
Renewable 
Energy in Marine 
Environment

Printed Edition of the Special Issue Published in Energies

www.mdpi.com/journal/energies

Eugen Rusu
Edited by

﻿Renew
able Energy in M

arine Environm
ent   •   Eugen Rusu





























































































































































































































































































































































































































































































































































































































Energies 2019, 12, 3658

The OTEC technologies are limited to the use of closed and open cycle and hybrid systems with a
tendency of deploying the closed cycle method. Tidal range energy is traditionally harnessed using
tidal barrages installed in the estuaries, but this method is associated with important environmental
issues. The use of tidal lagoons has been proposed and developed in the UK since 2008 as an alternative
to reducing such environmental issues [168]. The technology for extracting the salinity gradient energy
is still in the conceptual stage of development, and its evolution is highly dependent on membrane
enhancement, which will be responsible for 50% to 80% of the total cost [182].

Figure 11. Global status of the ocean renewable energy projects.

Figure 12. Technology distribution among projects.
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4. Case Study of Brazil

4.1. Resource Assessment Results

4.1.1. Ocean Current Energy

Figures 13 and 14 show the spatial variation of the ocean current resources along the Brazilian
coast in terms of the annual and seasonal average current speed (m/s) and power density (W/m2).
As shown in Figure 13, the maximum annual average can be observed in the north equatorial margin
of Brazil with a velocity of 1.52 m/s. This region is influenced by the NBC. These regions are located at
a distance of between 120 and 300 km of the coastline. The same pattern can be observed considering
the seasonal distribution. A maximum speed value of 1.67 m/s occurs during autumn. It can be seen
that the speed values barely reach 2 m/s, which is recommended for commercial ocean current energy
extraction [32]. The current speed values are not significant (less than 0.7 m/s) for the regions A and B.
They occur due to the BC flow and are higher during the spring. Figure 14 shows the power density
(W/m2), calculated using Equation (1), across the Brazilian coastline. As expected, following the
speed values, region D represents the most energetic area, and power density values higher than
500 W/m2 can be observed for some areas. Table 3 contains the average values of the seasonal mean
power as well as the SV and COV values. The seasonal average values for regions D and C show that,
in contrast to the regions A and B, the current power density is higher during austral autumn and
winter compared to austral summer and spring. This is due to the seasonal climatological behavior
of the NBC [25]. The fact that the power density of the region D is significantly higher than that of
other regions indicates that the values of SV and COV are less important when the objective is to
determine the best region for exploring the ocean current energy. However, these values are important
for techno-economic studies of the corresponding energy extracting technologies in the North region.

 

Figure 13. Annual and seasonal (summer, autumn, winter, and spring) mean surface current speed
(m/s) at the Brazilian coastline between January 1, 2007 and December 31, 2017.
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Table 3. Average values of the ocean current power density (W/m2), standard deviation (±),
seasonal variability (SV), and coefficient of variation (COV) for each coastline region—A, B, C and
D—for each season (summer, autumn, winter, and spring) between January 1, 2007 and December
31, 2017.

Power Density (W/m2) ± Standard Deviation
SV COV

Region/Season Summer Autumn Winter Spring

A 98.9 (±3.3) 73.67 (±2.12) 74.35 (±2.12) 97.85 (±2.7) 0.269 0.951
B 362.76 (±9.9) 90.06 (±3.83) 167.37 (±5.6) 280.25 (±7.8) 0.609 1.994
C 193.93 (±3.84) 399.93 (±11.1) 379.137 (±11.06) 216.36 (±5.06) 0.426 1.460
D 788.21(±39.15) 1416.64 (±58.28) 1240.21 (±58.82) 1103.4 (±52.3) 0.514 1.333

 

Figure 14. Annual and seasonal (summer, autumn, winter, and spring) mean power density (W/m2) at
the Brazilian coastline between January 1, 2007 and December 31, 2017.

4.1.2. Wave Energy

Figure 15 shows the average annual and seasonal wave power density values. The hindcast
shows the variability of the energy resource and provides a holistic view of the wave climate along the
Brazilian coast. It can be observed that the most energetic wave areas are located near the regions A
and B coasts with a power value between 20 and 25 kW/m. This is intensified during the autumn and
winter seasons. This fact is directly related to the increase in the occurrence of extratropical cyclones
that generate larger waves that propagate toward these Brazilian regions. The nearshore areas of
region A (areas with a water depth of less than 100 m) have values close to 20 kW/m for almost the
entire year. This is mainly due to the preponderance of south winds combined with the shoreline
orientation that induces strong swells near the coast. The average values of the SV and COV related to
the wave power were calculated and are illustrated in Table 4 for five different bathymetries of 25,
50, 100, 150, and 200 m along the Brazilian coast. It can be observed that, independently of the water
depth, the seasonal variability (SV) of the regions A and B is always smaller than that of the regions
D and C. On the other hand, the minimum COV occurs in the region C, while the region D has a
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greater COV than the other regions. However, the differences between the COV values of the region C,
when compared with those in the regions A and B, are small and decrease as the water depth increases
from 25 to 200 m. The region C has the smallest wave power variability during the year, which may
lead to a higher capacity factor, while the regions A and B are the areas with the most energetic waves,
allowing the deployment of the devices with higher installed capacity. A trade-off between the WEC
nominal power and capacity factor as well as other local characteristics such as water depth should be
considered to determine the proper locations for deploying wave farms.

Figure 15. Annual and seasonal (summer, autumn, winter and spring) mean wave power density
(k W/m2) at the Brazilian coastline between January 1, 2015 and December 31, 2017.

Table 4. Average values of wave seasonal variability (SV) and coefficient of variation (COV) considering
five different bathymetries (25, 50, 100, 150 and 200 m) for each region—A, B, C and D—between
January 1, 2015 and December 31, 2017.

Region
Bathymetry

25 50 100 150 200

SV COV SV COV SV COV SV COV SV COV

A 0.467 0.533 0.431 0.334 0.482 0.303 0.502 0.285 0.509 0.258
B 0.637 0.515 0.619 0.350 0.595 0.294 0.596 0.283 0.615 0.287
C 0.845 0.375 0.865 0.302 0.856 0.305 0.852 0.274 0.781 0.250
D 0.748 0.685 0.929 0.464 0.929 0.432 0.744 0.301 0.833 0.296

The available wave power for the Brazilian coastline was calculated at an average distance of
128 km from the coast (Table 5). Accordingly, a total available wave power of approximately 91.8 GW
was estimated considering a total coastline length of about 7491 km (an approximate value without
coastline details). It should be noted that this value is an estimation of the theoretical potential of
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the Brazilian wave power. In practice, only a fraction of this value can be extracted by the wave
energy devices, which depends on different issues such as technical challenges, environmental impacts,
economy, deferent use of the sea area, and social impacts. Nevertheless, only one-fifth of this potential
is equal to approximately 35% of the Brazilian electricity demand in 2017 [183].

Table 5. Available wave power of the Brazilian coastline.

Parameters
Regions

A B C D

Length (km) ~1250 ~1952 ~1452 ~2837
Average power (kW/m) 21.1 12.4 13.8 7.4

Total power (GW) 26.4 24.2 20.1 21.0

4.1.3. Ocean Thermal Energy

Figure 16a shows the annual average ΔT (°C) between the water depth of 20 and 1000 m along the
Brazilian coast. The results show that, except for the extreme South below 27 ◦S, the yearly average ΔT
is always about 20 ◦C or higher along the Brazilian coast. The average gross power of a 10 MW OTEC
plant (see Section 2.2.1) was calculated for 12 locations along the coastline. The selected points were
located approximately at a distance between 30 and 200 km to the shore and had an annual average ΔT
at between 20 and 1000 m of water depth of more than 20 °C. Figure 16b illustrates the annual variation
in the gross power for the considered points. A greater average annual gross power, represented by the
red solid line, can be observed for the regions D and C comparing to the regions A and B. Moreover, the
results show smoother power production for the regions D and C comparing to the regions A and B.
Table 6 shows the characteristics of the selected points as well as the Pgross and Pnet.

Δ

a b

Figure 16. (a) Annual mean ΔT (◦C) between 20 and 1000 m and (b) the annual ocean thermal energy
conversion (OTEC) Gross Power Density (PG in MW) at a depth of 1000 m considering the period
between January 1, 2007 and December 31, 2017.
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Figure 17 illustrates the seasonal mean ΔT (°C) between the water depths of 20 and 1000 m, for a
bathymetry of 1000 m, across the Brazilian coastline. The black line represents a ΔT of 20 °C. It can be
observed that, for the regions A and B, the water depth in which the mean ΔT = 20 ◦C is achieved,
varies between 500 m in summer and 700–1000 m in other seasons. On the other hand, in the regions D
and C, a mean ΔT of 20 ◦C can be reached in a water depth of about 500–700 m throughout the year.
From a technical point of view, less structural challenges would be expected when bringing the cold
water from a depth of 500 m rather than from 1 km.

 

Figure 17. Seasonal (summer, autumn, winter, and spring) mean ΔT (◦C) between 20 and 1000 m for
the bathymetry of 1000 m (for regions A, B, C and D) across the Brazilian coastline latitude considering
the period between January 1, 2007 and December 31, 2017. The black line corresponds to a ΔT of 20 ◦C.

Table 6. Gross and net power estimation for the selected points along the Brazilian coastline.

Regions Points Lat/Lon Bathymetry (~m) ΔT (◦C)
Annual Average

Pgross (MW)
Annual Average

Pnet (MW)

A

P1 27.6666◦S
46.5833◦W 1396 20.17 14.32 10.12

P2 26.5833◦S
45.5833◦W 1409 20.37 14.58 10.39

P3 25.3333◦S
44.5000◦W 1000 20.98 15.42 11.23

B

P4 24.4167◦S
43.0833◦W 1396 21.16 15.67 11.49

P5 20.8333◦S
39.7500◦W 1422 22.43 17.53 13.36

P6 16.6667◦S
38.4167◦W 1005 22.59 17.71 13.55

C

P7 14.1667◦S
38.5833◦W 1948 23.21 18.88 14.51

P8 9.9167◦S
35.2500◦W 2012 23.33 18.84 16.69

P9 6.5000◦S
34.4167◦W 2764 23.54 19.15 15.00

D

P10 4.3333◦S
36.6667◦W 1945 23.37 18.86 14.72

P11 0.8333◦S
43.3333◦W 2337 23.29 18.71 14.57

P12 1.6667◦N
46.6667◦W 1463 23.24 18.63 14.50
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4.2. Deployments in Brazil

The first deployment of an ocean renewable energy converter in Brazil occurred in 1934 when the
French engineer Georges Claude used an ocean thermal energy source to produce ice for the residents
of Rio de Janeiro. His plant ran into problems and stopped working off the coast of Rio de Janeiro
due to fatigue of its long intake tubes [184]. Studies associated with ocean renewable energy in Brazil
began in 2001 at the Federal University of Rio de Janeiro (UFRJ), focusing on wave and tidal energy.
Some other universities have also started working in this field, such as the Federal University of
Maranhão (UFMA), the Federal University of Santa Catarina (UFSC), the Federal University of Pará
(UFPA), and the Federal University of Itajubá (UNIFEI).

There are three main ocean renewable energy projects being carried out in Brazil with different
technology readiness levels. The first one is the COPPE (The Alberto Luiz Coimbra Institute for
Graduate Studies and Research in Engineering) hyperbaric wave converter developed by the UFRJ,
which has reached the prototype stage. A full-scale single device of the technology was installed in
2011 in Pecém port of Ceará state located in the northeast of Brazil. The device was decommissioned
after 6 months of operation due to the port extension project. The second project is a nearshore wave
energy converter, also developed by the UFRJ, which will be installed in relatively shallow water
(water depth of 25–30 m) off the Rio de Janeiro coast. The technology is at the R&D stage and is
undergoing medium-scale laboratory tests. The last project is the tidal range project of the Bacanga
River estuary located in São Luís of Maranhão state in North Brazil. Although the discussion about the
tidal energy extraction in this region is relatively old, the project is still at an early stage of development
as it is waiting for finance. The following sections describe the characteristics and statuses of the
mentioned projects.

4.2.1. COPPE Hyperbaric Wave Converter

As illustrated in Figure 18, this device is composed of a floating body connected to the pumping
modules, a hydrodynamic accumulator, a hyperbaric chamber, and a generating unit. The vertical
motion of the floating body due to the wave body interactions drives the pump actuator which
displaces the water inside the closed circuit to a hydro-pneumatic accumulator. The accumulator is
connected to a hyperbaric chamber, which has previously been pressurized. Then, the pressurized
water drives a hydraulic turbine coupled to an electrical generator. The hyperbaric chamber works as
an energy storage system, which smooth the power fluctuations due to the oscillatory nature of sea
waves. The applied pressure is in the range of 250−400 m of water column (m.wc) [185].

Figure 18. A schematic of the COPPE/UFRJ (Federal University of Rio de Janeiro) hyperbaric wave
converter [185].

Additionally, a discrete control scheme was applied to the system to improve power production
by adjusting the PTO parameters without wave measurement [186]. The experimental tests were
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performed at the Ocean Technology Laboratory (LabOceano) of the UFRJ. Figure 19 shows the
medium-scale model at a ratio of 1:10 which was tested under regular and irregular wave conditions
corresponding to the predominant wave climate at the location of installation [187,188]. As a result
of the experimental tests, a capture width ratio of between 19% and 36% was observed for the wave
energy converter.

Figure 19. COPPE hyperbaric wave converter: (a) medium-scale model with a ratio of 1:10 at
LabOceano [187]: (b) installed full-scale prototype.

A full-scale prototype with a capacity of 100 kW was deployed at the Pecém port in Northeast
Brazil (Figure 19b). The device was installed on two concrete bases, 12 m in length, built on a breakwater.
The oscillating part, which consists of a floater, 10 m in diameter, and a mechanical arm, 22 m in length,
is connected to two skids mounted on the concrete bases.

4.2.2. COPPE Nearshore WEC

The system is a point absorber WEC type with a capacity of 50 kW that consists of an oscillating
body and a bottom-mounted support structure. The oscillating part is a floating conical cylinder which
is allowed to move only in the heave direction (Figure 20). The fixed structure consists of four columns
with very small diameters relative to the wavelengths (no diffraction). The structure is mounted on the
seabed through a concrete base. Eight roller bearings facilitate oscillation of the buoy in the vertical
direction (heave). They are placed on the top and bottom of the cylindrical section.

 

Figure 20. Components of the COPPE nearshore WEC.
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The PTO system is located on the topside deck and consists of a gearbox and a rotational generator
(Figure 21). The vertical motion of the buoy is transferred through a central rod (heave stem) to
the gearbox. Then, the pulley converts the vertical movement into rotation that is adequate for the
electrical generator. A backstop system unifies the rotation direction using freewheels. This implies
that the buoy can drive the PTO system either upwards or downwards. A solid cylindrical flywheel
is used to amplify the rotational inertia as well as smooth the delivered energy to the generator.
Additionally, the PTO system includes a gearbox that multiplies the rotational speed so that it is
adequate for power generation.

The location that has been considered for installation of the WEC is near to a small island called
“Ilha Rasa”. The location’s water depth is about 20 m, and its distance from shore (Copacabana beach,
Rio de Janeiro, Brazil) is about 14 km. The predominant wave climate of the region is a peak period
of Tp = 9.6 s and a significant height of Hs = 1.33 m. Shadman et al. [189] showed that a very large
buoy is required to maximize the power absorption in a region like nearshore Rio de Janeiro, where the
predominate wave periods are beyond 7 s. This might lead to higher costs, which could make the
project economically infeasible. Hence, a specific control called “latching”, presented originally by
Budal and Falnes [190], was applied on the WEC to overcome this challenge. Latching is a mechanical
control method that tunes the natural period of the buoy to the predominate wave period of the sea site
by halting and releasing the buoy at its motion extremum. As a result, larger buoy motion amplitude
and velocities can be achieved, leading to higher power production. Eventually, the latching control
enables a smaller buoy with a smaller natural period to be tuned with such a wave climate [191].
A hydraulic system is designed and tested for latching the oscillating buoy.

Figure 21. Schematic view of the power take-off (PTO) system.

Experimental tests of small-scale models, shown in Figure 22, were performed in a wave and
current channel (LOC) at the COPPE/UFRJ. The hydrodynamic behavior of the buoy was studied by
applying different modeling scales including 1:17, 1:20, 1:30, and 1:40. Additionally, a strategy was
developed to investigate the effect of latching control on the WEC.

 

Figure 22. Experimental tests of the COPPE nearshore WEC in a wave channel: (a) 1:17 scaled model,
(b) instruments for data acquisition.
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4.2.3. Tidal Power Plant of the Estuary of Bacanga

The largest tidal ranges in Brazil are located on the North coast including the coastal areas
of Maranhão, Pará, and Amapá. For instance, a tidal energy potential of 22 TWh/year has been
estimated for Maranhão state [192]. Some studies have addressed the exploitation of such energy in
Brazil [193,194]. As Figure 23a illustrates, the Bacanga basin is 10,219 ha in size, which includes the
estuarine body of water and the Bacanga lake. The reservoir capacity is about 40 million cubic meters
at an elevation of +4.5 m, corresponding to the spring tide level [192]. As shown in Figure 23b, the dam
includes an 800 m embankment rock which is filled with clay material. Additionally, the dam has
two sluice gate systems types of radial and stop-log that were installed in 1974 and 1980, respectively.
There are three radial sluice gates with widths of approximately 12.5 m. In the case of a fully open gate,
a water height level of 4.5 m is registered for each radial gate. This value is about 3 m for the stop-log
gates, which are flat and operate vertically, with widths of 2.85 m.

 
Figure 23. (a) The Bacanga Estuary, and (b) aerial image of the radial and stop-log sluice gates [192].

Considering some restrictions, including a reservoir water level limit of +2.5 m, Neto et al. [192]
proposed a new model for the tidal power plant in which the three radial sluice gates were replaced by
the modern and appropriate version for automatic operation, which excluded the necessity of using
stop-log type gates to control the reservoir maximum limit. Considering the Kaplan turbine with
double regulation provided by ANDRITZ HYDRO [195], they estimated an annual energy production
of slightly larger than 14 GWh/yr for the power plant.

5. Discussion and Open Question

The present cost of ocean renewable energy cannot complete with that of grid-connected
renewables. The alternative, nowadays, in addition to the development of more optimized projects,
is to look for new markets where electricity generation options are either scarce or expensive,
for example the oil and gas industry, aquaculture, defense, and the demands from isolated communities.
In the particular case of Brazil, there is a concentration of power generation, mostly from hydroelectric
plants, located in the South and Southeast regions. It has been demonstrated that a significant
amount of ocean renewable energy featuring an ocean thermal gradient is located in the regions D
and C (see Figure 2). In these regions, an annual electricity production of 0.8 TWh per year has been
calculated, considering only six OTEC plants with 10 MW installed power, as presented in this paper.
Accordingly, considering an annual average of 15 MW, 20 OTEC plants would be sufficient to supply
approximately 10% of the total residential electricity consumption of the Northeast region of Brazil,
which was estimated to be approximately 27.059 TWh in 2017 [183]. This implies that such renewable
energy resources could be harnessed as a supplementary alternative for these regions, especially when
there is a power generation drop due to seasonal rain shortage. Additionally, the low seasonal and
temporal variability of the ocean renewable resources along the Brazilian coast could provide stable
power production throughout the year, with substantial capacity. The supply chain associated with
ocean renewable technologies is still incipient worldwide. The increasing prototype deployments may
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promote the association of local supply chains with the global suppliers of specific equipment such as
submarine cables, electrical connectors, turbines, and generators. In Brazil, the supply chain would
consist of companies already operating in the offshore oil and gas sector. This is a very robust sector,
which will be able to meet the demands of the ocean renewable energy sector. The synergy of the
long-established offshore oil and gas sector and the new ocean renewable energy sources could represent
a crucial factor for the success of the new industry. Updated technologies must be incorporated,
especially digital ones associated with artificial intelligence, control, and robotics to provide competitive
services for inspection and maintenance, reducing the operational costs. New materials, such as the
composites associated with innovative floating structures and installation methods, can also contribute
to the competitiveness of the new sector in terms of the electricity cost. In Brazil, the large number of
hydropower plants and the complex grid system also present opportunities for the implementation of
ocean renewable energy sources. Hydropower plants could be designed as storage components of the
whole electrical system, combining a better water supply with clean and efficient power generation
throughout the country. The substitution of oil and gas-based power plants for ocean renewables would
modify the national energy matrix substantially, reinforcing sustainably oriented electricity generation.

6. Conclusions

This paper, as a preliminary approach, has presented an assessment of ocean renewable energy
resources, including wave, ocean current and thermal gradient energy, along the Brazilian coastline.
The results show considerable ocean currents, thermal gradients, and wave energy in the regions
D, C and A, respectively. A maximum annual average velocity of 1.52 m/s, which represents a
power density of approximately 500 W/m2, was observed for the ocean current energy in the region
D near the equatorial margin of Brazil. However, the distance of the resource to the coastline,
between 120 and 300 km, is an obstacle to its commercialization. The total theoretical potential of wave
energy is estimated to be 91.8 GW along the coastline. The most energetic waves occur in the region
A, following by the regions C, B, and D, with average power values of 21.1, 13.8, 12.4, and 7.4 kW/m,
respectively. In the region C, the wave resource has the least temporal variability compared with
the other regions; nevertheless, the differences are small, and they decrease with an increasing water
depth. The results revealed an annual average ocean thermal gradient, between the water depths
of 20 and 1000 m, of more than 20 ◦C for latitudes above 27◦S. A mean thermal gradient of 20 ◦C
between the upper layers and water depth between 500 and 700 m can be achieved throughout the
year in the regions D and C. This could facilitate the process of bringing cold water from the deep sea,
compared with the usual water depth of 1000 m.

The paper also presented an overview of the potential technologies and their statuses of
development related to ocean renewable energy sources worldwide. Although available studies
indicate different values for the global resource potential, they converge in presenting the ocean thermal
gradient as being the most energetic resource followed by waves, salinity gradients, and tides. The TRL
and the status of the current projects imply that the global interest tends toward tidal current and
wave devices.

Large-scale installations, learning-curves, and innovation are necessary to make the cost of energy
competitive with solar and onshore wind energy production. About 27% of the current projects are at
the pre-deployment phase and, optimistically, will be deployed in the open sea in the next three years.
Apart from tidal range technology, which is already close to the commercialization stage, research,
development, and demonstration projects have been led by universities and startups, mostly by
taking advantage of public financing. Nevertheless, in the last five years, large industry players and
utilities have started carrying out activities and financing in the sector. This is an important step
towards speeding up technology commercialization due to the new players’ capability to execute
utility-scale projects.
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