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A B S T R A C T

The Brazilian Equatorial Shelf (BES) is one among the macrotidal regions worldwide. This study used a high-
resolution numerical configuration of the ocean model ROMS (Regional Ocean Modeling System) forced with
realistic surface and lateral forcing, as well as with tides and river discharges. Tidal heights of more than 2 m
were found in three regions in BES due to the large tidal amplification across the estuarine channels inside
each region: Amazon, Pará, and Maranhão, and for a considerable time fraction. Heights between 4 and 5 m
occurred with a frequency greater than 20%–30% in some regions. All hypothetical barrages proposed in this
study were capable of an annual power production, in two-way mode, higher than La Rance (533 GWh year−1,
two-way operation, France) and Sihwa (553 GWh year−1, flood-only operation, South Korea), except one with
the same production as Sihwa barrage. The installation effort was evaluated using the Gibrat ratio, the ratio
between the length of the barrage and its annual energy production. Among the proposed barrages, the most
efficient ones have an annual power generation greater than 1500 GWh year−1 and a Gibrat ratios between
1.17 and 3.26, much lower than the Gibrat ratio of Sihwa tidal barrage.
1. Introduction

Tides represent a highly predictable resource because they are
caused by astronomical oscillatory gravitational forces. This sinusoidal
nature of the tidal resource constitutes an advantage over other renew-
able sources like wind, solar and ocean waves. In the previous century,
commercial tidal energy extraction was associated with potential en-
ergy due to sea level differences via the construction of tidal barrages.
Several bays and estuaries have been studied for their installation and
some sites are in operation, mainly in France, UK, Canada and Rus-
sia [1,2]. Tidal barrages allow for more control in energy production
than tidal stream turbines (e.g., [3]). The environmental impacts are
actually the main disadvantage of energy production through tidal
barrages (e.g., [4]). For instance, they change or inhibit the residual
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circulation as well as the sediment dynamics, thus potentially modify-
ing the marine life and water quality. They may also impact marine
traffic and activities like fishing and tourism.

There are three main ways of extracting the potential energy of
the tides: generation during ebb tide, generation during flood tide and
generation throughout the tidal cycle [5]. Ebb tide generation is the
simplest way of operating a tidal barrage. Shortly after flood tide, the
reservoir filling gates are closed. The energy generation process starts
during the ebb tide, when the water fall is approximately half the tidal
amplitude, that is, there is enough water level for the turbines to start
operating. This operation is maintained until the height of the water
becomes the minimum possible for power generation. At this point, the
gates through which the water flows toward the turbines are closed,
and energy generation is stopped until the height of the water becomes
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sufficient for the turbines to operate again, after the next flood tide. The
generation process during flood tide is similar to that during ebb tide,
except that the tidal generation occurs in the sea-reservoir direction.
The generation during the whole cycle is, therefore, the combination
of the generation during ebb tide and during flood tide [5].

The installation of a tidal barrage brings environmental and so-
cioeconomic impacts which are unique for each location. The viability
of the project also has technical constrains. Factors to take into ac-
count include bed morphology, water depth, distance to coast, ports,
main shipping routes and lightering zones, grid connection feasibility,
operation and maintenance coasts of the energy converters subjected
to biofouling and corrosion. Also, the devices (turbines) to installed
in the tidal barrages must be tested in terms of ability to resist the
turbulence, wave interactions and velocity shear across its moving parts
(e.g., [6,7]). Appropriate resource and impact assessments are required
to understand its positive and negative consequences [8]. For instance:
changes in sediment transport patterns may decrease the turbidity; a
reduction in tidal currents may decrease the vertical mixing; the salinity
structure and the availability of dissolved oxygen can be modified as
well as the resuspension of metals and the concentration of nutrients
and pathogens [9]. The alteration of the living conditions of marine
species, including the nursery, recruitment and settlement regions are a
consequence of modifications in physical conditions like the wave/tidal
regime, sediment concentration and water column turbidity [10,11].
These environmental issues are not restricted to the tidal barrage site
but can be felt several kilometers away [12–16]. This means that there
should exist a good knowledge of the area at the regional scale prior
to the installation of tidal barrages.

In Brazil, the use of renewable energy accounts for 48% of all
available energy in the country [17]. If the generation of electricity
is considered separately, renewables account for almost 80% of the
energy produced, out of which about 72% is related to hydroelectricity;
14%, 11% and 3% are related to wind, biomass fuel, and solar en-
ergy respectively [18]. According to International Energy Agency [19],
the Levelized Cost of Energy (USD/MWh) of non-pollutant renewable
energy (wind: 33.59; solar 46.02; hydro: 46.12) is lower than that of
energy from combustion (biomass: 53.52; gas: 78.89; coal: 96.94) in
Brazil. Yet, ocean energy extraction is not considered in the investment
perspectives of the Brazilian Development Bank for 2018–2021 [20].
Likewise, no mention is given to future ocean energy production in the
Decadal Plan for Energy Expansion 2031 [17]. Despite the lack of gov-
ernment interest in ocean energy, a joint venture between federal and
private institutions installed a prototype of a 50 kW hyperbaric wave
energy converter in 2012 in the State of Ceará, Northeast Brazil [21].
The first Brazilian tidal power plant was intended to be installed in
Bacanga estuary in the State of Maranhão, Northeast Brazil, capable
of producing about 44 GWh per year [22]. Even though this project
was proposed since the barrage was built about 40 years ago, it was
not implemented due to the lack of investment on infrastructure,
equipment and research.

Most tidal energy assessment studies in Brazil (e.g., [22,23]) are
based on data of tidal harmonic components obtained from a port close
to the tidal barrage location, which are synchronized to a tide table
provided by Brazilian Navy. This approach may be appropriated for a
first and local assessment of energy. However, as tides are modulated
by the interaction with bathymetry and sea level time series can be
influenced by phenomena not included in tidal components as local
wind effects and meteorological tides, tidal energy studies should thus
consider the tidal heights in the tidal barrage site and be done on
a long-term basis. In this way, the present work aims to assess the
potential of energy extraction from tidal heights based on a high-
resolution and long-term model simulations using realistic forcings over
the Brazilian Equatorial Shelf (BES), where the greatest tidal amplitudes
(in excess of 3 m [22,24]) are observed in the country. This knowledge
is a necessary basis for planning and decision making on installation of
2

tidal barrages as well as the evaluation of the associated impacts.
2. Regional setting

The BES is part of the northern coast of South America. This
region hosts the river with the world largest freshwater discharge:
the Amazon River [25,26]. The BES is subject to energetic forcings,
including resonant semidiurnal macrotides, large buoyancy flux from
the Amazon River, northeasterly and southeasterly trade winds, and in-
tense flow along the continental margin associated with the NBC. These
forcings also perform an important role in the dispersion of the Amazon
freshwater discharge and associated suspended sediment [27,28]. In
addition to BES having such unique features, its circulation plays a
key role in the interhemispheric exchange of fresh water [29], heat
and energy [30,31], having thus a relevant influence on global ocean
circulation.

The study area is located between latitudes 8◦S and 10◦N and
longitudes 30◦W and 56◦W (Fig. 1) and its width varies significantly.
South of 3◦S, the shelf is narrow and covered by carbonate sedi-
ments [32]. North of 3◦S, the BES widens to 100–300 km near the
Amazon River where fluid mud is present. The BES houses the Amazon
Continental Shelf (ACS), a smaller region between latitudes 1◦S and
5◦N and longitudes 52◦W and 43◦W, which is under direct influence
of the Amazon River. Despite the marked salinity anomalies relative
to the large river discharge, the ACS circulation is driven by other
forcings [24]. Located at the equator, the ACS circulation is subject to
a geostrophic degeneracy and terms other than Coriolis are responsible
for the momentum balance: advection, wind stress, and pressure gra-
dient. This promotes a faster dynamic response compared to regions
where geostrophy is important [33].

Tides on the ACS are mainly forced by the deep ocean tides [24].
Tides propagate to shallower regions having its properties modified
by friction, conservation, and resonance processes. The semidiurnal
tidal components (M2, S2, N2) are generally known as dominant in
the equatorial Atlantic Ocean [25], with strong fortnightly modulations
(spring/neap tides). The ACS response to semidiurnal ocean forces is
quite complex, due to the Amazon mouth and the shelf bathymetries.
The M2 tidal wave propagates perpendicular to the coast toward the
Amazon and Tocantins rivers, and influences the Amazon river mouth
and the ACS between 1◦N and 4◦N. In this region, M2 reaches a maxi-
mum amplitude in excess of 3 m for the nearshore area, where the shelf
width is maximum, generating quasi-resonant conditions [24]. Beards-
ley et al. [34] showed that the M2 is an important forcing of the ACS
circulation, responsible for about 70% of the tidal variability, inducing
strong currents (reaching 2 m s−1 during spring tides) and elevations
with amplitude exceeding 1.5 m near the coast. The M2 amplitude
increases to 1.75 m at about 2◦N [33]. Diurnal tides in the ACS, mainly
K1 and O1, have much smaller amplitudes, ranging from 0.06 to 0.08 m
over the shelf. Therefore, in a region with such strong tidal currents, a
numerical assessment of the tidal stream energy is needed to the better
understanding of the BES potential to generate clean and renewable
energy.

3. Data and methods

3.1. Model setup

The ocean simulations were performed using the Regional Ocean
Modeling System (ROMS). ROMS is a 3D model that solves the free-
surface, hydrostatic, primitive equations of the ocean over a variable
topography [35,36]. On the horizontal, the model uses orthogonal
curvilinear coordinates with Arakawa C grid and adopts stretched
terrain-following coordinates in the vertical. The model uses a split-
explicit time stepping scheme which provides a great computational
efficiency [37]. A detailed description of the model algorithms can be
found in [35,38,39].

The simulations were performed for a five-year period, 2009 to
2013. The simulations started earlier on September 2008, as a 4-

◦
month model spin-up. The grid has horizontal resolution of 1∕24 (∼4.2
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Fig. 1. Bathymetry and model domain. The light brown line indicates the 25 m isobath. The blue circles indicate the location where the discharge of each river was included in
the model configuration. The inset world map shows Brazil in green and the model domain in orange.
km) and 32 vertical levels. The domain covers the latitudes 8◦S and
10◦N and longitudes 56◦W and 30◦W, extending ∼2000 km in north–
south direction and ∼2900 km in east–west direction (Fig. 1). The
topography derives from very high resolution bathymetric surveys held
by the Brazilian Navy over the Amazon shelf and ETOPO1 [40], with
a resolution of an arc-minute (about 1.8 km).

The Amazon shelf has a highly variable bottom friction due to
spatial differences in the sediment characteristics, including the pres-
ence of fluid mud. Since tidal dynamics is strongly modulated by
bottom friction, the rugosity length spatial map for the region proposed
by Le Bars et al. [41] was adopted. Away from the Amazon shelf, the
typical value of 1 cm was used for bottom roughness, decreasing to
0.01 and 0.005 cm roughly inside isobath 25 m in front and north of
Amazon river mouth (also 0.01 cm at the São Marcos Bay in the state
of Maranhão, see Fig. 5 in [42]).

Offline nesting was done with the 1∕12◦ solution of the HYbrid Coor-
dinate Ocean Model (HYCOM) (Version 2.2) from the National Consor-
tium for Data Assimilative Modeling (NCODA) [43]. HYCOM/NCODA
provided initial and daily lateral boundary conditions (temperature,
salinity, sea level, and currents). Tracers (temperature and salinity) and
3D velocity were set at the boundaries using active∕passive radiative
conditions [44]. Chapman [45] and Flather [46] boundary conditions
were adopted for sea level and 2D velocity respectively.

Tidal forcing was obtained from the TPXO global database [47],
version 7.2, which provides the amplitudes and phases of sea surface
elevation and barotropic currents of the main semidiurnal and diurnal
tides components (M2, S2, N2, K2, K1, O1, P1, Q1) and two long period
components (M𝑓 , M𝑚), with spatial resolution 1∕12◦.

The variables for the calculation of the air-sea fluxes (humidity,
pressure, temperature, precipitation, radiation and wind) were derived
from the Climate Forecast System Reanalysis (CFSR, [48]). CFSR is the
third generation of the reanalysis products from the National Center
for Atmospheric Research (NCAR/NOAA), with spatial resolution at the
surface of 0.25◦ and temporal resolution of 6 h.
3

Rivers were included as monthly climatologies which were calcu-
lated based on measurements taken by ANA (Portuguese acronym for
National Waters Agency), following Dai et al. [49]. All rivers included
are indicated in Fig. 1. The Amazon and Tocantins rivers are the
largest rivers in the region with 91% and 6% of the total discharge
of all the rivers respectively. The annual average flow of these rivers
is 183 × 103 m3 s−1, with a seasonal amplitude of 60 m3 s−1 and
13 m3 s−1 for Amazon and Tocantins rivers respectively. Amazon River
reaches a maximum discharge in May and minimum in November,
while Tocantins River has a maximum discharge by March/April and
minimum between August and October.

Model outputs were validated against daily in situ temperature
profiles from PIRATA (Pilot and Research Array in the Tropical At-
lantic, [50]), sea surface temperature reanalysis from MUR SST (Multi-
scale Ultra-high Resolution Sea Surface Temperature, [51]) and sea
surface height reanalysis from AVISO (Archivage, Validation et In-
terprétation des données des Satellites Océanographiques, [52]), and
hourly tidal heights records from GLOSS (Global Sea Level Observing
System)’s Fortaleza station (3.72◦S, 38.47◦W) considering the entire
period of simulation (five years). Validation against MUR SST and
AVISO reanalyses showed RMSE values up to 0.75 ◦C and 0.14 m in
most of the domain respectively. Validation against PIRATA’s P1, P2
and, P3 buoys, showed that modeled profiles in general laid within
the standard deviation limit. Regarding tidal validation, the largest
difference for the main tidal constituent in the region, M2, between
modeled and GLOSS amplitude and phase were of 0.03 m and 0.85◦

respectively. For further details on the model configuration and the
validation, please see [42].

3.2. Evaluation of energy potential

The time series of modeled tidal heights have hourly time resolution
and were used to calculate the tidal energy.
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Fig. 2. Spatial distribution of the percentage of tidal heights (semi-cycles) greater than the cut-in values of 1, 2, 3, 4 e 5 m. Results are shown for the whole tidal cycle (ALL),
flood, and ebb respectively. The isobaths 10, 25 and 200 m are also illustrated in each panel. The blue rectangle in the first panel (upper left) shows the zoom region depicted
in the right panels (cut-in 5) and the small orange rectangle represents the zoom region inset in the two rightmost columns (cut-in 4 and 5).
The potential energy (J) of a filled tidal barrage is given by:

𝐸 = 1
2
𝜌𝑔𝐴𝐻2 (1)

where 𝜌 is the water density (1024 km m3), 𝑔 is the acceleration of
gravity (9.81 m s−2), 𝐴 is the area of the barrage (m2) and 𝐻 is its
height (m, the difference between high and low tide).

During a period 𝑇 (s) during which the barrage fills 𝑁 times, the
power density (W m−2) is given by:

Potential power density (W m−2)

𝑃 = 1
𝑇

𝑁
∑

𝑖=1

1
2
𝜌𝑔𝐻2

𝑖 (2)

The Gibrat Ratio (e.g., [53]) is the ratio between the length of the
dam, 𝐿 (m), and the amount of stored energy at the dam (MWh):

𝐺 = 𝐿
𝐸10−6∕3600

(3)

Thus, this ratio provides a first idea of the cost-effectiveness of
installing a dam.

Since tidal barrages require a minimum height, some results will be
shown as a function of their respective cut-in values.

4. Results

4.1. Spatial variability

Fig. 2 shows the percentage of time, considering the entire simu-
lated period, in which tidal heights are higher than the selected cut-in
values (from 1 to 5 m). Heights less than the cut-in value were zeroed
in the time series. These results provide an initial view of the regions
where the highest and most frequent tidal heights occur. In Fig. 2,
the heights during flood, ebb and the entire tidal cycle are shown
in order to analyze the conditions of single and double effect tidal
4

generation (two-way, both during the ebb and the flood). A similar
pattern of height distribution can be seen during the flood, ebb and the
entire tidal cycle. Across the study area, heights of 2 m are observed
during more than 70% of the time. The highest heights are observed
north of the Amazon mouth, along coast (Amazon adjacent region,
AMadj hereinafter), on the coast of Pará and Maranhão (PAMA) and
in Maranhão (MA, by the longitude 44.5◦W). In AMadj and MA, heights
between 4 and 5 m occurred with a frequency greater than 30% while,
in PAMA, heights above 5 m are observed in 20 to 40% of the period
of the simulation.

The spatial distribution of the power density available at the height
of the tides, averaged over the simulation period and calculated based
on Eq. (2), is shown in Fig. 3. Different cut-in heights were also taken
into account, from 1 to 5 m and estimates were made for the flood,
ebb or the entire sea cycle, analogously to the analysis shown in Fig. 2.
Using the cut-in height of either 0 and 1 gave approximately the
same results as most of tidal heights in the region are greater than
1 m as shown in Fig. 2. A similar pattern of height distribution is
observed during the flood, ebb and the entire tidal cycle. However,
when considering the two-way generation, the power density values are
about the double (4 × 103 W m−2) of the values considering only the
flood or ebb. In other words, the energy available when tidal extraction
can be done in both flood and ebb approximately doubled. The actual
energy extracted may not be the double due to difference in two-
way and one-way turbine efficiencies. The spatial pattern of the power
density values is practically identical for cutting heights from 0 to 2 m.
From the cut-in value of 3 m, the 3 regions AMadj, PAMA and MA stand
out. Above the cut-in height of 5 m, energy is only available in PAMA
and a small portion of AMadj.

4.1.1. Tidal barrages
To have a more quantitative idea of the tidal generation potential

via potential energy, tidal generation for hypothetical tidal barrages
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Fig. 3. Time averaged power density of tidal heights (× 103 W m−2) calculated considering the whole tidal cycle (ALL), flood, and ebb heights. Results using cut-in heights ranging
from 1 to 5 m are shown in each column. The isobaths 10, 25 and 200 m are also illustrated in each panel. The blue rectangle in the first panel (upper left) shows the zoom
region depicted in the right panels (cut-in 5) and the small orange rectangle represents the zoom region inset in the two rightmost columns (cut-in 4 and 5). The values of the
top panels were halved to fit the color mapping limits.
along the study area was calculated. For this estimate, areas were
established for each proposed tidal barrage. The determination of the
location and area of the barrages was based on the following criteria: (i)
values and frequency of tidal heights (Fig. 2); (ii) power density (Fig. 3);
(iii) barrage length; and (iv) taking advantage of the natural continental
contours (e.g., embayments, estuarine channels and indentations along
the coast). Such criteria were established with the aim of enabling a
greater production of clean energy (criteria i and ii) and at the same
time with lower installation, operation and maintenance costs (criteria
iii and iv). Thus, the location hypothetical barrages was determined
considering the sites where the greatest tidal heights occur during the
highest percentage of time in the simulation period (criterion i) and
where the largest power density was observed (criterion ii). Concerning
energy generation in tidal barrages, the larger the barrage area is,
more energy is produced and the shorter the barrage length, the lower
the installation costs. Thus, the choice of the location and area of
each proposed barrage considered the continental contours so that the
largest amount of water could be held in a reservoir with the shortest
barrage length (criteria iii and iv). In Fig. 4 the barrages chosen for the
3 regions are indicated (AMadj, PAMA and MA).

Fig. 5 shows the temporal variability, in terms of box plots, of tidal
energy production for each tidal barrage, also considering its mode of
operation (flood-only, ebb-only and two-way generation). Tidal energy
projects are characterized by low levels of power conversion efficiency,
usually ranging from 20% to 40%, with an average of 33% often being
used [54]. During two-way generation, turbines that have the capacity
to be bi-directional are used. In this case, turbine efficiency is reduced
as turbines also operate in reverse mode [3]. Thus, to estimate the
potential energy extracted from the tides, a turbine efficiency value of
0.33 (33%) was used for generation in ebb-only and flood-only modes,
and the minimum value, 0.20 (20%), was used for two-way generation.
The barrages with the highest power production are AMadj1 and 2
followed by PAMA3, PAMA7 and MA1 and 2. This same pattern appears
5

when analyzing the variability of power generation of each barrage.
The barrages in AMadj are in the same location, however, they are
proposed barrages with dimensions that cover different areas. The same
applies to PAMA3 and 4. AMadj1 can operate with 600 MW over a tidal
cycle, representing an annual production of 5000 GWh. However, this
production only occurs in 5% of the tidal elevations ranges (during both
flood and ebb). Nevertheless, the median power exceeds 400 MW. In
PAMA region, PAMA3 and PAMA7 stand out in relation to other sites
with median power around 200 MW. PAMA4 (169.3 km2), even though
it is in the same estuary as PAMA3 (465.5 km2), but with an area about
3 times smaller, it has a much lower tidal production, similarly to other
barrages in the PAMA region. Interestingly, the MA1 and MA2 barrages,
even with very different tidal heights, present a very similar power
generation, both on average and considering temporal variability.

5. Discussion

After assessing the availability and possibilities of power extraction
via tidal heights in the study area, it is worth discussing the tidal
power generation quantitatively and the applicability of the extraction
strategies presented in Section 4.1.1. For this purpose, the average of
the total energy production per year was calculated, taking into account
turbine efficiencies (0.33 for ebb-only and flood-only modes and 0.2
for the two-way generation) and compared with current installations,
either already working actively (i.e., La Rance, two-way operation,
France, and Sihwa, flood-only operation, South Korea) or still in plan-
ning (i.e., Severn, ebb-only operation, United Kingdom). The results are
shown in Table 1. AMadj1 and 2, PAMA3 and 7, and MA2 and 1 are
capable of producing the highest energy values. On the other hand, the
barrages with the lowest annual performance are in the PAMA region,
namely: PAMA2 and 6. In addition, another important finding is that in
the two-way operation mode (generation during both flood and ebb),
the tidal generation is approximately 21% higher, although there is a
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Fig. 4. Time averaged power density of tidal heights (103 W m−2) calculated considering the whole tidal cycle. The proposed tidal barrages are indicated by the ellipses in their
respective region. The black contours shown indicate the isobaths 10, 25 and 200 m.

Fig. 5. Boxplots of energy production (GWh) of the proposed tidal barrages in the study area. Results are shown for the whole tidal cycle (ALL), flood, and ebb respectively. The
lower and upper limits of the box plots are the percentiles 5 and 95%. The red dot inside the interquartile range rectangle indicates the mean and the vertical line represents the
median. Also shown the average tidal height (of both flood and ebb), area and length of the barrages in the three rightmost panels.
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reduction in the efficiency of the turbine operating in both directions.
Considering only the single operation mode, it is observed that the
difference between flood-only and ebb-only modes are in general very
small in all the proposed tidal barrages. All the barrages proposed in
this study are capable of producing energy in two-way mode higher
than La Rance (533 GWh year−1) and Sihwa (553 GWh year−1), except
AMA6 with the same production as Sihwa (553 GWh year−1).

The values of energy are greatly influenced by the area of the tidal
arrage, generally in the order of km2 (106 m2). However, it is known
hat the larger the size of the barrage, the greater the installation and
aintenance costs, in addition to requiring a more accurate study of

he structure’s resistance and impacts on the environment. Thus, to
ssess the feasibility of a tidal barrage project, estimating its annual
roduction is not a sufficient criterion for decision making.

A first guess regarding a tidal barrage cost and efficiency is given
y the Gibrat ratio (Eq. (3)), which consists on the ratio between the
arrage length and its potential energy content when filled. The Gibrat
atios of the proposed tidal barrages in given in the 5th column of
able 1. The most viable installation barrages were AMadj2 followed
y AMadj3 and MA1. The least viable are PAMA9 and 10. It is worth
o note that while the Gibrat ratios of all the barrages in this work are
igher the ratios of La Rance and Severn, they are much lower than the
atio for the South Korean barrage of Sihwa, and some are comparable
o the ratio of Severn, around 1. From this analysis, we can infer that
he barrages with the highest annual tidal production and the most
iable installation are AMadj1 and 2, PAMA3 and 7, and MA1 and 2, all
ith annual energy output greater than 1500 GWh and Gibrat ratios
etween 1.17 and 3.26. Thus, among the proposals, there are barrages
ith great energy potential and viable in the 3 regions considered for

he conversion of tidal potential energy into electrical energy in the
tudy area.

These findings reveal important features of tidal energy generation
n BES. However, it is important to keep in mind that this is a pre-
iminary study for this region. Due to resolution limitations, narrow
hannels could not be represented, which may have some implications
n the evaluation of the potential in generating tidal energy in the
egion. For instance, along narrow channels tides may be even more
mplified, thus tidal amplification might have been underestimated in
ome regions. Analogously, barrage area might also been underesti-
ated, reducing the energy output estimated. In addition, the model
ay represented these narrow channels as land and, in some cases,
ore than one barrage would be needed to build the reservoir.

. Summary and conclusions

A numerical assessment study of the tidal stream power density was
onducted for BES, one among the macrotidal regions worldwide and
hat also hosts the largest estuary of the Brazilian coast in Maranhão
tate. The model simulations were based on a configuration described
n [42], which was validated against temperature and salinity profiles,
s well as free surface at tidal and sub-tidal time scales. This was the
irst modeling configuration created for the region using realistic lateral
nd surface forcing, besides tides and riverine input.

Tidal generation for hypothetical tidal barrages was estimated. The
arrages with the highest power production are AMadj1 and 2 followed
y PAMA3 and MA1 and 2 (see Fig. 4 for the locations). AMadj1
an operate with a peak power output of 600 MW, which occurs
uring 5% of the tidal elevations ranges (during both flood and ebb).
edian and mean values are still high, above 400 MW, representing an

verage annual production higher than 3500 GWh. Interestingly, tidal
arrages, even with different tidal heights, can present a similar power
eneration, both on average and considering temporal variability.

Based on the average annual production of tidal power, in the two-
ay operation mode (generation during both flood and ebb), the tidal
eneration is approximately 21% higher than in the other modes. All
ypothetical barrages proposed in this study were capable of an annual
7

L

Table 1
Annual energy production obtained through the potential energy of tidal heights. H
indicates the average height in the simulation period inside the barrage, L the barrage
length and A the barrage area. Values related to La Rance, Sihwa and Severn were
obtained in literature (e.g., [55,56]).

H (m) A (km2) L (km) Gibrat ratio E (GWh year−1)

All Flood Ebb

AM𝑎𝑑𝑗1 4.0 571 30.4 2.37 3 677 3 034 3 041
AM𝑎𝑑𝑗2 4.2 296 8.6 1.17 2 113 1 742 1 745
AM𝑎𝑑𝑗3 4.3 127 5.5 1.65 959 791 792
PAMA1 3.6 148 6.5 2.39 814 671 672
PAMA2 3.1 148 6.3 3.25 569 470 469
PAMA3 3.3 466 23.2 3.26 2 068 1 708 1 705
PAMA4 3.4 169 9.1 3.36 784 646 647
PAMA5 4.0 106 5.0 2.10 701 579 579
PAMA6 4.0 85 4.3 2.32 553 456 457
PAMA7 4.2 233 17.6 3.01 1 733 1 429 1 431
PAMA8 4.4 85 7.8 3.43 670 553 553
PAMA9 4.2 127 20.7 6.50 950 783 784
PAMA10 4.2 85 11.3 5.55 608 502 502
PAMA11 4.2 106 7.6 2.92 772 637 637
MA1 3.5 339 10.8 1.87 1 690 1 395 1 393
MA2 2.8 571 15.7 2.51 1 810 1 493 1 495
La Rance 8.5 22.5 0.7 0.36 533.0 – –
Sihwa 5.6 30.0 12.7 9.64 – 553.0 –
Severn 7.5 570.0 16.1 0.92 – – 15 600

power production, in two-way mode, higher than La Rance (533 GWh
year−1, two-way operation, France) and Sihwa (553 GWh year−1, flood-
nly operation, South Korea), except one with the same production as
ihwa barrage.

Installation effort was evaluated using the Gibrat ratio. The barrages
ith the highest annual tidal production and the most viable installa-

ion are AMadj1 and 2, PAMA3 and 7, and MA1 and 2, all with annual
nergy production greater than 1500 GWh and Gibrat rations between
.17 and 3.26, much lower than the Gibrat ratio of the South Korean
ihwa tidal barrage. Thus, among the proposals, there are barrages with
reat energy potential and viable in the study area.

Finally, from the interpretation of the results presented in this study,
t can be seen that the Brazilian Equatorial Shelf is a source of clean
nergy to be explored. Considering the extraction of energy from tidal
eights, it is possible to produce renewables along the entire extension
f BES. This sheds a new light in the current humankind scenario, with
he depletion of non-renewable energy sources and the need to replace
olluting forms of energy production such as the burning of fossil fuels
nd nuclear plants with clean and renewable generation.

Further research is needed in terms of model simulations with: (i)
iner resolutions, with more detailed bathymetry and coastline, and
ii) the implementation of wetting and drying algorithms to represent
he variability of inundation areas in intertidal zones; so that the
any narrow in the region can be investigated and tidal amplification

an be estimated more accurately. Furthermore, future works on the
ptimization of tidal barrages in BES, the role of high frequency tidal
omponents, namely overtides, and tidal asymmetry on the resource
e.g., [57,58]) are also needed. Moreover, the assessment of the envi-
onment consequences of the installation of the proposed tidal barrages
n the region is a crucial point to the decision making concerning the
ustainable way to better extract tidal potential energy in BES.
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