internationally signed treaties to produce more energy from
sustainable, clean sources, and to reduce our dependency on
fossil fuels, every potential avenue must be evaluated. We believe
that there is a future for marine energy, particularly wave
powered electricity generation in the GoM. Nevertheless,
substantial ~ wave-to-wire  simulations and  economic
assessments are still required to improve the attractiveness of
such projects. Investigation into capital and operational
expenditures, as well as levelized cost of energy studies are
vital to assure commercial success.

The GoM, in common with many other places in the world,
has not been considered suitable for wave energy harvesting as it
does not have high energy potential. Existing European WECs do
not work efficiently with the low energy waves of the GoM, and
would have to be adapted, elevating costs and thus becoming less
attractive to potential investors. However, this study shows that
for areas with prevailing wave periods of 5-8 s, floating buoy
systems are viable, technically and economically in the near
future.
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