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longest of all regions in Spain and, notably, it includes
the Straits of Gibraltar, one of the most energetic sites
in all of the world’s oceans.

Abstract
A study of the potential for ocean energies in the
southern Spanish region of Andalucia is reported,
using state-of-the-art methods for characterisation
of the resources and a comprehensive analysis of the
technology status in this emerging field. The study
shows that the tidal/marine current potential in the
Straits of Gibraltar is a world-class resource, with a
theoretical power capacity of up to 7 gigawatt, GW.
Even if only a small fraction of the resource can be
extracted, as is likely, it would still rank among the
most important sites in the world for tidal/marine
current energy. It is considered that this resource,
combined with proximity to the grid and to major
power consumers, could be large enough to attract
companies to customise or develop novel technological solutions for the resource. Wave energy is also
found to have significant potential in the region, at
up to 2 GW, with interesting perspectives for being
exploited in synergy with future possible off-shore
wind energy developments on the Gulf of Cadiz (the
Atlantic coast), especially if such developments can
be situated at some distance from the shore.

Ocean energy is of interest for Andalucia because its
potential utilisation could add another set of renewables
to the region’s already strong portfolio, complementing
its excellence in solar and bio-energy and the, in recent
years, fastest-growing wind energy sector in all Spain.
Developing the skills and technologies for realising the
new business opportunities and commercialising novel
appropriate technologies to exploit these new resources
will benefit the development of the region, create much
needed jobs and improve the quality of life of citizens.
In this study, the Andalucian ocean energy resource
base is analysed for internationally recognised forms of
ocean energy, and the potential of each resource is
quantified for each of 7 defined coastal zones – two
Atlantic, the Straits, and four in the Mediterranean.
The study considers five forms of ocean energy:
- waves
- tidal range
- tidal/marine currents
- gradients of salinity
- gradients of temperature
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2.
1.

Introduction

Methodology

For categorising and quantifying the resources, the
coasts of Andalucia are sub-divided into seven zones,
described in terms of their major relevant ocean energy
parameters such as coastal topography, bathymetry and
slope. Each resource is then quantified for each zone.

This paper presents some results of a comprehensive
evaluation of the ocean energy resource potential of the
Autonomous Community of Andalucia. The study was
commissioned by the Agencia Andaluza de la Energía,
the Energy Agency of the the Andalucian Government.
the Junta de Andalucìa,

A detailed physical and bathymetric description for
the entire coast has been created, drawing on scientific
competence at the University of Cadiz, Department of
Physical Oceanography and using data from the Naval
Hydrographic Institute in Cadiz and from other sources.

Andalucia is one of only two EU Regions facing two
seas, and the only Region having both an Atlantic and a
Mediterranean coast. The Andalucian coastline is the
* Presenting author
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graphic Institute, University of Cádiz, as well as Azti
and University of Málaga. Models used to describe the
currents in the Straits were validated by measured data
from oceanographic observation campaigns, and wave
predictions were validated by real data using dedicated
ADCP measurements for selected locations.

Fig. 1 shows the coastal regions defined for resource
analysis and Figs. 2 and 3 show some examples of the
physical maps created. The characteristic shape of the
Straits constraining the exchange of Mediterranean and
Atlantic waters can be clearly seen from Fig. 3.

3.

Results Obtained.

The study was done in two phases over 18 months. It
produced detailed results on following specific aspects:
0. Approximate potential of each resource (Phase I)
1. Mapping of the tidal current and wave resources.
2. Tidal/marine currents: (a.) Technological and nontechnological determining factors; (b.) Review of
energy conversion technologies and maturity.
3. Wave energy: idem.
4. Applicable legislation and regulations.
5. Techno-economic viability (methodology)
6. Techno-economic case studies of: (1.) Currents in
the Straits, (2.) Wave energy combined with offshore wind for Cadiz gulf coast, (3.) Wave-driven
desalination for the eastern Almeria coast.
7. Potential for Andalucia’s economic development.

Figure 1: Andalucia coastal regions as used to quantify the
ocean energy resource. Each region was analysed and those
framed in red were subjected to additional, detailed studies.

As an additional deliverable a topical Workshop was
arranged at Cadiz University [1], which brought worldleading experts in the field together with Andalucian
research, business and society leaders. Only glimpses
of the results can be given in this brief paper. Since so
many excellent reviews of wave and tidal technologies
are available, these are not included here at all.
Figure 2: High resulution bathymetric map elaborated
for the Eastern Almeria coast.

4.

Resource Overview.

Marine renewable energies comprise offshore wind,
waves, tidal height differences, tidal marine currents or
streams, ocean thermal gradients, salinity gradients (at
sites where rivers meet the sea), and marine biomasses.
Ocean energy is energy where the ocean itself is the
natural force, i.e. excluding wind. Currents in the deep
sea (open ocean) are not normally considered a source
for human exploitation. Table 1 lists the gross potential
resource estimate for all ocean energies (except marine
biomass) in all Andalucian waters. The estimates were
not filtered by any assumed “extraction efficiency”, as
all technologies in this field are immature, nor were any
arbitrary “impact factors” [2] or equivalent applied.
Resource
Figure 3: Bathymetric projection of the Straits.

Tidal range

The methodology for the resource quantification was
adapted to each ocean energy source studied. The most
elaborate approach was used for wave energy and tidal/
current energy. For the zones of higher interest (framed
in red in Fig. 1), high-resolution bathymetries, sea-bed
slope and properties were obtained from the meta-database ESEOO (http://www.eseoo.org/) using data from
State Ports (Puertos del Estado), the Spanish Oceano-

Gross
potential, MW

Remarks

50

Atlantic coast

Thermal gradient

350

Some deepwater near
coasts but small ∆T’s

Salinity gradient

1 000

Mostly Guadalquivir

Waves

2 000

Mostly Gulf of Cadiz
– some Almeria coast

Tidal/marine current

7 000

Straits of Gibraltar

Table 1: Summary of Andalucian Ocean Energy resources.
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5.

Among the other technological deternining factors
for tidal/marine currents, the range of depths and the
slope and nature of the seabed were found important.
Various non-technological determining factors need to
be taken into account as well, such as protected areas,
shipping, fisheries and other uses of maritime space,
undersea cables, pipelines etc. For the Straits, detailed
sea-use maps have been prepared to show the location
of such complementary activities and aid in delineating
possible exploitable sites. Importantly, in contrast to
off-shore wind, the vast majority of proposed solutions
for tidal (and wave) energy extraction have the natural
advantage of being fully or mostly submerged with few
aesthetic issues and no risks to migrating birds.

Tidal/Marine current energy.

The mean current energy distribution map obtained
for the Straits is seen on Fig. 5. Energy is expressed in
W/m of water column, taking into account the varying
depth (cf. Fig. 3). The areas of concentrated energy are
clearly seen and are caused by a complex interaction of
the outflow (westwards) of the colder and denser deep
Mediterranean waters and the tidally influenced flow of
the warmer Atlantic surface waters, both in turn being
controlled by the complex bathymetry.

At the International Workshop [1] the above analysis
was reviewed with the know-how of the experts present
and compared with technologies that have passed from
a similar embryonic status to market. This led to a first
estimation of the exploitable energy from currents in
the Straits over the next 20 years, at approx. 600 MW.
To achieve this, based in the detailed cases studied in
the project, it will be needed to develop the installation
of devices with an equivalent peak power of 1200 MW.

Figure 5: Current energy density in the Straits.

For a case study, a site was identified near (but not
inside) one of the concentrated areas in Fig. 5, which is
outside of all natural parks, fishing zones and maritime
traffic routes. The sea bed here is rocky, relatively flat,
and the modelled tidal currents show modest velocities
(see Fig. 7 below) but with a favourable directionality.

The energy in marine currents depends on velocity
to the third power, P ∼ vc3; thus, accurate and localised
measurements of flow are required in order to estimate
the energy that can actually be extracted of the 7 GW
potential. Obviously, technologies must also be proven
and mature, which our analysis shows clearly is not the
case today. In fact, most converters under development
for tidal currents are designed for flows of more than 4
knots (approx. 2 m/s).
However, as Fig. 6 shows, very large water areas in
the Straits are flowing at velocities of 1.5 m/s (approx.
3 knots) or higher, so there should be many locations to
consider for ultimate commercial installations, whereas
the concentrated energy spots as seen in Fig. 5 could be
used for proving and demonstrating the most promising
technologies at smaller scales.

Figure 6: Averaged velocities of near-surface currents.

The present study identified several promising new
technologies, which – given sufficient investment and
market pull, justified by the size of the resource – may
be commercialised within a 5- to 10-year time frame.

Figure 7: Current speed and energy density for case site.

A simple spreadsheet model was created for technoeconomic analysis of tidal current installations, largely
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independent of engineering details, and used for the site
and a hypothetical installation of a novel technology [3]
that captures moving water by submerged sails moving
on pretensioned undersea wires. The site was found to
be accommodated within preferred design conditions.

The base case (Table 2a) needs 13.4 €c/kWh feed-in
support to give an internal rate of return (IRR) of 9.9%.
With 40% investment support (Table 2b), 10.66% IRR
is achieved at 10 €c/kWh. Economic pay-back periods
are between 11 and 12 years in both cases.

At an energy density of about 300 W/m2, assuming a
45% capture efficiency (much less than the Betz limit),
a string of sails with a 1375 m2 frontal area to the main
current direction would yield 250 kW peak power (or a
mean power of 117 kW, averaged over all tidal cycles).

It should be noted that the technology used for this
illustrative example, as most others in this field, is far
from being proven. Other solutions may yield more, or
less, promising results. Nevertheless, this case study
illustrates the possibility for developing a tidal site in
the Straits of a commercial value comparable to other
renewables. In addition, tidal power is predictable years
in advance and so has better dispatchability than most
other renewables such as wind or solar.

From the sea-bed geometry, it was seen that an array
of 20 such sail strings could be installed at the site, thus
creating a 5 MW small “tidal farm”. The developer has
claimed that a power plant of this scale can be built for
maximum 15 mill. € investment when the technology is
mature. (The resultant 3000 €/kW is in fact 15% lower
than the actual cost for offshore wind installed in 2009,
and slightly above its expected cost for 2015.) Tables
2a and b show the key economic parameters obtained.

6.

Wave energy.

Fig. 8 below shows the distribution of the mean wave
energy resources on the Atlantic coast in kW per m of
wave crest. The effect of the seabed slope on reducing
the energy available is clearly seen.

Figure 8: Wave energy mean flux in kW/m of wave crest.

With such limited energy nearshore, synergies would
be needed to justify commercial exploitation. Knowing
that ocean swell frequently makes up a large proportion
of the waves, and that several off-shore wind schemes
have been proposed for this coast, it was chosen to look
for a simultaneous development of both resources. Two
EU projects have recently been started that explore the
potential for combined technologies [5].
In contrast to tidal current technologies, which share
the physical basis for conversion (although in a variety
of applications), wave energy converters span a diverse
range of physical principles and engineering implementations. Thus, looking only at the resource, ignoring its
conversion, makes little sense and selecting wave technologies to combine with wind is a complex exercise.
To simplify this task, a simple screening matrix on a
“traffic-light” paradigm was developed. Red, amber or
green lights were assigned to ten different wave energy
conversion methods assessed on 7 criteria: applicability
cost, reliability and performance (all classes screened
were deemed survivable at Cadiz coast conditions). The
assessments emphasised the options for combining with
wind and the results are summarised in Fig. 9 below.

Table 2: Case study economics for 5 MW tidal farm
(a.) base case; (b.) with 40% investment subsidy
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Figure 10: Power production from wind and from waves for
a far off-shore location on Cadiz coast.
Figure 9: Screening matrix of wave technologies for
possible combination with wind at Cadiz coast.

7. Potential for Economic Development
Andalucia presents a series of characteristics that
favour the development of a supply chain to support a
future ocean energy industry. It has a very significant
tidal/marine current resource, and non-negligible wave
resources, especially if combined with off-shore wind.
Furthermore, its mild climate with much fewer storm
days than most other regions with comparable resource
bases could help position the region as a privileged area
for testing and development of technologies to be used
primarily in higher-energy areas such as Spain’s North,
Northern Europe and overseas. The push for off-shore
wind, already coming from some actors, might further
be harnessed to provide additional “locomotive effect”
in developing industrial skills as a base for innovation,
employment and growth.

From this screening, a favoured type of wave energy
converter emerged, the “floating over-topping” devices.
In fact, the WaveDragon [6] was originally designed as
a combined wind/wave solution. “Recreating” this with
two state-of-the-art 3 MW rated wind turbines assumed
to be readily mounted on the rugged concrete structure,
the next step was to estimate the total energy converted
for a Cadiz coast case. For this purpose, the published
conversion characteristics for the WD and simultaneous
wind and wave data of this study wasused for a far offshore location where the wind turbines would barely be
visible from the shore. The results are listed in Table 3.
Wave energy parameters
Mean Gross energy (kW/m)
Power factor, waves
Max kW/m
Hardware efficiency
Mean Net Energy (kW/m)
Capture Efficiency

Width, turbine diameters
Width of WaveDragon (m)
Installed Power (kW)
Energy Produced kWh
Utilization Factor
Hours equivalent

Wave

Wind
5.76
3.0
17.42
45%
1.91
33%

Wind energy parameters
0.209 Mean Gross energy (kW/m2)
3.67
Power factor, wind
0.77
Max kW/m2
50%
Hardware efficiency
0.09
Mean Net Energy (kW/m2)
44%
Capture Efficiency

WaveDragon Wind turbines
3.75
2.00
375
100
2 939
6 032
6 274 268
12 533 794
24.4%
23.7%
2135
2078

Andalucia has a variety of strong, operative industry
clusters in existence today that, within the scope of this
study, were analysed for inclusion in a meta-cluster to
accelerate the development of ocean energy industries.
Fig. 11 below illustrates these existing industries and
highlights their extensive geographic spread, together
including nearly all of the region.

Number
Rotor Diameter
Installed Power (kW)
Energy Produced kWh
Utilization Factor
Hours equivalent

Table 3: Case study parameters for combined wave
and wind energy on the Cadiz (Atlantic) coast.

Naval industries
Electrical,
Electronic,
Renewables,…

Interestingly, even in a moderate wave climate of 5.7
kW/m, the annual cumulative power from the waves is
more than half that from the wind turbines. Moreover,
as seen from the 100-day time series in Fig. 10, wave
energy is weakly correlated with wind, so the effective
benefits of the waves are even greater. For long periods
after the wind has died down, a combined installation
will produce power from the waves. Using a similar
methodology to that for tidal/current energy, a technoeconomic analysis for this wind & wave case yielded
somewhat inferior results, requiring a higher feed-in
tariffs or more investment support to reach comparable
payback times. This reflects the higher cost of the large
support structure of the WaveDragon,which in fact was
optimised for high-energy waves. For future combined
wave and wind developments in Andalucian waters, it
will be beneficial to seek lower-cost solutions that are
better adapted to their moderate wave energy levels.

Series manufacturing
Plastics & hydraulics

Figure 11: The Andalucian industrial meta-cluster capable of
serving ocean energy composed of existing industry clusters.

The employment potential resulting from successful
integration into this meta-cluster can be estimated from
experience data from Andalucian successes in solar and
from other countries, such as Denmark where export of
wind turbines and other equipment has supported more
than 4 times the number of jobs for a domestic market.
We assumed such a ratio and a total installable capacity
over the next 20 years of 1200 MW tidal and 800 MW
wave energy (combined with 2 GW offshore wind, the
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volume of projects anounced by now for Cadiz Gulf).
Estimates of more than 12 000 new jobs emerge, split
roughly equally on Manufacturing (80% for exports)
and Operation & Maintenance (mostly in the region).

the most important anywhere in the world. The wave
energy resource, at moderate energy density but with
good regularity and lower need for over-design than in
many countries with high intensity waves, could be
exploited in useful synergy with deep off-shore wind.

8. Comparison with other Regions.

2. Of the 7000 MW current resource, a peak power of
1200 MW may be feasible to develop with sufficiently
strong attraction for technology developers,. In order to
achieve this ambitious goal, a concerted approach will
be needed where local and international actors work to
highlight the advantages of developing technologies in
Andalucia for serving both regional, national and international markets.

A comparison of the resource base obtained with
that of other regions ineterested in ocean energy offers
a useful extension of the study, and could help to place
our findings of study into a wider perspective. In Table
4 below are presented some key data for Andalucia and
compared with Scotland and the Canadian province of
British Columbia (BC) on the Pacific coast.
Region
Land area, km2
Coast length, km
Population, mill.

Andalucia

Scotland

B.C.

87 597

78 772

944 735

1 101 km

> 18 000

> 27 000

8.3

5.2

4.5

GDP (2006/2008)

152 Bn €

Ocean energy
potential, GW

~ 10

21.5

23 to 41

7 GW current,
2 GW waves,
max. 1 GW
for all others.

7.5 tidal,
“>14” wave

4 GW tidal,
19 waves at
shoreline or
37 offshore.

Remarks on ocean
energy potential

194 Bn $

3. For wave energy, it may be within reach to develop
800 MW of peak power (equivalent to 200MW mean
power) of the 2 GW wave resource in Andalucia, if a
close association and a synergistic development scheme
can be achieved with offshore wind development on the
order of 1600 MW peak power. The locomotive effect
of off-shore wind must be realised and then utilised.

180 Bn C$

4. Technological determining factors have been well
characterised by the study and affect strongly the production of power, cost and survivability of equipment
for ocean energy. Environmental and socioeconomic
determining factors were also studied for tidal/current
energy and wave energy.

Table 4: Key data for comparison of ocean energy regions.

5. In order to achieve the ambitious goals that the study
has identified as possible, it is important that the region
must apply international experience e.g. with solar and
wind energy, and considers the development in a long
term view, with a perspective until 2025 or 2030.

Thus, while Andalucia’s resource base is somewhat
less than B.C.’s or Scotland’s, it is far from negligible,
and, indeed, in terms of tidal/current resource, it ranks
alongside both. The two other regions chosen for this
comparison are widely recognised as “hot spots” for
ocean energy, and both aim to become a world leader
in this emerging industry, which recently was estimated
to have a future market value of 1 trillion dollars [7]:
A report by consultants Frost & Sullivan published in
July 2010, noting that marine renewables are more reliable and predictable than other renewable sources such
as wind and solar, and points out that the world’s wave
energy resource is twice today’s global nuclear power
production. The report concludes that, with funding by
public, private and government entities to reduce initial
installation costs, large scale devices can be developed.
Furthermore, technology developers could collaborate
to accelerate the commercialization phase and reduce
overall costs. Joint ventures will help in boosting future
development in marine energy and make it competitive
with other renewables, such as solar, hydro and wind.
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