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a b s t r a c t

Marine energy sources are an untapped resource that is able to make a significant contribution to
renewable and clean energy generation. In Uruguay, investments in renewable energy have experienced
strong growth in recent years, mainly due to the development of wind energy farms. In this research, two
marine energy sources are assessed on the Uruguayan shelf seas: wave energy and tidal currents energy.
To this end, high-resolution hindcasts of wave and tidal currents were obtained based on state of the art
numerical models, forced with reanalysis winds. The results were used to generate maps of energy
potential for both resources, and these maps are overlapped on other uses and resources maps to identify
potential exploitation zones.

The results confirm that since the country is located in a microtidal zone, wave energy is the most
promising among the sources analysed. Nevertheless, a zone in the outer Rio de la Plata Estuary is
identified as the most promising area for an experimental marine energy farm, where exploitation of
both resources could be tested.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The need to meet the growing global energy demand,
addressing concerns of energy security and the environmental
consequences of global warming attributable to the use of fossil
fuels, has led to the development of many renewable energy pro-
jects worldwide [34]. In this context, marine energy sources are an
untapped resource that can make a significant contribution to the
development of a sustainable energy mix [33].

Uruguay has no exploitation of fossil fuels. To reduce depen-
dence on its prices and availability, the country is undergoing a
process of diversification of its energy mix towards renewable and
native sources. In the last decade, Uruguay has strongly pursued the
addition of renewables on its energy mix. Therefore, wind power
(21%; e.g., [12]), biomass (11%) and solar (2%; e.g., [32]) were sup-
plemented to the traditional and large-scale limited hydroelectric
(38%) leading up to 2015, when 72% of installed capacity (i.e.,
2872 MW) corresponded to renewables (see National Energy Bal-
ance at http://www.ben.miem.gub.uy/). This percentage continued
nso), mjackson@fing.edu.uy
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to increase in 2016 and is expected to follow the same trend in the
coming years. In the short term, this trend could be made possible
through a greater incorporation of wind, biomass and solar energy;
in the medium to long term, and taking account the Uruguayan
maritime domain, marine energy sources are an interesting alter-
native to continued increases in the portion of renewable and
native sources in the national energy mix.

Among the fivemarine energy sources, namely: waves, currents,
tides, and the thermal gradient and saline gradient; the two that
were identified a priori to have a greater potential in Uruguayan
waters are waves and tidal currents. Tides and the thermal gradient
are dismissed because the area is micro-tidal and non-tropical,
respectively, whereas the salinity gradient was discarded for
environmental reasons; the system of coastal lagoons that have
potential for development have high conservation value.

To exploit an energy source, a theoretical potential resource
assessment is a mandatory first step. Global (e.g., [11,23]) or
regional (e.g., [15]) assessments provide a preliminary idea of the
theoretical potential at any point. However, to obtain accurate and
detailed results that can be used as inputs in feasibility studies of
wave or tidal current farms, high-resolution assessments using
local information are required. Many studies have been carried out
for the different locations in recent years (see review of [37] for
references). With the exception of a few studies, high-resolution
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1 Source code available in http://polar.ncep.noaa.gov/waves/wavewatch/
wavewatch.shtml (last visited on August 2nd, 2015).

2 Data were accessed through the CISL Research Data Archive http://dx.doi.org/
10.5065/D6513W89 (last visited on August 2nd, 2015).
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research is often based on wave and tidal currents hindcast data-
bases. This is because measurements are generally not sufficient to
sustain a comprehensive resource assessment, which typically
covers a large area (e.g., most territorial waters) and cover a long
period of time (several years).

There are several key issues to resolve in pursuing the successful
exploitation of marine resources. One of them is the compatibility
of offshore energy farms with other uses and resources (e.g.,
maritime traffic corridors, high biodiversity areas, and offshore oil
exploration areas). The identification of suitable exploitation areas
should take this into account from the very beginning of the
decision-making process to avoid conflicts over the use of maritime
territory. In this regard, high-resolution studies of marine resource
assessments provide decision makers with another layer of
geographical information for consideration in the planning of
offshore development projects.

In this paper, an analysis of both wave and tidal current energy
potential in Uruguayan waters is presented, along with the iden-
tification of possible exploitation zones, while taking into account
other uses and resources in the maritime territory. Therefore, local
high-resolution wave and tidal current hindcast models were
implemented and calibrated. Then, the spatial distribution of both
resources is estimated and compared with maps of other uses and
resources. Finally, some potential exploitation areas are defined
and briefly analysed.

The remainder of this paper is organized as follows. In section 2,
the methodology is introduced; section 2.1 describes the study
area; wave and tidal models are introduced in sections 2.2 and 2.3,
respectively; and the methodology used for energy assessment and
potential exploitation zones definition is described in section 2.4.
Section 3 presents and discusses the results. Finally, conclusions are
summarized in section 4.

2. Methodology

2.1. Study area

The study area includes the Uruguayan waters in the Rio de la
Plata Estuary and in the Atlantic Ocean. Río de la Plata is a large
estuary formed by a confluence of the Paran�a and Uruguay rivers,
with annual average discharge of approximately 16,000 m3/s and
6000 m3/s, respectively. It is 290 km long and has a NW-SE
orientation. In the outer zone, the estuary is wide (O(200 km))
and the depth varies between 10 and 20 m, whereas in the inter-
mediate and inner zone it is narrower (O(50 km)) and shallower
(O(5m)). Meanwhile, the Uruguayan Atlantic Shelf is wide, with the
coast oriented perpendicular to the SE. Taking the 200 m iso-depth
as a reference, the width of the continental shelf varies between
140 and 180 km. Between the coast and the 50 m iso-depth, the
presence of shoals and pits form an irregular bathymetry (see
Fig. 1).

Three mainwave systems are identified in the area: a swell from
the east, a swell from the south and local wind waves. Due to the
direction of the swells, the direction of predominant winds, the
bathymetry pattern of the shelf and the orientation of the estuary,
the predominant waves, at any point, are concentrated in the S e E
quadrant. For locations close to the coast or inside the estuary,
waves tend to concentrate in a Southeast direction due to
refraction.

2.2. Wave model

For the assessment of the wave energy potential, a high-
resolution wave model is calibrated and validated for Uruguayan
waters, using both altimetry data and in situ wave measurements.
With this model, a long-term wave hindcast was obtained.
The model used for wave hindcasting was a third generation

wave model WAVEWATCH III® version 3.14 [36] 1, which solves the
random phase spectral action density balance equation for
wavenumber-direction spectra as follows:

vN
vt

þ Vx$
�
cg þ U

�
N þ Vs$csN ¼ S

s
: (1)

where N ¼ F/s is the wave action spectral density, F is the spectral
energy density, s is the relative frequency, Vx y Vs are differential
operators in space and spectrum, respectively, cg is the group ve-
locity,U is themean horizontal current velocity, cs is a characteristic
velocity in spectral space and S is the sum of the wave energy
source and sink terms, as detailed in Eq. (2):

S ¼ Sin þ Snl þ Sds þ Sbot þ Sdb; (2)

where Sin is the energy supplied by wind, Snl is the energy transfer
between spectral bins due to quadruplets non-linear interactions,
Sds is the energy dissipation in deep waters (whitecapping), Sbot is
the energy dissipations due to bottom friction and Sdb is the dissi-
pation due to bottom-induced breaking.

For input and dissipation terms (SinþSds), the parametrization of
WAM-4 and variants was used (see Ref. [36] for details). To calcu-
late Snl, the Discrete Interaction Approximation (DIA, [13]) was
used; to represent Sdb, the parametrization of [2] was considered
using the McCowan criteria to define the maximum non-breaking
individual wave height; and the JONSWAP parametrization [14]
was used for Sbot (see Ref. [36] and references therein for details
on the parametrizations).

A multi-grid approach, using three grids (global, regional and
local), was implemented. The area covered by each grid, the spatial
resolution (Dlon and Dlat) and the different time steps are shown in
Table 1. The different time steps included those used in the frac-
tional stepmethod [36], where Dtg is the global time step, by which
the entire solution is propagated in time and input winds are
interpolated, Dtp,r and Dtk-W are the time steps for spatial and intra-
spectral propagation, respectively, and Dts is the time step for the
integration of the source terms.

The spectrum was discretized in 24 directions that were uni-
formly distributed and 25 frequencies that were distributed as a
logarithmic grid covering a range from 0.0418 Hz to 0.4114 Hz. The
third order ultimate quickest numerical scheme [5,18,19] was used
to solve spatial and intra-spectral propagations, and the averaging
technique was used to alleviate the Garden Sprinkler Effect [35].

The model was forced using wind data obtained from the
Climate Forecast System Reanalysis2 [28], hereinafter CFSR, for the
period from 1980 to 2010 and the Climate Forecast System Version
2 [29], hereinafter CFSv2, for the period from 2011 to 2015.

Table 2 includes the final configuration of the model.
The wave data used in the calibration and validation of the

model are in situ measurements obtained at two points and
altimetry data from the L2P database of the GlobWave Project (see
www.globwave.org). In situ measurements were obtained by
means of a Datawell Waverider buoy, located at coordinates
35�400Se55�500Wand an Acoustic Doppler Current Profiler (ADCP)
located close to the Montevideo coast in coordinates 34�580S y
56�100W. Both in situ measurements are inside the estuary;
therefore, the altimetry data were the only data available for
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Fig. 1. Location of the study area and its bathymetry.

Table 1
Computational grids: covered domain; spatial resolution and time steps.

Domain
(SW corner-NE corner)

Dlon Dlat Dtg (s) Dtp,r (s) Dtk-W (s) Dts (s)

Global (180 W, 78 S)-(180 E, 78 N) 1.25� 1� 3600 1300 3600 300
Regional (66 W, 42 S)-(42 W, 22 S) 50 50 720 300 720 20
Local (58.77 W,36.17 S)-(52.02 W, 32.52 S) 10 10 180 60 180 20

Table 2
Synthesis of the final configuration of the wave model.

Physical processes Parametrization selected Parameters

Wave growth and decay due to wind action (Sin) in addition to dissipation (Swc). WAM-4 and variants (ST3). Cds ¼ �1.5 and the remaining parameters by default.
Non-linear resonant interactions (Snl). DIA approximation. Default parameter values (see Ref. [36]).
Dissipations due to bottom friction (Sbot). JONSWAP. Default parameter values (see Ref. [36]).
Dissipations due to bottom-induced wave breaking (Sdb). Batjjes-Jansenn. Default parameter values (see Ref. [36]).
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calibration in the Atlantic region. The location of the buoy, and of
the ADCP and satellite tracks in the study zone, are shown in Fig. 2.

The Bias, Root Mean Square Error (RMSE) and Scatter Index (SI)
were the error metrics used to assess model performance as
follows:

BIAS ¼ ym � yo (3)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðym � yoÞ2

q
(4)
SI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��
ym � ym

�
�
�
yo � yo

��2
r

yo
� 100 (5)

where y is the analysed magnitude (significant wave height Hs in
this case), whereas the subindexes m and o refer to the model and
observation, respectively. According to the spatial and temporal
resolution of the model (Table 1), the space and time distance be-
tween observed (satellite) and modelled data is less than 1 km and
30 min, respectively.

For more details regarding wave model implementation for the
local high-resolution hindcast, see Alonso et al. [1].

A total of 36 years (between 1980 and 2015) were simulated. The



Fig. 2. Satellite tracks and locations of in situ measurements.
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model outputs are 3-hourly sea state parameters: significant wave
height, mean and peak period, mean and peak directions and
omnidirectional wave power. Additionally, 3-hourly full-directional
spectrums were obtained for the 22 virtual buoys shown in Fig. 3.
Most of them (17 buoys) are distributed along the Atlantic coast in
areas with depths of approximately 20 m, whereas the remaining 5
buoys are dispersed inside the estuary, two of them corresponded
to the location of the ADCP (PB in Fig. 3) and the Waverider Buoy
(HV in Fig. 3).
Fig. 3. Location of virtual buoys. HV corresponds to the location of the Waverider Buoy in t
Montevideo.
2.3. Hydrodynamic model and tidal currents

To evaluate the potential energy of tidal currents, a high-
resolution long-term hindcast of the currents in the area was ob-
tained from a set of nested numerical models. Offshore from the
shelf break, two major western boundary currents converge. The
Brazil Current, flowing southward, and the Malvinas (Falkland)
Current, flowing northward, collide in deep waters and flow east-
ward approximately 37.5�S in the Brazil-Malvinas Confluence.
These oceanic currents extend their influence over shallower wa-
ters in the form a Subtropical Shelf Front [26,27]. The domain
he outer Rio de la Plata Estuary. PB corresponds to the location of the ADCP in front of



Fig. 4. AStide and RPtide model domain and bathymetry.
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analysed in this work, the Uruguayan shelf, does not reach this
subtropical shelf front. The dynamic in this area is dominated by
the Río de la Plata freshwater discharge, the astronomical tide,
subtidal oscillations and winds [24,25]. Themain current directions
follow the deeper areas in the Río de la Plata Estuary and Maritime
Front, with a West-East orientation in the Northern coast and a
South-North orientation in the Southwestern coast [9].

The tidal currents have been studied with a 3D hydrodynamic
baroclinic numerical model implemented and calibrated for the
area [21]. This is based on previous hydrodynamic models imple-
mented in the zone with the MOHID code [9,30]. The meteoro-
logical tide in the Río de la Plata represents 50% of the tidal energy
[31] mainly resulting from atmospheric processes acting over the
continental platform and over the adjacent oceanic region; there-
fore, a nested system is then defined. First, a 2D South Atlantic
hydrodynamic barotropic model forced by National Centers for
Environmental Prediction (NCEP) reanalysis winds and the astro-
nomical model FES2004, called ‘AStide’, was implemented and
calibrated, taking the RMSE of the sea level oscillations at the
mouth of the Río de la Plata as the calibration condition. Second, a
local high-resolution 3D hydrodynamic baroclinic model, with ten
vertical sigma layers, forced with fluvial discharges of Paran�a and
Uruguay rivers, with the European Centre for Medium Range
Weather Forecast (ECWMF) reanalysis winds and with boundary
conditions from the AStide model, called ‘RPtide’, was imple-
mented and calibrated. The performance of both models was
improved by applying several High Performance Computing tech-
niques [21].

The computational tool used for the simulations was based on
the MOHID water system [22] and was developed with the aim of
achieving high-quality dynamic representation and efficient
computation times. MOHID presents an integrated modelling
philosophy, not only of processes (physical and biogeochemical)
but also of different scales (allowing the use of nested models) and
systems (estuaries and watersheds). The MOHID model is consid-
ered to be one of the most elaborate models of this type due to its
conception, reliable and robust framework, as well as its diversity of
vertical coordinates. MOHID encompasses a standard finite-volume
approach of Ocean Primitive Equations, using a generic combina-
tion of sigma and/or Cartesian vertical coordinates with an Alter-
nating Direction Implicit semi-implicit method for horizontal
advectionediffusion numerical schemes, as well as possessing a
complete suite of modern and standard open-boundary conditions.

The AStide model solves the bidimensional flow in the South
Atlantic Ocean in the domain of [22�S; 54.4�S]e[70�W; 45.5�W]
(Fig. 4). The mesh has latitude-longitude coordinates with a con-
stant discretization of 0.1�. The bathymetry of the areawas obtained
from GEBCO and regional bathymetric charts. The open boundary
condition was used to impose the astronomical tide into the
calculation domain: the water level was calculated every two cells
of the oceanic border from the superposition of 13 tidal harmonic
constituents obtained from the FES2004 model [20]. Furthermore,
the Blumberg & Kantha relaxation scheme was implemented as a
boundary condition using 1000 s of lag time in deep water and
100 s in shallowwater, with a linear variation in the transition zone
[4]. Null velocities and a uniformmeanwater level were imposed as
the model initial conditions. Finally, reanalysis of 6 h of temporal
resolution and 0.5� spatial resolution from NCEP [28] was incor-
porated as the atmospheric forcing on the free surface.

The RPtide model was forced by the resulting data of the AStide
model (water level and currents) at oceanic boundaries, by high-
resolution winds on the surface that were obtained from the
global database ECMWF [6], with a spatial resolution of 0.25� and a
temporal resolution of 6 h, and by the daily flow contribution from



Table 3
Significant wave height (Hs) errors obtained with the calibrated model and its
validation.

BIAS (m) RMSE (m) SI

Calibration 0.02 0.29 17.3
Validation 0.06 0.30 16.9

Table 4
Significant wave height (Hs) errors in the Río de la Plata.

BIAS (m) RMSE (m) SI

Outer RDP �0.05 0.28 27.8
Inner and middle RDP �0.25 0.35 33.8
Buoy 0.09 0.28 22.5
ADCP 0.04 0.26 50.2
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Uruguay, Parana-Las Palmas and Parana-Guazú rivers. The daily
flowrate information for the Paran�a and Uruguay rivers was pro-
vided by the Argentinean National Water Institute (Instituto
Nacional de Agua Argentino, INA) and by the Salto Grande hydro-
electric dam administration. The RPtide domain (Fig. 4) comprises
the area between the Río de la Plata head, where the rivers
discharge, to the area bounded between the Mar del Plata
(Argentina) and Rio Grande (Brazil), extending approximately
170 km offshore. The bathymetry of the area was obtained from
charts published by the Uruguayan Oceanographic, Hydrographic
andMeteorology Service of the Army (SOHMA) and the Argentinian
Naval Hydrographic Service (SHN). The coastlinewas obtained from
the NOAA/NGDCMarine Geology and Geophysics Division database
and from local high-resolution measurements. The three-
dimensional mesh had latitude-longitude coordinates, constant
horizontal discretization of 0.02�, and 10 vertical layers that were
defined from sigma coordinates using a constant coefficient. The
Smagorinskymodel was used for the calculation of eddy viscosities.
The vertical mixing was modelled in MOHID using the general
ocean turbulence model, GOTM [38]. Bottom stress was computed
using a quadratic lag formulation with a roughness length as a
calibration parameter. The wind stress at the surface was applied in
these simulations and parameterized by a drag parameter, which
was also used for calibration. For more model details about MOHID
see Mateus and Neves [22].

To obtain a representative characterization of tidal currents, a
period of six years was simulated (2010e2015). As a result, we
obtained an hourly current time series for each model cell in each
vertical layer, along with water density and salinity.
3 Available at: http://www.fadu.edu.uy/sepep/tesis/planificacion-espacial-
marina-identificacion-de-conflictos-de-uso/.

4 Available at: http://www.ei.udelar.edu.uy/renderPage/index/pageId/
1124#heading_5911.
2.4. Energy assessment and identification of potential exploitation
areas

Wave energy resource were assessed in terms of wave power
per unit length and were calculated from wave spectrum using Eq.
(6):

P ¼
Z∞

0

Z2p

0

Fðs; qÞ$CgðsÞdsdq; (6)

where F is the spectral energy density and Cg is the module of the
group velocity.

For tidal current energy assessment, it is of interest to assess
both power per unit area and power per unit length. The power per
unit area is useful to assess how much energy could be harvested
per unit area of a hydrokinetic energy conversion device. The power
per unit length, on the other hand, assesses all power available at a
given point considering the whole water column, making it a
straightforwardway to compare tidal current energy potential with
wave energy potential. Then, tidal current (or hydrokinetic) energy
resource were assessed in terms of tidal power per unit area and
per unit length, calculated using Eqs. (7) and (8):

Plength ¼
ZH

0

1
2
rðzÞVðzÞ3dz; (7)

Parea ¼ 1
H
Plength; (8)

where Parea is the energy power per unit area, r(z) is the depth-
dependent density, V(z) is the depth-dependent current intensity
and H is the total water depth at a given point.

Previously, defined quantities were estimated from hindcast
waves and currents for each cell and for each time step, obtaining a
time series of wave and hydrokinetic power at each location. From
these series, the mean and 95th percentile power maps were
constructed for each energy source. These maps were used to
identify the areas of greatest energy potential for each resource
individually as well as for both sources together.

The wave and hydrokinetic potential power maps were over-
lapped with maps of other uses and biodiversity to identify areas
most suitable for installing offshore energy farms. These maps
included the definition of areas currently used for the exploitation
of other resources (e.g., fisheries, offshore oil exploration, offshore
sand source, etc.) or logistics (ship lanes, oil unloading buoys, etc.),
as well as a definition of areas of ecological interest (e.g., migration
routes, high biodiversity areas, etc.).

The information about uses and marine activities was extracted
from a marine spatial planning study developed for Uruguayan
waters ([8] 3, [7] 4; both in Spanish). In this study, a complete survey
of the marine activities and uses of coastal and seawaters was
conducted, and the results were displayed in a Geographical In-
formation System. On the other hand, information about biodi-
versity was extracted from a regional diagnostic project ([10]; in
Spanish) that defined areas with different levels of risk in relation
to biodiversity and conservation.

From the analysis of the overlapped maps, a set of potential
exploitation areas was defined. For each of these areas a joint
analysis of wave and tidal hydrokinetic energy was performed,
establishing the mean power available for each resource as well as
their correlation.
3. Results and discussion

3.1. Wave model results and validation

Table 3 provides the results from the calibration and validation
of the wavemodel in the Atlantic Ocean, in terms of the BIAS, RMSE
and SI of the significant wave height (Hs), based on altimetry data.
Table 4 provides the same quality measurement statistics obtained
in the Río de la Plata Estuary, calculatedwith both, altimetry and in-
situ data (buoy and ADCP). Fig. 5 provides the agreement between
the model results and in situ measurement time series of Hs.

The model performance in validation and calibration in the
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Fig. 5. Comparison of the model results and measured Hs time series.

Table 5
Characteristics of the four selected zones shown in Fig. 12.

Zone 1 Zone 2 Zone 3 Zone 4

Depth at reference point [m] 10 30 40 8
Mean distance to shore [km] 7 15 38 31
Mean wave power [kW/m] 2.5 13 17 3.4
Mean tidal power [kW/m] 0.2 1.1 1.1 0.2
Mean tidal power [kW/m2] 0.02 0.04 0.03 0.03
Linear correlation between wave and

tidal power
0.3 0.4 0.5 0.1
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Atlantic Ocean were clearly similar. Furthermore, the results ob-
tained in the outer Rio de la Plata (altimeter and buoy) were as good
Fig. 6. Modelled and measured sea
as those obtained in the Atlantic region (Table 5).
For more details about the results of the wavemodel, see Alonso

et al. [1].
3.2. Hydrodynamic model results and validation

The 2D barotropic Atlantic Ocean model was calibrated in pre-
vious studies to properly reproduce observed sea level variations in
Mar del Plata and La Paloma. The sea level errors (RMSE) were
0.22 m in Mar del Plata and 0.21 m in La Paloma [21]. The 3D model
was calibrated using sea levels, currents profiles (ADCP measure-
ments) and salinity time series in several locations in the Río de
Plata Estuary. The RMSE of the sea levels in the 3D model were
level time-series comparisons.



Fig. 7. Time-series comparisons between measured and simulated salinity (up), and model salinity vertical profile (down) at the oceanographic buoy.

R. Alonso et al. / Renewable Energy 114 (2017) 18e31 25
0.22 m at Pilote Norden, 0.23 m at Torre Oyarvide and 0.18 m at
Montevideo. At the Oceanographic Buoy location, the RMSE of
salinity was 4 PSU and RMSE of current speed was 0.18 m/s. An
example of measured and simulated sea level time series at Mon-
tevideo, Torre Oyarvide and Pilote Norden is shown in Fig. 6, indi-
cating good agreement between modelled and measured data.
Furthermore, the salinity time series and vertical profiles at the
oceanographic buoy are presented in Fig. 7 and comparisons be-
tween measured and modelled velocities are shown in Fig. 8. The
salinity profile shows the different periods of mixing and stratifi-
cation characteristic of the Río de la Plata Estuary.

Fig. 9 shows the mean and 95th percentile current speed maps
obtained in 2012 at a mid-depth layer. The main patterns shown in
this figure are similar to those obtained for all analysed years and
layers (not shown). The mean current intensity, between 0.1 and
Fig. 8. Velocity component vertical profiles measu
0.2 m/s, were found in the oceanic zone, whereas higher values,
between 0.25 and 0.35 m/s, were observed in the coastal zone until
40 m depth. The higher 95th percentile current intensity occurred
along the coast, between Montevideo and Cabo Polonio, and in a
deep area in front of La Paloma and Cabo Polonio.
3.3. Wave and tidal currents energy assessment and potential
exploitation zones definition

A time series of wave and tidal current (hydrokinetic) power
were calculated for each node of the calculation grids used in the
wave and tidal currents models, following the methodology
described in section 2.4 (Eqs. (6)e(8)). Then, the potential marine
energy exploitation zones were defined, avoiding overlap with
areas already subject to intense use or identified as rich in other
red and modelled at the oceanographic buoy.



Fig. 9. Spatial distribution of the mean and 95th percentile intensity currents (m/s) obtained for 2012 at mid depth.
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resources or as areas of ecological priority as much as possible.
Lastly, both energy sources are analysed for each chosen zone.

Fig. 10 provides wave energy resource assessment maps: the
mean and 95th percentile wave power per unit length. Both maps
exhibit a similar pattern: a SE-NW gradient and a strong decay
inside the estuary. The Atlantic region has mean wave power of up
to 25 kW/m at depths higher than 50 m, whereas at 20 m mean
depth, the wave power varies between 8 and 14 kW/m. On the
other hand, in the Rio de la Plata estuary, the mean wave power
decrease from under 10 kW/m in the outer zone to approximately
1 kW/m in the mid zone, and continues decreasing towards the
inner zone. In the Atlantic coast, thewave power north of La Paloma
is higher than between Punta del Este and La Paloma. Alonso et al.
[1] estimated that the mean power along 200 km of the Uruguayan
Atlantic coast at 20 m depth was 2.2 GW; taking into account that
the country's current electric energy consumption is approximately
1.6 GW (see National Energy Balance at http://www.ben.miem.gub.
uy/), we concluded that wave energy could make a significant
contribution to the Uruguayan energy mix.

Figs. 11 and 12 provide the mean and 95th percentile hydroki-
netic power per unit area and per unit length, respectively. From
Fig. 11, it is noted that the pattern of hydrokinetic power per unit
area is similar to the mean current speed pattern shown in Fig. 9.
Conversely, Fig. 12 shows the higher hydrokinetic power per unit
length obtained in the natural channel that runs almost parallel to
the Atlantic coast, where relatively deep waters (approximately
40 m) combines with relatively high current speeds (higher than
the currents obtained on the outer slope of the continental shelf, at

http://www.ben.miem.gub.uy/
http://www.ben.miem.gub.uy/


Fig. 10. Wave power per unit length (kW/m) calculated with eq. (6): mean wave power (left) and 95th percentile (right).
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similar depths). The hydrokinetic power was found to be signifi-
cantly lower than the wave power throughout the Uruguayan shelf
seas, and the mean current speeds were lower than a commonly
accepted minimum for technological exploitation of the resource
(approx. 2 m/s; see e.g., [3]). However, an assessment of tidal cur-
rents resource is still relevant due to the possibility of multi-modal
development, where turbines are coupled to other projects (e.g.,
wave power or offshore wind energy). This approach makes it
possible to reduce costs and the need to revise the aforementioned
reference current velocity values, focusing on devices capable of
extracting energy from low speed flows (see e.g., [16]).

The activities carried out in Uruguayan territorial waters were
classified into two groups according to a marine spatial planning
study performed by Echevarria and co-workers [7,8], as follows:
those involving permanent infrastructure (cables, outfalls, etc.), and
activities that do not involve permanent infrastructure and are
associated with different users, such as marine traffic, fishing and
mariculture, tourism, oil and gas exploration, and others. According
to this study the most high-demand uses include fishing, with an
area of 121,000 km2, hydrocarbon exploration, with an area of
62,500 km2, and navigation in the navigation corridors, with an
area of 3600 km2.

According to FREPLATA [10], numerous riverine, coastal and
maritime species undergo their life-cycles in Uruguayan territorial
waters, in addition to several migratory species that also use these
waters; many of them are internationally recognized as being of
high conservation value (e.g., whales, turtles, albatrosses, etc.). In
particular, the study identifies Priority Water Areas (AAP, in Span-
ish) on the basis of three ecological criteria: species richness, spe-
cies of particular interest as well as population and ecosystem



Fig. 11. Hydrokinetic power per unit area (kW/m2) maps calculated with eq. (7) using depth-averaged current speed: mean value (left) and 95th percentile (right).
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processes. Along the Uruguayan coast, there are large high-priority
water areas (AAP) covering much of the area of interest in this
research.

In addition to the definition of AAP areas, the FREPLATA study
zoned the maritime territory based on the level of risk to biodi-
versity and identified critical areas of high ecological value and high
levels of threat. These zones indicate that the Uruguayan coast
between Montevideo and Cabo Polonio present a low risk to
biodiversity: no areas were identified as critical from Punta del Este
to Cabo Polonio (the risk level is defined as low in this area). On the
other hand, areas with average risk level were identified in the
stretch of coast along Montevideo - Punta del Este and areas with
high risk levels were identified near Montevideo and in the mid Rio
de la Plata.

By comparing these studies with marine energy maps that were
previously introduced, it is noted that the areas of greatest energy
potential (Atlantic coast and outer Rio de la Plata) have high usage
intensity in terms of maritime traffic and fishing and are identified
as priority waters (AAP). However, these areas have a low level of
risk to biodiversity and have not been classified as critical areas (i.e.,
high ecological value and high threat). Generally, as the area of
interest is farthest from the coast, the interactionwith specific uses
and environmental conditions is more compatible with the devel-
opment of a marine energy farm.

Based on the above analysis, and taking into account some
additional aspects such as proximity to harbours and the
geotechnical characteristics of the landscape, four zones for po-
tential marine energy exploitation were selected and are shown in
Fig. 13.

Table 5 provides the depth of each area, the mean distance to



Fig. 12. Hydrokinetic power per unit length (kW/m) maps calculated with eq. (8): mean value (left) and 95th percentile (right).
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shore as well as the average power from both resources, along with
the linear correlation between them. Fig. 14 provides an example of
the wave and tidal current power per unit length time series for
each zone.

Table 5 shows how the power per unit length wave energy is
approximately 10 times greater than hydrokinetic energy and in-
dicates that in the Atlantic zones (2 and 3) there is a significant
correlation between the two resources. In contrast, in the zone
located at the mouth of the Rio de la Plata Estuary (zone 4), the
correlation between these resources is low. Zone 1, located in the
outer Rio de la Plata near the Uruguayan coast, has the lowest mean
power and has a low correlation among sources, though it is higher
than in zone 4.
The significant difference observed between wave power and
hydrokinetic power is clearly seen in Fig. 14, which shows that even
during high power events, wave power is 3e10 times greater than
that of the tidal currents. For all zones, it shows that both resources
respond strongly to events (high wave events and storm surges,
and not so much to astronomical tides), except in zone 4, which is
located at the mouth of the Rio de la Plata, where the signal of the
astronomical tides is clearly recognized.

4. Conclusions

In this work, a joint assessment of wave and tidal current energy
resources in the Uruguayan sea territory is presented, including an



Fig. 13. Four chosen potential exploitation zones, overlapped over the mean tidal current power map.

Fig. 14. Example time series of wave and hydrokinetic (tidal) power in the four selected zones. Time indicated in days from January 1st, 2010.
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analysis of the Atlantic Ocean and the Rio de la Plata Estuary based
on specific wave and tidal current hindcasts, which were calculated
with state-of-the-art numerical models that were calibrated and
validated with in situ and remotely measured data.

Maps of the mean and 95th percentile power from each energy
sourcewere generated and overlappedwithmaps of other uses and
biodiversity, identifying four zones for potential development of
marine energy resource exploitation, which were then analysed in
more detail.

From the obtained results, it follows that the energy potential
per unit length was lower in the estuary than in the Atlantic Ocean
for both waves and tidal currents. For currents, however, the power
per unit area was greater within the estuary, in the mid Rio de la
Plata Estuary, in areas with relatively shallow waters (approx. 10 m
depth).

In terms of power per unit length, in virtually the entire domain,
wave power is an order of magnitude greater than tidal currents
power. This, along with the low value of the mean velocity of the
currents, makes the exploitation of tidal current energy seem less
promising than the exploitation of wave energy.

Among the four zones identified for potential exploitation of
marine energy resources, the one that seems most promising for a
first pilot (experimental) project is zone number four. In this zone,
wave power is moderate, but the hydrokinetic power per unit area
is maximized and the mean current velocities are higher than in
other areas. Furthermore, this zone has relatively shallow depths
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and a sandy bottom, providing proper conditions for the foundation
of experimental equipment, and it is also relatively close to the
Montevideo harbour. For a full-scale marine energy exploitation
project, a better optionwould be zones 2 or 3, in the Atlantic Ocean,
where the wave energy potential is significantly higher than in
zone 4. However, in these zones, tidal current energy exploitation
would probably be unfeasible.
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