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Abstract At the present time, the role of renewable energy
in Brazil is significant as hydropower and other renewable
energies, principally biomass, contribute 76.9 and 6.0%,
respectively, towards the total offer of electricity, as com-
pared to the corresponding values of 15.8 and 2.8% world-
wide. Nevertheless, there is already an increasing role which
is played by wind energy, and a promising potential for the
exploitation of tidal current energy. This paper is concerned
with the assessment of the tidal current resource in São Mar-
cos Bay, which is located at the northeastern coast of Brazil,
andwhich possesses a highly promising potential for the gen-
eration of electricity through the conversion of tidal current
energy. Three potential zones for tidal power exploitation
have been identified employing a two-dimensional (2DH)
hydrodynamic model. Power densities for these regions are
in the range of 9.2–11.2 MWh/m2-year. Three array densi-
ties for two thrust coefficient values have been studied in
each zone to evaluate hydrodynamic interferences, revealing
positive as well as negative impacts regarding power density.
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1 Introduction

Ocean waters cover more than 70% of the earth’s surface
and constitute a promising potential for renewable energy
resources, out of which tidal stream energy capacity could
exceed 120GWglobally (MarineCurrent Turbines 2012).As
is the case with wind energy, tidal current energy is highly
site sensitive. As a result, site selection assumes a critical role
in the assessment of the techno-economic feasibility of the
conversion of tidal current energy for the purpose of commer-
cial electricity generation. In fact, site selection is necessarily
the first step in any such assessment, as indeed is the case in
wind energy. A detailed overview of the history, physics, and
technology of tidal current energy extractionmay be encoun-
tered in Hardisty (2009). The techno-economic feasibility
of tidal current energy extraction for the purpose of com-
mercial electrical power production depends on two major
aspects: tidal current energy available at a given geographical
site and tidal current turbine technology cost (Qassim 2011).
Several studies have been reported on geographical sites in
various parts of the world, with a view to the assessment
of the potential for tidal current energy extraction; see, for
example, Bryden et al. (2007), Grabble et al. (2009), Rourke
et al. (2010), Lim and Koh (2010), Brooks (2011), Define
et al. (2011), Liu et al. (2011), Rashid (2012), Adcock et al.
(2013), Blunden et al. (2013), and Chen et al. (2013). Tidal
current turbine technology has progressed at an increasing
pace in the past couple of decades (Qassim 2011; Fraenkel
2010). The prospect for tidal current energy extraction for
commercial-scale electrical power production depends to a
large extent on generation cost, as measured by the levelised
cost of energy; for a review of electricity generation cost
assessment for fossil and renewable energy sources, the inter-
ested reader is referred toKammen andPacca (2004).Various
aspects of the economics of tidal current energy extraction

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s40722-015-0031-5&domain=pdf


422 J. Ocean Eng. Mar. Energy (2015) 1:421–433

costs are treated in Denny (2009), Allan et al. (2011) and Li
et al. (2011).

Pereira et al. (2012) provide a recent overview of the
renewable energy market in Brazil, including hydro power,
wind energy, solar energy, bioethanol, and biodiesel; how-
ever, tidal current energy is not considered. It is precisely the
objective of this paper to make a start in filling this gap, on
the potential of tidal current energy extraction in promising
geographical sites in Brazil, by the presentation of an assess-
ment of the tidal current energy resource at São Marcos Bay,
a highly promising site on the northeastern coast of Brazil,
which is part of the South Atlantic Continental Shelf.

Once a given geographical site is identified as promising
for the generation of electrical power through the conversion
of tidal current kinetic energy, a resource assessment at the
aforementioned site needs to be carried out. In this context,
it is necessary to distinguish between two energy quantities
that are associatedwith the site under consideration: available
energy and extractable energy. Available energy is obtained
froma knowledge of themagnitude of the fluid kinetic energy
in the absence of Tidal Energy Converters (TEC); i.e., tur-
bines. Extractable energy is determined by the magnitude of
the fluid kinetic energy harvested by TEC. A concise sum-
mary of this distinction is provided in Adcock and Draper
(2014).

The paper is organised as follows: in Sect. 2, an overall
description of SãoMarcos Bay is presented. This is followed
in Sect. 3 by introducing the objectives of the present work.
In Sect. 4 the main necessary conditions for efficient power
extraction are defined. In Sect. 5, the hydrodynamic model
embedded in the software SisBaHiA® is described. Numer-
ical results obtained by application of SisBaHiA® to São
Marcos Bay are presented in Sect. 6. The paper is concluded
in Sect. 7 by presenting conclusions and recommendations
for future work related to tidal currents exploration in São
Marcos Bay.

2 São Marcos Bay description

The coastline of Brazil has an extension of approximately
8000 km. Tides are semidiurnal and mixed-semidiurnal at
the northern and southern halves of the coast, respectively.
Macro-tidal (>4m) conditions are found in theAmazon coast
which includes the States of Amapá, Pará andMaranhão. São
Marcos Bay, located at the State of Maranhão (Fig. 1), has a
tidal range that can reachmore than 8m in some zones during
equinoctial spring tides. As tidal power generation depends
strongly on tidal current velocities which, in turn, are closely
related to tidal ranges, this region is interesting for study.

Fig. 1 Location map of São Marcos Bay-MA, Brazil
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São Marcos Bay together with São José Bay forms the
geologic unit known as the Maranhense Gulf which encloses
estuaries, straits, inlets, small rivers, and many islands, as
well as large mangrove areas, and tidal flats (El-Robrini et al.
2006). A large mangrove island, named Ilha do Caranguejo,
lies in the southern half of the Bay, resulting in two chan-
nels running along both sides. The three main rivers of the
watershed are the Pindaré, Mearim, and Grajú, whose waters
discharge at the southernmost region of the Bay and are
responsible for the suspended solid loads, primarily clay and
silt, with annual average values of ∼250 mg/L (Malheiro da
Silva 2011). The entrance of the Bay has a width of ∼55km,
which narrows to ∼15 km in its central section, widening
again to 25 km before reaching Ilha do Caranguejo, and then
continuously decreasing to 1.5 km at the intersection of Pin-
daré and Mearim rivers (Malheiro da Silva 2011). The Bay
has a very well-defined central channel, with depths up to 97
m (Marinha do Brasil 1999a), and serves as a waterway for
the main port facilities: Porto de São Luis, Porto de Itaqui,
Ponta da Madeira terminal, and Alumar terminal. Ponta da
Madeira terminal is undergoing an expansion to increase its
export capacity to 235 millions of tons per year of iron min-
eral, becoming the port with the largest volume of cargo in
Brazil. In addition to ore export, the region has steel and alu-
minium mills, such facilities representing the major driving
force of the region. These facilities are highly intensive elec-
trical energy consumers, which augurs well for its promise
for tidal current energy extraction, as the need for transmis-
sion systems is eliminated.

3 Objectives

The first objective of this paper is to assess the potential of
the tidal current resource in this region in terms of power
density. The power density per square meter available from
the kinetic energy of a tidal stream is given by

P = 1

2
ρU 3

o , (1)

where ρ is the reference fluid density and Uo is the vertical
averaged free stream velocity. Due to the fact that power is
a function of the cube of the velocity, small alterations of
quantity will result in significant changes in available power
density.

At the present time and for the past few years, one of the
main lines of research on marine hydrokinetic energy has
been related to array layout optimisation, c.f., (Bryden and
Couch 2007; Garrett and Cummins 2008; Thomson 2011;
Vennell 2012a, b; Funke et al. 2014; Gorbeña et al. 2015).
As the work that is reported in this paper is a prelude to a
more detailed study of turbine positioningwithin SãoMarcos

Bay, the second objective of this paper is to analyse the effect
on tidal free stream at a specific region caused by the pres-
ence of turbine arrays located in one or more other regions.
Once promising zones have been identified, this objective is
achieved by modelling different TEC density scenarios. The
general purpose of this study is to reveal the necessity of
a layout optimisation model for farm sizing and positioning
within the Bay to avoid possible interferences between arrays
in different zones.

4 Main necessary conditions for efficient power
extraction

According to information available in the literature (Fraenkel
2002, 2007; Myers and Bahaj 2005), the necessary hydrody-
namic and hydraulic conditions for efficient power extraction
via TEC, may be su mmarised as follows:

1. Median current velocities greater than 1.1m/s are eco-
nomically suitable for energy extraction. Ideal velocities
are those for locations with mean spring peak tidal cur-
rents in the range of 2–2.5 m/s, or 4–5 knots.

2. Depths between 20 and 50m for first generation tidal
turbine technology are adequate. In this case, consider
that the usable segment of the water column, z, stays
between 0.25z above the Bay bottom and 3 m below the
MLWS, mean low water springs, in harbour areas, or
7 m below MLWS in open coastal areas vulnerable to
high wind waves.

3. Areas with tidal current field that reverses along a defined
axial direction are more suitable for turbine installations
than regions with currents without preferable direction.

4. Even though seabed composition directly affects founda-
tion design, it is not taken into account in this paper. In
this study, a fixed bottom is assumed, which means that
turbine arrays do not affect bathymetry contours. Sea bed
erosion is an issue to be considered in a subsequent study.

In a future investigation, environmental, use-conflict and
commercial feasibility constraints should be considered to
identify appropriate zones and quantify power yield amounts
where TEC could be installed.

5 SisBaHiA®hydrodynamic model

In order to copewith the complex geometry of the domains of
interest, and with the necessity of using refined discretisation
within regions of interest, a finite element open access mod-
elling system has been adopted, which is SisBaHiA®, which
is the acronym for Base System for Environmental Hydrody-
namics in Portuguese. This modelling system is in essence
similar and comparable to otherwell-knowncirculationmod-
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els like MIKE 21, POM, DELFT 3D, and TELEMAC. The
motivation for using SisBaHiA® as the modelling system
is twofold: (1) its adequacy to represent well the desired
fluid flow processes in water bodies with complex geometry,
ensuring a high-quality modelling; and (2) the fact that it is
an open source code, with regular updating at COPPE/UFRJ
since 1987.

The site http://www.sisbahia.coppe.ufrj.br provides ample
information about SisBaHiA®. The reliability of the
SisBaHiA® system can be inferred by the long list of projects
in which it has been applied in the past 10 years; see the item
“Aplicações-Projetos” in the site. Complete technical details
about the models are in Rosman (2014). For convenience, a
brief description of the hydrodynamic model is presented in
the next subsection.

5.1 Further details of SisBaHiA® hydrodynamic model

The SisBaHiA® hydrodynamic model is a 3D or 2DH (ver-
tical averaged) model optimised for environmental hydro-
dynamics with hydrostatic and Boussinesq approximations.
Calibration processes are minimised using spatial discretisa-
tion via quadratic finite elements and the σ transformation.
This ensures the possibility of obtaining detailed results for
water bodies with complex coastal lines and bathymetries.
Surface and bottom stresses can vary dynamically in time and
space. Turbulence is modelled using a multiscale approach.
Horizontal subgrid scale turbulent stresses are basedonfilter-
ing techniques, similar to the ones adopted in the Large Eddy
Simulation (LES) procedure. Small scale horizontal and ver-
tical turbulent stresses employ the eddy viscosity approach.
The eddy viscosity tensor is anisotropic and is dynamically
variable in space and time for each node. Baroclinic effects
can be included in the hydrodinamic modelling by coupling
transport models of active scalars like salinity and/or temper-
ature. Also, it can include a morphological evolution model
coupled with a sediment transport model.

Considering that Sao Marcos Bay is a vertically well-
mixed estuary, the vertically averaged-2DH model of
SisBaHiA® suffices. Basically, the model employed in this
work is an evolution of the one used in Rosman (2009) with
an added stress term. The basic governing equations, in sim-
plified versions, follow. For full 2DH and 3D versions of the
equations, see Rosman (2014).

Continuity equation:

∂ζ

∂t
+ ∂

∂xi

[
ûi (ζ + h)

] = 0, i = 1, 2, (2)

where z = ζ(x, y, t) stands for the free surface elevation, z =
– h (x, y, t) for the bottom bathymetry, and ûi , for the depth
averaged velocity in the i-th direction. In models with fixed
bathymetry, h is time-independent.

Fig. 2 Portionof the computational grid for theSãoMarcosBayhydro-
dynamic modelling

Table 1 Maximum and minimummonthly average flow discharges for
the main rivers in the region

River Gauge station Monthly average discharge, m3/s

Minimum Maximum

Mearim Barra do Corda 45.2 97.0

Bacabal 50.6 199.0

Grajaú Grajaú 9.2 86.7

Arati-Grande 15.2 317.0

Pindaré Pindaré-Mirim 27.6 532.0

Conservation of linear momentum equation:

∂ ûi
∂t

+ û j
∂ ûi
∂x j

= −g
∂ζ

∂xi
+ 1

ρ

1

H

×
[

1

∂xi

(

H τ̂i j T
1∗

)

+ τ S
i
2∗

+ τ B
i
3∗

+ τ T
i
4∗

]

+ âi , i, j = 1, 2

(3)

Here H = ζ + h stands for the local water column height,
âi represents the Coriolis acceleration term, 1* are depth-
averaged turbulent shear stresses, 2* and 3* stand for shear
stresses in the i-th direction and at the free surface and at the
bottom, respectively. Finally, 4* stands for the turbine stress
term added to account for the head losses due to the influence
of TEC. The turbine stress term is expressed as

τ T
i = 1

2
ρCT(û2 + v̂2)0.5ûi · �, i = 1, 2, (4)
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Table 2 Tidal constituents
measured in Ponta da Madeira
gauge located at port facilities
shown in Fig. 1

Constituent Amplitude (cm) Phase (◦) Constituent Amplitude (cm) Phase (◦)

Q1 1.7 192 M2 211.6 199

O1 9.3 211 L2 13.1 203

M1 1.2 214 T2 3.9 229

P1 3.1 238 S2 57.8 235

K1 9.9 240 K2 16.1 229

J1 0.5 282 MO3 1.2 324

MNS2 3.3 261 M3 2.0 313

2N2 7.9 191 MK3 0.7 026

MU2 9.5 291 MN4 1.5 177

N2 38.6 186 M4 5.0 183

NU2 10.2 172 SN4 0.6 114

Fig. 3 Comparison between measured and computed water surface elevation (without mean water level) at P5

Fig. 4 Comparison between measured and computed current velocities at Area Delta-VI

whereCT represents the thrust coefficient, which is related to
the power coefficient,CP, through the linearmomentumactu-
ator disk theory in an open channel developed by Houlsby
et al. (2008), and based on the work of Rankine (1865) and
Froude (1889):

CT = β2
4 − α2

4, (5)

CP = α2(β
2
4 − α2

4), (6)

where β4 depicts for the bypass flow velocity coefficient, α2

is the turbine flow velocity coefficient, and α4 is the turbine
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Fig. 5 Comparison between measured and computed water surface elevation (without mean water level) at Area Delta-VI

Fig. 6 Comparison between measured and computed current velocities at Area Delta-VI

wake flow velocity coefficient. According to the Lanchester–
Betz limit (Lanchester 1915; Betz 1920) for turbines in an
infinite medium, i.e., no blockage, the optimal values are
β4 = 1, α2 = 2/3 and α4 = 1/3 corresponding to the values
CT = 8/9 and CP = 16/27. Although tidal turbines within a
farm positioned in constrained flows can result in this limit
(CP > 16/27) being exceeded, a series of requirements have
to be satisfied (Vennell 2013).

If AT is the swept area of a TEC, AI is the area of influence
of each computational node, and NT is the number of turbines
per computational node, then

� = NT(AT/AI) (7)

which represents the total swept area per computational node,
is known as nodal blockage.

Then the power available for a TEC is

P = 1

2
ρCPATU

3, (8)

whereU represents the flow velocity incident to each partic-
ular TEC. For the axial flow TEC type, CT values vary with
tip speed ratio (Bahaj et al. 2007), and as a result during a tide
cycle values of CT will be lower or higher than CT for rated
power. The same behaviour holds for CP. During operation,
CP values will reach a maximum corresponding to the opti-
mal tip speed ratio. At the present time, a commercial scale
axial flow pitch control TEC type, already tested, has a CP in
the range of 0.45–0.52 (Fraenkel 2011) and a maximum of
CT ∼0.82 for a rated velocity of 2.4 m/s (Fraenkel 2010).
In order to estimate the power output generated by a tidal
current turbine, the reader must be aware that due to effects
of blockage and boundary proximity flow velocities incident
to each TEC, U may be different to the free stream velocity,
Uo, used to calculate available power density.

5.2 Hydrodynamic model setup

In order to setup and run the hydrodynamic model, various
input data sets are needed, which include bathymetric data,
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Fig. 7 Hot spots for efficient
tidal current power extraction in
São Marcos Bay. Zoom region
shows bathymetry contours

Table 3 Hydraulic/
hydrodynamic characteristics of
zones with tidal energy potential

Zone Width (m) Length (m) Depth (m) Uavg± SD (m/s) U50 (m/s) UMax (m/s)

A 1000 1350 25–40 1.10 ± 0.06 1.20 2.63

B 2600 1900 22 1.10 ± 0.13 1.23 2.42

C 1000 1100 30–35 1.10 ± 0.04 1.12 2.19

main river discharges, and tides. Terrain modelling is done
by digitising nautical charts for São Marcos Bay (Marinha
do Brasil 1999a, b, c, d, 2000). Then, the domain has been

discretised using a biquadratic finite element mesh, using
1244 elementswith a total of 5757 calculationnodes. Figure 2
illustrates a portion of the computational grid used.
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Fig. 8 Ellipses of tidal currents at zones A, B, and C indicated in the
map of Fig. 7. Ebb currents are positive and flood currents are negative

Table 1presentsminimumandmaximummonthly average
discharges observed, during the period from 1964 to 1983,
in hydrographic stations located in the three main rivers,
Mearim, Pindaré e Grajaú, that flow into São Marcos Bay
(Montes 1997).

From all established estuarine mixing criteria, e.g. Geyer
and MacCready (2014) and Dyer (1998), one can verify that
SãoMarcos Bay fits into the well-mixed type, and, therefore,
baroclinic effects are of minor relevance. In fact for a mean
tidal range reaching over 6 m in spring tides, only in rainy
periods rivers’ inflow have relevant effects, and, as stated in
Malheiro da Silva (2011), riverine influence is restricted to
the southern region of the estuary, almost 80 km away of the
region of interest. This is the reason why for SãoMarcos Bay
2DH modelling, the main forcing factor taken into account
in the model is the tide. Table 2 shows the amplitude and
phase for the tidal constituents observed at the tidal gauge
located at Ponta da Madeira, the main port of the region, and
available in Salles et al. (2000).

6 Results and discussion

In this section the model calibration and results obtained of
the hydrodynamic modelling are discussed, as well as the
identification of zones for energy exploration and assessment
of TEC array interferences.

6.1 Numerical model validation

The Brazilian National Institute of Waterways Research
(INPH) has conducted several measurement campaigns in

São Marcos Bay (INPH 1991). Elevation and velocity cur-
rent time series, presented in Dalbone (2014), are used to
validate the hydrodynamic model. For this purpose, the prin-
cipal tidal constituent of each family, i = O1, M2, M3, M4,
measured at Ponta daMadeira’s Port terminal shown in Table
2, is individually propagated from the model outer boundary
and adequately calibrated via two correction factors, wA,i

andwϕ,i , applied to the constituent amplitude, Ai , and phase,
ϕi , i.e. wA,i Ai,wϕ,iϕi . Then, each correction factor has been
applied for the rest of the family constituents and adopted as
the main forcing factor in the model using Eq. (9):

ζ(φ, λ, ti )=
m∑

j=1

wA, j A j (φ, λ) cos[ω j ti −wϕ, j ϕ j (φ, λ)],

(9)

where ζ depicts the water surface level observed at time ti ,
φ and λ are East longitude and latitude, respectively, and ω j

represents the frequency of the j-th tidal constituent of a set
with size m.

The validation is such that model results yield elevation
and current velocity series similar to thosemeasured at points
named P5 and VI Area-Delta, whose locations are shown in
Fig. 2. Comparison of computed and measured water surface
elevation and velocity current is shown in Figs. 3, 4, 5 and
6. As can be seen therein, the correlation between computed
and measured series possesses reasonable agreement. Dif-
ferences in maximum current velocities may be attributed to
differences in local bathymetry and the lack of wind field
data.

6.2 Prevailing hydrodynamic conditions at São Marcos
Bay

In accordance with the constraints described in Sect. 4, a
map showing the percentage of occurrences of tidal currents
velocities stronger than 1.1m/s for a 31-day period is plot-
ted. From Fig. 7, it is visible that there are several interesting
zones for power harnessing within São Marcos Bay. Three
zones are identified as promising, referred to as zones A, B,
andC. ForZoneA, only the area located outside thewaterway
that gives access to Port facilities has been considered. This
zone has tidal currentswith velocities higher than 1.1m/s, 55–
60% of the time, and lies in 25–40 m water depths. Zone B,
with uniform depth of 22m, has the highest percentage of the
three zones, with 60–65% of the time; however, it is inconve-
niently located within the navigation channel. Finally, zone
C has the lowest velocity occurrences with 50–55% of the
time and has water depths in the range of 30–35m. Table 3
summarises details for each zone. Other areas close to the
above identified zones, as well as spots from the southern
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Fig. 9 Peak power density for a mean neap (top) and mean spring (bottom) tides

half of the bay, have been discarded due to low water depths,
h < 20 m.

Tidal current ellipses have also been evaluated. Figure 8
shows ellipses for zones A, B, and C. Note that in all sites the
currents have a well-defined principal axis, which is optimal
for proper operational conditions of turbine arrays.

6.3 Power density estimation and array interference

ByusingEq. (1) and the averaged vertical velocitymagnitude
for each zone, power density is calculated considering a sea
water density of 1025 kg/m3. Formid ebb andmidflood tides,
Fig. 9 illustrates peak power density contour maps for mean
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Fig. 10 Power density series for zones A, B, and C

Table 4 Power density summary for selected zones

Zone Peak power (kW/m2) Avg. annual power
density (MWh/m2-
year)Spring tide Neap tide

A 7.5 2.1 11.2

B 5.1 1.5 10.4

C 4.8 1.5 9.2

neap and mean spring tides. Then, average power density
series for zones A, B, and C have been computed for a 30-day
period and presented in Fig. 10. These graphs show that sig-
nificant amounts of power canbe extracted from tidal currents
at SãoMarcos Bay. Also, from the graphs, it is noticeable that

the difference in power density magnitude between flood and
ebb tides, particularly for Zone-A, is almost doubled during
the outgoing tide. By integrating the power series, the amount
of power density annually available has been calculated at
each selected zone. Results, summarised in Table 4, indicate
peak power densities during a mean spring tide of up to 7.5,
5.1, and 4.8kW/m2 for zones A, B, and C, respectively, while
for mean neap tide, power densities have been found to be
in the range of 1.5–2.1 kW/m2. Results for annual average
power densities are close, lying between 11.2 MWh/m2 for
zone A and 9.2 MWh/m2 for zone C.

Once power densities have been calculated for each
zone, it is of interest to evaluate hydrodynamic interferences
between individual TEC arrays in the remaining zones. For
this purpose, the 2DH hydrodynamic model is re-run con-
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Table 5 Per cent of power
density gain (+) or loss (−) due
to array interference

TEC density Zone
affected

Array location, CT = 0.54 Array location, CT = 0.82

A (%) B (%) C (%) A (%) B (%) C (%)

1 TEC/25,000m2 A – −7 –7 – −11 −9

B −13 – −3 −13 – 1

C −6 26 – −7 27 –

1 TEC/15,000m2 A – −11 −9 – −12 −10

B −13 – 1 −15 – 6

C −7 29 – −8 36 –

1 TEC/5000m2 A – −14 −13 – −14 −14

B −15 – 13 −15 – 20

C −9 52 – −9 59 –

sidering different TEC density scenarios. In particular, three
TECdensities are studied for each zone: 1 TEC every 25,000,
15,000, and 5000 m2. Considering the constraints for effi-
cient power extraction cited in Sect. 4, the simulations are
run using an AT = π 102 m2 for zones A and C, and AT = π

7.52 m2 for zone B. These turbine swept areas correspond
to horizontal axis turbines with rotor diameters of 20 m
and 15 m, respectively. Uniform value of CT = 0.54 and
CT = 0.82 have been selected based on Fraenkel (2010) for
median flow velocity (∼1.2 m/s) and nominal flow veloc-
ity (2.4 m/s), respectively. The stress term effect associated
with the presence of turbines is homogenously distributed
throughout each zone. Then, the results from the simulations
are used to compute new annual power densities and are
compared with previous ones. Table 5 summarises the per-
centage in power density gain or loss along a year for each
zone due to TEC array density interference for both thrust
coefficients.

As can be seen, array interference in adjacent promising
sites are not irrelevant. On the one hand, TEC arrays placed
in zone B or C have adverse effects on annual power den-
sity of zone A, and vice versa, whilst on the other hand,
arrays in B and C cause energy density gains between each
other. Adverse effects do not exceed 15% losses in any of the
modelled scenarios. The benefits in power density are more
evident when TECs are positioned in zone B, attaining a gain
in C that intensifies from 26% up to 52%, as turbine density
increases. In general, simulations run with a higherCT inten-
sified its effects. In some cases, prediction of hydrodynamic
effects are not so intuitive. Such is the case of zone C for
simulations with CT = 0.54, when low turbine densities are
placed in this area generate negative impacts in zone B, but
increasing the number of turbines leads to in an increase in
power density.

The sizes of the elements with respect to the size of the
turbines have been defined considering an affordable com-
putational cost. As the mesh is refined, the same total drag
force would not change, as it would be distributed over a

larger number of nodes. However, for a finer mesh one could
expect some differences in the near wake of TEC arrays, as
smaller eddies could be resolved, due to the fact that the tur-
bulencemodel depends on the local mesh scale, see (Rosman
1987).

7 Conclusions

The hydrodynamic model has indicated several zones with
occurrence of tidal median current velocities greater than 1.1
m/s over 50% of the time during a lunar month. Zones with
depths lower than 20 m have been discarded, leaving three
zones named A, B, and C. These zones are within, zone B,
or in the vicinities of, zone A and C, the main waterway that
gives access to terminal Port facilities of the region. A pre-
liminary estimate, for these areas, shows large amounts of
energy available at São Marcos Bay with annual power den-
sities ranging from 9.2 to 11.2 MWh/m2. However, having
in mind the assumptions considered in this study, particu-
lar care must be taken when interpreting these estimates.
As new technologies evolve, energy extraction from shallow
regions of the Bay will be feasible, increasing considerably
the amounts of power production.

The maximum available power for electric energy gener-
ation from São Marcos Bay will depend on both the array
packing density at each zone and their individual influences
over hydrodynamics on the remaining selected zones. Pos-
itive or negative interferences are mainly due to blockage,
which modifies the tidal flow path. These complex flow-
turbine farms interactions may be considered as evidence
for the necessity of complex layout optimisation procedures,
like those proposed by Funke et al. (2014) and Gorbeña et al.
(2015), in order to prevent adverse effects between TEC
arrays, as well as to maximise power production. As rec-
ommendations for futures works, hydro-sediment modelling
and simulations with thrust coefficients dependant on flow
velocity,CT (U ), are desired so to improve the quantification
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of interferences on tidal stream and shear stresses related to
turbine arrays. Finally, the maximum amount of extractable
power for the whole Bay is dependent upon a range of other
factors such as those arising from environmental and socio-
economic issues.
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