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A B S T R A C T

Exploring the energy potential of the oceans is a promising alternative to produce clean energy with a
reduced environmental impact. Brazil has a significant tidal potential, particularly in the coastal region of
the north, which covers the states of Amapá, Pará and Maranhão. The Boqueirão Channel, located in São
Marcos Bay in Maranhão, is recognized for its wide tidal variability and strong tidal currents, which shows it
has a significant tidal potential. This article examines the energetic characterization of this estuary in terms
of tidal currents. Based on measurements taken in situ using an Acoustic Doppler Current Profiler and a
Conductivity, Temperature and Depth sensor, the area is modeled in Delft3D software, with velocity results
adjusted and validated to allow accurate representation of tidal currents. The theoretical potential of an area
of 1.5 km2, considering a hydrokinetic turbine with diffuser, was estimated at 85.75 GWh. The results obtained
are compared with those in the literature. Taking into account the available area and the physical constraints
of the channel, it is possible to estimate a Levelized Cost of Energy - LCOE of 0.185 $kWh−1 for the projected
hydrokinetic farm.
1. Introduction

Renewable energy sources are becoming increasingly important
worldwide as a result of the effects of global warming. The global
energy mix is in a phase of change, and increasing its share of non-
polluting and renewable energy resources. According to the BP annual
energy report for 2020 [1], there was a 1.3% reduction in electricity
generated from burning coal, which led it to having a 35.1% share in
the world energy matrix. Another positive statistic in the same year was
the record amount of renewable sources that reached 11.7%.

In light of this, it is worth highlighting the oceanic sources. The
main forms of oceanic generation are as follows: tidal currents, tidal
barrage, waves, OTEC (Ocean Thermal Energy Conversion) and salinity
gradient [2].

The total electrical power generated from marine sources is still
at an early stage and reached 534.7 MW in 2020, mostly from tidal
barrage [2]. This form of energy extraction is the most consolidated,
with La Rance Tidal Power Station being the pioneer plant that was
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installed in France in 1966. Since that time, there have been signifi-
cant technological developments in the assembly and manufacture of
materials, cables and communications infrastructure services that have
had a positive impact on all forms of oceanic energy [3].

There are a few places in the world where the speed of tidal currents
is very high (in the order of 3 or 4 ms−1). However, currents of lower
intensity, but still with significant potential for extractable energy, are
more often found in estuaries and rivers around the world. For example,
approximately 70 % of the navigable Channels of the coast of China,
have average speeds below 1.5 ms−1 [4]. The south, west and east
coasts of the UK are also included in the category of average current
speeds of less than 2 ms−1. Portugal is facing the challenge of harnessing
tidal energy from the Rio Formosa Channel, where the speed of currents
does not exceed 1.4 ms−1.

In [5], there is an investigation of the tidal and river in-stream
energy in the Shannon Estuary of Ireland. The authors used a high-
resolution numerical modeling and conducted a spatial analysis. The
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maximum current velocities obtained registered peaks of up to 2.3
ms−1 during the ebb tide. The area with the highest power density
orresponded to the strongest flows, with 2 kWm−2 followed by the
ther hotspots, with 1.2 kWm−2 to 0.5 kWm−2.

In [6], the authors describe the development and validation of a
high resolution three-dimensional tidal hydrodynamic model of the Sal-
ish Sea, and conduct tidal stream resource characterization at hotspots
based on model outputs. A total of 16 representative sites were selected
for potential tidal energy development on the basis of velocity magni-
tude and channel depth criteria. From the findings of these studies, the
authors concluded that both current magnitude and kinetic energy must
be calculated when selecting appropriate tidal hotspots for deploying
tidal energy plants.

In South-East Asia, medium current intensities also predominate,
which are less than 2 ms−1. In the Philippines and Malaysia, flows were
limited to 1.4 and 1.2 ms−1, respectively. Mexico has flow conditions
similar to those found in Brazil - around 1.5 to 2 ms−1 [7]. The
North and North-East regions of Brazil are among the main locations
considered to be feasible for the exploitation of energy from tidal
currents [8].

In addition to the growing number of works concerned with sites
that have moderate tidal currents, there are several that address the
question of which turbines are most suitable for these conditions
(i.e., lower cut-in speed), as well as for small and medium-sized projects
that are highlighted in the current literature [9]. For example, in [10],
the authors investigate the possibility of installing a hydrokinetic farm
in the port of Ribadeo (Spain) which consists of 25 turbines with
diameter of 4.5 m and cut-in speed of 0.7 ms−1.

There are many sites with good tidal energy indicators that have
heavy shipping traffic, limited depth and an irregular marine topog-
raphy. A non-conflicting operation is to use smaller turbines when
forming a hydrokinetic farm. In view of these restrictions, the farm
must be optimized, both in its topology and in the turbine model, since
the degree of efficiency obtained from an unconfined flow is restricted
by the Betz limit [11].

In [12] the concept of a hydrokinetic diffuser-augmented turbine
(HDAT) is discussed. The diffuser brings about a reduction in the tip
vortices of the propellers and makes the flow passing through the
turbine more laminar [13].

From a hydrodynamic standpoint, after the water passes through the
turbine, a spiral flow region is created, called wake turbulence [13].
The extension of this wake has a direct impact on the spacing of the
turbines in a hydrokinetic farm [14].

This article examines the modeling and energetic characterization2

of tidal currents3 in the Boqueirão Channel. Following this, a hydroki-
netic park is designed, as a case study which takes into account the
semi-enclosed morphology of the estuary. This includes HDATs with
an optimized topology, and takes note of the wake effect. The main
research contributions made by this article are:

• A demonstration of the potential tidal energy of the estuary; and
• A feasibility assessment of the use of HDATs in a tidal wave farm.

2 In this work, the term ‘characterization’ refers to a preliminary study
hat serves as a basis for resource assessment. However, for a comprehensive
valuation, more measurement time is required, as established by the standard
EC TS 62600-201:2015. This standard establishes a system for analyzing,
hrough estimation or direct measurement, the theoretical energy potential
f tidal currents in oceanic areas, including estuaries (up to the limit of
idal influence), which may be suitable for the installation of Tidal Energy
onverters arrays.

3 In this study, the word ‘current’ is differentiated from ‘tidal current’ since
he measurement based on the ADCP method also includes currents caused
y the wind and flow of the local river, while data from the modeling only
2

ncludes tidal currents. n
The article is structured as follows: Section 2 characterizes the
Boqueirão Channel; Section 3 describes the data obtained from the
measurement campaigns; Section 4 illustrates the DELFT3D modeling;
Section 5 estimates the potential of tidal energy production; Section 6
suggests a dimensioning of the hydrokinetic farm to be installed; Sec-
tion 7 makes a cost estimate of the project, and finally Section 8
summarizes the conclusions of the article.

2. Characterization of the target area

São Marcos Bay is located in the State of Maranhão, in northern
Brazil (Fig. 1.a). This area has been the subject of some researches in-
cluding hydrodynamic modeling and identifying energy hotspots [15–
17]. The bay is supplied with fresh water discharges from the rivers
Pericumã, Mearim and Itapecuru, which together form the São Marcos
estuarine complex. The site has a dry and wet season which are well-
defined. It has a large tidal range and strong currents, particularly in
the Boqueirão Channel. This Channel has a width of around 900 m and
a depth ranging from 20 to 30 m [16,18]. It is located between São Luís
Island (Fig. 1.b) and Medo Island (Fig. 1.c).

The tidal ranges in the Channel have MHWS (Mean High Water
Springs) of 6.02 m and MHWN (Mean High Water Neaps) of 4.87 m [19]
with a water regime characterized by semi-diurnal tides, with two
high tides and two low tides per lunar day, occurring at proportional
intervals of 6 h [20–22].

3. Measurement campaigns

Two in loco measurement (mooring) campaigns were carried out
for a more detailed analysis of the energy potential of the Boqueirão
Channel. The first, from November 9 to 10, 2021 and the second, from
February 2 to 3, 2022. The location coordinates are 2◦ 31′44.8’’ S
(latitude) and 44◦ 21′42.8’’ W (longitude). In Fig. 2, this location is
illustrated, with the aid of the ‘‘Measurements’’ marker.

The first campaign was carried out in the neap4 tide, when the moon
was in the crescent phase [23]. It started at 8:30 on 11-09-2021 and
ended at 9:36 on 11-10-2021. The period covered two high tides and
two low tides. The high tides were at 09:35 (5 m) and 22:00 (5.2 m).
The low tides at 16:00 (0.8 m) and 04:50 (0.7 m).

The second campaign was carried out during the spring tide, when
the moon was in the new phase [23]. It started at 7:28 on 02-02-
2022 and ended at 7:30 on 03-02-2022. As in the case of the previous
mooring, this campaign also covered two low tides and two high tides.
The high tides occurred at 7:30 (5.7 m) and 19:40 (6.2 m) respectively.
The low tides occurred at 14:20 (0.4 m) and 02:40 (0.0 m) respectively.

During the campaigns, a 1 MHz Bottom-Tracking Sontek® ADCP,
coupled with a Garmin® GPS (Global Positioning System), was used.
It was configured to continuously record a profile (averaging interval)
every 60 s in 1-meter-sized cells, with a blank distance of 0.5 m and a
draft of 0.2 m. The magnetic declination value of −20.4◦ was defined
into the configuration and taken into account during the measurements.
Additionally, during flood and ebb tides, a significant difference in the
equipment’s equilibrium position (heading change) was observed, but
the ADCP accounts for this effect due to its internal compass.

Before starting the first measurement, still on the boat itself, the
calibration of the ADCP’s inclination sensors and internal compass was
performed, following the equipment manufacturer’s specifications. This
way, errors caused by external interference are eliminated, and the
generated data offers higher quality.

4 The new moon occurred on 11–04. The tidal peak in the region usually
ccurs two days after the new moon. In this specific case, the tidal peak was
.5 m on 11–06. The measurement campaign actually took place during a
ransitional period near the first quarter lunar phase, so we refer to it as the
eap measurement campaign.



Renewable Energy 219 (2023) 119468D.L.S. Cosme et al.
Fig. 1. Location of the target area. Map of Brazil highlighting the State of Maranhão 1.a; Map of the State of Maranhão 1.b; Islands of São Luís and Medo 1.c.
Fig. 2. Mooring place for data collection. Medo and São Luís islands are highlighted.

At the same time, measurements were made of the vertical profiles
of temperature, salinity and turbidity every hour by means of a mul-
tiparameter sonde (CTD, Conductivity, Temperature and Depth), YSI
brand, EXO model 1. Fig. 3.a illustrates the CTD with a counterweight.
Fig. 3.b shows the conductivity, temperature and pressure sensors.
Fig. 3.c illustrates the ADCP before installation, and Fig. 3.d shows the
GPS-ADCP system installed for the measurements.

Fig. 4 displays a Hovmöller diagram, which represents 2D water
temperature and salinity distributions in the Boqueirão Channel as
a function of time. It was observed that there was no significant
stratification in the profile, which shows uniform values of salinity
and temperature. The average temperature observed was 29.1 ◦C, with
an approximate variation of 0.24 ◦C. The salinity values ranged from
31.8 to 33.5 psu, and showed an increase with flood currents covered
between low and high tides.

Fig. 5.a illustrates the magnitude and direction of the current ob-
tained during the neap tide, while Fig. 5.b displays data from the spring
tide. Since Mooring 1 took place at neap tide, the magnitudes of the
velocities were between 1.5 and 2 ms−1, both in flood and ebb.

Mooring 2 occurred during a spring tide with a predominance of
speeds greater than 2 ms−1 in the flood. In the ebb tide the predomi-
nance of magnitudes was between 1.5 and 2 ms−1. It is worth noting
that the directions of flood and ebb currents are almost diametrically
opposite.

In Fig. 65 the speed of currents obtained in the neap and spring
tide are displayed for the depths (referred to as layer in the graph) of

5 When plotting this graph, only the magnitude of the velocity vector is
considered and whether the current is ebb or flood. It is assumed that if
3

Table 1
Total time duration of each velocity amplitude in both
spring and neap tide measurement campaigns.

Speed Total duration time (%)

Neap tide Spring tide

0.5 89.6 91.1
1 73.2 78.7
1.5 47.4 61.5
2 2.3 28.3
2.5 0 0.2

1, 5, 10, 15 and 19 m. Note that closer to the bed, the velocities are
significantly lower, owing to the seabed friction. The maximum current
speed observed was 2.31 ms−1 at 13:05. Fig. 6.b shows the magnitudes
obtained during the spring tide. The maximum magnitude of speed that
was recorded was 2.58 ms−1, at a depth of 5 m at 17:30.

Fig. 7 shows the average current speed profile for different levels
of Channel depth for both campaigns. The red curve represents the
neap mooring and the blue curve represents the spring mooring. The
negative average values refer to the intensities measured in the flood
tide and the positive ones in the ebb tide.

During both periods, the current speeds were relatively homoge-
neous at the depth levels, in particular for more intermediate distances,
for example, up to 16 m. Even in the case of the greatest depths, the
standard deviations of the average intensities in the neap and spring
moorings were 13% and 14%, respectively. This homogeneous velocity
in the vertical profile is a good characteristic of this site, especially with
regard to the problem of mechanical stress in hydrokinetic turbines.

Table 1 summarizes the amount of time when currents were higher
than the velocities of 0.5, 1, 1.5, 2 and 2.5 ms−1, respectively, for the
neap and spring tide campaigns. This table also considers depths up to
16 m. For example 48% of the time we have velocity above 1.5 ms−1

for the case of quadrature and 62% for spring tide.
The indicators described in this section are in accordance with those

of previous studies that show a good hydrokinetic energy potential in
the region [16,24].

4. Hydrodynamic modeling of the Boqueirão channel

The open-source platform Delft3D-FLOW was used for hydrody-
namic modeling. The choice of curvilinear grids is advantageous as
it provides high resolution in the area of interest and low resolu-
tion in other areas, reducing computational effort. Additionally, these

the direction angles of the current velocity vector are greater than 180◦, the
velocity magnitude will be negative and represent the flow of the flood current.
If it is less than, or equal to 180◦, its magnitude will be positive and will
represent the flow of the ebb current.
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Fig. 3. The CTD and ADCP used during the campaigns. (a) CTD with counterweight; (b) Conductivity, temperature and depth sensors; (c) ADCP sensor; (d) Sensor with GPS
attached and installed on a board.
Fig. 4. Hovmöller diagram of the Boqueirão Channel during neap tide.
Fig. 5. Direction of the current vector measured in the neap (a); and spring tide (b).
Fig. 6. Speed curves along the water column of the Boqueirão Channel. (a) Neap and (b) Spring tides.
4
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Fig. 7. Average speed of the measured velocities for each Channel depth during the
neap and spring tides.

Fig. 8. Maps with a numeric domain location and grid nesting.

grids can follow the contours of the terrain and channels, avoiding
stair-step-like boundaries [25].

Delft3D-FLOW uses parameters that can be configured on the basis
of the features of the site that will be modeled. Some of these parame-
ters are temperature, roughness, salinity and viscosity. The simulation
requires the inclusion of external data, such as boundary conditions
(level and sea currents) and data from the digital terrain model that
represents the sea floor. These data were extracted from the TPXO
(boundary conditions) and ETOPO (bathymetry) global models.

4.1. Three-dimensional numerical model

In this stage, the modeled area is defined in computational grids.
Two grids were created. The first has lower resolution and a larger
coverage area (called Grid 1, Fig. 8). The second grid is included in the
first and has a higher resolution for the area of interest (Grid 2, Fig. 8).
Grid 1 is less refined and includes the boundary conditions of the TPXO
global model. Grid 2 includes the area between part of the coastal
regions of the municipalities of Alcântara and São Luís. In this study,
the ratio of resolutions between the two grids is 3:1 as recommended
in [26]. This way, the resolution of grid 1 is 300 m, while the resolution
of grid 2 is 100 m.

The data extracted from the global models determine the conditions
for the model at the boundaries, which meant that Grid 1 covered
a distance of approximately 150 km from the coast of the State of
Maranhão, which includes a part of the continental slope.
5

Table 2
Tidal constituents

Constant Period Amplitudea Description

Semidiurnal (hours)

M2 12.42 100.00% Principal lunar
S2 12 28.30% Principal solar
N2 16.66 16.55% Larger lunar elliptic
M4 6.21 2.30% Overtides of principal lunar
K2 11.97 8.58% Lunisolar

Diurnal (days)

K1 0.99 5.53% Lunar diurnal
O1 1.07 4.73% Lunar diurnal
Q1 1.12 0.97% Larger lunar elliptic
P1 1 1.62% Solar diurnal

Long Period (days)

MM 27.55 0.90% Lunar monthly
MSF 14.76 1.03% Lunisolar synodic fortnightly
MF 13.66 1.30% Lunisolar fortnightly

a Amplitude relative to M2 (K = 1.95).

Modeling the sea floor results in a numerical grid with the inclusion
of the depth parameters [27]. Fig. 9.a and 9.b illustrate the depths of
both grids respectively with The Boqueirão Channel (highlighted by the
red rectangle). The maximum depth observed was 31 m, and due to
the local morphology, the drainage flow carries a significant amount
of energy towards the deepest point of the Channel, resulting in lower
current velocities during ebb tide in the study area. This effect is not
observed during flood tide, as in this situation, the local morphology
does not present barriers, allowing a greater portion of the energy from
the ocean to be directed towards the study area.

The data used to model Grid 2 were obtained by combining the
following sources:

• Bathymetric data was collected in situ using a R2 Sonic 2022
Wideband multibeam echosounder, capable of operating at fre-
quencies between 170 and 700 kHz [28]. For the processing
phase, the Hysweep Editor 64-bit tool was used to assess the
quality of the multibeam bathymetric survey;

• Nautical charts [19]; and
• ETOPO global model.

Taking the boundary conditions provided by TPXO as initial param-
eters, the model solves the Navier Stokes equations and the transport
equations [25]. And finally, it results in the hydrodynamic flow pattern
in the simulated domain.

It is important to note that the simulation was conducted with
10 layers of vertical stratification of the Channel’s profile. Therefore,
for the maximum depth of 31 m, each layer would have a thickness
of 3.1 m. It was decided that, for the calculations of annual energy
generation to be performed in the upcoming sections of this work, the
velocity magnitudes from the surface layer (layer 1) of the simulation
were used. The choice of using only one layer allows for a preliminary
analysis of the turbine generation considered in this study, as seen
in previous sections, where there were no significant variations in
velocities along the vertical profile of the Boqueirão Channel. Fig. 10
shows the surface tidal current speeds obtained from the model for a
spring tide on November 6, 2021 in São Marcos Bay, with speeds above
2.5 ms−1.

The result of the simulation shows that this region is dominated by
the main semidiurnal lunar component 𝑀2 with period of 12.42 h.
The second most dominant component is the main solar 𝑆2, with a
period of 12 h and an amplitude of 28.30% of the 𝑀2. As a result, the
region has the typical features of a semi-diurnal tide. Table 2 lists all
the components that have a value greater than 0.9% of the amplitude
of 𝑀2.



Renewable Energy 219 (2023) 119468D.L.S. Cosme et al.
Fig. 9. 2D digital model in meters of Grid 1 floor (a); Grid 2 floor with the Boqueirão Channel highlighted by the red square (b).
Fig. 10. Distribution of the tidal current speeds in São Marcos Bay.

Another interesting factor in the composition of the local tide, is the
presence of bi-weekly components: synodic lunisolar 𝑀𝑆𝐹 and 𝑀𝐹 ,
associated with full and new moons. Its influence can also be seen in
the speed of the tidal currents. Fig. 11 shows the simulation results
for tidal current magnitudes during the second lunar cycle of the year
2021. Higher velocities are observed during the phase of the full and
new moons (spring tides) and lower velocities during the waxing and
waning moon phases (neap tide).

4.2. Validation

The simulation’s validation involved comparing it with current
velocity magnitude data measured at the layer closest to the surface
and at a depth of 16 m, within the same location and period. Fig. 12
illustrates the comparison between the magnitude of the measured
surface velocity and the simulated surface velocity at the location
closest to the real instrument location.

The comparison yielded notable results: for the surface, the coeffi-
cient of determination 𝑅2 was 0.74, the mean square error was 0.06
m2s−2, and the coefficient of correlation was 0.86. At the depth of
16 m, the coefficient of determination 𝑅2 was 0.6, the mean square
error was 0.24 m2s−2, and the coefficient of correlation was 0.77. These
findings suggest that the simulation exhibits a strong correlation with
the measured data at the surface and a reasonably good correlation at
the 16 m depth.
6

Fig. 11. Horizontal velocity amplitude during the second lunar cycle of 2021.

Fig. 12. Comparison between measured and simulated velocity magnitude.

5. Estimating the energy potential of the boqueirão channel

From the analysis of Fig. 7, it can be concluded that there is little
variation in the vertical intensity of the current profile of the Channel.
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Fig. 13. Speed curves for depths of 5 and 16 meters in the Boqueirão Channel (a) For data obtained from the neap tide; and (b) For data from the spring tide.
Fig. 14. Power density curves for 5 and 16 m depth for neap tide (a); and spring tide (b).
k

For example, between the surface and the depth of 16 m, there was a
variation of 0.13 and 0.19 ms−1 in the flood of campaigns 1 and 2. For
the ebb, the variation was 0.07 and 0.09 ms−1.

Still regarding the depth of up to 16 m, the average of the velocities
obtained during the floods was calculated. and ebbs of the two cam-
paigns. For the neap tide campaign, the mean velocities were 1.33 and
1.3 ms−1 for flood and ebb periods, respectively. In the spring tide, the
average velocities in the flood and ebb periods were of 1.62 and 1.48
ms−1, respectively. Thus, depths of up to 16 m are attractive for tidal
exploration, since the bottom edge effect is reduced.

Figs. 13.a and 13.b illustrate the current velocity magnitude graphs
for depths of 5 and 16 m, for neap and spring tide respectively.

Velocity data from the bounded area of the vertical profile to a
depth of 16 m, are used to estimate the power density, as expressed
in the following equation

𝐷𝑝 =
1
2
𝜌𝑣3 (1)

Where:
𝐷𝑝 is the power density (kWm−2);
𝜌 is the average water density in the Boqueirão Channel measured

using CTD data in the neap tide period (1019.66 kgm−3);
𝑣 is the speed of the water (ms−1) [29].
Figs. 14.a and 14.b illustrate the power density for each minute

f the measurement campaign at neap and spring tides, respectively.
he highest power density found in the neap mooring period was 6.32
Wm−2 at a depth of 13 m, while the highest value found for the spring
ooring was 8.77 kWm−2 at a depth of 5 m.

Fig. 15 shows the average power densities throughout the periods
f the neap tide and spring tide campaigns for depths of up to 16 m,
ncluding periods of low tide.

Figs. 16.a and 16.b illustrate the average cumulative power densi-
ies, calculated as the mean of the average power densities for each
eter in the vertical profile up to 16 m for spring and neap tides,
7

Fig. 15. Power density through the vertical profile.

respectively. The mean power density considering all depth levels
evaluated, both for spring and neap tides, were 2.74 kWm−2 and 1.66
Wm−2, respectively.

To determine the accumulated power densities both in the flood and
in the ebb of the two campaigns, the power density was calculated at
each velocity measured for depths of up to 16 m (recalling that negative
velocities refer to the flood tide and the positive to the ebb tide). Then,
the power density values for each velocity measured in the campaigns
were added, both for flood and ebb. It is observed that the power
densities in the flood were clearly higher than in the ebb. During the
neap tide, the power density for the flood and ebb was 21 MWm−2 and
19.21 MWm−2, respectively. During spring tide, the difference between
flood and ebb was more notable: 37.17 MWm−2 for flood and 28.41
MWm−2 for ebb.
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Fig. 16. Accumulated power density of the vertical profile of the Boqueirão Channel (a) Campaign 1 and (b) Campaign 2.
Fig. 17. (a) HDAT Performance and (b) prototype.
This difference in power density between the ebb and flood can
be attributed to the geometrical shape of the estuary that includes
asymmetries which lead to a non-linear pattern.

5.1. Hydrokinetic turbine

The theoretical Betz limit states that the maximum power ex-
tractable by a turbine in a free flow is approximately 59% of the
power available in the flow without the turbine [11]. One way to get
around the problem of this efficiency constraint is to use HDATs [12].
In this article, the turbine designed in [30] is considered. To obtain the
turbine performance, it was numerically modeled in ANSYS Fluent [31]
under conditions of free flow velocity fixed at 2.4 ms−1, while the rotor
angular velocity was altered to create different speed ratio conditions
at the tip of the blade. Fig. 17.a shows that the turbine reaches its
maximum level of performance with a power coefficient normalized
by the diameter of the throat (𝐶𝑝) equal to 0.905 and by the external
area of the diffuser (𝐶𝑝 ∗) equal to 0.415 for a tip-speed-ratio value (𝜆)
equal to 2.13.

Fig. 17.b illustrates the prototype of the project with a rotor diam-
eter of 1 m. Its dimensions can be scaled up to an external diffuser
diameter of 6 m, based on geometric similarity of turbomachinery
theory [32].

Fig. 18 illustrates that the output power does not increase propor-
tionally with the increase in turbine diameter. This is due to the power
coefficient that has a non-linear behavior and with optimal values that
depend on the geometry and speed of the flow [33].
8

Fig. 18. Turbine power curve for diffuser external areas of different dimensions.

A usual motivation for carrying out a renewable energy project is
the desire to obtain the maximum possible extractable energy from
a given site. However, there are different kinds of restrictions that
prevent this from being fully possible. These include the following:

• Channel Depth;
• Available area;
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Fig. 19. (a) Annual energy vs rated speed; (b) Capacity factor vs rated speed for turbines with diffuser diameters of 6, 5, 4 and 3 m.
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Table 3
Summary of HDAT specifications Source: [30].

HDAT

𝐷𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 (m) 6 5 4 3
𝐷𝑇ℎ𝑟𝑜𝑎𝑡 (m) 3.98 3.32 2.65 1.99
𝑉𝐶𝑢𝑡−𝑖𝑛 (ms−1) approx 0.5 approx 0.5 approx 0.5 approx 0.5
𝑉𝑅 (ms−1 ) 2 2 2 2
𝑅𝑎𝑡𝑒𝑑𝑃𝑜𝑤𝑒𝑟(𝑃𝑅) (kW) 45 31 20 12
𝐴 (m2) 12.45 8.65 5.53 3.11

• Tidal current speed;
• Size of the turbine (a reasonable size is necessary in the techno-

economic relationship);
• Annual power generation (GWh) ratio v-s technical feasibility.

The Boqueirão Channel has depths of up to 31 m, that restricts the
iameter of the turbine that will be used in a hydrokinetic plant. As
an be seen in Fig. 7, the velocity gradient near the Channel surface is
maller. The higher shear in the region closest to the bed would lead
o a poor turbine performance. Thus, a feasible depth in the Channel is
round 16 m.

The curve in Fig. 19.a represents the yearly energy for each rated
peed while 19.b, illustrates the capacity factor (CF) vs rated speed.
oth graphs were plotted for 4 HDAT diameters.

For instance, considering the speeds obtained from the simulation
llustrated in the previous sections, the turbine cut-out speed of 2 ms−1

nd cut-in of 0.5 ms−1, the CF will be equal to 51% and the yearly
enerations will be equal to 188.56, 135.13, 88.49 and 51.93 MWh for
he diameters of 6, 5, 4 and 3 m, respectively. If 1.5 ms−1 is considered,
he CF increases to 77%. However, there would be a considerable
eduction in the annual energy: 34, 29, 27 and 28%, respectively in
omparison with the previous case. In the case of 2.5 ms−1 there will
e a significant reduction in the CF which will remain at around 26%
ith little increase in the total annual amount of energy produced by
ach HDAT. From this analysis and in light of Table 1, an appropriate
urbine for this site should have a cut-in speed of 0.5 ms−1 and a rated
peed of about 2 ms−1.

In this work, the estimated cost for turbines with 6, 5, 4 and 3 m
n diameter is analyzed. Note that in the final choice of the turbine,
ther factors must be taken into account, such as the availability of
ature local technology, logistical costs, as well as the degree of risk

hat investors would be willing to face. The output powers for each
urbine diameter are estimated from the curves in Fig. 18. Note that in
his figure, the output power does not increase proportionally with the
ncrease in turbine diameter. This is due to the power coefficient that
as a non-linear behavior and with optimal values that depend on the
eometry and speed of the flow. Table 3 shows the specifications of the
urbines.
9

. Hydrokinetic farm designing

After characterizing the site and selecting the HDATs, we can pro-
eed to design the hydrokinetic farm that would be supported by the
rea, in light of the restrictions outlined above. When making hydroki-
etic arrangements, it is important to define the spacing between the
urbines so that the wake generated by the upstream turbine does not
isturb the flow at the entrance of the downstream turbine. This is
ecause it would result in a reduction in the efficiency of the latter. In
ddition, wake can cause mechanical stresses to the structure, as well
s in the mechanical anchoring system [34].

The behavior of wake turbulence is quite complex. A distinction can
e made between nearby wakes and distant wakes. The nearby wakes
s characterized by a drop in velocity and increase in turbulent flow
enerated by the abrupt drop in pressure downstream of the turbine. In
he distant wakes, there is a speedy recovery and a turbulence intensity
eduction [35]. Fig. 20 shows the turbulent velocity profiles at different
ositions downstream of rotor, where in the most distant position, the
elocity profile becomes uniform again, owing to the dissipation of the
urbulent energy.

In [36] it was concluded that the larger the diameter of the turbine,
he greater the volume of flow that passes through it and hence an in-
rease in the resulting turbulent flow. However, there is no convergence
f opinion among current researchers about what analytical expression
r single criterion should be employed to define the distance between
he turbines. Table 4 lists several research studies within the scientific
iterature, that use experimental methods and/or computer simulations
o calculate the length of the wakes as a function of the diameter (𝐷)
f the turbine (see Table 4).

In this article, the worst case scenario was adopted, i.e. the greatest
ongitudinal distance (40𝐷) and the greatest lateral distance (2.5𝐷)
rom within the bibliographical survey of Table 4. As a result, the
ongitudinal distance for the turbines will be 160 m longitudinally and
0 m laterally.

Fig. 21 highlights both the ferry boat and São Luís - Alcântara
avigation routes, by means of blue dashed lines. Given the fact that a
afe distance is at least 500 m from these routes, the feasible region has
n approximate length of 3000 m. To avoid the edge effect and shallow
reas, it was decided to keep a distance of approximately 200 m from
oth coastal edges. Thus there is a potential area available of around
00 m × 3000 m. In Fig. 21 the suggested region is highlighted in red.

For the width of the proposed area, a lateral composition of 67,
1, 41 and 34 HDATs with diameters of 3, 4, 5 and 6 m, respectively,
s possible. As previously calculated, each respective turbine generates
1.93, 88.49, 135.13 and 188.56 MWh annually taking into account
he cut-in speed of 0.5 ms−1 and cut-out speed of 2 ms−1 for the
urbines. The speeds are simulated for the whole year as explained in
he previous sections. Hence, it would be possible to install a row of
DATs with diameters of 3, 4, 5 and 6 m respectively, which could
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Fig. 20. Illustration of wake turbulence.
Source: [35].
Table 4
Study of wake length generated by turbulence in hydrokinetic turbines.

Wake length Turbine Ref. Year
diameter (m)

10 D lengthwise to recover 0.8 [37] 2009
80% of its initial velocity

16.5 D lengthwise to recover 10 [38] 2014
75% of its initial velocity

2.5 D laterally and 6 D lengthwise 0.53 [39] 2016

12 D lengthwise to regain 100% 10 [35] 2016
of its initial velocity

20 D lengthwise to recover 0.28 [40] 2018
85% of its initial velocity

40 D lengthwise 1.5 [41] 2019

10 D à 12 D lengthwise to recover 0.27 [34] 2019
the initial velocity

10 D lengthwise to recover 0.5 [42] 2020
85% of its initial velocity

7.3 D lengthwise 4 [43] 2021

Fig. 21. Site for installation of the hydrokinetic farm.

generate around 3.48, 4.51, 5.54 and 6.41 GWh annually. With regard
to the total area available for installing the hydrokinetic farm (1.5 km2),
in theory, it would be possible to install 1742, 969, 656 and 442 HDATs
10
Fig. 22. Rough sketch of the position of the HDAT.

with diameters of 3, 4, 5 and 6 m, respectively. The total energy would
thus be 90.46, 85.75, 88.65 and 83.34 GWh. These values refer to a
very optimistic performance as they ignore the shadow effect between
the rows of turbines.

As stated in previous sections, the depth levels up to 16 m have
the highest average speeds and a homogeneous profile. Fig. 22 provide
a rough sketch of the positioning of a row of HDATs, anchored in a
floating system. Each can be installed at a depth of approximately 10
m, spaced at 2.5𝐷. The distance from the edges of both islands is at
least 200 m.

7. Estimated costs

As the HDAT projects are still in an early stage of development, the
data to estimate the costs of these projects [44] are limited. However,
We can estimate costs using similar tidal designs adapted to this case,
by approximating the components that form a part of the Levelized Cost
of Energy (LCOE). The LCOE expression used here is as follows:

𝐿𝐶𝑂𝐸 =
𝐶𝐴𝑃𝐸𝑋 +

∑𝑛
𝑡=1

𝑂𝑃𝐸𝑋𝑡
(1+𝑟)𝑡

∑𝑛
𝑡=1

Annual Energy Production𝑡
(1+𝑟)𝑡

(2)

Where:
𝐿𝐶𝑂𝐸: Levelised Cost of Energy ($∕𝑘𝑊 ℎ);
𝐶𝐴𝑃𝐸𝑋: Capital expenditure;
𝑂𝑃𝐸𝑋𝑡: Operational expenditure (at year 𝑡);
𝑟: Discount rate;
𝑛: Lifetime of the system;
𝑡: Year from start of project [45].
In this article, we assume that capital costs occur in Year 0, the farm

operation starts in Year 1 and has a lifetime of 25 years.
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Table 5
HDAT estimated cost and CAPEX.

HDAT

𝐷𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 (m) 6 5 4 3
Estimated Cost (2020) $86,801.96 $65,391.74 $46,867.39 $31,788.19
Estimated Cost (2021) $92,878.09, $69,969.16 $50,148.10 $34,013.36
CAPEX (2021) $232,195.23, $174,922.90 $125,370.28 $85,033.40
Table 6
HDAT OPEX.

HDAT

𝐷𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 (m) 6 5 4 3
Annual OPEX per Turbine $10,448.79 $7,871.53 $5,641,66 $3,826.50
Annual OPEX per Row of Turbines $355,258.69 $322,732.75 $287,724.78 $256,375.70
C
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Table 7
HDAT annual generation and LCOE:.

HDAT

𝐷𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 (m) 6 5 4 3
Annual Generation per Turbine (MWh) 188.57 135.14 88.49 51.93
LCOE ($kWh−1) 0.161 0.169 0.185 0.214

7.1. CAPEX

In [46], a similar but smaller HDAT developed by Smart Hydro
Germany was used. The reported cost was $16,342.00, which included
components such as generator, mechanical protection shield, anchor,
electrical cables, electrical panel, inverter and controller. The rated
power was 5 kW (2.8 ms−1) for a diameter of approximately 3 m
and a weight of 380 kg. By using the Rule of Six Tenths (3), we can
extrapolate this cost and get an approximation of the cost of our HDAT,
as follows [47–49]:

𝐶𝑜𝑠𝑡𝐴
𝐶𝑜𝑠𝑡𝐵

=
(

𝐶𝑎𝑝𝐴
𝐶𝑎𝑝𝐵

)𝑀
(3)

Where:
𝑀 is the measurement of the economy of scale usually employed in

he industrial sector;
𝐶𝑜𝑠𝑡𝐴 and 𝐶𝑜𝑠𝑡𝐵 are the costs of turbines 𝐴 and 𝐵;
𝐶𝑎𝑝𝐴 and 𝐶𝑎𝑝𝐵 are the rated power of turbines 𝐴 and 𝐵.
The value of 𝑀 for a hydrokinetic plant can be approximated to

.76 [50]. From the Smart Hydro Germany turbine values (𝐴), and
onsidering the turbines rated power of Table 3 (𝐵), the estimated cost
ill be around $86,801.96, $65,391.74, $46,867.39 and $31,788.19,

or turbines with diameter of 6, 5, 4 and 3 m, respectively.
When the cost of this turbine is updated through the 2021 PCE

7%) [51] it rises to $92,878.09, $69,969.16, $50,148.10 and
34,013.36. According to [52], the cost of the turbine acquisition cor-
esponds to 41% of CAPEX, 26% for foundation costs, 15% installation
osts, 13% cabling costs and 5% costs for connection to the grid. In
nother project [53] the reported cost for the turbine is equivalent to
9% of the CAPEX value. Thus, it is reasonable to assume that the cost
f HDAT corresponds to 40% of the project’s CAPEX. Which leads us
o a CAPEX estimate of $232,195.23, $174,922.90, $125,370.28 and
85,033.40. Table 5 shows the costs calculated for the year 2020, those
stimated for 2021 and the CAPEX for each turbine, respectively.

.2. Operation & maintenance costs

In [54], the O&M costs are estimated, both for scheduled and
nscheduled maintenance, and take account of discrete 5-year intervals
ver the 25-year lifetime of the project. Taking the average of these
alues, an annual cost for O&M of 4.5% of the HDAT CAPEX is
btained. In [55] the annual O&M cost of approximately 3.42% of
11

APEX is taken as a reference-point, while in [56], the ratio between i
APEX and annual OPEX was approximately 1.52%. Thus, the value of
.5% of CAPEX can be adopted as a ‘‘pessimistic’’ scenario. In light of
hese criteria, the annual OPEX cost per turbine and for each turbine
ow is shown in the Table 6.

.3. Levelized cost of energy - LCOE

Let us consider a lifetime of 25 years and a discount rate (𝑟) of 7 %
er year [51]. Substituting the annual generation values of each turbine
n Eq. (2), the LCOE is calculated, as shown in Table 7.

This results is close to the range estimated by IRENA [2], where
he LCOE for tidal energy is between 0.20–0.45 $𝑘𝑊 ℎ−1. The better
COE achieved here can be largely attributed to the gain in turbine
erformance caused by the augmented-diffuser design.

. Conclusion

This article presented the modeling and energetic characterization
f tidal energy in the Boqueirão Channel. According to the measure-
ent campaigns carried out in spring and neap tide periods, the mean
ower densities of the Channel were 2.74 kWm−2 and 1.66 kWm−2,
espectively. Then, as a case study and taking into account the restric-
ions of the estuary, a hydrokinetic farm is designed considering HDAT
ith optimized topology, taking into account the wake effect. The main

ontributions of this article are:

• Hydrodynamic modeling of the site using measured data;
• Show the energy tidal viability of the estuary;
• To reinforce, through this case study, the importance of sites with

intermediate tidal currents.
• To illustrate the feasibility of using HDATs in a tidal stream farm.

From on-site measurements, the model was properly calibrated, al-
owing to show good power and energy density. The Boqueirão Channel
s located in São Marcos Bay, but it has no restrictions due to its use in
ommercial navigation. The depth in its usable span is in the order of
6 m, with a width of 500 m. the shear of currents to different depths
s minimal, being an attractive feature for energy projects. Despite
he good energy density, the speed of currents rarely exceeds 2 ms−1.
herefore, to improve performance, the use of HDAT was suggested.
he simulations show that this alternative brings efficiency gains to
he park, indicating an interesting LCOE value ranging from 0.161 to
.214 $𝑘𝑊 ℎ−1 considering the analyzed turbine diameters. The authors
cknowledge that one aspect that needs further research is the wake
ffect. In this work, more rigorous distancing criteria were assumed,
n order to have more realistic results, which provide a reliable basis
or the various possible projects in the north coast of Brazil and in the
mazon region.
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