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Abstract: This study, firstly, provides an up-to-date global review of the potential, technologies,
prototypes, installed capacities, and projects related to ocean renewable energy including wave,
tidal, and thermal, and salinity gradient sources. Secondly, as a case study, we present a preliminary
assessment of the wave, ocean current, and thermal gradient sources along the Brazilian coastline.
The global status of the technological maturity of the projects, their different stages of development,
and the current global installed capacity for different sources indicate the most promising technologies
considering the trend of global interest. In Brazil, despite the extensive coastline and the fact that
almost 82% of the Brazilian electricity matrix is renewable, ocean renewable energy resources are
still unexplored. The results, using oceanographic fields produced by numerical models, show the
significant potential of ocean thermal and wave energy sources in the northern and southern regions
of the Brazilian coast, which could contribute as complementary supply sources in the national
electricity matrix.

Keywords: ocean renewable energy; ocean renewable technologies; ocean source potential;
Brazilian ocean energy

1. Introduction

Only 14% of the world’s primary energy matrix originates from renewable resources (based on
the 2016 database), and this value is about 25% for the electrical energy sector [1]. The immediate
needs to limit climate change and achieve sustainable growth are two key drivers of global energy
transformation. Consequently, it is estimated that the share of renewable energy sources in the electrical
energy sector will increase from 25% in 2017 to 85% in 2050 [1], in which ocean renewable energy
sources including wave, tidal, thermal, and the salinity gradient will be responsible for the 4% of the
total electricity generation. However, new approaches to power system planning, system and market
operations, and regulations and public policy will be required to obtain that goal. As the contribution
of low-carbon electricity becomes significant and it becomes the preferred energy carrier, the share
of electricity consumed in the end-use sectors will need to increase from approximately 20% in 2015
to 40% in 2050 [1]. Electricity generation using coal, oil, gas, hydroelectric, nuclear, and bioenergy is
predicted to decline from 2015 to 2050. On the other hand, a rapid evolution associated with the use
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of renewables like wind, geothermal, solar, ocean renewable energy, and concentrated solar power
(CSP) will likely be observed. International Renewable Energy Agency (IRENA) showed that the
sources of renewable electricity in 2050 will be dominated by solar and wind power plants, highlighting
significant growth associated with the geothermal, CSP, and ocean renewables.

Although Brazil is currently one of the world’s cleanest energy suppliers, there are some concerns
associated with the country’s energy sustainability. Anincreasing demand for energy, mainly fossil fuels,
expanding oil production, a bioenergy sector struggling with expansion, fast growth of energy-related
greenhouse gas emissions, and energy efficiency performance deterioration are the current trends that
put the future of the country’s sustainable energy performance at risk [2].

Brazil is the world’s eighth-largest economy with a population of close to 210 million and a land
area expansion the size of about two times the European Union [2,3]. With a domestic energy supply
of about 292.1 million tons of oil equivalent (Mtoe) in 2017, it is one of the largest energy producers in
the world [4]. The Energy Research Office (EPE) of Brazil estimated a domestic electricity supply of
624.3 TWh in 2017, and this was mainly produced by the hydropower plants.

The Brazilian electrical and energy matrices are predominately based on renewable energy sources,
which means that, in addition to having lower operating costs, a much lower greenhouse gas effect
is emitted in association with energy production and consumption. For instance, in 2017, the total
anthropogenic emissions of the Brazilian energy mix was estimated at approximately 435.8 million
tons of equivalent carbon dioxide (Mt CO;-eq), of which the transport sector emitted the largest part
(199.7 Mt CO;-eq) [4]. Based on the data presented by the International Energy Agency (IEA) [5],
each Brazilian issued an average of 2.1 t CO,-eq, considering the production and consumption of
energy in 2017. This is three times less than that of a European or Chinese citizen and about seven
times less than an American citizen.

By meeting almost 45% of its primary energy demand from renewable resources, Brazil has the
least carbon-intensive energy sector in the world [6]. Figure 1a shows the domestic energy supply
breakdown for Brazil for 2017. Petroleum and oil products, with a share of 36.4%, had the largest
contribution to energy supply, followed by sugarcane biomass (17%). Natural gas (13%) and hydraulic
energy were other players in the energy matrix of Brazil. Black liquor contributed 50.6% of the
“other renewables” sector, followed by wind (21.3%), biodiesel (19.7%), other biomasses including rice
husk, elephant grass, and vegetable oil (6.5%), charcoal industrial gas (0.4%), biogas (1.1%), and solar
energy (0.4%). The Brazilian electrical matrix, as shown in Figure 1b, was dominated by hydropower
resources with a contribution of approximately 65.2%. The main Brazilian hydroelectric reservoirs are
located in the Parana River basin, South region, featuring the Itaipu plant, which is the second-largest
hydroelectric power plant in the world with a capacity of 14 GW [7]. The hydroelectric power plants in
Brazil are mostly concentrated in the Midwest, South, and Southeast regions. Several studies have
discussed the benefits and challenges of the hydroelectric plants in Brazil [7-10]. Nevertheless, the
remoteness and environmental sensitivity of a large part of the remaining resources are two hurdles
that constrain the continued expansion of hydroelectric plants in Brazil [6].

Brazil already has a significant contribution of renewable energy in its energy and electricity
matrix; however, there is an inestimable untapped potential for energy supply from the oceans.
Although nearly 80% of the Brazilian population lives near the coast, there has been no in-depth survey
on the utility of ocean energy and its conversion into electricity. There have only been a handful of
studies associated with the ocean renewable energy potential along the Brazilian coastline, and these
have mainly focused on the wave and ocean current energy in some specific regions. Some examples
of the studies related to the wave and current energy include those in [11-16], which focused on
the South and Southeast regions of the Brazilian coast. Moreover, ocean thermal energy conversion
(OTEC) resource evaluation of the Southern Brazilian continental shelf is presented in [17]. The EPE,
through the National Energy Plan [18,19], established some general roadmaps related to the long-term
plan of the Brazilian energy sector. Accordingly, the ocean energy resources, among other alternative
energy sources, were suggested as a way to expand the Brazilian energy matrix in the coming decades.
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This was also emphasized by the National Agency of Electric Energy through a roadmap project
performed by the Center of Management and Strategic Studies of Brazil in 2017 [20].
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Figure 1. (a) Domestic Brazilian energy supply and (b) electrical matrix breakdown in 2017.

2. Targets, Materials, and Methods

In Brazil, mapping of the ocean renewable energy resources through a detailed survey of all
resources is required to identify potential areas for exploration and, consequently, encourage the
development of technologies through the implementation of socio-economically feasible and acceptable
projects. Using this perspective, this article firstly presents an overview of the global potential of ocean
renewable energy resources and the associated technologies for harnessing such energy. Then, in the
second part, the global status of technology maturity is presented through a wide survey of projects,
which are at different stages of development. This shows the current global installed capacity for
different energy sources, as well as pointing out the more promising technologies through the global
interest trend. The third part presents an assessment of the ocean renewable energy resources including
ocean currents, waves, and thermal gradients along the Brazilian coastline. This is a preliminary effort
aimed at indicating the potential energetic regions. Further detailed works are required to investigate
these locations. The methodology applied in this study consists of the use of oceanographic fields
produced by hydrodynamic models to estimate the potential of the energy resources. Modeling is
performed for a data resolution (one regular horizontal grid) of 1/12° (~9 km). The study reveals the
theoretical potential (available energy at sea and not what can be captured) of the resources as well
as their seasonal and temporal variability. Finally, the main Brazilian projects are presented, and the
challenges are discussed.

2.1. Study Area

The Brazilian coastline is more than 7400 km in length and is situated between 04°52'45"’N
(Oiapoque River) and 33°45’10”S (Chui River). The marine areas under Brazilian jurisdiction include
the Territorial Sea, with a limit of 12 nautical miles; the Exclusive Economic Zone (EEZ), with 12 to
200 nautical miles; and the Continental Shelf, which comprises the seabed that extends beyond the
Territorial Sea, along the natural extension of the land territory off the continental shelf.

The extent of the Brazilian continental shelf varies along the coast, with a few kilometers (~8 km)
near Bahia and up to 300 km on the coast of the State of Pard, with a range between 60 and 180 m [21,22].
The Brazilian coastline is characterized by intraseasonal fluctuations in the upper ocean circulation
due to several dynamic processes, such as the local forcing dynamics, the remote forcing of winds via
waveguide dynamics, the average flow instability, and the resonance as a function of the coastline
geometry [23,24]. The ocean circulation is dominated by the Subtropical Turn (Equatorial South
Current, SEC) and the Antarctic Circumpolar Current [25]. The SEC is responsible for transporting
the water from the Benguela Current to the Brazilian platform (about 10°S and 20°S), where it passes
through a fork in the North Brazil Current (NBC) and the Brazil Chain (BC) to the south. Due to this
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circulation, the western margin of the tropical South Atlantic is a particularly interesting region for the
observation of thermohaline circulation [21-24,26].

As illustrated in Figure 2, the study area included the Brazilian coastline inside the EEZ,
which is divided into four regions A, B, C and, D, according to both hydrodynamic and atmospheric
characteristics. Table 1 shows the regions and the corresponding latitudes.
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Figure 2. Brazilian coastline and the main marine areas delimited.

Table 1. Regions of the Brazilian coast considered in this study.

Regions Latitude
A 34°5-25°S
B 25°5-15°S
C 15°5-05°S
D 05°5-05°N
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2.2. Model Description

2.2.1. Ocean Current and Thermal Gradient Energy

The datasets for ocean current velocities and temperature were obtained (surface down to 5500 m)
from the numerical model product available for the CMEMS (Copernicus Marine Environment
Monitoring Service) center. The applied product is a high-resolution global analysis and forecasting
system that uses the NEMO (3.1) ocean model [27]. It consists of part of the Operational Mercator
global ocean analysis and forecast daily system, which was initiated on December 27, 2006. The dataset
has one regular horizontal grid with a 1/12° (~9 km) resolution based on the tripolar ORCA grid [28],
50 vertical levels with 22 layers within the upper 100 m from the surface, bathymetry from ETOPO1 [29],
and atmospheric forcings from the ECMWF (European Centre for Medium-Range Weather Forecasts).
Additionally, it uses a data assimilation scheme, in which the initial conditions for numerical ocean
forecasting are estimated by joint assimilation of the altimeter data, in situ temperature, salinity vertical
profiles, and satellite sea surface temperature.

- Ocean current energy

Near-surface (~5 to 50 m) u and v components of velocity from January 1, 2007 to December
31, 2017 were used as a subset of the area corresponding to the Brazilian coastline (25°W-55°W and
6°N-34°S).

The ocean current power can be calculated as the amount of marine-hydrokinetic energy that
flows through a unit cross-sectional area oriented perpendicular to the current direction per unit
time [30] expressed as follows:

fl 3
P =5pS, 1

where P is the current power density in (W/m?), p is the density of seawater (defined as 1025 kg/m?),
and S is the flow speed (in m/s). In practice, only a fraction of this energy can be harnessed.
The underwater turbine efficiency has a typical range from 35% to 50% [31]. Additionally, a mean peak
current of more than 2 m/s is necessary for commercial power generation [32].

- Thermal gradient energy

Gridded daily seawater temperature (°C) model output with 50 vertical layers and ~9 km in
horizontal resolution was used to analyze the temperature difference (AT (°C)) between the surface
warm water and the deeper cold water. It was assumed that the superficial water intake pipe was
located at about 20 m and the deepest point in the vertical depth stratification was approximately
1000 m. At specific locations (each grid cell), we calculated the gross power (Pgross) following the
methodology described by [33,34]. The OTEC gross power can be expressed as the product of the
evaporator heat load and the conversion efficiency of the gross OTEC [34]:

chpCp?)Eth 0

Pgross = —16(1 +7/)T AT?, (2)
- o ®

where 7 is the flow rate ratio calculated for a 10 MW OTEC plant in which Qqyy = 45 m3/s and
Qecw = 30 m? /s are the warm surface water and the cold deep water flow rates, respectively [35]. AT is
the difference in temperature between the surface layers and deeper layers, and T is the absolute
temperature at the surface (in Kelvin) (20 m). p and ¢t represent the water density, which was equal
to 1025 kg/m?, and the turbo-generator efficiency fixed at 0.75, respectively. ¢, is the specific heat of
seawater and has a value of 4000 J.kg LK1
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A considerable amount of the Py is consumed to pump the large seawater flow rates through the
OTEC plant. The net power Pyt should be calculated, which is usually about 30% of the P [36,37].
The Pyt can be expressed by the following equation considering AT i, = 20 °C and the other losses
presented in [34]:

2 2 Y27 2
AT = 0.18AT esign — 0.12 5 AT fesign (- 4)

P Qewpcpérg [ 3y
net — 2(

8T 1+y)

2.2.2. Wave Energy

The wave dataset was obtained using the operational global ocean analysis and forecast system of
Météo-France that is available for the CMEMS (Copernicus Marine Environment Monitoring Service)
center. The model had a horizontal resolution of 1/12° (~9 km) and 3-hourly instantaneous fields of
integrated wave parameters. The global wave system of Météo-France is based on the third-generation
wave model MFWAM. It uses the computing code ECWAM-IFS-38R2 with a dissipation term [38].
The 2-min gridded global topography data ETOPO2/NOAA were used to generate the model’s mean
bathymetry. The dataset uses three years of data to estimate the wave climatology along the Brazilian
coastline (between 2015 and 2018). The power density P was calculated using the significant wave
height H; and the wave energy period T, as follows:

2
p— %HSZE )
where p and g represent the seawater density (1025 kg.m™®) and gravity acceleration (9.806 m.s™2),
respectively; Hs is the significant height (m); and T, is the energy wave period (s). This simplified
expression uses deep-water approximation [39], which fits well most of the modeled domains;
however, more sophisticated techniques as well as in situ measurements are required to precisely
determine the shallow water wave climate.

2.3. Metrics

The variability of the available ocean renewable energy in time is an important issue due to its
impact on the capacity factor, which, consequently, affects the economy of the ocean energy system.
Two different metrics were used to address the seasonal and temporal variability of the Brazilian
coastline. The seasonal variability (5V) index [40] can be expressed as follows:

o PS,mux - Ps,min

SV = Py , (6)
where P; i, and Pg ., are the mean wave power of the least and the most energetic seasons,
respectively, and the Py, is the annual mean power. Greater values of SV imply a larger seasonal
variability; however, it should be noted that this is the variability of the energy resources relative to
their mean level on a three-month seasonal time scale [40]. The temporal variability of the energy at a
site or region can be evaluated by the coefficient of variation (COV) [40], which is expressed as

sD(P(1) [(P‘T’)Z]Oﬁ

— @)

cov(p) = mean (P(t)) 2

where SD is the standard deviation, and the over-bar denotes the time-averaging. A COV equal to zero
leads to a fictitious power time series with absolutely no variability, while COV (P) = 1 and 2 imply
that the standard deviation of the time series is equal to and twice the mean value, respectively.



Energies 2019, 12, 3658 7 of 37

3. Literature on the Issue and State-of-the-Art Technology Related to Ocean Renewable Energy

3.1. Resource Potential

Ocean renewable energy, also referred to as marine renewable energy, is defined as energy
captured by technologies that utilize the seawater’s motion or potential properties as the driving
power or harness its heat or chemical potential. The ocean surface waves, tidal range, tidal current,
ocean current, and thermal and salinity gradient are renewable sources of ocean energy that have
different origins. Technologies associated with ocean energy convert these renewable energy sources
into electricity or other desirable forms of energy.

Other renewable sources of energy can be exploited from the ocean environment that is excluded
from the above definition. The production of biofuels from marine biomass, energy harnessing from
submarine vents, and offshore wind are some examples that can be considered as forms of bioenergy,
geothermal, and wind energy, respectively.

The highest level of potential is theoretical potential, which only takes into account the natural
and climatic characteristic limitations. Reducing this potential due to the consideration of the technical
limitations, such as the conversion efficiency and storage of electricity, results in technical potential,
which varies with the development of technologies.

3.1.1. Wave Power

Temporal variations of the wave condition can be estimated by the use of long-term averages in
modeling, applying global databases with reasonably long histories [41]. It can be observed that the
most energetic waves exist in the region between latitudes of 30° and 60° of both hemispheres because
of the extra-tropical storms [41].

Mork et al. [42] calculated the theoretical potential of wave energy resources for areas with a
wave power larger than 5 kW per meter and a lower latitude than 66.5°. Accordingly, they presented
a total theoretical potential of about 3.37 TW (29,500 TWh/yr or 106.2 E]J/yr). An overall technical
potential of 500 GW (around 16 E]J/yr) was estimated by Sims et al. [43], assuming an efficiency of
40% for wave energy converters installed in offshore regions with a wave power exceeding 30 kW/m.
Krewitt et al. [44] presented a technical potential of 20 EJ/yr. Gunn and Stock-Williams estimated
a global theoretical potential of about 2.11 TW, of which 4.6% was predicted to be extractable by
deploying a specific wave energy converter (WEC) [45]. They considered the area between 30 nautical
miles and the Exclusive Economic Zone (EEZ) for each region. Besides these global studies, some works
have assessed the wave energy resource potential at national and regional levels in China [46,47],
Italy [48], Spain [49], Ireland [50], and the USA [51].

3.1.2. Tidal Power

Tidal ranges can be forecasted accurately. The world’s largest tidal ranges occur in the Bay of
Fundy, Canada (17 m), the Severn River Estuary, the United Kingdom (15 m), and the Bay of Monte
Saint Michel, France (13.5 m) [52]. In addition, Argentina, Australia, China, India, Russia, and South
Korea also have large amounts of tidal power.

The global theoretical potential of tidal energy (tidal ranges and currents) is estimated to be in the
range of 500-1000 TWh/yr (1.8-3.6 EJ/yr) [52]. Sims et al. [43] estimated that tidal currents of more
than 100 TWh/yr (0.4 E]/yr) could be converted into electrical energy if major estuaries with large tidal
fluctuations could be tapped [43].

The Ocean Energy System (OES) reported the worldwide theoretical potential of tidal energy,
including tidal current, to be around 7800 TWh/yr (28.1 EJ/yr) [53]. Some studies of the regional
tidal energy resource potential can be found in Scotland [54], Uruguay [55], Ireland [56], Taiwan [57],
and Iran [58].
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3.1.3. Ocean Current Power

The ocean current is the movement of seawater in the open sea generated by forces acting
upon the water, including wind, the Coriolis effect, temperature and salinity differences, and so on.
Compared with tidal currents, ocean currents are generally slower, relatively constant, flow in only one
direction, and fluctuate seasonally. The currents off South Africa (Agulhas/Mozambique), the Kuroshio
Current (off East Asia), the Gulf Stream (off eastern North America), and the East Australian Current are
locations with potential ocean currents already identified [59]. Yang et al. [60] estimated a theoretical
potential of about 163 TWh/yr for the Gulf Stream system, considering the entire area of the Gulf Stream
within 200 miles of the US coastline between Florida and North Carolina as the extraction region.
Besides that, they calculated a technical potential of about 49 TWh/yr, assuming a power conversion
efficiency of 30%. Chang et al. [61] identified suitable sites for ocean current energy extraction near the
coastlines of Japan, Vietnam, Taiwan, and the Philippines. Goundar and Ahmed [62] evaluated marine
current resources for Fiji, presenting a peak velocity of about 2.5 m/s.

3.1.4. Ocean Thermal Energy

The resulting temperature difference between the upper layers and the colder layers of
seawater—usually at a depth of more than 1000 m—can be converted through different oceanic
thermal energy conversion (OTEC) methods [63]. In practice, a minimum temperature difference
of 20 °C (or K) is required for the use of the temperature gradient in the generation of electricity.
The tropical latitudes (0° to 30°) in both hemispheres, including the western and eastern coasts of the
Americas, many islands of the Caribbean and Pacific, and the coasts of Africa and India, are the places
with the greatest potential [59]. Although there is a little variation in the temperature gradient from
summer to winter, the thermal gradient feature is continuously available. It is estimated that about
44,000 TWh/yr (159 E]/yr) to 88,000 TWh/yr (318 E]J/yr) of power could be generated through OTEC
devices [34,64]. Rajagopalan and Nihous [65] estimated that an annual OTEC net power of about 7 TW
could be obtained, considering the small effect on the oceanic temperature field. Thus, ocean thermal
energy has the highest potential among ocean renewable energy sources. However, the energy density
of OTEC systems is quite low compared with that of other sources, such as waves and tidal currents.
This issue may affect the low-cost OTEC operation [63], requiring further investigation.

3.1.5. Salinity Gradient Power

The salinity gradient power (osmotic power) is the potential energy from the difference in the
salt concentrations of seawater and freshwater. Energy is released due to the mixing of fresh water
with seawater. The entropy of the freshwater-seawater mixture can be exploited as pressure by
using the semipermeable membrane. This pressure can be converted into the desired energy form.
The freshwater rivers discharging into saltwater are distributed globally, with a volume of about
44,500 km3/yr. Assuming that only 20% of this discharge can be used for salinity gradient energy
generation, the overall potential is approximately 2000 TWh/yr (7.2 EJ/yr) [44]. Skramesto et al. [66]
estimated a technical potential of 1650 TWh/yr (5.9 EJ/yr) for the production of salinity gradient energy.
Recently, in [67] it was shown that, practically, 625 TWh/yr of salinity gradient energy is globally
extractable from river mouths. Some examples of the regional assessment of the salinity gradient
potential can be found in Colombia [68], remote regions of Quebec [69], and the hypersaline Urmia
Lake of Iran [70]. The potential for salinity gradient energy extraction from some major world rivers is
presented in [71].

Figure 3 shows a summary of the potential of ocean renewable energy resources based on the
references presented in this paper. The bars illustrate the range of estimated resource potential.
Note that the technical potential of ocean current is shown as presented in [60] for the Gulf Stream.
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Figure 3. Summary of the global ocean renewable energy resources.

3.2. Conversion Technologies

3.2.1. Wave Energy Conversion

Currently, there are a large number of concepts and patents on the use of wave energy. Asillustrated
in Figure 4, the process of the wave energy conversion can be divided into three main stages: the primary
conversion stage, the secondary conversion stage, and the tertiary conversion stage [72]. In the
primary conversion stage, the wave converter captures the kinetic energy of the waves through wave
body interactions (e.g., buoy oscillation, air flow, or water flow). The secondary conversion stage
converts the body motion energy into electricity through the power take-off (PTO) system, and the
tertiary stage adapts the characteristics of the produced power to the grid requirements with power
electronic interfaces.

Primary conversion stage Secondary conversion stage Tertiary conversion stage
Power
Waye > Boc_iy > Generator > Electricity > electronic > Grid
motion motion .
A interface

Figure 4. Main stages of wave energy conversion.

Based on the working principles of the WEC, from the primary conversion stage to the secondary
conversion stage, the general categories are classified as shown in Figure 5 [72-75]:

e  The oscillating water column (OWC), which compresses or decompresses the air in a chamber
using the wave elevation to drive a Wells or impulse turbine to convert wave power. Depending on
the location of installation, OWC devices can be fixed onshore [76-78], as shown in Figure 6a,
or floating, as shown in Figure 6b [79-81].

e  Wave activated bodies (WABs), which utilize the wave excitation motions between two bodies to
convert wave power into electric power. According to their dimension and orientation, WABs can
also be classified as terminators [82] (Figure 6c), positioned with large horizontal extensions
perpendicular to the wave propagation direction); attenuators [83,84] (Figure 6d), which have
a large horizontal extension parallel to the wave propagation direction; point absorbers [85,86]
(Figure 6e), which have small dimensions compared to the predominant wavelength and are
usually axisymmetric about their vertical axis; and submerged pressure differentials [87] (Figure 6f),
which are submerged buoys with large dimensions.
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The overtopping device, which utilizes the overtopping phenomenon to the let the water fall
through the turbine to converter the potential energy into electric power [88-90], as shown in
Figure 6g.

Others, describing concepts different from the above categories, e.g., the wave carpet [91] and the

rotating mass [92,93], which uses the motion of a hull to accelerate and maintain the revolutions of
a spinning mass inside.

Oscillating water column (OWC)

Terminator
Attenuator

Wave activated body (WAB) Point absorber (PA)

Submerged pressure differential

Rotating mass

= { Overtopping decive

+ Others ‘

Figure 5. Categories of wave energy converter (WEC) technology.

(@ __turbine (b) (©) (d
air WL
water l i j
PTO
Sea bottom
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== < \\
/ el
] (— /  — ]
PTO turbifle
Sea bottom [PTO

Figure 6. WEC technologies.

There are different types of PTO systems adopted for different WEC devices, e.g., pneumatic [94,95],
hydraulic [96-99], direct mechanical drive [100-102], and direct electrical drive [103—-105]. Anelaborated
description of these systems can be found in [106-108].

A time-varying wave climate in real sea may deteriorate the power quality gained from a single
device. In practice, some strategies, like short-term energy storage or PTO resistance control, can be
utilized to smooth energy production. However, arrays of wave energy converters are more desirable
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because their cumulative energy generation will be smoother than the energy production of a single
device [59]. Efficient power production is strictly dependent on the advanced control systems.

3.2.2. Tidal Range Energy Conversion

Tidal barrage power plants use the difference in the height of the water surface during ebbs and
floods (tidal range) to drive common hydro turbines. The greater tidal range results in higher energy
extraction by the power plant.

Figure 7 presents the principle of the tidal barrage power plant [109]. The shapes of structures
are similar to dams and the structures are built in the estuary or bays to store water at high tide.
A difference in water height at the internal and external sides of the dam occurs due to changes in the
tidal regime. Three main tidal barrage schemes are

e Flood generation—the power production process starts as the water enters the tidal basin
(flood tide);

e  Ebb generation—power production starts as the water leaves the tidal basin (ebb tide);

e Two-way generation—the tidal power plant produces power during the flood and ebb tides.

The sluice gates on the barrages are utilized to control water levels and flow rates. In general,
ebb generation is generally more efficient than flood generation. This is due to there being more
kinetic energy in the upper half of the basin in which ebb generation operates. This is because of
the effects of gravity and the second filling of the basin from inland rivers and streams connected
to it via the land. The bi-directional tidal turbine generators are generally more expensive and less
efficient than unidirectional tidal generators [110]. Some studies related to the tidal barrages” dynamics,
power performance, and economy can be found in [111-115].

(a) Flood generation

Tidal barrage
WL
S —
Tidal basin
(b) Ebb generation
WL
Tidal barrage
Sea 4 -—
Tidal basin

Figure 7. Tidal barrage principles.

3.2.3. Tidal Current and Ocean Current Energy Conversion

The kinetic energy of both tidal and ocean currents can be extracted with hydrokinetic turbines,
which have similarities with wind turbines but are still submerged. Due to the higher density of water
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compared to that of air, the blades of current turbine devices have smaller dimensions and move slower
than those of wind turbines while still providing a significant amount of energy. The main difference
between tidal and ocean currents is that the tidal currents have bi-directional flows in contrast to the
ocean currents which are unidirectional. This has implications for the design of a tidal current turbine,
which must act in both directions of the water flow [59].

The four major types of current energy conversion devices are as follows, as shown in Figure 8:

e Horizontal axis turbine [116-118]—blades, driven by current energy, rotate around the
horizontal axis;

e  Vertical axis turbine [119-124]—blades, driven by current energy, rotate around the vertical axis;

e  Oscillating hydrofoil [125-128]—currents passing the hydrofoil result in the lift force, which can
drive the motion of the hydraulic system to generate electricity;

e  Venturi effect turbines [129]—harness the kinetic energy of the current by amplifying the current
velocity by the Venturi effect in the strangulated section of a tube [63].

Additionally, ducted channels are utilized to induce a sub-atmospheric pressure within a
constrained area and, consequently, increase the flow velocity around the rotor [130-132]. The tidal
kite is a novel technology, which uses wing carrying and pushes a turbine in an “8” shaped trajectory,
sweeping a large area with a relative speed of more than the local current speed [133-135]. A review of
the tidal current technology is presented in [136].

(a) Horizontal axis turbine (b) Vertical axis turbine
\
/ -— -—-—
// -— -—
Sea bottom
(¢) Oscillating hydrofoil (d) Venturi effect turbine
— ~ — =
= = — | =
—— e —— —

Sea bottom

Figure 8. Primary types of tidal and ocean current energy conversion devices.
3.2.4. Ocean Thermal Energy Conversion (OTEC)

OTEC is a technology that converts the difference in temperature between the sea surface and large
depths (around 1000 m) for use in heating, cooling, or to generate electricity. Closed-cycle technology
requires a minimum temperature difference of 20 °C, which is possible in equatorial marine regions.
Warm water from the upper layers is used to vaporize a secondary working fluid (e.g., ammonia),
thus driving an electric generator. The resultant steam is then condensed by the cold water, which is
brought, using pumps, from the bottom of the ocean and then discarded. Some works that studied the
closed-cycle OTEC can be found in [137-139].

Open cycle technology uses the warm surface ocean water as the working fluid, which is drawn
into a vacuum vessel, causing the working fluid to vaporize. The main benefit of the open cycle process
is that it produces both electricity and desalinated fresh water. An investigation of the performance of
a shore-based low temperature thermal desalination using an open-cycle OTEC is presented in [140].
Recently, a novel optimal open-cycle OTEC plant using multiple condensers was designed in [141].
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The hybrid cycle combines both closed and open cycle technologies. Similar to the open cycle
process, the warm surface water is flash-evaporated into steam. The steam is used to vaporize the
ammonia working fluid of a closed-cycle loop and drives a turbine to produce electricity. Afterwards, the
steam is condensed through a heat exchanger, providing desalinated water [142]. Such a cycle can
realize the generation of both electricity and fresh drinking water simultaneously.

3.2.5. Salinity Gradient Energy Conversion

The salinity gradient takes advantage of the power that can be generated by the mixture of cold
and salty water, for instance, at the mouth of a river that flows into the sea. There are two common
methods for generating energy from the salinity gradient: pressure-retarded osmosis (PRO) [143-146]
and reverse electrodialysis (RED) [147-149].

The PRO method is based on semipermeable membranes that allow only the traveling of water
molecules. In this approach, water flows from the diluted solution (freshwater) to the concentrated
solution (seawater) to provide a chemical potential equilibrium on both sides of the membrane.
This occurs only when the pressure difference between the liquids is less than the difference in osmotic
pressure. This flow of water can be used to power turbines that transform mechanical energy into
electricity. The RED method is based on the transport of ions (salt) through membranes. Two fluids of
different salinities (freshwater and seawater) pass through a series of specific membranes. The difference
in chemical potential between membranes results in an electrical voltage. The brackish water is then
discarded into the sea.

Additionally, some hybrid processes, such as the production of electricity from thermal energy
using a closed-loop RED heat engine, low-energy desalination by integrating RED with desalination
facilities, and the use of microbial RED cells with boosted power performance, have been proposed to
facilitate energy extraction from salinity gradient resources [149,150].

3.3. Global Status of Development

3.3.1. Installed Capacity

Despite decades of development efforts, a large amount of the ocean’s renewable energy sources
are still untapped [151]. In the last 10 years, the use of ocean energy sources has experienced significant
growth globally. Since 2009, many devices have been deployed worldwide to capture the energy from
currents, tidal ranges, thermal and salinity gradients, and waves. This progress is noticeable by the
gradual increase in installed capacity in some continents, as shown in Figure 9 [152], demonstrating an
expansion of marine energy in the world energy matrix. Globally, this growth has more than doubled
from 244 MW in 2009 to 532 MW in 2018. However, more than 90% of this operating capacity is
represented by two tidal barrages in La Rance, France and Sihwa Lake, South Korea.

The contribution of Asia is led by China and South Korea, where extraordinary progress
has been made since 2011, mainly because of the development of tidal barrage facilities. This is
due to government support, through the adoption of economic policies, the reduction of tariffs
and exemption, which includes financial subsidy policies to encourage scientific research and
development, the development of new renewable energy technologies, prototype demonstration,
and development of the renewable energy industry [153]. After France developed the La Rance tidal
barrage, the United Kingdom led the way in terms of installation capacity followed by Spain, Sweden,
the Netherlands, Norway, Portugal, and Italy. In North America, mainly in Canada and the United
States, the development of these energy sources is in advanced stages, with the implementation of
demonstration-scale commercial projects. Africa, Central America and the Caribbean, South America,
and Oceania are in the early stages of deploying ocean resources as energy sources, with incipient
projects and installed capacity.
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Figure 9. Marine energy: capacity installed by continents, according to the International Renewable
Energy Agency (IRENA) (2019) [152].

3.3.2. Technology Status

The technology readiness level (TRL) presented by NASA has been adapted for ocean renewable
energy technologies and presented by [154]. The TRL system quantifies the development of ocean
energy devices from an initial stage of research and development (R&D) to industrial roll-out,
which involves the mass production of off-the-shelf components and devices. Accordingly, the ocean
renewable energy technologies are still at the conceptual, R&D, or demonstrative prototype stages.
Nevertheless, in the case of waves and tidal currents, global commercial application is expected in
the near to medium future. Based on reports, the extraction of energy from tidal ranges is still at the
precommercial stage and the use of energy from tidal currents and waves is at the demonstration and
prototype stages, respectively.

3.3.3. Deployed Devices

Large-scale (half- or full-scale) testing at sea is necessary for the pre-commercial stage of
development. However, only a few devices have been constructed and tested at full scale.
Oscillating water column devices have been employed as fixed onshore and floating offshore
structures. Some examples of the fixed OWC prototypes have been deployed in Japan [155], Italy [156],
Portugal [157], and Norway [158].

The Pelamis Wave power is the most mature wave-activated body device. It was installed for the
first time in 2004 at the European Marine Energy Centre (EMEC) wave test site at Billia Croo. Later, its
second generation, which comprised five connected sections, giving a total length of 180 m and a rated
power of 750 kW, was installed at the same test site in 2010. AquaBuoy [159], Interproject Service (IPS)
buoy [160], and Wave Bob [161] are examples of the wave-activated body devices that produce energy
from the relative motion of two connected oscillating bodies.
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Overtopping devices can be floating or fixed structures. The Wave Dragon [162] and the
Seawave Slot-Cone Generator [163] are prototypes that represent overtopping with floating and fixed
structures, respectively.

In contrast to the other sources, tidal energy can provide predictable and stable power to the
electrical network. However, the tidal-current-generated electricity price is not yet competitive with
the current wholesale prices of electricity due to the technical challenges associated with building,
installing, operating, and maintaining the plant which affect the cost of the produced energy in energetic
sub-sea environments [164].

Some important deployments of the horizontal axis tidal turbines are as follows: The Shetland
tidal array was the first deployed tidal array. It includes three turbines of 100 kW each. Meygen, which
is the largest operational tidal current array with four turbines of 1.5 MW, was developed by ANDRITZ
HYDRO Hammerfest and Atlantis Resource Limited. The Sabella D10 tidal turbine has a capacity
of 1 MW. The Cape Sharp Tidal project consists of two turbines of 2 MW and was developed by
OpenHydro/Naval Energies.

The two largest tidal barrages are the 240 MW Rance barrage (1966) in France [165] and the
254 MW Sihwa Lake tidal barrage (2011) in South Korea [166,167]. Other countries, such as China,
Russia, and the UK [168], are also focusing on tidal barrage technology. In particular, the former two
countries have operated tidal barrage power plants in a mean range of 2.4 m with modern low-head
turbines [169], which proves that relatively low tides (lower than 5 m, which is considered necessary
for tidal barrages [170]) can also be utilized economically.

The extraction of energy from the ocean’s thermal gradient is being pursued by some
countries including the United States, China, Japan, France, Taiwan, South Korea, India, and the
Netherlands. However, two main projects that achieved the prototype phase are the onshore Okinawa
100 kW [171,172] and Hawaii 105 kW OTEC [173] power plants. The former prototype is a hybrid
OTEC, developed by Saga University, which uses mixed water/ammonia as “working fluid”. It was
installed in 2013 in Okinawa, Japan. The latter is a closed-cycle OTEC that was developed by Makai
Ocean Engineering. It was installed and connected to the US electrical grid in 2015.

Salinity gradient power is still a concept under development [149,150]. The first PRO (pressure
retarded osmosis) power plant was developed by Statkraft in 2006. The main project is a 5 kW RED
pilot project that was developed by the REDStack and Fujifilm in 2005. They deployed a 50 kW RED
pilot project in “Afsluitdijk” (the sea defense site and major causeway) in 2013.

3.3.4. Status of the Projects

- Project development phases

In general, numerous projects have been implemented in all continents, and some regions present
a relatively high TRL compared with others. To address the current status of ocean renewable energy
technologies, we integrated the data of 455 projects from five different databases as follows: OES 2019
(Ocean Energy System), EMODnet 2017 (The European Marine Observation and Data Network),
UKMED 2019 (UK Marine Energy Database), and OpenEI 2019 (Open Energy Information) provided
by the US Department of Energy’s Marine and Hydrokinetic Technology Database and PNNL 2019
(Pacific Northwest National Laboratory) [174-178]. Note that, in some cases, mainly related to the
wave and current energy, each project may include more than one device unit, forming a farm;
however, the numbers that are shown in this section represent the quantity of projects and not the
number of the employed technology units. Since each database classifies projects based on its defined
categories, unification of the stages of the project development is required. In this work, to unify the
classifications of the databases, four different categories were defined based on the “guidelines for
project development in the marine energy industry” presented by the EMEC [179]. Accordingly, each
marine energy project was divided into seven stages, labelled 0, 1, 2, 3, 4, 5, and 6, associated with
the project development strategy, site screening, project feasibility, project design and development,
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project fabrication and installation, operation and maintenance, and decommissioning, respectively.
Table 2 shows a summary of the project stages.

Table 2. Stages of ocean renewable energy project development.

Project Stage Description

The technology is in the early stage of development. The basic principles are observed, and
Early concept analytical formulations, numerical simulations, and laboratory-scale experimental tests are
performed at this stage. (Stages 0, 1, and 2 based on [179]).

The technology is being used in medium- or large-scale experimental tests in a realistic
In planning working environment or in an open sea. The represents preparation for authorized consent.
(Stage 3 based on [179]).

Consent is authorized by the consent authority and the company or technology developers
Pre-deployment perform activities such as site preparation, fabrication, and installation. (Stage 4
based on [179]).

The device is fully operational. In this paper, the operational system can even be connected
Operational to a local electrical grid or can provide energy for an isolated center of consumption, such
as a marine lighthouse.

Decommissioned Devices that have been removed from the water after being operational for a certain period.

Projects that had site permission or authorized consent or were in the permitting process

D
ormant but were later abandoned.

- Geographical distribution of the projects

Figure 10a,b shows the geographical distribution of the projects over approximately 40 countries.
It can be seen that, in terms of quantity, Europe has the largest contribution (about 60.66%), followed by
North America, Asia, Oceania, Africa, Central America and the Caribbean, and South America with
17.10%, 13.35%, 5.62%, 1.64%, 0.94%, and 0.7%, respectively. As Figure 10b illustrates, the largest
number of projects belong to the wave and current energy sector, and these are mostly located in
Europe. Note that in this sector, the current energy projects include technologies that are utilized to
harness current energy, independent of its type, including ocean and tidal currents.

It is observed that although the ocean thermal gradient has the largest potential among the energy
resources, there is a very low interest in harnessing such energy. This may be due to the technical
complexities and high capital cost that decelerate the development process of OTEC technology [180].
Nevertheless, it can be inferred that wave and current energy are considered to be more promising
energy resources than others.

Figure 11 illustrates a summary of the global status of ocean renewable energy projects.
Approximately half of the projects are in the “planning” and “pre-deployment” stages, and these
projects are dominated by the current and wave energy and mostly located in Europe. This means
that there will be a significant evolution in ORE deployment in the next 5 years. Europe, Asia,
North America, and Africa are the regions with operational projects. Asia may lead the future in
OTEC technology having a larger number of “planning” and “pre-deployment” projects compared
with other regions. These projects are mostly located on the eastern coast of Asia. Tidal range energy
has been harnessed commercially since 1966 (Rance River north-western France); however, to date,
only a handful of operational projects have been deployed. On the other hand, wave and current
energy projects, which are operational or at an earlier stage of development, represent about 65% of
all projects. This implies that tidal range technology has not drawn as much serious developmental
interest as wave and current technologies. This may be due to the high cost and ecological impacts of
such technology [181].
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Figure 10. Distribution of the ocean renewable energy projects by (a) continent and (b) source for

each continent.

- Technology distribution

The databases were used to determine the technological distribution of the projects. As Figure 12
illustrates, and as was expected, the most employed technologies are current and wave energy
technologies. Current energy technologies are closest to technological maturity showing a significant
convergence with the use of horizontal axis turbines. Most projects use horizontal axis turbine
technology, followed by vertical axis turbines, tidal kites, and oscillatory hydrofoils. On the other hand,
more technology diversity can be observed for wave energy converters, partly due to the diversity
of wave resources and the complexity of harnessing wave energy. The wave energy technologies are
dominated by point absorber devices followed by OWC, oscillating wave surge converters, attenuators,
rotating masses, overtopping devices, and submerged pressure differential devices (see Section 3).
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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].

Decommissioned Dormant
20.84% 6.32%

Pre-deployment
26.70%

Early concept
Operational 14.05%
8.43%
In planning
23.65%

Figure 11. Global status of the ocean renewable energy projects.
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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/ m?).
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/m?), 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/m? 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.
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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/m?), 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/m?) + 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
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Figure 14. Annual and seasonal (summer, autumn, winter, and spring) mean power density (W/m?) 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.
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Figure 15. Annual and seasonal (summer, autumn, winter and spring) mean wave power density
(k W/m?) 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.

. Bathymetry 25 50 100 150 200
Region
sV cov SV COv SV Cov SV COV SV  COV
A 0467 0533 0431 0334 048 0303 0502 0285 0509 0258
B 0637 0515 0619 0350 0595 0294 059 0283 0615 0287
C 0.845 0375 0865 0302 085 0305 0852 0274 0781 0250
D 0748  0.685 0929 0464 0929 0432 0744 0301 0833 029

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 74
Total power (GW) 26.4 24.2 20.1 21.0

4.1.3. Ocean Thermal Energy

Figure 16a shows the annual average AT (°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 AT
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 AT
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 powetr, 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 Pret.
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Figure 16. (a) Annual mean AT (°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 AT (°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 AT of 20 °C. It can be
observed that, for the regions A and B, the water depth in which the mean AT = 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 AT 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.
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20°8 15°8 10°8 5°8 00 i ° & 20°8 15°8 10°8 58 0°
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Figure 17. Seasonal (summer, autumn, winter, and spring) mean AT (°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 AT of 20 °C.

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

Regions Points Lat/Lon Bathymetry (~m) AT (°C) Annual Average Annual Average

Pyross (MW) Pyet (MW)
oY ;,’68%636:‘/5\, 139 2017 14.32 10.12
A P2 42;;883333‘/5\, 1409 2037 14.58 10.39
P3 3553()30303‘,5\, 1000 20.98 15.42 11.23
P4 412;&)4:;13(?520‘/5\/ 139 21.16 15.67 11.49
B P5 ;;J;;)(?(?‘/S\I 1422 2243 1753 13.36
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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 (UFR]), focusing on wave and tidal energy.
Some other universities have also started working in this field, such as the Federal University of
Maranhao (UFMA), the Federal University of Santa Catarina (UFSC), the Federal University of Para
(UFPA), and the Federal University of Itajuba (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 UFR],
which has reached the prototype stage. A full-scale single device of the technology was installed in
2011 in Pecém port of Ceara 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 UFR], 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 Sao Luis of Maranhao 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].

Hyperbaric
chamber 3 . .
\ \‘l/‘ Electric |
P generator __/))
( \ \/ \'/
- ,/("\ /
i (o)
; - ~~\‘ {45‘_/
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Support )\ )y turbme
= N A

platform ’/ 5o R

A~T7N/] \l/ \l_I \/NDT— i et
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Sea wave e . Hydraulic

- . um irculati
Floating body pump Water recirculation

Figure 18. A schematic of the COPPE/UFR] (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 UFR]. 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.

Generator

System \ / fopside
/// Columns

Bearings

Buoy

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 T, = 9.6 s and a significant height of H; = 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.

Speed Flywheel
Multiplier

Backstop
Generator

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/UFR]. 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 Maranhao, Pard, and Amapa. For instance, a tidal energy potential of 22 TWh/year has been
estimated for Maranhao 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.

/
RADIAL SLUICE
GATES SECTIONS

STOP LOG SLUICE
GATES SECTON

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/m?, 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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