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Abstract: Offshore oil platforms operate with independent electrical systems using gas turbines to
generate their own electricity. However, gas turbines operate very inefficiently under the variable
offshore conditions, increasing fuel costs and air pollutant emissions. This paper focused on
investigating the feasibility of implementing a hybrid electricity supply system for offshore oil
platforms in the Gulf of Mexico, both for the United States and Mexico Exclusive Economic Zones.
Geographic Information Systems methodologies were used to analyze the data from various sources.
Three different scenarios were studied, including wind power only, wave power only, and wind
and wave power combined. The results showed that all the offshore locations were within accepted
feasible distance to the coast for connecting to the onshore grid. Most of the locations had acceptable
power levels of either wind or wave energy while the combination of both resources can improve the
overall energy harvesting efficiency and reduce the variability in a significant number of locations.
The proposed methodology can be applied for specific locations with finer spatial and time resolution,
which will allow stakeholders to improve the decision making process, generate important savings
on the normal operation, reduce pollution, and potentially increase income by selling surplus energy
from renewable sources.

Keywords: wind power; wave power; offshore oil platforms; Gulf of Mexico; Geographic Information
Systems; WaveWatch III

1. Introduction

Production and ancillary activities on offshore oil platforms require electric power that ranges
from 10 MW up to hundreds of MW, depending on the sizes of oil platforms [1,2]. Most of these
platforms function with independent electrical systems, generating energy using gas turbines, which
are expensive to operate [1]. The nature of the offshore production operations generates a variable
system, with periods of low energy consumption followed by higher load requirements [1]. Gas turbine
fuel efficiency is affected under variable operation conditions, considering that the energy consumption
during idling conditions can be about 20% of what they would consume at full power [1,3]. Gas turbines
in offshore oil platforms normally operate under 30% efficiency ranges, when the normal average
efficiency should be about 55% considering a combined cycle gas power plant [3–8]. Furthermore,
gas turbines increase emissions of NOx, SO2, Volatile Organic Compounds (VOC), Particulate Matter
10 micrometers or less (PM10), Particulate Matter 2.5 micrometers or less (PM2.5), CO, and CH4 under
these inefficient operation cycles [1,2,7,9,10]. Studies on offshore oil platforms in Texas and Norway
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indicated that gas turbines are the main contributors of several criteria air pollutants on the offshore
areas [4,6,7,9,10].

Several approaches have been taken to ameliorate this problem [11,12]. Norway has required that
new or major modifications on offshore oil and gas platforms must consider the use of onshore energy
since 2007 [5,7,13–15]. In fact, several fields in that region use onshore power [5,7], such as Ormen
Lange, Snøhvit, Gjøa, Valhall, and Goliat. Another alternative involves the use of offshore renewable
energy, such as wind and wave energies [3,7,14,15]. Simulation and modeling studies have indicated
that important savings and reduction on pollutant emissions can be obtained when developing isolated
offshore systems with wind turbines and oil platforms. Simulation for the year 2009, performed by
Korpås et al. [1] in the North Sea for the inclusion of wind energy on oil platform operation, resulted
in 53,790 tons of CO2 and 367 tons of NOx reductions, with yearly savings of €5.73 Million assuming
€64/MWh for wind energy generated [1].

Furthermore, it has been ascertained that the combination of the two alternatives, using offshore
renewable energy and connecting to the onshore grid, could create important synergies for both oil
and renewable energy industries [6,8,16–21]. Supplying offshore oil platforms with renewable energy
reduces the load for the gas turbines, with the variability issue tackled by the use of coupled energy
storage systems [3,17,22]. Including a connection to the onshore electric grid increases the reliability
of the system by supplementing the electricity supply for longer than expected renewable energy
interruptions without ramping up gas turbines, and allows for the excess energy generated from
renewable sources to be sold to the grid [4,6,8]. Therefore, it is able to balance energy generation
and consumption in a safe and efficient manner while generating important savings and synergies,
potentially even generating profit for the facility [4,6,14,23].

Although offshore oil and ocean renewable energy industries have coexisted independently over
the last two decades, it is becoming increasingly clear that they can benefit from each other in many
ways [15]. Besides the previous stated yearly savings for the oil industry (€5.73 Million assuming
€64/MWh for wind energy generated), there are many other short and long term advantages [1].
The reduction or elimination of heavy and bulky gas turbines will reduce the design and construction
cost of offshore oil platforms, free spaces for other activities, and reduce the risk associated with
gas turbine operations [24]. With continuous technological improvements, offshore wind energy has
become a mature industry, which is competitive with traditional energy resources. Meanwhile, wave
energy is considered as one of the biggest untapped renewable energy resource in the world with
predicted potentials enough to provide ten percent of the world energy in the following decades [25–28].
It is desirable to introduce wave energy to the electrical systems of installations in oceanic environments,
specially isolated systems such as islands, to reduce costs and pollution caused by fossil fuels [29–31].
Ocean renewable energy industry, especially wave energy, will also benefit from the oil industry and
accelerate its development by applying all the knowhow from the offshore oil sector, accumulated
through more than 50 years in the offshore environment [32]. In the long term, the possibility of cost
sharing on offshore electrification will be beneficial for both industries. Electrification on the offshore
environment is expensive and complex, and the proposed scheme will make the distribution of the
installation and maintenance costs more efficient if the infrastructure can be shared by both offshore
oil and renewable energy installations, providing each with important advantages [2,3,13,14,16,33,34].
The oil industry will not only be able to sell excess renewable energy to the grid, potentially generating
extra income, but it can transform aging offshore infrastructures into wind installations. This could
reduce decommissioning costs and allow the oil industry to continue investing on the renewable
energy sector [35,36].

Motivated by these considerations, this paper focused on investigating the feasibility of using
wind and wave energy to supply electricity to the U.S. offshore oil platforms and potential Mexico
Exclusive Economic Zones (EEZ) in the Gulf of Mexico using Geographical Information Systems (GIS)
methods. The locations of the areas for hydrocarbon exploration and extraction on Mexican EEZ were
named as Comisión Nacional de Hidrocarburos (CNH) areas in this paper. Figure 1 shows the entire
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study area with small green dots representing offshore oil platforms and green rectangles representing
CNH areas. In order to investigate and compare the wind and wave energy behaviors within the CNH
areas, three major CNH regions (labeled as Regions I, II, and III in Figure 1) were grouped to conduct a
detailed analysis.
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Figure 1. Study area with offshore platforms and Comisión Nacional de Hidrocarburos (CNH)
areas identified.

Bathymetry data was obtained from [37], and included in Figure 1 to provide additional
information for the decision making process on the selection and deployment of the energy harvesting
equipment. Depending on the sea depth, three wind turbine foundations systems are available:
monopole (up to 30 m), jacket-tripod (up to 50 m) and floating (deeper than 50 m) [38]. The average
depth of existing offshore wind turbines is 22 m, and the largest depth for a jacket-tripod foundation
is 44 m (EnBV Baltic 2 Wind Farm in Germany) [36,38]. The floating wind turbine concept was
originally proposed in 1970, and Blue H technologies conducted a test on the Italian coast in 2008
followed by the Poseidon 37 project in 2009 [38]. Statoil also connected a floating wind turbine to the
grid in 2009, while Repsol installed a floating 2 MW Vestas wind turbine on the Portuguese coast in
2011 [38]. Hywind offshore floating wind farm started operations in October 2017 in Scotland with five
wind turbines [36]. The inclusion of bathymetry data in the GIS analysis will help selecting the most
adequate foundation system for the wind turbine model to ensure the best fit for the meteorological
and geographical conditions of each location. Both the jacked-tripod foundation [39] and the floating
wind turbine system [26] might incorporate a hybrid wind-wave system that would bring a number
of synergistic benefits to the project, including cost sharing to reduce operational and management
expenditures [39,40].

2. Materials and Methods

This paper assessed the wind and wave energy potentials in the Gulf of Mexico for application
in the oil and gas industry for both the United States and Mexico. GIS analysis was performed to
ascertain the possibility of connecting offshore oil and gas facilities with the onshore electric grid, and
to analyze the available wind and wave energy resources in each particular area considering historical
data provided by the National Oceanic and Atmospheric Administration (NOAA) WaveWatch
III system [41,42]. Big Data analysis was integrated into GIS to investigate the feasibility of supplying
electricity to offshore oil facilities in the Gulf of Mexico with wave and wind energy. The locations of
more than four thousand oil and gas platforms in the northern region of the Gulf of Mexico (U.S. oil
platforms) were obtained from data published by the U.S. Geological Survey, Coastal and Marine
Geology Program from information provided by the Minerals Management Service [43]. The locations
of the areas for hydrocarbon exploration and extraction on Mexican EEZ were obtained from the
National Commission for Hydrocarbons (CNH) of the Mexican Federal Government (CNH areas) [44].
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The CNH areas are in the process of being assigned, through public bidding, for hydrocarbon
exploration and extraction by Mexican and International companies, individually or in join projects
with Petroleos Mexicanos (PEMEX), in accordance to legal changes to the Mexican Constitution of
December 2013 [44].

This paper focused on developing a general methodology to evaluate the feasibility of using
renewable energy to supply offshore oil platforms. The use of actual extracted electric power, rather
that energy density values, was considered a more effective indicator to understand the energy
capabilities of the region. Since two energy resources, wave and wind, were being simultaneously
analyzed, the output data was used with the same measuring unit rather than wave density in kW/m
and wind density in kW/m2. Therefore, it was necessary to select equipment for the harvesting of
wind and wave energy to develop and validate the methodology.

Wave energy was assumed to be extracted by one Pelamis P2 750 kW Wave Energy Converter
(WEC). There is no WEC being commercially operated in large scale nowadays, and the developer of
the Pelamis WEC went into administration with Wave Energy Scotland now owning their intellectual
property and assets [45]. However, the Pelamis WEC was considered a good option because of several
important reasons. First of all, it has been extensively used in previous researches [25,27,46–48], and
its power curve was provided by previous research and the manufacturer (Figure 2) [49–52]. Secondly,
the Pelamis P1 750 kW was the first WEC to operate commercially on a wave farm in Aguçadoura,
Portugal that was connected to the grid [53]. The closing of this wave farm was mostly due to the
financial collapse of the main shareholder of that project, Babcock & Brown infrastructure group from
Australia [53]. At last, the second generation Pelamis P2 750 kW was successfully tested for 3 years in
the Billia Croo wave test site [45,53].
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Wind energy was assumed to be extracted by one Vestas V90 3 MW wind turbine. It is one of
the most widely used offshore wind turbines in the world, and its power curve has been provided
by the manufacturer (Figure 3) [33,34]. The Vestas V90 3 MW has a hub height of 80 m, diameter of
90 m, cut-in wind speed of 4 m/s, rated wind speed of 16 m/s, cut-out wind speed of 25 m/s, and
restart (cut-back-in) wind speed of 20 m/s [54]. It is also possible to modify existing offshore wind
turbines by changing their current foundation systems to floating system [55]. Manufacturers such
as Vestas [56], Siemens [38] and General Electric [57] are installing its current offshore wind turbine
models on floating foundations [38,58,59].
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Meteorological data over 36 years (1979–2015) in the Gulf of Mexico region generated by the
NOAA’s WaveWatch III system was used to first calculate wave and wind power output by considering
one device in each geographical location. The resolution of NOAA data is one sixth longitude by one
sixth latitude, which is also the dimension of each geographical location considered in this paper.

The electric power output generated on each location was calculated by applying meteorological
data with the power curves (Figures 2 and 3). The significant wave height-Hs (in meters) and the
dominant wave period-Tp (in seconds) were applied to the Pelamis electric power curve (Figure 2) to
estimate its power output. Dominant wave period (Tp) was calculated from the energy wave period
provided by NOAA’s WaveWatch III by multiplying factor α. The value of α approaches to one as
the spectral width decreases, and it has been considered as 0.86 for a fully developed ocean [60,61].
In this paper, 0.9 was selected as α value as indicated by previous research [60–64], which is also the
equivalent of assuming a standard JONSWAP (Joint North Sea Wave Observation Project) spectrum
(Deutsches Hydrographisches Institut—Hamburg—1973 Hasselmann et al.) [35,37,61,65–68].

Electric power generated by the Vestas V90 3MW was calculated based on wind speeds provided
by the NOAA from the WaveWatch III system at the same locations and time periods as for wave.
The provided wind speed vectors were at a height of 10 m above sea level, which was converted
to wind speeds at wind turbine hub height (80 m for Vestas V90 3MW) applying the wind profile
power law formula Equation (1), considering near-neutral stability conditions at locations in the Gulf
of Mexico [69,70]:

U2

U1
=

(
Z2

Z1

)P
(1)

where, U2 is the wind speed at height Z2, U1 is the wind speed at height Z1, and P = 0.10 for offshore
wind turbine [70].

The maps created in this paper to analyze wave power and wind power generated by the Pelamis
750 kW and the Vestas V90 3 MW are represented by a color scale applying Jenks Natural Breaks
classification method. This method classifies values by minimizing each category average deviation
from the category mean, and simultaneously maximizes each category deviation from the means of
the other categories in the same array aiming to minimize variance on each category while maximizing
variance between categories. It is a very good fit to evaluate geospatial data that has high variation
on temporal and spatial criteria, such as wave energy and wind energy. It is a good analysis tool for
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arrays with relatively big differences on the data values [71–74]. The color bars presented on each
of the maps in this paper ensured a good contrast between the diverse electric power extracted to
perform geospatial analysis and gain better understanding on their temporal and spatial behavior and
variability. These different classification classes allow finding the best fit for every particular location
and time period. Maps in this paper were designed to provide additional information on the behavior
of electric power from wind and wave in addition to the results presented on the corresponding tables
and graphics. However, since the main purpose of the maps is to show contrast of the renewable
energy behaviors (in light of its high geo temporal variability), comparison between maps should
always consider that the color bar in each map may be in different scale since the Jenks Natural Breaks
classification method was used.

Figure 4 represents the average wave power generated by one Pelamis 750 kW WEC over the
36 year period on each location in the Gulf of Mexico. It shows a high wave power concentration
on the western central location and the Yucatan Strait. It can be observed that the CNH region I in
the north of the Gulf of Mexico is one of highest wave power regions, and a significant number of
U.S. oil platforms and CNH regions II and III in the Gulf of Campeche are located in the yellow ring
surrounding the wave power map, which indicates commercially acceptable power levels while not
being subjected to the harsher marine conditions caused by more energetic waves.
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The average wind power generated by one Vestas V90 3 MW over the 36 year period in the Gulf
of Mexico is presented in Figure 5, showing a high wind power concentration on the northwestern
Gulf of Mexico region, the western Yucatan Peninsula coast, and the Florida Strait. It can be observed
that the CNH region I in the northern region of the Gulf of Mexico is one of the highest wind power
regions similarly with wave power. In addition, some U.S. oil platforms are located on high wind
power locations along the Texas coast, and a significant number of U.S. oil platforms and CNH regions
II and III in the Gulf of Campeche are located in the yellow band surrounding the wind power map,
which indicates acceptable power levels.
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3. Results and Discussion

The distance to the coast is an important factor when considering the feasibility of combining
offshore renewable energy with oil platforms and the onshore grid. Longer distances increase the
capital and maintenance costs and energy losses due to transmission. Three hundred (300) kilometers
has been considered an acceptable distance from the coast to oil rigs when connecting to the onshore
grid [7,13]. The Troll A offshore oil platform, located to the west of Bergen, Norway, has been
successfully connected to the onshore grid over a distance of 65 km [7]. In this paper, two distinctive
analyses related to distance to the coast were performed to calculate the distance from each installation
to its closest coastal location, considering the U.S. oil platforms and the CNH areas separately. For the
CNH areas, the distance was calculated from each of the WaveWatch III data locations that are relevant
to a particular CNH area.

The distance analysis results are presented in Figure 6, which shows the cumulative percentage
of U.S. oil platforms and CNH areas according to different ranges of distance to the coast, indicating
an acceptable distance range (less than 300 km) to the coast on both cases. Almost 80% of the U.S.
oil platforms and CNH areas are located at a distance less than 80 km and 90 km from the coast,
respectively. The maximum distance is 230 km for U.S. oil platforms and 240 km for the CNH areas,
which is less than 300 km as the acceptable distance.
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Three different scenarios were analyzed for in this paper, including electric power from: (1) wind
only, (2) wave only, and (3) wind and wave combined. The results and discussion of each scenario are
presented below.

Previous research [66–68,75] has indicated that both wind and wave energy in this area has a
distinctive seasonal and monthly behavior. Since wave energy is particularly dependent on local
weather patterns in the Gulf of Mexico, both wind and wave energy share the seasonal and monthly



Energies 2018, 11, 1084 8 of 25

variability behavior. In the Gulf of Mexico, summer has been ascertained as the lowest wind and wave
energy periods, with July and August having the lowest power outputs in the entire year. On the
other hand, both resources have higher power output during fall and winter seasons with January and
December providing the highest power output in the entire year. Spring season behaves as a transition
period to the lower summer months [66–68]. Inter-year variations are also important, and should be
considered when performing particular analysis for an installation or cluster of installations [67].

3.1. Wind Power Only

The wind energy assessments for the U.S. oil platforms and the three CNH areas were done
monthly, considering that the Gulf of Mexico presents important temporal variability on both wind
and wave energy resources throughout the year [66–68]. In addition, the assessments were done
separately for both regions due to several reasons. First, the U.S. oil platforms were considered as
fixed point installations while the CNH areas were considered as polygons, with larger area including
more WaveWatch III data locations. Second, the map shown in Figure 5 indicates that the wind energy
characteristics of both locations are different, and it was considered important to differentiate the wind
energy behavior in both locations. Last, the assessment objectives were different, considering that the
U.S. oil platforms are already in operation while the CNH areas are mostly geared for planning and
future installations.

Table 1 shows the percentages of total U.S. oil platforms and CNH areas corresponding to different
wind power output levels. Wind energy in the U.S. oil platforms areas had a seasonal behavior with
each month of the year showing a distinctive pattern. In the U.S. oil platforms areas, the wind power
was high from November to April. It can also be observed that most U.S. oil platform locations were in
higher wind power levels between December and March (curves skewed to the higher levels), where
the curves of November and April tended to be similar as normal distribution curve. On the other
hand, most U.S. oil platforms were in lower wind power areas from June to August (curves skewed to
the lower levels) with low overall power levels, which match with the expected summer low offshore
renewable energy levels [66–68,75]. The months of May and September showed moderate power levels
with curves tending to be normally distributed as well.
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Table 1. Percentage of U.S. oil platforms and CNH areas generating the indicated electric power from one Vestas V90 3 MW.

Power (kW)
Wind Power U.S. Oil Platforms (%) Wind Power CNH Total Areas (%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

150 – – – – – – – – – – – – – – – – – 2 3 5 2 1 – –
200 – – – – – – – 1 – – – – – – – – – 3 3 4 3 – – –
250 – – – – – – 4 4 – – – – 1 – – 2 3 2 4 3 2 2 2 2
300 – – – – – 1 15 27 – – – – – 1 2 2 – 3 2 5 3 2 – –
350 – – – – – 3 50 44 – – – – 2 2 2 – 2 2 3 7 5 2 2 2
400 – – – – 1 3 15 14 1 – – – 2 1 1 2 2 4 4 5 3 2 2 2
450 – – – – – 24 6 7 1 – – – 1 – 1 2 4 4 3 12 5 2 2 2
500 – – – – – 29 6 3 3 – – – 2 2 – 2 3 2 4 19 4 2 1 2
550 – – – – 3 16 2 – 10 – – – 1 1 2 3 3 5 4 11 18 4 2 –
600 – – – 1 2 7 2 – 5 1 – – 2 4 3 3 5 4 8 6 18 3 3 3
650 – – – – 14 7 – – 14 2 – – 4 2 2 2 5 4 13 5 9 5 2 3
700 – – – – 25 7 – – 31 5 – – 2 2 2 5 3 2 11 9 23 4 3 2
750 – – – – 18 2 – – 33 6 – – 2 4 3 3 3 4 7 4 5 17 4 3
800 – – 1 2 10 1 – – 2 5 1 – 3 2 2 4 4 27 6 3 – 13 4 4
850 – 2 2 3 7 – – – – 12 2 – 5 7 5 4 6 15 5 – – 12 15 11
900 1 2 4 4 6 – – – – 16 2 2 10 9 6 5 8 10 4 – – 3 14 13
950 – 5 7 13 9 – – – – 18 8 1 10 10 5 8 9 5 6 2 – 2 11 8
1000 3 5 11 16 4 – – – – 30 5 3 8 7 8 5 8 – 5 – – 21 6 8
1050 6 10 17 19 1 – – – – 5 9 6 10 9 7 5 7 2 3 – – 3 2 9
1100 5 10 13 19 – – – – – – 10 5 9 8 6 7 18 – – – – – – –
1150 10 13 28 16 – – – – – – 14 12 1 2 8 5 7 – 2 – – – – –
1200 13 16 14 6 – – – – – – 19 13 – – 6 3 – – – – – – – –
1250 17 20 3 1 – – – – – – 17 14 – – 7 19 – – – – – – 9 –
1300 18 12 – – – – – – – – 11 21 – 6 22 9 – – – – – – 11 –
1350 18 5 – – – – – – – – 2 16 5 20 – – – – – – – – 5 3
1400 7 – – – – – – – – – – 6 16 1 – – – – – – – – – 14
1450 2 – – – – – – – – – – 1 4 – – – – – – – – – – 9
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The capacity factor of wind turbine (actual power output divided by nameplate capacity) is
normally 30%, but it can vary between 20% and 30% due to time-varying influences, such as wind
resource inter-year variations [69,76]. Vestas V90 3MW installed in the Barrow Offshore Wind Farm
(UK) reported a 24.1% capacity factor while a capacity factor of 27.7% was reported for those installed in
Kentish Flats Offshore Wind Farm (Thames River Estuary in the Kent coast, UK) [77]. Different offshore
wind farms in other European locations reported different capacity factors, depending on the installed
wind turbine model and the local meteorological conditions [77]. Considering the nameplate capacity
of one Vestas V90 is 3 MW, it will reach 20% or higher capacity factor if its output power is 600 kW
or higher, while it will reach 30% or higher capacity factor if its output power is 900 kW or higher.
For most of the U.S. oil platforms areas, the capacity factors of seven months fall above the 30% range
and nine months above the 20% range with only three months (June to August) having less than 20%
capacity factor. For most of the CNH areas capacity factor are above 20–30% for all months of the year,
except August. However, CNH areas do not have distinctive pattern of the wind energy behavior
within the same month. Instead, different patterns in the CNH areas overlapped in the same month.

To complement and further explain the results listed in Table 1, maps of January and August
were created as shown in Figure 7 applying Jenks natural breaks classification method for the color
bars. January (Figure 7a) showed several distinctive patterns overlapped or combined in which higher
wind power was concentrated in the northern section of the Gulf of Mexico, explaining why the U.S.
oil platform locations performed better than CNH in January. In addition, Figure 7a also directly
shows that 25% of CNH areas fell in the high power generation range (1350–1450 kW) in January in
Table 1, which is disjointed from the main body of data and performed better than the rest of the CNH
areas. This can be explained by CNH Region I being engulfed by the higher northern wind pattern.
Meanwhile, Figure 7b allows understanding that some sections of the CNH areas performed better
than the US oil platforms during August. Sections of CNH Regions II and III are part of the southern
Gulf of Mexico higher wind pattern during August. Furthermore, the maps indicate that one possible
reason for CNH areas lacking of uniform behavior is that CNH areas spread over larger geographic
areas, which experienced different wind energy patterns.
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The maximum wind power level in January was 1500 kW, while the maximum level in August
was 1000 kW. In January, CNH region I was in the highest wind power level, while wind power in
CNH regions II and III was in lower level. In August, it shows an almost opposite scenario. CNH
regions II and III produced higher wind power than CNH region I did.

Individual histogram data of different portions of the CNH areas was then considered to better
understand the wind energy behavior in these areas. Figure 8 shows that different percentages of CNH
region I produced different monthly wind power levels. The ranges of monthly wind power level
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of CNH region I were within 200 kW, with small variation within the same month. Summer months
had lower wind power levels. As for capacity factor, only August showed a poor performance below
20% (600 kW). June, July and September had capacity factors ranging between 20% (600 kW) and
30% (900 kW), while the other months performed above 30%, with best power levels from November
to April.
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The CNH region II (Figure 9) had lower overall wind power levels than the CNH region I, with a
high seasonal behavior. Similarly, with the exception of August, the other months had wind power
capacity factor higher than 20%. There were seven months, from November to May, having power
performance higher than 30% of nameplate capacity. Furthermore, Table 2 shows that the CHN region
III, located in the south of the Gulf of Campeche, had overall low wind power levels and less compact
distribution, indicating that wind power in CNH region III had very high variation within a given
month. Similarly, most locations in CNH region III have 20% or above capacity factor over the entire
year except August and September, and almost all the locations had 30% or above capacity factor from
November to May.
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Table 2. Percentage of the CNH region III area that would generate the indicated electric power from
one Vestas V90 3 MW.

Power (kW)
Wind Power in CNH Region III (% of Areas)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

500 – – – – – – – 8 2 – – –
550 – – – – – – 2 11 4 – – –
600 – – – – – 3 5 12 6 2 – –
650 – – – – 3 6 6 8 6 2 – –
700 – – – 2 5 5 7 12 2 2 2 –
750 – – – 3 3 9 10 8 40 3 2 2
800 2 3 3 5 8 9 6 6 32 6 2 3
850 3 3 4 3 13 11 5 5 8 6 3 2
900 5 5 3 6 8 6 10 17 – 3 5 6
950 2 6 4 8 8 10 6 7 – 44 4 –
1000 5 2 6 10 9 12 6 6 – 26 3 5
1050 5 18 10 10 12 13 5 – – 6 38 22
1100 26 19 11 13 14 10 5 – – – 29 33
1150 19 23 7 18 8 6 7 – – – 9 15
1200 17 9 18 9 6 – 15 – – – 3 9
1250 10 6 16 6 3 – 5 – – – – 3
1300 6 6 9 5 – – – – – – – –
1350 – – 6 2 – – – – – – – –
1400 – – 3 – – – – – – – – –

3.2. Wave Power Only

A similar histogram analysis related to the wave energy extracted by one Pelamis 750 kW was
conducted to investigate the feasibility of using wave energy to supply electricity to the U.S. oil
platforms and potential CNH areas (Table 3). By comparing to wind energy results above, it is possible
to assess which renewable energy source has better potential for each location. Previous research
has estimated that the capacity factor of the Pelamis 750 kW in several locations in Canada would
fluctuate from the lowest value of 14.3% in the Tofino Ucluelet location to the highest estimation of
26.2% at the Hibernia Oil Platform [78]. Different research indicated that the Pelamis 750 kW would
operate at 20% capacity factor in San Francisco, California [49,77]. In addition, the performances of
two other WECs (AquaBuOY and WaveDragon) were evaluated alongside the Pelamis 750 kW in the
same Canadian locations. Results indicated that the lowest annual performance among the WECs was
the AquaBuOY in Tofino Ucluelet with 9.8% capacity factor, while the highest WEC performance was
the WaveDragon with 32.1% at Hibernia Oil Platform [79]. Considering 20% (150 kW) as acceptable
capacity factor for Pelamis WEC [69,79], it can be observed from Tables 4 and 5 that most U.S. oil
platform areas appears to be underperforming with capacity factor less than 20%. The proximity of the
U.S. oil platforms to the northern coast of the Gulf of Mexico and the dependence of wave energy on
northerly weather patterns can explain the low wave energy levels. However, a small number of these
oil platforms perform above 20% capacity factor during eight months over the years. It is important to
further segment the U.S. oil platform areas or perform individual analysis for each platform to assess
the feasibility of supplying electricity with wave energy to a particular platform.
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Table 3. Wave power generated by one Pelamis 750 kW WEC presented by the percentage of study areas under different power levels.

Power (kW)
Wave Power U.S. Oil Platforms (%) Wave Power CNH Total Areas (%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

10 16 16 14 14 19 23 30 26 13 16 15 15 – – – – 3 13 17 17 1 – – –
20 6 6 4 5 14 20 29 31 11 8 10 6 – – – 1 7 10 12 21 3 – – –
30 9 8 4 5 12 12 14 23 12 11 8 9 – – – – 7 11 14 22 6 – – –
40 8 6 6 8 10 12 9 18 12 4 7 5 – – – 3 9 11 13 39 8 – – –
50 11 12 8 6 9 11 12 2 11 13 11 13 – – – 4 10 9 10 1 11 – – –
60 6 4 7 9 6 8 6 – 7 6 5 4 – – 2 4 9 8 34 – 12 2 – –
70 3 5 7 3 8 7 – – 9 4 4 3 – – 2 5 7 8 – – 18 2 – –
80 4 4 4 4 5 5 – – 10 3 3 4 – – 4 8 5 4 – – 12 2 – –
90 2 4 4 6 5 2 – – 8 4 3 3 – – 2 8 6 12 – – 2 3 – 3

100 4 4 5 4 3 – – – 6 8 3 4 – 2 3 9 7 14 – – – 2 2 3
110 3 3 4 5 3 – – – 1 4 4 4 1 3 3 8 4 – – – 11 2 2 –
120 4 5 3 6 3 – – – – 5 6 4 3 2 5 5 – – – – 16 5 2 4
130 5 5 4 5 2 – – – – 4 4 4 2 2 8 5 – – – – – 7 1 3
140 3 2 6 4 – – – – – 5 3 3 1 2 8 6 – – – – – 11 2 3
150 2 4 5 5 1 – – – – 5 3 3 2 3 9 5 21 – – – – 10 2 3
160 3 3 2 3 – – – – – – 2 3 1 4 7 2 5 – – – – 15 4 3
170 2 2 4 3 – – – – – – 3 3 2 6 5 – – – – – – 10 5 6
180 2 2 4 3 – – – – – – 2 2 4 8 7 – – – – – – 2 7 5
190 2 3 3 2 – – – – – – 2 2 4 8 5 – – – – – – 19 6 8
200 3 2 2 – – – – – – – 2 4 7 10 12 – – – – – – 8 8 7
210 1 – – – – – – – – – – 2 6 12 – 8 – – – – – – 9 9
220 1 – – – – – – – – – – – 9 7 – 19 – – – – – – 14 13
230 – – – – – – – – – – – – 14 2 11 – – – – – – – 9 12
240 – – – – – – – – – – – – 12 – 17 – – – – – – – – 6
250 – – – – – – – – – – – – 5 – – – – – – – – – – –
260 – – – – – – – – – – – – – 6 – – – – – – – – 27 –
270 – – – – – – – – – – – – – 23 – – – – – – – – – –
280 – – – – – – – – – – – – 27 – – – – – – – – – – 12
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Table 4. Percentage of the area of CNH region III generating the indicated electric power from one Pelamis 750 kW.

Power (kW)
Wave Power in CNH Region III (% of Areas)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

10 – – – – – 4 6 6 – – – –
20 – – – – – 16 23 39 – – – –
30 – – – – 8 27 30 50 – – – –
40 – – – – 19 27 29 5 12 – – –
50 – – – – 25 18 12 – 25 – – –
60 – – – 2 22 8 – – 27 – – –
70 – – – 6 17 – – – 28 – – –
80 – – – 17 9 – – – 8 – – –
90 – – – 21 – – – – – – – –
100 – – 2 20 – – – – – 2 – –
110 – – 6 19 – – – – – 4 – –
120 – – 10 11 – – – – – 10 – –
130 – – 18 4 – – – – – 15 – –
140 – 3 20 – – – – – – 23 – –
150 – 5 20 – – – – – – 18 3 –
160 – 9 17 – – – – – – 28 7 4
170 4 14 7 – – – – – – – 11 9
180 9 17 – – – – – – – – 15 10
190 10 18 – – – – – – – – 17 15
200 14 17 – – – – – – – – 14 16
210 17 17 – – – – – – – – 16 16
220 16 – – – – – – – – – 17 19
230 21 – – – – – – – – – – 11
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Table 5. Percentages of areas on U.S. oil platforms and CNH areas under different power levels generated by four Pelamis 750 kW WEC and one Vestas V90 3 MW.

Power (kW)
Wave Wind Combined Power U.S. Oil Platforms (%) Wave Wind Power CNH Total Areas (%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

100 – – – – – – – – – – – – – – – – – – – 1 – – – –
200 – – – – – – – – – – – – – – – – – 3 5 6 1 – – –
300 – – – – – – 10 13 – – – – – – – 1 1 3 3 6 4 – – –
400 – – – – – 4 39 38 – – – – – – 1 1 3 4 5 10 3 1 – –
500 – – – – 1 20 28 42 4 – – – – – – 2 2 7 5 8 5 1 – –
600 – – – – 4 29 17 4 10 2 – – – – 1 2 5 4 8 14 8 2 1 1
700 – – – – 12 17 3 2 9 4 – – 1 2 2 2 4 7 4 33 9 1 – –
800 – – 2 2 23 17 2 1 20 9 2 – – 2 2 3 6 7 8 15 22 3 2 1
900 2 2 3 5 17 6 – – 20 7 2 2 1 1 2 4 6 10 25 6 17 4 – 1
1000 3 8 10 10 12 4 1 – 16 11 9 4 1 2 2 3 12 12 19 1 4 5 3 2
1100 8 8 8 11 13 2 – – 15 18 9 9 2 2 5 5 13 10 15 – 5 5 3 3
1200 9 9 8 13 8 – – – 6 11 5 8 2 3 4 9 8 30 3 – 22 7 3 2
1300 8 14 14 9 4 1 – – – 7 19 11 3 4 6 13 5 3 – – – 13 3 4
1400 16 14 11 13 3 – – – – 13 11 14 4 6 4 10 7 – – – – 19 5 4
1500 11 7 7 8 2 – – – – 9 8 9 5 4 13 6 – – – – – 10 6 6
1600 7 7 7 10 1 – – – – 7 6 8 3 9 10 2 – – – – – 2 9 6
1700 6 8 10 8 – – – – – 2 9 6 7 18 9 6 21 – – – – – 21 18
1800 8 8 8 5 – – – – – – 7 9 18 6 1 3 7 – – – – 27 6 11
1900 7 6 7 4 – – – – – – 5 6 11 8 7 – – – – – – – 10 6
2000 5 4 5 2 – – – – – – 4 5 8 5 3 – – – – – – – – 7
2100 5 3 – – – – – – – – 3 4 6 – – 20 – – – – – – – –
2200 3 2 – – – – – – – – 1 3 – – 27 8 – – – – – – – –
2300 2 – – – – – – – – – – 2 – – 1 – – – – – – – 19 –
2400 – – – – – – – – – – – – – 28 – – – – – – – – 9 –
2500 – – – – – – – – – – – – 20 – – – – – – – – – – 10
2600 – – – – – – – – – – – – 8 – – – – – – – – – – 18
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The wave energy behavior in the CNH areas did not show distinctive pattern within the same
month. Some locations in the CNH areas had 20% or lower capacity factor, and a considerable number
of locations had high wave power levels above 20% capacity factor. From October to May, a large
number of locations had capacity factor higher than 20%, and some of them produced 200 kW during
five months of a year, which is encouraging. However, it would be necessary to further segment CNH
areas to determine the best locations with wave energy potential.

Figure 10 indicates the average wave power in January and August applying the Jenks natural
breaks classification method to provide further understanding of the results listed in Table 3.
This provides a good contrast for analysis this high variability (geo temporal) renewable energy
resource. Figure 10) indicates that the maximum power level was 350 kW in January concentrated
mostly in Strait of Yucatan and the northwest coastal section of the Gulf of Mexico, encompassing
the CNH areas closer to the U.S.–Mexico EEZ border. The southern section showed low wave power
levels, affecting the CNH regions II and III. It directly indicates that CNH areas performed better than
U.S. oil platforms during January, and also explains that more than 25% of the CNH areas performed
above the 285 kW level as shown in Table 3. According to Figure 10, it can be ascertained that the better
performing area mainly belongs to CNH region I and probably some sections of region II. Figure 10b
indicates that the highest wave power levels in August occurred in Strait of Yucatan, the central
Gulf of Mexico and the southern Texas Coast. It allows discovering of CNH region I as the main
CNH area under the influence of the highest wave energy patterns at the northern Gulf of Mexico.
The information provided by these maps indicates that it would be beneficial to further segment the
CNH areas to better understand wave energy harvesting feasibility.
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Figure 11 shows the monthly average wave power in CNH region I and II indicating a strong
seasonal behavior in region I. The capacity factor was above 20% (150 kW) from October to May,
while it shows much more energetic wave behavior from November to April. However, the wave
power levels were lower from June to September, due to the seasonal meteorological conditions in the
area, leading to the possibility of adjusting the Pelamis WEC to perform better under these different
meteorological conditions.
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In CNH region II, as shown in Figure 12, the overall wave power was lower than CNH region I,
but it was still above the 20% capacity factor from October to March and for almost 50% of the locations
in April. The rest of the calendar year showed lower wave power levels.
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On the other hand, results of the CNH region III, as shown in Table 4, indicates acceptable
performance at most locations from November to February and almost 50% of locations from October
to April. The wider histogram distribution indicates less similar behavior in this region in regards to
wave power. It is possible to analyze particular areas leading to finding promising locations for longer
periods of time with acceptable performance.

3.3. Wind and Wave Power Combined

After independently assessing the wave and wind power potential, it was important to combine
them, considering simultaneously extracting both renewable energy resources. As previously discussed
the Gulf of Mexico is not uniform in its spatial and time distribution of wind and wave energy, with a
large number of locations having high variability and diverse behavior on the wind and wave power
potentials. Therefore, the combination of both resources could aid in reducing variability and enhance
energy production at those locations [26,48,69,80,81].

Since the equipment considered for this research have different nameplate capacities,
a combination of one Vesta V90 3 MW wind turbine with four Pelamis 750 kW WEC was applied,
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creating an installation with total nameplate capacity of 6 MW, equally divided between both resources.
Therefore, an array of four Pelamis 750 kW and one Vestas V90 3 MW was considered for each location
of US oil platforms and for the locations of the CNH regions. Figure 13 shows yearly average wind
and wave power combinations with the proposed installation, indicating a pattern of high energy in
the U.S.–Mexico border coast extending to the central Gulf of Mexico to the western section of the
Yucatan Peninsula. When compared with the individual patterns of wind and wave power, this map
indicates that the variability of average renewable energy was reduced and the areas above the 20%
capacity factor threshold (1.2 MW) was extended to larger sections of the Gulf of Mexico, creating
more adequate potential areas.
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Table 5 indicates that a large number of locations in U.S. oil platforms areas between October and
April have 20% or higher capacity factor, with power reduction occurring during the summer months.
It will be important to perform specific analysis for desired locations to ascertain if the use of one of the
available resources or its combination is the optimal alternative, depending on the obtained variability
reduction and the behavior of the resources during the year. On the other hand, Table 5 also shows
that at least two distinctive behaviors were presented in the CNH areas when combining wind and
wave power. One of the potential behaviors is having high combined power output with potentially
only underperforming on the months of June to August. Overall, a large number of locations in the
CNH areas performed over the threshold limit from October to April.

Maps for the months of January and August were created to better understand the diverse
seasonal and geographical performance of the combined power output (Figure 14). The Jenks natural
breaks classification method was used to provide further analysis tools on results previously presented.
Figure 14a shows that the highest power output in January could reach up to 2600 kW concentrated
on the northwest region of the Gulf of Mexico, benefiting the CNH region I and a number of U.S. oil
platforms. It explains that the CNH areas had better performance than the U.S. oil platforms during
January. CNH region I and part of region II were under moderate power levels, shown as the yellow
ring surrounding the high red power areas. The power range bin 2500–2600 kW in Table 5 contains
more than 25% of the CNH areas, and is disconnected from the general performance data on the CNH
table. It indicates that different sections of the CNH areas are under diverse wind and wave energy
influences, which is validated by Figure 14a. On the other hand, the highest power level in August,
the lowest performing month of the year, was 1500 kW, and it was concentrated on the coastal region
on the U.S.–Mexico border and on the south of the Gulf of Mexico (Figure 14b), benefiting some of the
U.S. oil platforms and the CNH region III.
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of power levels, indicating that the behavior of the different areas was not consistent. It shows a right 
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A better understanding of the wind and wave energy combined behavior was obtained by creating
histograms segmenting the CNH areas in three major regions. The CNH region I as shown in Figure 15
had a very clear seasonal behavior with small variation in each month, where the capacity factor was
over 20% from October to May. The CNH region II as shown in Figure 16 had higher overall power
levels than the CNH region I, and it had only three months, from July to September, underperforming
below the 20% threshold with six months above 2000 kW.

Energies 2018, 11, x 19 of 25 

 
Figure 14. Monthly average of combined wave and wind power generated by four Pelamis and one 
Vestas with Jenks natural breaks classification method for color bar: (a) January, and (b) August. 

A better understanding of the wind and wave energy combined behavior was obtained by 
creating histograms segmenting the CNH areas in three major regions. The CNH region I as shown 
in Figure 15 had a very clear seasonal behavior with small variation in each month, where the capacity 
factor was over 20% from October to May. The CNH region II as shown in Figure 16 had higher 
overall power levels than the CNH region I, and it had only three months, from July to September, 
underperforming below the 20% threshold with six months above 2000 kW. 

 
Figure 15. Percentage of the area of CNH region I generating the indicated wave and wind power by 
four Pelamis 750 kW and one Vestas V90 3 MW: (a) front view, and (b) back view. 

 
Figure 16. Percentage of the area of CNH region II generating the indicated wave and wind power by 
four Pelamis 750 kW and one Vestas V90 3 MW: (a) front view, and (b) back view. 

Table 6 shows that the results of the CNH region III for each month spread over a larger range 
of power levels, indicating that the behavior of the different areas was not consistent. It shows a right 

Figure 15. Percentage of the area of CNH region I generating the indicated wave and wind power by
four Pelamis 750 kW and one Vestas V90 3 MW: (a) front view, and (b) back view.

Energies 2018, 11, x 19 of 25 

 
Figure 14. Monthly average of combined wave and wind power generated by four Pelamis and one 
Vestas with Jenks natural breaks classification method for color bar: (a) January, and (b) August. 

A better understanding of the wind and wave energy combined behavior was obtained by 
creating histograms segmenting the CNH areas in three major regions. The CNH region I as shown 
in Figure 15 had a very clear seasonal behavior with small variation in each month, where the capacity 
factor was over 20% from October to May. The CNH region II as shown in Figure 16 had higher 
overall power levels than the CNH region I, and it had only three months, from July to September, 
underperforming below the 20% threshold with six months above 2000 kW. 

 
Figure 15. Percentage of the area of CNH region I generating the indicated wave and wind power by 
four Pelamis 750 kW and one Vestas V90 3 MW: (a) front view, and (b) back view. 

 
Figure 16. Percentage of the area of CNH region II generating the indicated wave and wind power by 
four Pelamis 750 kW and one Vestas V90 3 MW: (a) front view, and (b) back view. 

Table 6 shows that the results of the CNH region III for each month spread over a larger range 
of power levels, indicating that the behavior of the different areas was not consistent. It shows a right 

Figure 16. Percentage of the area of CNH region II generating the indicated wave and wind power by
four Pelamis 750 kW and one Vestas V90 3 MW: (a) front view, and (b) back view.

Table 6 shows that the results of the CNH region III for each month spread over a larger range of
power levels, indicating that the behavior of the different areas was not consistent. It shows a right
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skewedness curve or trend for most months, except August. The power output in most locations
remained above the 20% threshold in seven months, which indicates a significant number of locations
in the CNH region III having good power levels.

Table 6. Percentage of the CNH region III area generating the indicated electric power by four Pelamis
750 kW and one Vestas V90 3 MW.

Power (kW)
Wind and Wave Power Combined in CNH Region III (% of Areas)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

400 – – – – – – – 13 – – – –
500 – – – – – 7 5 18 5 – – –
600 – – – – 3 5 13 21 7 – – –
700 – – – – 8 15 12 19 11 – – –
800 – – – 3 9 10 15 20 52 3 – –
900 – – – 6 14 24 12 9 25 2 – –
1000 – – 3 6 21 29 17 – – 3 3 –
1100 – 2 3 4 28 10 21 – – 5 – 2
1200 2 3 6 18 17 – 5 – – 12 3 2
1300 2 3 6 31 – – – – – 26 2 2
1400 3 6 3 22 – – – – – 49 5 3
1500 3 7 30 10 – – – – – – 11 9
1600 7 17 24 – – – – – – – 16 10
1700 10 49 25 – – – – – – – 55 42
1800 46 13 – – – – – – – – 5 30
1900 27 – – – – – – – – – – –

4. Conclusions

The assessment of power extracted from wave and wind in the Gulf of Mexico for its application
in offshore oil industry showed promising results. The concept of connecting offshore oil installations
to wave and wind harvesters and simultaneously connecting them to the onshore grid is feasible for
both U.S. and Mexico EEZ in the Gulf of Mexico. Research results indicated that the distance from
the coast to current and planned offshore facilities is mostly on the shortest ranges of the feasibility
threshold, which is encouraging.

Analysis performed for the assessment wind and wave power output in the Gulf of Mexico
showed a lack of spatial and temporal uniformity, with high geo temporal variability on both wind
and wave resources. Results provided by the maps and statistical tools indicated that most of the
U.S. oil platforms and CNH areas have very good potential for the extraction of either wind or
wave energy. Furthermore, there are a significant number of locations in the Gulf of Mexico where
renewable energy extraction for the combined two sources is feasible, generating significant economic
and environmental advantages.

The maps generated by the GIS and statistical tools allows for better understanding of the
statistical results generated by the methodology. In addition, these maps show that the combination of
wind and wave energy promoted the advantages in many locations, increasing the energy extraction
levels and reducing its variability. Synergies generated by the proposed system, considering each
resource individually or combined, could be maximized in an important number of locations on the
Gulf of Mexico.

Considering that some of the locations evaluated are better suited for the extraction of just one
renewable energy resource or for the combination of both resources, it would be important to perform
individual analysis for particular areas (regional analysis) applying the proposed methodology for
each location with better spatial resolution if possible. This will help the decision making process of
the design of the best system in each particular oil installation location.

Regional analysis will be of special importance for both future projects and existing installations,
which economic and environmental characteristics would be enhanced by including renewable energy
to its overall operation, allowing for savings on electricity consumption, potential extra income from
sales of energy to the onshore grid and reduction on the emission of pollutants to the atmosphere.
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It should be noted that the equipment selected in this paper is incidental to the methodology.
The main requirement is to have power curve from the selected equipment that allows calculating its
power output while operating under different geographic and temporal meteorological conditions.
Since power curves of different equipment can be incorporated to the methodology on a plug-in
basis to calculate the required power output, the possibility of choosing different equipment with
the same methodology is one of the strengths, allowing researchers and developers to perform
sensitivity analysis on the selection of the best technology for each particular location. In addition, the
methodology could be expanded to other geographical regions with the inclusion of the corresponding
historical meteorological data.

Future research will evaluate the correlation between wind and wave in the Gulf of Mexico,
particularly considering the dependence of wave to localized weather patterns and monthly as well
as seasonal variations of both resources. As previously indicated, both wind and wave resources
are higher during fall and winter seasons with a transitional period during spring and low energy
during summer [66–68]. Previous research has also indicated that the combination of both resources
reduces the variability of the wave resource and increases overall power output [66]. Future research
will evaluate the complementarity of both resources and the possible synergies related to variability
reduction achieved by its combination.

Future research will also include comparative analysis between different equipment to harvest
wind and wave energy, evaluating the most adequate technology for each particular location. The plug
in capability for diverse power curves offered by the methodology will allow for the development
of these comparative analyses, applying the same underlying meteorological and geographical data.
New insights on the development of equipment could be derived from these comparative analyses.
Evaluating several designs it could be possible to gain better understanding on the characteristics that
perform better on each location and to find feasible combinations.
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Abbreviations

CNH Comisión Nacional de Hidrocarburos
EEZ Exclusive Economic Zones
EMEC European Marine Energy Centre
GIS Geographical Information Systems
NOAA National Oceanic and Atmospheric Administration
PEMEX Petroleos Mexicanos
PM10 Particulate Matter 10 micrometers or less
PM2.5 Particulate Matter 2.5 micrometers or less
VOC Volatile Organic Compounds
WEC Wave Energy Converter
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