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ARTICLE INFO ABSTRACT
Keywords: The selection of areas for wave energy development requires a thorough characterisation of the resource. For all
Wave energy its importance, wave power should not be the only criterion, and overly emphasising its role to the detriment of

Wave power

Ocean energy

Marine renewable energy
Wave variability

other aspects may mislead developers to the wrong areas. In this work, a new approach is presented based on a
combination of two elements: the Wave Exploitability Index (WEI), defined ad hoc, and a classification of the
resource based on mean wave power. These elements are applied at a global scale using the ERA-5 database,
which spans the period 1979-2019. The highest WEI values (0.14-0.22) are found to occur in the Tropics and
mid-latitudes, which highlights their potential for wave energy exploitation. The lowest WEI values (below 0.06)
are located in (semi)-enclosed seas, such as the Mediterranean Sea or the Gulf of Mexico. As regards the clas-
sification of the resource, Classes IV and V, with mean wave power over 40 ka’l, occur in areas which have
aroused great interest but which often do not have high WEI values due to the resource variability (e.g., Western
Europe); these areas are hardly ideal from the resource standpoint. Class I (below 10 kWm ™), typical of enclosed
seas, is of little interest. Finally, Classes II and III (10-40 kWm 1) occur in areas open to the ocean in the lower
and lower-middle latitudes (e.g., Chile, SW Australia); they present the highest WEI values, thus showing great
potential, and have received scant attention so far.

works typically cover short timespans, often less than 10 years [20-23],
the recent appearance of larger datasets covering several decades allows

1. Introduction the study of the interannual and long-term trends in the assessment of
the global wave energy resource [24,26]. A thorough overview of
Ocean energy is among the renewable energies with the greatest long-terms predictions of wave energy is reported in Ref. [29]. Trends in
potential for development [1]. Both academia and industry have dedi- the global wave energy resource are investigated in Refs. [30], and a
cated intensive efforts to developing technologies to harvest ocean en- recent increase in the global wave power (0.4% per year) is found to be
ergy, especially wave and tidal energy. A number of research works have induced by upper-ocean warming resulting from climate change.
focused on the development and improvement of technological solutions In this work a new classification of the global wave energy resource is
to extract the power of the waves, or wave energy converters (WECs) presented. This classification is key for the exploitation of the resource in
[2], and their deployment in arrays, also known as wave farms [3-7]. real-life scenarios; it provides a framework for global strategies and
Efforts have also been devoted to the characterisation of the wave en- energy policies, and for the standardisation and subsequent optimisation
ergy resource [8-17] and the impacts of climate change [18] - a of wave energy converters. A resource classification along similar lines is
fundamental aspect for the successful exploitation of wave energy. already available for other forms of renewable energy, most notably,
However, despite the fact that these lines of research are inherently wind [31], but not yet for wave energy.
related [19], these works have often been presented as independent. It is The assessment of the global energy resource in this work is based on
necessary to bear in mind that the ultimate goal of the resource assess- the up-to-date ERA-5 reanalysis database [32], covering a more recent
ment is the development of wave energy in a particular region. In this period than other works, from 1979 to 2019 (40 years). This overcomes
sense, there is not a universal criterion or benchmark to characterise the one limitation of previous works, based on outdated data. In addition, it
wave energy resource. provides a new contribution to the assessment of global wave energy and
Several authors have previously addressed the global wave energy its variability — including its seasonality.

resource, using different models and databases [20-28]. While the first
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Nomenclature

cov Coefficient of Variation

DJF December, January, February

ECMWF European Centre for Medium-Range Weather Forecast
Hinax Maximum individual wave height

Hypg Root-mean-square wave height

Hg Significant height of combined wind waves and swell
JJA June, July, August

MAM March, April, May

p Wave power

SON September, October, November

T, Energy period

T, peak wave period

WEC Wave energy converter

WEI Wave Exploitability Index

x Mean value of the statistical sample

c Standard deviation

In fact, the limitations of the conventional approach have become
apparent in the recent literature, with a number of papers showing that
the assessment of wave energy and its temporal and spatial variation are
not sufficient for the selection of optimum locations for wave energy
exploitation. More specifically, it has been found that wave energy
extraction in less energetic locations but offering more stable conditions
may be more efficient [33]. Other variables, such as accessibility and
sustainability, have been found to play a significant role in the selection
of future locations of wave energy exploitation [34,35].

Therein lies the motivation for introducing in this work the new
Wave Exploitability Index (WEI). The WEI uses the maximum and mean
root-mean-square wave heights of a site, based on a database spanning
40 years, as proxies for the cost of a wave farm and the income that can
be obtained from its electricity production, respectively.

The introduction of the Wave Exploitability Index (WEI) provides a
new approximation to the attractiveness of an area for wave energy
exploitation. The conventional approach is based primarily on the
average wave power. By contrast, the novel approach presented in this
work is based on the Wave Exploitability Index (WEI) and a new clas-
sification of the resource. This novel approach is shown to be useful in
that it highlights the resource downsides of areas that have received
great attention (e.g., Western Europe) and, perhaps most importantly,
helps identify areas of interest for the development of wave energy
which have been overlooked so far (e.g., Chile, Southwest Australia).

This paper has three main objectives. First, to present a new global
resource classification, along the lines of classifications that exist for
other renewable resources (most notably, wind) but not yet for wave
energy. Second, to develop and apply a new index, named Wave Ex-
ploitability Index (WEI), to help in selecting potential development
areas. And, finally, to prove the usefulness of these new tools — the global
resource classification and the WEI — by applying them in a global case
study.

The paper is organised as follows. First, Section 2 describes the
materials and methods used in this work. Section 3 presents the new
classification of the global wave energy resource. The variability of the
global wave energy resource is assessed in Section 4. Section 5 in-
troduces the new Wave Exploitability Index (WEI), which is evaluated
globally. In Section 6, the results are thoroughly analysed and discussed.
Finally, conclusions are drawn in Section 7.
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2. Materials and methods
2.1. Data

The data used in this work were obtained from the ERA-5 wave
reanalysis database of the European Centre for Medium-Range Weather
Forecast (ECMWF) [32]. The ERA reanalysis merges data from historical
observations and forecasts to provide an accurate evolving state of the
atmosphere and the surface over the last few decades At the time this
work was carried out, the data available included atmospheric and
ocean reanalyses spanning 40 years, from 1979 to 2019, which are
continuously updated. When complete, ERA-5 will contain data of the
global atmosphere and surface from 1950 onwards.

More specifically, the data employed in this work are the significant
height of combined wind waves and swell (H;), the peak wave period
(T,) and the maximum individual wave height (Hna), with a spatial
resolution of 0.5 x 0.5° and a time resolution of 3 h.

2.2. Methodology

The wave power for irregular waves may be computed from the
spectral energy density function S(f), where f represents the frequency.
Typically, the spectral shape of the energy function is described by the
characteristic wave parameters, i.e., the significant wave height H; and
the energy period T.. Assuming a Rayleigh distribution of the wave
heights, the significant wave height can be expressed [8] as

H, = 4.004/mg ~ 4/mg, )

where my is the zeroth-order moment of the variance spectrum [36],

o0

o = / S()df- ®
0

Although the significant wave height is the most commonly used
parameter, in certain applications it is preferable to use the root-mean-
square wave height (H,,;), which is the wave height of a sinusoidal wave
with the same energy density as the sea state. Assuming a Rayleigh
distribution, its relationship with the significant wave height [37] is

Hy=V2H,,. Q)

The energy period (T.) can be interpreted as the period of a sinu-
soidal wave with the same wave energy flux as the sea state in question.
It can be expressed [6] as

m_y

T.= )

moy
Assuming a JONSWAP spectrum [38], the energy period may be
approximated [7] as

T,=09T,. ©

Assuming a Rayleigh distribution of wave heights, wave power can
be expressed as a function of the significant wave height and the energy
period [7],

rg’ 2
P=CC T H? 7

64r 7
with P the wave power or wave energy flux per unit width of wave front,
g the acceleration of gravity and p the sea water density, which is
assumed to be p = 1025 kg m~>. Wave power can be expressed in terms
of the root-mean-square height by combining Egs. (4) and (7):

_rg

Pf%Tmez. ®

The accurate estimation of the wave power will depend to a great
extent on wave heights being Rayleigh distributed, with possible
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inaccuracies in the period playing a lesser role given the quadratic
exponent of the significant wave height in Eq. (7).

3. Global classification of the wave energy resource

Using the data from Section 2.1 and the formulation from Section
2.2, the values of the mean significant wave height and energy period
(Eq. (6)) were obtained (Figs. 1 and 2, respectively). The ERA-5 rean-
alysis does not provide data in the vicinity of the Arctic and Antarctic
Circles, where an ice sheet is present during part of the year, thus pre-
cluding the installation of WECs. In the figures these areas are repre-
sented in white. With the values of significant wave height and energy
period, the global mean wave power (Eq. (7)) was calculated (Fig. 3).
The results indicate that the mean wave power available to be harvested
presents a substantial spatial variability, with the greatest values located
in the upper-mid-latitudes (40° to 60°) bands of the Northern and,
especially, Southern Hemispheres. This is due to the absence of land
masses, which creates an ocean (the Southern Ocean) that circumam-
bulates the Earth uninterrupted. Within the Southern Ocean the tip of
South America creates an area of slightly lower wave power to its east, so
that the Atlantic section of the Southern Ocean is slightly less energetic
than its Pacific and Indian counterparts.

The high wave power band in the upper-mid-latitudes is also present
in the Northern Hemisphere, albeit with smaller values due to the
presence of the continental masses, which result in shorter fetches.
Interestingly, the Northeastern Atlantic stands out in relation to the
Pacific. This is due to the strength of the two centres of action that
govern the atmospheric circulation in this region: the Iceland Low and
the Azores High. Mean wave power is weaker in the lower-mid and,
especially, low latitudes. Within this band the Pacific Ocean stands out
thanks to its longer fetch.

The scatter plots of significant wave height (Fig. 4a) and wave power
(Fig. 4b) of the nodes in the 0.5° x 0.5° grid are also relevant to char-
acterising the global resource.

The classification of the wave energy resource proposed in this work
is based on the mean wave power (Fig. 3), which is arguably the single

90° N 180 W
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most reliable metric of the resource, and directly related to the power
output of a WEC. Based on the power matrices for different WECs [39,
40], the information in Fig. 4b and the global map, which will affect
directly the possibility of harvesting this energy, the wave energy
resource is classified by considering different ranges of the mean wave
power (Table 1), from Class I to Class V, with Class I corresponding to the
lowest values and Class V to the highest. The ranges of the energy period
and the corresponding significant wave height values of each class from
Fig. 4 are also shown in Table 1. Accordingly, five locations (Fig. 6) have
been selected as characteristic of each class (Table 1). The wave resource
classes are depicted in the global map (Fig. 5), and certain areas of in-
terest are shown in the regional maps in Fig. 6.

In this classification, the least energetic category (Class I, or Medi-
terranean) corresponds to values of wave power below 10 kWm™! —
hardly of interest for energy harvesting. Waves in this range (Table 1)
have significant wave heights below 1.4 m and energy periods typically
in the range 3.5-6 s (Fig. 4). This class is characteristic of enclosed and
semi-enclosed seas with a small to medium fetch, e.g., the Mediterra-
nean (Fig. 6a), Baltic, Black and Red Seas (Fig. 5) or the Gulf of Mexico.

Albeit slightly more energetic, with mean wave power values in the
range 10-20 kWm™, Class II, or Arabian, has still a limited resource. It
occurs primarily in tropical seas, generally more open to the ocean than
their Class I counterparts but still largely surrounded by land masses,
which limit the fetch, e.g., the Caribbean, the Gulf of Guinea, the
Arabian Sea (Fig. 6b) or the Gulf of Bengal.

Class III, or Hawaiian, has mean wave power values in the range
20-40 kWm 1, clearly of greater interest for wave energy exploitation.
Whereas classes I and II are composed by low-period sea states, with
energy periods typically between 4 and 9 s (Fig. 4b), Class III is
composed primarily of longer periods. This is due to the fact that, unlike
Classes I and II, Class III occurs mainly in open ocean locations (with a
long fetch). As regards latitudes, Class III is typical of low and lower-
middle latitudes (Fig. 5), both in the Central and Eastern Pacific
(Fig. 6¢) and in the Central Atlantic (Fig. 6a).

Class IV, or North Atlantic, has mean wave power values in the range
40-80 kWm™!. Like Class III, it corresponds to open ocean areas,

135" W 90" W 45" W

4 4.5

Fig. 1. Global mean value of the significant wave height, H; (m).
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Fig. 2. Global mean value of the energy period, T (s).

00" N 180 W 1535 w 90 w 4? w

80

Fig. 3. Global mean value of wave power, P (kWm).

implying long-period sea states. The difference between Classes III and
IV is in the latitudes — Class IV occurs chiefly in upper-middle latitudes,
where the ocean swells are energised by the prevailing westerly winds
and the associated cyclones — which ultimately explains the greater
resource. Typical areas are, e.g., the North Atlantic and the North Pa-
cific. Class IV occurs close to the coast, and therefore in water depths

suitable for the development of wave farms, off Western Europe
(Fig. 6a), the West Coast of North America, the Chilean Coast and
Australia. Due to the substantial resource and the population density, a
number of researchers investigated the wave resource in Western
Europe, notably in Ireland, Scotland, Spain and Portugal [13,41-45].
Finally, Class V, or Southern Ocean, has mean wave power values over
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Fig. 4. Global scatter diagram of significant wave height vs. energy period (a), and wave power vs. energy period (b). The intensity of the colour indicates the density
of points, with all the points in the global 0.5° x 0.5° mesh represented. The isolines of power in the right-hand plot (b) delineate the classes proposed (Table 1). The
points depicted correspond to the five points designated as representative of their respective Wave Resource Class (Fig. 6). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Classification of the wave energy resource based on mean wave power (P), with corresponding ranges of significant wave height (Hs), energy period (Te) (Fig. 4) and
maximum individual wave height (Hmax).

Wave Resource Class PGkWm™) H; (m) T, (s) m) Typical of
1 (Mediterranean) <10 <2 1.7-12.6 <24.8 Enclosed and semi-enclosed seas
II (Arabian) 10-20 1.5-2.5 5.0-12.6 5.2-30.6 Tropical seas
11T (Hawaiian) 20-40 2-3.3 6.3-12.6 6.4-31.8 Oceans (mid & lower-middle latitudes)
IV (North Atlantic) 40-80 2.8-4.2 7.8-12 11.2-36.7 Oceans (upper-middle latitudes)
V (Southern Ocean) >80 >3.8 9-11.5 20.5-32.8 Southern Ocean
I 180°W  135°W 90" W 45" W 0 45°E 90 E 135 E 180 E

. ™~

‘ Il Class 1 B Class 1T I Class III [ |Class IV Bl Class V

Fig. 5. Global distribution of the Wave Resource Classes (Table 1).
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Class I Arabian

L3 <]
Class 1T s %

Class 111

0

Fig. 6. Mean wave power (kWm™') and Wave Resource Classes in the regions from where they take their names. The representative sites are depicted by a

black square.

80 kWm™! (Table 1) and occurs exclusively in deep waters in the
Southern Ocean - the oceanic belt north of Antarctica where the fetch is
uninterrupted by land masses (Fig. 6d). Therefore, despite having the
most energetic swells, Class V is of little practical interest.

4. Variability of the wave energy resource

In assessing the suitability of an area for wave energy exploitation
the mean wave power, for all its interest, is not the only parameter that
matters. The variability of wave power is also of great importance and,
all else equal, areas with a high variability will in general be less
attractive. Indeed, a high variability will impact the capacity factor of
the WECs, the energy that will be produced during their service life and,
therefore, the financial returns that the project will generate.

The coefficient of variation is obtained from the standard deviation ¢
and the mean value X of the statistical sample [46],

cov=2, ©)
X

considering the entire database, spanning 40 years.

In the graph of the global distribution of the coefficient of variation
(Fig. 7) three main trends are apparent. First, the wave power variability
increases with latitude, all other things being equal; the lowest values

occur in low-latitude areas (Tropical and Equatorial regions). Second,
the Northern Hemisphere presents a greater variability overall than the
Southern Hemisphere. Finally, the greatest variability occurs in semi-
enclosed seas: Mediterranean Sea, Gulf of Mexico, Sea of Japan, etc.

Next, the global seasonal variability in a typical year is considered
(Fig. 8). The year is divided into three-month periods: DJF (from
December to February), MAM (from March to May), JJA (from June to
August) and SON (from September to November). The seasonal varia-
tion presents two peaks of wave power, in the upper-middle latitudes of
the Northern Hemisphere in DJF, with values over 140 kWrn’l, and in
the upper latitudes in the Southern Hemisphere in JJA (the austral
winter), with peaks over 150 kWm™L.

The greatest seasonal variability occurs in the North Atlantic.
Whereas the mean winter wave power values are well over 140 kWm ™,
the mean summer values do not exceed 35 kWm™'. This substantial
variability must be taken into account when planning the exploitation of
the wave energy resource in the North Atlantic.

Generally speaking, the overall seasonal variability in the Northern
Hemisphere is greater than in the Southern Hemisphere. For instance,
the Pacific Ocean off central Chile has mean values of ~60 kWm ™! in
winter and ~30 kWm ™! in summer.
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Fig. 7. Global distribution of the coefficient of variation (COV) of wave power.

DJF MAM

100 150

Fig. 8. Global distribution of mean seasonal wave power (kWm™1): DJF- December, January and February; MAM - March, April and May; JJA - June, July and
August; SON - September, October and November.
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5. Wave exploitability index

The Wave Exploitability Index (WEI) is defined as

WEI =™, (10)

max

T| =

where H,;; is the mean value of the root-mean-square wave height and
Hpax is the maximum individual wave height over the period consid-
ered. The values in this work are obtained from the ERA-5 database
spanning 40 years, from 1979 to 2019, as explained in Section 2.

The mean root-mean-square wave height in the numerator of the
WEI, Eq. (10), corresponds to mean conditions, which are relevant in
terms of wave farm operation and energy production. The maximum
individual wave height in the denominator is representative of extreme
metocean conditions, which determine the extreme loadings on the
WECs and, indirectly, the costs of construction and maintenance. Cae-
teris paribus, the higher the WEI, the better the site for wave energy
exploitation.

The purpose of this new index is to compare mean and extreme wave
heights through a simple ratio, which can be readily evaluated over a
large area using available metocean databases. Importantly, this com-
parison can be made prior to the selection of a particular WEC tech-
nology. The index is not aimed at incorporating values of energy
generation by, or extreme loadings on, WECs, which would necessarily
be specific to a particular WEC technology. These should be the object of
a detailed investigation, once the WEC technology to be used has been
decided.

Among other advantages, the WEI can be computed in a straight-
forward manner with easily accessible data. There are, of course, more
complex approaches, which typically require additional data regarding
the wave climate (frequency, persistence, etc.), the spectral character-
istics of the resource, or even the ecological and social challenges posed
by the WECs [47-49]. These complex approaches may be used, inter alia,
to assess the loadings, and even the fatigue, that a WEC would experi-
ence at a particular site over its service life. For this reason they are
appropriate for designing WEC structures or selecting a WEC for a

Renewable and Sustainable Energy Reviews 134 (2020) 110393

particular site. The scope of the WEI is clearly different — it is appropriate
for assessing the exploitability of the wave resource over a large area
(even globally) at a low computational cost, prior to the selection of any
particular WEC.

The global distribution of the Wave Exploitability Index is presented
in Fig. 9, calculated as explained using Eq. (10) with 40 years’ worth of
global data. The highest values occur in the tropical and equatorial re-
gions: Central and Northern South America (Colombia, Ecuador, Peru,
Chile, Venezuela, Brazil), Western Central Africa (from the Gambia to
Namibia), Indonesia (the West coast of Sumatra) and Southwestern
Australia. It is interesting to see how regions such as Chile, mentioned
before, present far better values than Western Europe, which on the
basis of the mean wave power alone (Fig. 4) would be more attractive.
The West coast of North America has also interesting values of WEL

6. Discussion

In the conventional approach to the selection of areas for wave en-
ergy exploitation the emphasis is put on the mean wave power. For all its
importance, this metric is not sufficient to characterise the wave
resource.

The approach proposed in this work is based on two elements —a new
classification of the resource and the novel Wave Exploitability Index
(WEID). These two elements are combined in Fig. 10. Class I corresponds
to low WEI values - little interest for wave energy exploitability. More
importantly, the greatest WEI values do not correspond to the classes
with the greatest values of mean power (IV and V) but to Classes II and
III. This reflects the fact that it is not only the mean wave power that
matters, but also the variability of the resource. Classes II and III occur
chiefly in the lower and lower-middle latitudes in the Pacific, Atlantic
and Indian Oceans (Fig. 10).

The scatter plot of the wave exploitability index (WEI) and mean
wave power for all the grid points considered is presented in Fig. 11,
along with the wave resource classes and their representative points.
The pre-eminence in terms of wave energy exploitability of Classes II
and III above Classes IV and V is apparent.

0 0.02 0.04 0.06 0.08 0.1

0.12 0.14 0.16 0.18 0.2

Fig. 9. Global distribution of the Wave Exploitability Index (WEI).
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Fig. 10. Wave Exploitability Index (WEI) and wave resource classes in the global map, with the isolines of mean wave power (kWm ™) that separate the classes.
Colour scale: WEI values. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. Scatter plot of mean wave power (kWm™') vs. Wave Exploitability Index (WEI) encompassing all the grid points. The wave resource classes and their
reference points are also depicted.
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WEI values range from ~0.05 to ~0.20. An important aspect to note
is that Classes II and III contain also a significant amount of points with
low WEI values. It follows that the appraisal of the interest of a point, or
otherwise, for wave energy exploitation should be based on the two
approaches — the wave resource classification and the WEI index.

From the global variation of wave power (Fig. 3) and the wave
resource classification (Fig. 5) it is clear that the mean wave power is
determined, to a great extent, by latitude, with the upper-middle lati-
tudes and, in particular in the Southern Hemisphere, upper latitudes
possessing the greatest resource. This is due to two main factors: (i) the
global atmospheric circulation and, more specifically, the westerlies
prevailing in the mid-latitudes, which transfer a greater amount of en-
ergy to the ocean than the trade winds prevailing in the lower latitudes;
and (ii) the scarcity of land masses in the upper latitudes of the Southern
Hemisphere. Notable regions from the point of view of mean wave
power are: Western Europe, Western North America, Southwestern
South America and Southwestern Australia. These regions correspond to
Class IV (Fig. 5).

Now, mean wave power on its own is not a good indicator of the
interest of an area for wave energy exploitation. Many other factors
come into play, some of which are unrelated to the wave resource itself
and, therefore, outside the scope of this work, e.g., population density,
energy consumption, electricity network capacity or competing uses of
the marine space (fishing, aquaculture, recreation, nature reserves,
military zones, shipping, etc.) There is, however, one other factor related
directly to the resource: its variability.

It is interesting that the coefficient of variation (COV) of wave power
is also greatly dependent on the latitude (Fig. 7), essentially increasing
with it. Moreover, the Northern Hemisphere presents greater values
overall, due to the large land masses and, consequently, the dynamics of
counteracting oceanic and continental air masses (e.g., polar continental
vs. polar maritime air). A similar difference between the Northern and
Southern Hemispheres is apparent in the seasonal variability graphs
(Fig. 8), with the Northern Hemisphere presenting far greater seasonal
variability due to similar reasons.

This greater variability undeniably detracts from the interest of, e.g.,
Western Europe vis-a-vis the Southern Hemisphere areas with mean
wave power values of interest, e.g., SW Australia or Chile. This is, of
course, true as far as the resource alone is considered — more specifically,
the mean wave power and coefficient of variation — without taking into
account non-resource-related elements (population, energy consump-
tion, electricity grid, etc.) Many of the latter would be more favourable
in Western Europe and other regions of the Northern Hemisphere due to
the higher population density.

The peak values of the COV, however, are located in enclosed and
semi-enclosed seas, such as the Mediterranean and Black Seas, the Gulf
of Mexico or the Sea of Japan, due to: (i) the interplay between conti-
nental and maritime air masses, which produces tropical and subtropical
cyclones, also known as Medicanes in the Mediterranean; (ii) the com-
plex topography of the enclosing land masses, which gives rise to, e.g.,
katabatic winds that generate large waves in small seas such as the
Adriatic.

As for the Wave Exploitability Index (WED, it is also highly depen-
dent on the latitude, with the higher values occurring in the lower lat-
itudes (Equatorial and Subtropical Regions) (Fig. 9) and lower values in
the mid and upper latitudes. For a given latitude, the Southern Hemi-
sphere generally presents a better WEI than its Northern counterpart,
due to the reasons already explained (variability induced by land
masses).

It is important to emphasise that enclosed and semi-enclosed seas
have far lower WEI values than would correspond to their latitudes, as a
result of the greater variability of the resource. Therefore, the Medi-
terranean, the Black Sea or the Gulf of Mexico are of very limited interest
for wave energy exploitation.
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7. Conclusions

A new approach for the selection of potential areas for wave energy
harvesting was presented, based on two novel elements — a Wave Ex-
ploitability Index (WEI) and a wave resource classification.

The Wave Exploitability Index was introduced as a ratio of mean to
extreme wave heights. It was defined on the basis of two variables which
may be easily obtained from virtually any metocean database — the mean
root-mean-square wave height and the maximum individual wave
height. Other things equal, the higher the WEI, the better the site for
wave energy exploitation.

The WEI enables ocean energy developers to carry out a first
approximation to the areas of interest for wave energy exploitation using
readily accessible data and at a low computational cost. Among other
advantages, this means that large areas may be handled, as shown in the
paper by considering the global resource.

The Wave Exploitability Index was found to be highly dependent on
the latitude and Hemisphere (Northern vs. Southern). WEI values
decrease generally with latitude and, for a given latitude, are generally
larger in the Southern Hemisphere. An important caveat must be made
in relation to this conclusion — enclosed and semi-enclosed seas (Medi-
terranean Sea, Black Sea, Gulf of Mexico, etc.) present consistently low
WEI values irrespective of latitude. This is due to the fact that the greater
the resource variability, the lower the WEI value.

The wave resource classification introduced distinguishes five Clas-
ses, from I to V, in order of ascending mean wave power. Each was
named after an area of which it is typical: Mediterranean (Class I),
Arabian (Class II), Hawaiian (Class III), North Atlantic (Class IV) and
Southern Ocean (Class V). Using the most up-to-date database at the
time of writing (ERA-5), spanning the period 1979-2019, the classes
were mapped onto a global map.

The global distribution of the wave resource classes in the oceans (i.
e., excepting enclosed and semi-enclosed seas) was found to be deter-
mined primarily by latitude. Thus, Classes II and III occur primarily in
lower and lower-middle latitudes, and Classes IV and V in upper-middle
and upper latitudes. As with the resource variability, the Northern vs.
Southern Hemisphere dichotomy also plays a role, the greatest mean
wave power values occurring in the Southern Hemisphere. In fact, Class
V is specific to the Southern Ocean — an uninterrupted fetch that cir-
cumambulates the globe.

The exception to the control exerted by the latitude (and subsidiarily
the Hemisphere) on the wave resource classes concerns enclosed and
semi-enclosed seas, which belong essentially in Class I irrespective of
latitude.

The areas that have so far attracted the most attention for wave
energy development, in W Europe and the US West Coast, belong to
Classes IV and V (mean wave power in excess of 40 kWm™ 1) and are
primarily in the Northern Hemisphere. At the other end of the spectrum,
Class I, with mean wave power below 10 kWm™1, is of little interest for
wave energy exploitation for mass production. Wave energy for niche
applications (maritime signals, oceanographic buoys, aquaculture, etc.)
might still be of interest.

Finally, when the two elements proposed in this work, the Wave
Exploitability Index and the wave resource classification, are combined,
an important conclusion may be drawn - the areas with the highest WEI
values do not occur in Classes IV and V, as might have been expected,
but in Classes II and III (mean wave power between 20 and 40 kWm™1).
The combination of the highest values of the WEI and reasonably high
mean power results in the emergence of new areas, such as SW Australia
or Chile, which have so far received little attention. In this manner, it
was shown that the new approach introduced in this work is a powerful
tool for a first-order approximation to the areas of interest for wave
energy exploitation at a global scale, which helps identify new potential
areas for wave energy development.

Needless to say, for a more detailed selection of wave energy
development sites this first-order approximation must be refined with
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additional information, e.g., distance to population centres, electricity
demand, electricity grid, distance to adequate port infrastructure, ma-
rine reserves, shipping lanes, fishing areas.
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