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Abstract: The optimal utilization of renewable energies is a crucial factor toward the realization of
sustainability and zero carbon in a future energy system. Tidal currents, waves, and thermal and
salinity gradients in the ocean are excellent renewable energy sources. Ocean tidal, osmotic, wave, and
thermal energy sources have yearly potentials that exceed the global power demand of 22,848 TWh/y.
This paper extensively reviews the technologies related to energy harvesting from waves, tidal, ocean
thermals, and the salinity gradient. Moreover, the socio-economic, social, and environmental aspects
of the above technologies are also discussed. This paper provides a better picture of where to invest
in the future energy market and highlights research gaps and recommendations for future research
initiatives. It is expected that a better insight into ocean energy and a deep understanding of various
potential devices can lead to a broader adoption of ocean energy. It is also clear that further research
into control strategies is needed. Policy makers should provide financial support for technologies
in the demonstration stage and employ road mapping to accelerate the cost and risk reductions to
overcome economic hurdles. To identify traditional and online sources on the topic, the authors used
electronic databases and keyword searching approaches. Among them, the International Renewable
Energy Agency data were the primary database utilized to locate sources.

Keywords: wave energy; salinity gradient; tidal energy; tidal current; tidal turbine; conversion technology

1. Introduction

The future of energy is a hotly discussed topic, particularly with regard to which energy
source we can rely on in the future. We need energy sources that are safe, economical,
and environmentally friendly. The influence of the COVID-19 pandemic on numerous
living sectors and the declining usage of energy in the industrial and transportation sectors
dominate the short-term outlook for solid and liquid fuel consumption [1] as well as
the environment [2,3]. Furthermore, gaseous fuels including natural gas and biogas are
considered to be more resistant to the effects of COVID-19 than oil [4]. As a result, the usage
of gaseous fuels in power, industry, and buildings decreases, while their consumption in
other sectors increases. In addition, combined utilization of natural gas and the adoption
of carbon capture, utilization, and sequestration (CCUS) can be employed to make blue
hydrogen, especially during the energy transition period. As a result, the rising gas
consumption, particularly liquefied natural gas (LNG), may help bridge the gap between
our current coal dependency and the shift to renewable energy, particularly in Asian
regions [5,6].

As the global energy transition moves toward lower-carbon energy systems [7], renew-
able energy is believed to dominate the primary energy growth in the future energy outlook
(see Figure 1a,b), which shows the detailed generated power from various renewables
including hydro, solar, wind, and others. It is clear from this figure that hydropower is the
most popular and widely adopted renewable energy resource up to today [8]. However,

Energies 2022, 15, 3456. https:/ /doi.org/10.3390/en15093456

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15093456
https://doi.org/10.3390/en15093456
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-9623-2820
https://orcid.org/0000-0003-2433-8500
https://doi.org/10.3390/en15093456
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15093456?type=check_update&version=2

Energies 2022, 15, 3456

2 of 43

Mtoe
&000
5000
4000
3000
2000
1000

# #° :® & 2000 -

both wind and solar-based power generation plants are quickly expanding, especially over
the last decade. As a result, the total share of renewable energy including wind, solar,
geothermal, and biomass has increased significantly from 5% in 2018 to over 40% and
almost 60% by 2050 in the rapid transition (significant increase in carbon prices supported
by more-targeted sector-specific measures) and net-zero (rapid transition scenario plus
significant shifts in societal behavior and preferences, leading to larger carbon emission
reduction) scenarios, respectively [9,10]. The growing importance of renewable energy
comes at the expense of hydrocarbons, whose primary energy contribution falls from about
85% in 2018 to roughly 40% and 20% in rapid transition and net-zero scenarios by 2050,
respectively [10].
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Figure 1. Renewable energy worldwide: (a) Global total primary energy consumption by fuel and
(b) renewable energy generation worldwide.

Oceans are massive alternatives to fossil fuels that are preserved in different forms
including thermal energy (temperature difference), kinetic energy (in the forms of tides and
waves), chemical energy (chemicals from the ocean), and biological energy (ocean biomass).
Some studies predicting the annual potential energy that can be harvested from the ocean
have shown several different results. Derakhshan et al. [11] forecasted the potential as
ranging from 4 to 18 million tons of oil equivalent (mtoe), while Wahyudie et al. [12]
estimated that about 32 TW of electricity could be harvested globally. Furthermore, de
Andres et al. [13] mentioned that the potential for deploying a power converter from ocean
energy could reach 337 GW with the produced annual electricity of 885 TWh. Furthermore,
a more detailed potential of annual harvested energy was estimated by Khan et al. [14],
who found that the tidal, wave, osmotic, and thermal difference had potentials of 800, 2000,
8000-80,000, and 10,000-87,600 TWh, respectively.

Kinetic energy is harvested by tidal current or wave generators, while salinity and
temperature gradients are harvested by osmotic power plants and thermoelectric genera-
tors [15-18], respectively. The energy of a wave is related to the square of its amplitude and
the motion’s period. Energy flows with a 40-50 kW per meter width of oncoming wave
are prevalent in significant duration (7-10 s) and high amplitude (2 m) waves [19]. The
gravitational pulls of the Moon (68%) and Sun (32%) generate 7 m tides in some coastal
locations throughout the world, which can be harnessed by low-headed hydropower [20].
In addition, an osmotic head of 240 m can be caused by changes in the concentration of salt
between the freshwater (rivers) and the ocean. The Great Salt Lake and the Dead Sea have
a 3000 m osmotic head, and oil-trap salt domes have more energy in the salt than in the oil
field [21]. One-third of the ocean and seawater surface are significantly warmer than 25 °C,
whereas three-quarters of its volume (deep water at 500-1000 m) is 4 °C, which is sufficient



Energies 2022, 15, 3456

30f43

to run a low-efficiency heat engine. The available power capacity produced by ocean
thermal energy conversion systems in the ocean is predicted to reach about 30 TW [22].

This review study was performed based on the relevant literature and desk-based
research analysis. The areas that are discussed in this study have also been determined
partially in several references [23-25]. However, it is challenging to find comprehensive
works that have comprehensively discussed all aspects including the technologies, economy,
and policies correlated to ocean energy. Therefore, this work is dedicated to reviewing
the technologies adopted to harvest energy from waves, tidal, ocean thermals, and the
salinity gradient. In addition, socio-economic, social, and environmental aspects of the
above technologies were also investigated. Later, essential policies and regulations are also
discussed in this paper. The rest of the study is arranged as follows: Section 2 examines the
potential of different ocean energy sources. The various technologies and energy extraction
devices are described in Section 3. The latest developments on wave and tidal energy
projects are presented in Section 4. The impact of ocean energy on the ecosystem is depicted
in Section 5. Section 6 presents a comprehensive overview of developing ocean energy
sources including grid integration, societal influence, design, and, most crucially, policies
and regulations. Finally, Section 7 brings the article to a close.

2. Ocean Energy Potential
2.1. Potential of Tidal Energy

Tidal energy was first adopted more than ten centuries ago to drive the grain mills in
Europe, while presently, it is mainly converted to electricity [26]. The generated power is
mostly linear to the surface area and the square of the water head difference. Moreover, the
generated power from tidal energy can be approximated using the following equation [27,28].

B CppAU3

p
2

@
where P, Cp, p, A, and U are the generated power (W), power generation efficiency, water
density (kg/m?), cross-sectional area intercepted by the device (m?), and current velocity
(m/s), respectively.

Figure 2 shows the global distribution of tidal energy resources (shown as energy
density in kW/m). In addition, Table 1 lists the potential tidal locations worldwide that
have been identified as technically feasible (summarized from [29-31]). For example,
in the northwestern region of Europe, there is a potential tidal energy resource that can
generate a large amount of electricity [32]. Excessive tidal fluctuations and forces are caused
by resonant interactions such as basin configuration, Coriolis forces, and extreme tidal
fluctuation, which are primarily driven by the coupled Earth-Moon system. The increase
or fall in deep water far out at sea is only about 0.5 m, which is ineffective. In general, the
generated power is more predictable and less fluctuating compared to other renewables
including solar and wind. However, tides fluctuate dramatically to the southeast of Boston
between high and low tides, reaching a global maximum of 16 m [33].

Tidal energy technologies can be divided into three categories. Tidal range technolo-
gies form the first group, and they capture energy from the height difference between
high and low tides using a barrage—a dam or another barrier. Some of the novel methods
developed for tidal range power generation include tidal lagoons, tidal reefs, tidal gates,
and low-head tidal barrages. The tidal current or tidal stream technologies fall within
the second category. The main distinctions between the devices (ducted) are the turbines,
which might be based on vertical or horizontal axes and are sometimes enclosed. The
last category, hybrid applications, is a type of tidal range technology with many poten-
tials, if its design and deployment can be integrated with the planning and design of new
coastal infrastructure.
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Figure 2. Worldwide distribution potential of the major tidal power computed in kWh/m? (adopted
from [34] under CC BY-SA 4.0 license).

Table 1. Potential locations of tidal energy across the world (summarized from [29-31]).

C si T Mean Tidal Basin A em?2 Proposed A Estirlngted
ountry ite ype Range (m) asin Area (km®) Capacity (GW) nnual Output
(TWh)
Argentina San Jose Barrage 5.9 - 6.8 20
. Secure bay 1 Barrage 109 - - 2.4
Australia Secure Bay 2 Barrage 10.9 - - 2.4
Cobequid Barrage 12.4 240 5.34 14
Canada Cumberland Barrage 10.9 90 14 3.4
Shepody Barrage 10 115 1.8 4.8
. Gulf of Kutch Barrage 53 170 0.9 17
India Gulf of Cambay Barrage 6.8 1970 7 15
Garorim Barrage 4.7 100 0.48 0.53
South Korea Cheonsu Barrage 4.5 - - 12
. Rio Colorado Barrage 6.7 - - 5.4
Mexico Tib B ~ _ _ B
iburon arrage
Severn Barrage 7.0 520 8.94 17
Mersey Barrage 6.5 61 0.7 15
Wyre Barrage 6.0 5.8 0.047 0.09
Conwy Barrage 52 5.5 0.033 0.06
Swansea Lagoon - - 0.32 -
UK Newport Lagoon - - 0.75 -
Bridgewater Lagoon - - 2 -
Cardiff Lagoon - - 1.8-2.8 -
Colwyn Bay Lagoon - - 15 -
Blackpool Lagoon - - 1.0 -
Passamquoddy Barrage 5.5 - - -
Knik arm Barrage 7.5 - 2.9 7.4
Us. Turnagain Barrage 7.5 - 6.5 16.6
Arm Barrage - - - -
Mezen Barrage 9.1 2300 15 50.0
Former Soviet Tugur Barrage - - 10 27.0
Union Penzhinskaya Barrage 6.0 - 50 27.0

Cauba Barrage - - - -
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The extent of tidal energy potential is determined by the ocean’s rising and decreasing
waters. Along with the beach, neap and spring tides with a range of 4-12 m can produce
1-10 MW /km of electricity [35]. There are now only a handful of tidal power plants
in operation worldwide. The world-first commercial level tidal power plant has been
constructed in Europe. In addition, the United Kingdom was the first country that proposed
harvesting tidal energy to generate electricity in 1920 [36].

2.2. Potential of Wave Energy

The combination of prevailing winds and huge regions of the open sea produces
waves. Due to interaction reinforcement and interference, strong storm-force winds pro-
duce a disordered and chaotic localized wave field, resulting in a more regular series of
swells propagating from the storm zone. The generated power from wave energy can be
approximated by using the following equation [37].

Pw:\/PJ%'i‘PyZ 2)

Py = pg Jj CoxE(f,0)dfd6 (©)

Py = pg || CoyE(f,0)dfde @

where Py, g, Cg, and E(f,0) are the generated power from wave energy (kW /m), gravitational
acceleration, component of absolute group velocities, and energy density spectrum in each
different axis, correspondingly. Moreover, f and 6§ are the wave number frequencies and
direction, respectively. Furthermore, wave energy flux (Es) can be calculated using the
following equation [38].
2

Ef= (gdi) H2T,, ~ 0.49H2T,, ®)
where H; and T, are the significant wave height (m) and mean wave period (s), respectively.

With 2% of the world’s 800,000 km of coastline, which has a wave power density of
higher than 30 kW/m, the wave current’s estimated global technical potentials are about
500 GW of electricity (with 40% of conversion efficiency). Large wave energy resources
can be found across the globe. Simultaneously, regimes vary significantly between places,
resulting in a wide range of technologies [39].

Figure 3 depicts the global map of the wave power density. The map shows the wave
and tide trends, and the colors show the maximum amount of wave energy extracted.
Despite the modest fetch, the monsoon significantly impacts the wave environment in the
South China Sea and the Arabian Sea [40,41]. In the Southern Hemisphere, swells generally
travel northeast, whereas, in the Northern Hemisphere, swells propagate southeast, causing
the wave period in each basin to rise from west to east. The resource is typically situated
offshore, given the substantial force of westerly wind waves. However, the surges might
reach further to coastlines where there are dense populations. The southern coastlines of
Australia and New Zealand are the most appropriate places for wave energy development
since they have year-round wave energy [42]. However, the challenge is related to the
power transmission to transfer the harvested power to the continent. Considering this
point, wave energy is generally extracted in the coastal areas of countries.

Table 2 shows the wave energy resources distributed across the oceans of different
countries. Some coastal areas showed very high wave energy density such as the Argen-
tine Sea (61.3-69 kW /m), Los Lagos (71-87 kW /m), and Magallanes (about 78 kW /m).
However, some countries also showed relatively low wave energy density including China,
Malaysia, and Japan.



Energies 2022, 15, 3456 6 of 43

N

105N

-10° 5

-30° 5

-50° 5

=707 §

Ll L] L L) T
80" E WrE 120°0E MPE  160°PE

Ll L] Ll
N*E 40% E 60" E 180"

T
"

-160° W -1A0° W 1200 W L0 W -REW 0t W AW 0P W
Annual Mean Power Density (kW/m)

N < | ]0-20820-308830-40840-50" 50-60" 60-70  TO-80 80-90700- 100WS 100- 110110 - 120> 120

Figure 3. Annual average power per meter of wave crest (adopted from [43] with license
number 5235061405721).

Table 2. Wave energy resources in different coastal areas across different countries.

Wave

Country Location Resources (KW/m) Reference
South Africa South African and southwest Africa Coast 40-50 [44]
Argentina Argentine Sea 61.3-69 [45]
Australia Southern Australian shelf 25-30 [46]
Belgium Belgium Continental Shelf 4.64 [47]
Brazil North East region 2-14 [48]
North Pacific Ocean (Vancouver Island) 25
Canada North Atlantic Ocean (Sable Island) 25 [49]
. Los Lagos 71-87 [50]
Chile Magallagnes 78 [51]
Bohai Sea 7.73
. Yellow Sea 6.29
China East China Sea 6.36 [52]
South China Sea 5.32
Denmark North Sea 9.8 [53]
France Bay of Biscay 243 [54]
Greece Crete Island 4-11 [55]
India Indian Coast 5-10 [56]
West of Malin Head 3040
Ireland Donegal Bay 20-40 [57]
Sherkin Island 20
Italy Mediterranean Sea 8.91-10.29 [58]
Japan Sea Coast 7.2
Japan East Coast 6.3 [59]
Entire Coast 6.4
East Peninsular Malaysia <6.5 [60]
Malaysia West Peninsular Malaysia 0.5-2.0 [61]
Sarawak Ocean 3.145 [62]
Sabah Ocean 6.5 [63]
Norway Norwegian Sea (Runde Island) 40-50 [64]
Portugal Portuguese nearshore 30-40 [65]
Sweden Skagerrak Strait 2.8-5.2 [66]
United Kingdom Celtic Sea 15-32 [67]
Hawaii 15-25 [68]
. California Coast 10-32 [69]
United States Pacific Northwest 36 [70]

Southeast Atlantic Coast 9-15 [71]
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2.3. Potential of Ocean Temperature Difference

Ocean thermal energy conversion (OTEC) technologies generate energy by converting
the temperature gradient between the hot saltwater at the ocean’s surface and the cold
seawater at depths of around 800-1000 m. Warm saltwater is utilized to create vapor (as a
working fluid), which drives the turbines. On the other hand, cold water condenses the
vapor and guarantees that the vapor pressure difference is sufficient to drive the device.
Figure 4 shows the global distribution of the temperature difference between the warmer
seawater at the surface and colder deep seawater. It is shown that tropical areas around
Southeast Asian countries have the highest temperature difference; hence, these countries
have a higher potential for the application of OTEC.

Longitude
40°E 80°E 120°E 180°E 160°W 120°W 80°W 40°W 0w

40°MN
30°N
20°N
10°N
Equator
10°8
20°8
3075
40°8

Latitude

1 Lessthan 18°C I 22°-24°C
B 18™-20°C I ore than 24°C
N 20°-22°C [—1Depth less than 1000m

Figure 4. Temperature differences between the ocean surface and deep water across the globe
(adopted from [72] with license no. 5240581259275).

The temperatures at the source and the destination (T}, and T, respectively) remain
constant when hot and cold water are supplied rapidly to a heat engine, where the energy
handled by the engine is low in contrast to the total throughout. Theoretically, Carnot’s the-
orem provides the greatest efficiency of heat-to-work conversion (1), which is written as:

e=W/Q=1—(T/1,) (6)

Driving water at a high rate through the warm and cold reservoirs, on the other hand,
wastes a significant amount of energy in the current situation. Therefore, several researchers
have tried to optimize the performance [73-75] and acquired power when the temperature
of the source and sink water is allowed to fluctuate. When defining the heat transfer that
occurs in the heat exchangers, the link between the two elements of thermal efficiency and
thermal energy signifies the upper bound of the thermal efficiency at the highest power
output of the heat engine in finite-time thermodynamics (FITs) [76-79]. At that time, the
ideal thermal efficiency #,, CA (Curzon—-Ahlborn) is expressed as follows:

T,
Nth,CA = Npe = 1- (T;) (7)

When the heat transfer performance is infinite and the seawater has a constant temper-
ature, the heat transfer performance is unlimited in the heat exchange process. However,
because a finite volume of seawater is injected into the heat engine in the power plant
for power generation using standard OTEC procedures, an increase in seawater flow rate
results in a considerable rise in seawater intake pumping power. As a result, a temperature
shift in the saltwater is unavoidable. Under typical OTEC circumstances, which are a
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temperature difference (Tj,—T;) of about 24 °C and surface seawater temperature (T},) of
27 °C, the calculated 7. and 7. generally have values of 8% and 4%, respectively. Carrying
cold water to the surface from a depth of 1000 m and other internal loads will typically
require 1% of the total output of work per unit of heat energy. Therefore, the final net
pc (1pc, net) is around 3%.

This efficiency is about one-twentieth of the efficiency of the most advanced modern
combined-cycle unit and about 10% of the nuclear or coal-fired power plants. The large
physical size per MW of OTEC results in a high specific cost, even though the fuel is free.
Furthermore, the expense of operating and maintaining a ship at sea is higher than on land.

When all ocean energy technologies are compared, OTEC shows the highest poten-
tial [80,81], and 98 nations and territories have been recognized as having feasible OTEC
resources in their exclusive economic zones. According to recent research, OTEC may pro-
vide all of the world’s power generation capacity while not affecting the ocean temperature
profiles. Furthermore, OTEC resources are also available within 10 km of the Caribbean
and Pacific Ocean coast with many island countries. OTEC appears to be particularly
well-suited and economically feasible for distant tropical islands where generation may be
coupled with other sources such as air cooling and freshwater generation [82].

2.4. Potential of Salinity Gradient

Salinity gradient power energy is the energy generated by the difference in salt content
between two fluids, most commonly freshwater and saline, such as when a river flows
into the sea. Figure 5 shows the average global sea surface salinity. Globally, the entire
technological potential for salinity gradient power is projected to be approximately 647 GW,
equivalent to about 5177 TWh annual electricity production or 23% of the energy consump-
tion in 2011 (worldwide power capacity in 2011 was 5456 GW). However, this potential does
not consider any biological or legal restrictions on the deployment of salinity gradients,
therefore, the real potential is lower [83]. Canada, Colombia, Germany, the Netherlands,
and Norway are among the countries that have conducted extensive research on the ecologi-
cal and legal implications of water extraction. Salinity gradient power generation employed
in hybrid applications is not included in the current estimations. Because waste streams
from wastewater and desalination facilities often have greater salt concentrations than the
surrounding seawater, the technological and economic possibilities for these applications
might be significant. As a result, the amount of energy generated per volume (kW /m?) of
brine would be larger, with lower total costs. Extensive research works are necessary to
identify the potential of hybrid solutions, land-based saltwater lakes, and other forms of
saltwater reserves.

Two membrane-based technologies are now being tested in demonstration projects. In
a pressure retarded osmosis (PRO), a membrane is utilized to separate a concentrated salt
solution (such as seawater) from freshwater. Through a semi-permeable barrier, freshwater
flows toward the seawater, raising the pressure within the seawater chamber. The pressure
is regulated, and electricity is generated by a rotating turbine. In reversed electrodialysis
(RED), membranes are utilized to transport salt ions. RED is made from a stack of alter-
nating cathode and anode swapping permselective membranes. Seawater and freshwater
alternately fill the compartments between the membranes. The salinity gradient acts as a
driving force for ions to move, resulting in an electric potential that can be converted to
power [83].
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Figure 5. Average global sea surface salinity: (A) Energy that can be extracted (TWh/a) and (B) energy
density (M]/ m?) (adopted from [84] with license no. 5240621253046).

3. Energy Harvesting Technologies from Wave/Tidal

Wave energy converters (WECs) convert the energy from the kinetic and potential
energy of ocean surface waves into another kind of energy. Two major turbines are adopted:
horizontal and vertical axes turbines. The rotating axis of a wind turbine is horizontal or
parallel to the ground when it has a horizontal axis, while it is vertical or perpendicular
to the ground in vertical axis wind turbines. The wind itself causes this turbine to rotate.
When the wind goes to the surface of the water, the waves are generated because of the
different viscosity of the two fluids. Despite the complexity of air-sea interactions and
energy transfer pathways, ocean surface wave generation is essentially governed by wind
speed, duration, and fetch. The size depends on the air quality, airspeed, and period.
Figure 6 shows how the waves are generated. Moreover, tides are generated due to the
celestial motion of the Earth, Sun, and Moon. The wavelength of these tides is of various
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Wind
generation
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kilometers, while the biggest can reach up to the Earth’s radius. They travel in a fashion
more streamlined than the wind resource, and as their direction is more uniform, they can
exert greater power. Therefore, if we translate it inside the water and place it on the ocean’s
surface, we would be able to extract more power for a more sustained period, which is
what tidal turbines do. This turbine is connected to the shaft, which is connected to the
gearbox and power generator [85].
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Figure 6. Ocean wave generation: (a) Wave generation induced by wind and (b) energy components
in the wave (adopted from [86] with license no. 5240591291694).

Toward this aim, many technologies based on wave-induced pitching, heaving, or
surging action have been proposed [82]. Hydraulic pistons are generated using oscillating
water column (OWC) devices, and the air is propelled through the turbine, rotating the
power generator (explained in Section 3.1). However, when the wave-power devices must
resist linear wave-power densities over 200 kW /m, one of the design difficulties is related
to their fragility. Hence, intensive and expensive design criteria should be used because of
this constraint.

3.1. Wave Energy Extraction Devices

Ocean waves are basically generated by the wind blowing on the ocean surface. The
extraction of ocean wave energy can be performed directly from surface waves or by
utilizing the pressure fluctuations under the wave [26]. Therefore, depending on the area
of installation, it can be categorized into nearshore, offshore, and far offshore. The wave
energy is initially converted to mechanical energy, which is further converted to electricity.

3.1.1. Oscillating Water Columns (OWCs)

OWTCs are energy converters with a semi-submerged chamber that keeps a trapped air
pocket above the water column. When the wave approaches, it forces the column to move
up and down like a piston, causing the water to rise and fall. Moreover, the air is sucked out
of the chamber, then sucked back in. Finally, water is channeled via rotor blades and drives
the air turbine-generator group. As a result, energy is generated. The significant benefits of
these systems are their simplicity (there is no moving part, except for the air turbine) and
reliability. However, the performance is relatively low. Therefore, new control techniques
and turbine ideas are being developed, which are expected to significantly improve the
power generation performance.

Figure 7A shows the working principle of the OWC. First, the waves cause the buoy
(yellow bit) to move up and down. The fluid, which can be liquid or even air, is immersed
inside the column and constrained in a channel. Therefore, when the float moves up and
down, it pushes the fluid through the system. Finally, the turbine in the base is rotated
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whenever any fluid passes through, generating the electricity [87]. Moreover, Figure 7B
shows the wave energy extraction using multi OCW units with different structures includ-
ing array, segmented, and modular.

It is expected that this kind of wave energy extraction device can harvest the electricity
of 15-25 kW /m annually [88]. In addition, according to Liu et al. [89], this kind of device
has the highest commercialization opportunity compared to other wave energy converters.
Furthermore, Table 3 lists some of the active wave energy harvesting systems based on
OWC including both fixed and floating systems.

Generator

owc owcC owcC
o e e £ 1+ 4 4 4 4
Hydraulic Piston E.
Buoy Tower ~ shaft
HDPE Blind- a - OWC Array Concept
Flange . ’
s = -
Buoy . . Roller I R
i assembly
Spar
b - Segmented M-OWC Concept
Generator
HDPE End [
cap %
-l
Heavy plate < A Y
owcC
+ 1414
¢ - Modular M-OWC Concept
(A) (B)
Figure 7. Electricity generation employing OCW: (A) Working principle of the point absorber (authors’
own illustration) and (B) multi OCWs with different configurations (adopted from [90] with license
no. 5240610225589).
Table 3. Running demonstration projects for OBC in several countries.
Type Project and Place Capacity (kW) References
Mutriku, Spain 296 [91]
Fixed REWECS, Italy 20 (potential of 2500) [91]
1xe King Island, Australia 200 [91]
Yongsoo OWC, Korea 500 [91]
Floatin MARMOK-A-5, Spain 30 [91]
J Ocean Energy Buoy, Ireland 500 [91,92]

3.1.2. Oscillating Body Converters (OBCs)

OBCs are either submerged (occasionally anchored to the bottom) or floating (typ-
ically). They utilize the stronger wave regimes that often occur in deep seas at a depth
of more than 40 m. OBCs are generally more sophisticated than OWCs, especially their
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power take-off (PTO) systems. Indeed, several PTO systems have been produced due to the
numerous concepts and methods for converting the oscillating movement into electricity.

As shown in Figure 8, a system of hydraulic rams converts the oscillating (rectilinear
or angular) motion of a floating body (or the relative motion between two moving bodies)
into a high-pressure (HP) flow of a liquid (water or oil) in vast devices (or equivalent
devices). A hydraulic motor (or a high-head water turbine) operates an electric generator at
the other end of the hydraulic circuit. A gas accumulator system can smooth out the highly
variable hydraulic power provided by the reciprocating piston (or pistons), allowing for
more consistent electricity production. The smoothing effect naturally grows in proportion
to the accumulator volume and working pressure [93].

f LP HP

accumulator accumulator

cylinder

Figure 8. The OBC working principle.

Furthermore, Table 4 displays several running projects employing OBC to harvest
energy from the ocean including Columbia Power Technologies Power Buoy, Oyster (Scot-
land), Seatricity (Cornwall), Pelamis (Scotland), and Wave Star (Denmark). Because most
OBCs are floating devices, they have the benefit of being small and versatile. However, a
separate technology has yet to be developed, and further study is needed to improve the
PTO’s performance and prevent certain mooring system difficulties.

Table 4. Running demonstration projects for the OBC in several countries.

Type Project and Place Capacity (kW) References
Heaving PB3 PowerBuoy, USA 3 [94]
CETO06, Australia 1000 [95]
Atmocean, USA 10 [96]
Seabased, Sweden 30 [97]
Oceanus, UK 162 [98]
Corpower, Sweden 300 [95]
BOLT LifeSaver, Norway 30 [95]
Neptune 6, Canada 20 [95]
Archimedes Waveswing, UK 16 [91]
Horizontal Wavepiston, Denmark 100-200 [95]
40South Energy H24, Italy 50 [95]
Flap WaveRoller, Finland 350 [99]
CCell-Wave, UK - [100]
LAMWEC, Belgium 200 [95]
bioWAVE, Australia 250 [95]
Articulated SeaPower Platform, Ireland - [101]
SeaRay, USA 5 [91

]
Blue Horizon, UK - [91]
Blue X, UK 24 [91]
M4 WEC, UK - [95]
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3.1.3. Overtopping Converters

Overtopping converters are made up of a water reservoir construction that is either
floating or attached to the ground and, in some cases, reflecting arms that ensure that as
waves approach, they pour over the top of the ramp structure and are confined in the
device’s reservoir. The potential energy is turned into electricity using ordinary low-head
hydro turbines due to the height of the collected water above sea level (equivalent to the
mini-hydro plants).

The primary benefit of this system is its basic concept: it holds water and then lets it run
through a turbine when it is full. The low-head (to the order of 1-2 m) and vast proportions
of a full-scale overtopping device, on the other hand, are two key disadvantages. Figure 9
depicts an overtopping wave energy converter. Currently, the overtopping breakwater
(OBREC) [91] is one of the operating overtopping types of wave energy converter. It was
developed by the University of Campania Luigi Vanvitelli and installed in the Thyrrenian
Sea, Napoli, Italy, with a capacity of 8 kW.

Overtopping

reservoir ‘

el

Turbine outlet

Figure 9. Overtopping wave power converter.

3.1.4. Wave-Activated Bodies (WAB)

Wave-activated bodies (WABs) extract energy when the wave interaction drives a
floating body. WAB is set up in a partially floating configuration, in which the device is
aligned with the prevailing wave direction. The body follows the contour of the passing
wave, as shown in Figure 10. As the wave travels through the WAB, this occurrence occurs
repeatedly and perpetually [102]. The movement enables the conversion of kinetic energy
to electricity via hydraulic or mechanical transmission. The floating bodies are securely
joined in an array utilizing universal joints, which hold and allow bodies to move. The
design is straightforward, consisting of a chain of rafts [103] coupled to the hydraulic piston
and capable of serving as a hinge mechanism as well as a PTO system. The best number of
raft trains was determined to be three [104], which resulted in high overall efficiency. In
addition, the authors in [105,106] made improvements leading to higher overall efficiency,
ranging from 10 to 35% [107]. The power output of one system tested in the North Sea was
150 kW [108].
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Figure 10. The concept of a wave-activated body.

3.1.5. Point Absorber

In relation to the rotational wave motion, a point absorber is defined as a floating or
submerged body oscillating in a mix of heave, sway, and pitch. This type of point absorber
can typically catch waves coming from various directions. In most cases, the point absorber
device comprises the floater (floating buoy) and the absorber (also called as PTO) units.
Figure 11 depicts a typical setup of point absorbers. As wave crests and troughs pass
through the floater unit, the floater unit will concurrently react in a heavy direction due
to the pressure difference effect. This heaving motion is then used to rotate the generator,
generating electricity [109].

Floating buoy

Incident
wave b e

Fully Submerged
buoy

Seafloor

Figure 11. Two types of point absorber: submerged body and floating body.

An Archimedes wave swing device is an example of a submerged point absorber [110].
The idea of the floating-point absorber is based on the movement of a partially submerged
buoy. As shown in Figure 11, the wave surface fluctuation drives this movement. The
partially submerged buoy typically has a tiny diameter compared to the ocean wavelength,
and it can act alone or in an array. The Ocean Power Technologies (OPT) power buoy [111]
is an example of a floating-point absorber. This contraption creates electricity by causing
the floating buoy to move vertically in relation to the vertical spare motion; heavy mass
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on the vertical spar unit is necessary to improve its mass moment of inertia. The OPT
device with a power rating of 40 kW has been successfully tested in the Pacific and Atlantic
Oceans [112].

3.2. Tidal Energy Extraction Devices

Tidal energy is a type of fresh energy that is both renewable and pollution-free, and
has become more popular throughout the world. Tidal energy has many potentials in terms
of dependability, superior energy density, certainty (predictability), and durability [113].
The energy extracted from the tides is dependent on predictable and consistent vertical
water motions. The water’s predictable vertical movements, which cause tidal currents, can
be turned to kinetic energy and used to generate electricity. Tidal energy has two different
forms: tidal range (potential) and tidal current [114]. The first is to use barrages to take
advantage of the cyclic rise and fall of sea levels by extracting energy from the potential
head of the water, comparable to hydropower generation. The second option is to use local
tidal currents in a similar way to wind power. This technology uses tidal current energy
converters such as tidal turbines to extract the kinetic energy of moving water [115].

3.2.1. Tidal Range Technologies

The potential energy generated by the difference in the head between the ebb and flood
tides is harvested by tidal range devices. Such resources exist in places where enormous
water volumes flow into compounding areas, bays, and estuaries due to geological and
biological factors. Furthermore, tidal range energy is predictable. It is controlled mainly by
cyclical constellations and the gravities of the Moon, Sun, and Earth, rather than meteoro-
logical circumstances, resulting in a predictable bi-weekly, biannual, and yearly cycle.

Most tidal power generation plants basically originated from tidal barrages, which
were constructed from 1966 to 2011 using bi-directional tidal flows [116]. From the modes
of operation, tidal barrage can be categorized into one-way using ebb only, one-way using
flood only, and two-ways using ebb-flood [117]. Tidal barrages can channel mechanical
energy, while tidewater river turbines can seize the energy from tidal currents. The blade is
made to be very streamlined, and the fluid flows and hits this blade. As a result, different
types of force are produced. The lifting force causes the blade to move up, while the drag
force leads the blade to move in the other direction, and the combination of lifting and drag
forces produces torque. Finally, the torque causes the rotor to rotate around its axis to be
further converted to electricity.

Many demonstration projects employ tidal range technologies such as 1 MW twin-
rotor turbines (Devon Marine Current Turbine) and the 400 MW tidal-power station at San
Francisco Bay (PG&E) [118]. As shown in Table 5, many designs are still in the conceptual
stage with no quantitative data available [119-121]. More research is needed using a
combination of advanced computational fluid dynamics (CFD) and scale model testing to
properly determine whether any of them might feasibly replace bulb turbines [29].

Furthermore, contemporary tidal range projects have significant advantages in situa-
tions when existing dams or complexes are employed. In this case, energy generation is
linked with water quality improvement. Aside from the Sihwa barrage in South Korea,
the Netherlands is working on a project in Grevelingen Lake, while Canada is working
on projects in British Columbia to convert historically closed impoundments into energy-
producing impoundments [122]. The greatest concerns related to tidal energy power
generation plants is the high construction cost for barrages and dams. In addition, it also
potentially has high environmental impacts such as the change in original characteristics,
alteration of the tidal flushing regime, and diminishing the aquatic habitat [117]. Therefore,
due to these concerns, the technological trend is directed toward the adoption of tidal
turbines as a promising option.
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Table 5. Studies and projects related to tidal range technologies.

Mean Tidal Output

Technology Case Studies Range (m) (MW) Notes, Operation Type Turbine Used
Two-way generation with pumping, firstly
La Rance (France) 85 240 operated in 1966, basin area of 22 km? Bulb
Sihwa Lake (South Korea) 56 254 Flood generation, first operat;ed in 2015, basin Bulb
area of 56 km
Kislaya Guba (Russia) 2.3 1.7 Two-way generation, firstly ope12rated in 1968, Savonius
basin area of 1.1 km
Annapolis Royal (Canada) 70 20 Ebb generation, firstly operatzed in 1984, basin Rim
. area of 15 km
Tidal barrage Two-way generation, firstly operated in 1980
Jiangxia (China) 5.1 3.9 basin area of 1.4 km? Bulb
Severn Estuary (UK) 7.8 8640 Two-way generation, basin area of 450 km? Bulb
Incheon (South Korea) 53 1320 On hold, basin area of 110 km? -
Mezen (Russia) 9.1 19,200 Proposed, basin area of 2300 km? -
Penzhin (Russia) 9.0 87,000 Proposed, basin area of 20,530 km? -
Solway Firth (UK) 55 - - -
Bay of Fundy (Canada) 11.7 - - -
Gulf of Cambay (India) 6.1 - - -
Maluanwan (China) 2.58 24 Proposed -
Bachimen (China) 3.1 36 Proposed -
Jiantiaogang 2.63 21 Proposed -
- ; Firstly operated in 2019, Two-way generation
Tidal lagoon Swansea Bay 320 with pumping, basin area of 11.5 km? Bulb
Tidal reef No existing locations - - - -
Tidal fence No existing location - - - -

3.2.2. Tidal Current Technologies

In the last five to seven years, tidal current or tidal stream technologies have made
tremendous progress toward commercialization. Almost 40 new devices are being devel-
oped right now, and only a few of them have been thoroughly tested in the UK’s waters.
The kinetic energy in tidal current or tidal stream technologies is converted into usable
energy (electricity). The advancement of technology is analogous to the advancement of
wind turbines. The tidal current energy converters can be categorized into horizontal axis
tidal current turbines (HATCTs), crossflow or vertical axis tidal current turbines (VATCTs),
and other non-turbine devices [115].

Figure 12 shows the working principles of three types of tidal current technologies.
Blades, which are parallel to (horizontal) or perpendicular to (vertical) water flow, are
used in tidal turbines with horizontal (HATCT) and vertical (VATCT) axes, respectively.
The turbines are designed similarly to wind turbines; however, the blades are smaller and
move more slowly due to the increased water density. They must also be able to withstand
adverse situations.

Blades are generally connected to a central rotor shaft connected to a generator shaft.
An open-center turbine’s blades are mounted on an inner shaft, which is an open-centered
shaft enclosed in a static tube. As the water passes through the shaft, it spins, generating
electricity. The benefit of this design is that it eliminates the need for a gearbox. The blades
of horizontal or vertical turbines can also be encased in a duct. Moreover, enclosed, ducted,
and shrouded turbines are later types of turbines (Figure 12).

According to an extant tidal current project assessment, HATCTs account for 76%
of all turbines, while vertical axis turbines account for 12% [25]. This is due to the fact
that HATCT has simpler operating principles as well as its ability to realize higher energy
efficiency (over 35%) [123]. Furthermore, horizontal axis turbines received 76% of all
research and development spending on tidal current technology in 2011, while the enclosed
and vertical axis turbines received 4% and 2%, respectively [124]. On the other hand,
VATCT seems to be preferable under weaker current conditions because of its performance
in generating higher torque at lower current velocity and tip speed ratio [125].
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Figure 12. Working principles of different tidal current technologies: (a) HATCT, (b) VATCT, and
(c) enclosed turbines.

Other non-turbine devices consist of diversified design concepts including oscillating
hydrofoil, tidal kites, flutter vane, hydro venture devices, and piezoelectric [126,127].
Figure 13 shows the representative non-turbine devices including oscillating hydrofoil and
tidal kite. A tidal kite developed by Minesto (one of spin-out from Saab) is an example
of non-turbine technology, which was developed to match the conditions of low current
velocity [128].

Furthermore, regarding the platform used for the power generation plant adopting
tidal currents, Sheng et al. [125] classified it into three different systems: (a) a floating
moored system, which has simpler maintenance, easy installation and removal, and is
preferred to be adopted in areas where the sea-bed is deep and mostly stone; (b) a pile
mounted system, which is appropriate for sea-bed with depth of about 30-60 m; and (c) a
sea-bed mounted system, which is efficient for shallow sea-beds and conditions when the
wave and wind effects are small.

Tidal turbines need to be designed to be robust and reliable as they face several severe
challenges including cavitation, bio-fouling, sedimentation, stall, and fluctuating Reynolds
number [129]. The technologies for tidal turbine are basically developing, covering wide
aspects of the hydrodynamics, operating parameters, and environmental issues [130].
Comprehensive measurement data and monitoring should be conducted, especially related
to the flow field characteristics including the wake behind the turbine [131]. Moreover,
the economic performance is still the biggest problem for the adoption of tidal current
technology. To increase its economic performance, it has been suggested that the turbine
should be able to evenly harvest bi-directional flows [132].
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Figure 13. Other non-turbine devices to harvest the energy from tidal currents: (a) oscillating
hydrofoil and (b) general working mechanism of a tidal kite, and (c) operating method and schematic
of Minesto’s Deep Green tidal kite.

3.3. Ocean Thermal Energy Converter (OTEC)

The OTEC is a method of producing energy from the temperature difference between
the surface and the deep ocean in a sustainable manner. In 1881, J. A. D’Arsonval proposed
the OTEC, and in 1930, G. Claude tested an OTEC concept off the coast of northern
Cuba. [133]. In collaboration with the Hawaiian Government, the first floating OTEC
facility was built off the western coast of Hawaii in 1979 by Lockheed Missiles and Space
Company and Dillingham Corporation [133]. Around 1996, the Pacific International Center
for High Technology Research (PICHTR) operated an OTEC plant in Hawaii that produced
255 kW gross and 103 kW net electricity [133]. This PICHTR-operated OTEC system is an
open-cycle OTEC system [133]. Using this method, the temperature difference from the
ocean surface to deeper depths turns the thermal energy into electricity. When there is a
temperature difference of at least 20 °C, the OTEC can operate sufficiently [134].

OTEC systems come in a variety of shapes and sizes including open- and closed-cycle
systems [133]. As shown in Figure 14, OTEC can be used in a desalination system, to supply
cold water for ventilation and watering, and offer nutrient-rich water for marine culture, in
addition to producing electricity for the grid [133,135]. Furthermore, Table 6 shows some
projects related to OTECs in different countries.
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Figure 14. Byproducts from an open-cycle OTEC.

Table 6. Running demonstration projects for OTECs in several countries.

Project and Place Capacity (kW) Ref., Notes
Kavaratti, Lakhshadweep Islands, India 60 [91], under development
KRISO, Goseong, Korea 20 [91], operational
KRISO, Korea 1000 [91], under development
Nauru, Japan 120 [136], constructed in 1982
Okinawa, Japan 50 [136], constructed in 2013, a land based plant
NELHA, Hawaii 50 [136], constructed in 1979
OTEC International LLC, Hawaii 1000 [136], operated between 1993-1998
Lockheed Martin naval facility, Hawaii 10,000 [136]
Tuticorin, India 1000 [136], a floating closed cycle
Southern China 10,000 [136]
Martinique, Bellefontaine 10,000 [136], a floating type

3.3.1. Closed-Cycle OTEC

The initial concept of a closed-cycle OTEC [133] was developed by D’ Arsonval. Heat
transfer from the warm saltwater in the evaporator is used to evaporate the working fluid.
The vapor expands in the turbo generator and condenses in the condenser due to the
heat transfer to cold saltwater. Figure 15 shows the conceptual diagram of a closed-cycle
OTEC system.

Closed-cycle OTEC power systems require smaller turbines than open-cycle systems
because they run at higher pressures [14,137]. The temperature of the warm seawater
evaporates the working fluid in a closed-cycle system, and the vapor then expands via the
turbo generator, producing energy [133]. The expanded vapor passes into the condenser,
where the cool seawater condenses the steam, which is then pressured by a boiler feed
pump to complete the cycle [133]. Most of the parasitic power usage comes from the
seawater supply system [133]. Working fluids with a low boiling point such as ammonia,
chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), and hydrofluorocarbons
(HFCs) are ideal for a closed-cycle OTEC system [133]. However, CFCs and HCFCs are
being pushed out of manufacturing (or have already been) due to the Montreal Protocol.
As a result, the list of possible working fluids has been reduced to ammonia and HFCs.
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The quality of the working fluid and the susceptibility of heat exchangers to biofouling are
also disadvantages of using a closed-cycle OTEC [133]. In addition, HFCs are a greenhouse
gas (GHG), and ammonia is toxic, even in low amounts [133]. Therefore, Claude proposed
using steam as the working fluid generated by warm seawater to address these difficulties.
Therefore, the first open-cycle OTEC system was established [133].

Vapor

>

Turbine

Generator

Heat Exchanger Pump

(Boiler)

Condenser

. Pump ’

Pump Liquid
Cool
v water
Coolwater intake
Discharge
Warm Surface water ' e

surface water Discharge
Figure 15. Conceptual diagram of a closed-cycle OTEC system.

3.3.2. Open-Cycle OTEC

Warm saltwater is utilized directly as the working fluid in an open-cycle OTEC. In the
evaporator, warm seawater is flash-evaporated in a partial vacuum. The vapor expands and
condenses with the cold saltwater as it passes through the turbine (see Figure 16) [138]. The
main disadvantage of an open-cycle OTEC is the low working pressure, which demands
substantial major components to meet the high volumetric steam flow rates [137]. The first
step in an open-cycle OTEC is to flash/evaporate the warm saltwater in a partial vacuum
at pressures varying from 1% to 3% of atmospheric pressure [133]. The steam then expands
through the turbine, generating energy before condensing as it comes into contact with the
cool ocean. Finally, any remaining condensate and non-condensable gas are squeezed and
expelled [133]. The two types of condensers that can be utilized in an open-cycle OTEC
system are direct contact condensers (DCC) and surface condensers. The DCC oversees
squirting cool seawater onto the water vapor. Because the varied temperature fluids are in
direct contact, it is both affordable and efficient [133]. As it uses a bodily barrier between
the hot and cool water, the surface condenser is more expensive and more difficult to
maintain; however, it provides freshwater as a byproduct [133]. One of the downsides of
open-cycle OTEC systems is that they are susceptible to air-in-leakages and stimulate the
formation of non-condensable gases when operated at partial vacuum. As a result, the
process of pressurizing and releasing these gases consumes energy [133]. Furthermore, a
greater volumetric flow rate is required due to the low steam density to create a unit of
power. The equation below can be used to calculate the seawater flow rate (Q).

P

Q= ocpaT ®
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Figure 16. Conceptual diagram of an open-cycle OTEC.

The parameters in the equation are power (P); the system’s overall efficiency (1, 0.061
for an 85% efficient turbine); density (o, 1000 kg/m? for seawater); specific heat of the
seawater (Cp, 4.2 J/g-°C); and temperature difference between hot and cool seawater
(AT) [133]. For example, a 255 kW open-cycle OTEC plant has a seawater flow rate of
0.046 m>/s, which is equivalent to 46 L of seawater being flown per second. This may
not seem like much, but as the OTEC plant’s power requirement rises to hundreds of
megawatts, the seawater flow rate also rises considerably.

3.3.3. Kalina Cycle OTEC

The Kalina cycle is a closed-cycle OTEC that uses a blend of water and ammonia
as the working fluid instead of pure ammonia. Instead of having a boiling point, such a
mixture has a boiling point trajectory. During evaporation, more of the given heat is taken
into the working fluid, allowing for a larger amount of heat to be converted, resulting
in improved efficiency [139]. A binary combination has the advantage of evaporation or
condensation occurring over a wide temperature range at a given pressure; a pure Suid,
on the other hand, changes the phase at a fixed temperature. Thanks to this extra degree
of freedom, heat transfer-related irreversibility in the evaporator and condenser can be
decreased. The Kalina cycle requires more capital equipment and may place significant
demands on the evaporator and condenser, even though it enhances efficiency. Higher
heat transfer coefficients, larger heat transfer surface area, and higher seawater flow rate
are required to boost the efficiency. Each has a cost or a power penalty connected with it.
Additional research and testing are needed to determine whether the Kalina cycle and its
variants are feasible options [137].

3.3.4. Hybrid System

Hybrid cycles combine the potable water production capabilities of open-cycle OTECs
with the closed-cycle’s potential for huge electricity generation capacities. The steam
generated by flash evaporation is used as heat to drive a closed-cycle in hybrid systems,
which incorporate both open- and closed-cycles [140,141]. First, as previously stated, power
is generated in a closed-cycle system. Following that, the heated seawater discharged from
the closed-cycled OTEC are flash evaporated and cooled with the cold-water discharge, like
an open-cycle OTEC system, and it results in the production of freshwater. A typical closed-
cycle OTEC system that produces electricity and downstream flash-evaporation-based
desalination technology makes up the hybrid cycle. Both water and electricity production
can be modified independently and can function if one of the subsystems fails or requires
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maintenance [137]. However, warm saltwater is directly used in the ammonia evaporator
and additional equipment such as a potable water surface condenser is necessary to prevent
biofouling, resulting in higher capital costs [137].

3.3.5. Ocean Thermoelectric Generators (OTEG)

Thermoelectric technology has been widely employed for decades, from satellites to
wristwatches, from climate-controlled seats to the ingenious Mars rover. The thermoelec-
tric effect, also called the Seebeck effect, is the electric potential created by a temperature
difference in thermoelectric materials such as positively and negatively charged semicon-
ductors [14]. A thermoelectric generator (TEG) can transform the waste heat from thermal
power plants, vehicle exhaust, and flue gases into electricity. The thermoelectricity (V)
generated by thermoelectric materials with the Seebeck coefficient («, unit of ©V/K) under
the temperature gradient (AT) can be approximated as,

VZ[X(TH—Tc) (9)

In practically-adopted thermo-electric generators, typical values of « range from —200
to +200 pV /K [14].

The OTEG usually needs over a 100 °C temperature differential to produce significant
electricity [14]. However, recent advancements in nanotechnology have created new
thermoelectric possibilities. The effectiveness of a TEG is determined by a non-dimensional
figure-of-merit (ZT), expressed as follows,

ZT = S*¢T/K (10)

where S represents the Seebeck coefficient; o denotes the semiconductor’s electrical con-
ductivity; K denotes the thermal conductivity; and T denotes the absolute temperature.
Increasing the electrical characteristics (S?c) or decreasing the thermal conductivity (K)
are the two main ways to improve thermoelectric performance. According to [142], new
nanotechnology-developed materials enable ZT efficiency to exceed 1. For example, a novel
thermoelectric material, bismuth antimony telluride (BiSbTe), demonstrated laboratory
performance with a ZT of 1.4 at 100 °C [143]. However, their commercial applications
have been limited for many years due to low efficiency and high startup costs. Although
present commercial TEG units have a limited performance, this technology has many
potentials to become a leading concept of deep-sea energy generation with the growing
number of research and development initiatives. Furthermore, thermoelectric materials
are dependable power sources that have been used in a variety of applications requiring
autonomy and dependability.

3.4. Salinity Gradient Energy

The salinity gradient energy (SGE), often called blue energy, is a type of energy that
was initially discovered in the 1950s [143]. As an alternative and sustainable energy source,
salinity gradient energy has many advantages. It generates electricity using the Gibbs
energy created by mixing two salt solutions of different concentrations. Figure 17 shows
the main principle of SGE, which is a brackish (saline) solution made of a concentrated and
diluted solution. Itis a pollutant free (no CO,, SO;, or NOy emissions) and environmentally
friendly method of generating energy by mixing water streams with varying salinity.
Submarine and surface current motions cause global salinity variances, as shown in Figure 5.
Salinity gradient-based power is accessible where various salinity salt solutions mix such
as when fresh river water runs into the sea or industrial brine is discharged. Estuaries alone
are predicted to have a global energy potential of 2.6 TW [144], which is around 20% of the
global energy demand [145] and more than the global electricity consumption (2.0 TW).
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Figure 17. The combination of a concentrated and diluted solution to a brackish solution.

The SGE can be better understood by looking at the definition of the Gibbs free energy
of mixing. The Gibbs free energy of mixing can be stated for an ideal dilute solution
(AmixH =0).

AGpix = Gp — (GC + Gd) (11)

where AG,,;;, represents the change in the Gibbs energy (J/mol), while G, Gc, and G, are the
Gibbs energies of the brackish, the concentrated, and the diluted solution, respectively (J/mol).

Equation (11) can be expressed in the following fashion to achieve the link with the
entropy of mixing A, S:

ApixG = —(nc +1g)TAyixSp — (=1 TAyixSe — ngTAixGSy) (12)

where 1 denotes the amount of particles (mol); T represents the temperature (K); and A,,;, S
denotes the molar entropy of mixing (J/mol-K), which can be expressed as:

ApixS = —R Y _xiInx; (13)
i

where R represents the universal gas constant (8.314 J/mol-K); x; denotes the molar fraction
of component i. It is feasible to compute the potential energy that can be recovered from
any river mouth using these equations [146]. Several technologies have been considered
for the use of SGE, based on the huge energy source’s potential output. However, only two
approaches have made it to the pilot stage thus far [146].

3.4.1. Pressure Retarded Osmosis (PRO)

In PRO, two solutions with different salinities are brought together through a semiper-
meable membrane that only enables the solvent (water) to pass through while keeping
the solute in place (dissolved salts). Water transmission from the diluted solution to the
concentrated solution across a semipermeable membrane converts the free energy of mixing
from two solutions with different salinities into energy in PRO. Much of the pioneering
works were published by Loeb et al. [147-152] and Metha et al. [35,149,153,154] and their
coworkers. They presented the notion and published the initial results of their experiments.
Loeb et al. [147] studied not just the mixing of sea and river water, but also the idea of using
PRO to mix high-saline solutions such as Dead Sea water with seawater. Lee et al. [35]
constructed a theoretical model based on osmosis and reverse osmosis (RO) measurements
to describe the PRO performance of a membrane. They stated that “if PRO is to become a
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financially viable technology for power production employing seawater—freshwater as a
resource for the salinity gradient, membranes with much-enhanced performance will be
required”. The economics of a brine/freshwater system, on the other hand, appears to be
comparable to those of conventional power generation methods.” Because the membranes,
which are the fundamental component of PRO, are ineffectual, there has not been much
work to establish this technology [146].

3.4.2. Reversed Electrodialysis (RED)

Several anion exchange membranes (AEMs) and cation exchange membranes (CEMs)
are placed in an oscillating arrangement among an anode and a cathode in RED, allowing
only salt ions to be transported. Through an alternating set of AEMs and CEMs, a concen-
trated salt solution and a less concentrated salt solution are mixed together in RED. An
oscillating set of AEMs and CEMs separates the concentrated and dilute salt solution [155].
The AEM has fixed positive charges and only allows anions to be transported to the anode.
In contrast, the CEM has set negative charges and only allows cations to be transported to
the cathode. A spacer controls the hydrodynamics in both the concentrated and diluted
feed compartments. The electrons released at the anode are then delivered to the cathode
via an external circuit with an external load [156], as shown in Figure 18. The ions transport
charge in the internal circuit of the stack, while electrons carry charge in the external circuit.
Redox processes occur at the electrodes on the stack’s outer surface, converting the ionic
current to electrical current. The redox pair is used to reduce the number of transferred

electrons [155].
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Figure 18. Functioning of energy production by the RED process.

The most challenging aspect of RED technology is adapting it to a real-world context
where water-based solutions have more complicated compositions than the simple NaCl
solutions utilized in the lab. In addition, the compositions of real-world solutions are less
predictable, resulting in fluctuations in concentration and temperature over time. Further-
more, natural sea or river water contains numerous contaminants that might seriously
impede the operation of a RED system [146].
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4. Current Updates on the Wave and Tidal Energy Projects

Technology development, finance and markets, environmental and administrative diffi-
culties, and grid availability are the four key barriers to ocean energy solutions [25,157-165].
Further intensive research and development and state policy are required to achieve essen-
tial cost reductions and massive deployment. At the moment, technological barriers are
believed to be the most challenging and important issues that the ocean energy sector need
to tackle in the short- to medium-terms. Technological issues are considered to account for
about 35% of the crucial priorities for the wave and tidal energy industries [166], and should
be addressed with high priority in the next few years [167]. Furthermore, overcoming these
technological issues is fundamental to determining and finding the appropriate solutions
to the other barriers, particularly the economic and investment hurdles [168].

The European Marine Energy Center (EMEC) acts as a hub for the development of tidal
and wave energy, where various prototypes are being built and tested at sea [115,169]. Other
well-known tidal current turbines such as Seagen and Andritz Hammerfest have previously
been connected to the grid [170,171]. Other pre-commercial devices in development include
the 2 MW Open Hydro, 1 MW Atlantis AR1000, and 2 MW Scots renewable SR2000, all
of which are being tested at the EMEC. In 2019, the amount of electricity generated from
marine sources increased by 13% [172]. Nonetheless, the condition of marine power remains
off track, since it falls short of the Sustainable Development Scenario’s (SDS) requirements
of a 23% annual growth rate through 2030 [173] (see Figure 19). Several countries including
Canada, the United Kingdom, China, and Australia have advanced marine energy projects
with capacities ranging from 10 kW to 1 MW in operation [173]. Furthermore, countries
such as Canada, Australia, and the United States have substantial representations, whereas
eastern Asia is still seeking greater activity [174,175], as shown in Figure 20.

TWh

Figure 19. Ocean power generation scenarios from 2000 to 2030.
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Figure 20. Distribution of companies worldwide focusing on: (a) tidal energy and (b) wave energy.

Tables 7 and 8 show the technical and site specifications of major tidal (summarized
from [176-180]) and wave (summarized from [181-188]) power plants worldwide. Accord-
ing to recent studies, the OTEC may provide all of the world’s power generation capacity
while not affecting the ocean temperature profiles. Furthermore, many Caribbean and
Pacific Ocean Island republics have OTEC resources within 10 km of their beaches. The
OTEC appears to be particularly well-suited and economically viable for distant tropical
islands where power generation can be integrated with additional activities including air
conditioning and freshwater production [139].

Table 7. Operational tidal power plant.

Installed Capacity

Annual Capacity

Power Plant Country Year (MW) (GWh) Reference
Annapolis Royal Station Canada 1984 20 30 [177]
Jiangxi Tidal Station China 1980 3.2 44 [177]
Kislaya Russia 1968 1.7 1.8 [189]
Rance Tidal France 1966 240 480 [189]
Sihwa Lake South Korea 2011 254 552 [121]
Strangford Lough UK 2008 1.2 - [121]
Uldolmok South Korea 2009 1.5 24 [190]
Eastern Scheldt Netherlands 2015 1.25 - [34]
Table 8. Power stations that run on wave power.
Plant Count Capacity Type Year Reference
Y (MW) P
Ada Foah Wave Farm Ghana 04 Point absorber 2016 [181]
Agucadoura Wave Farm Portugal 2.25 Surface-following 2008 [182]
attenuator
Azura United States 0.02 Point absorber 2015 [183]
BOLT Lifesaver United States 0.03 Point absorber 2016 [184]
Islay Limpet United Kingdom 0.5 Oscillating water 2000 [185]
column
Mutriku Breakwater Wave Plant Spain 0.3 Oscillating water 2009 [186]
column
Orkney Wave Power Station United Kingdom 24 Oscillating wave surge converter Proposed [191]
Pico Wave Power Plant Portugal 0.4 Oscillating water 2010 [192]
column
SDE Sea Waves Power Plant Israel 0.04 Oscillating wave surge converter 2009 [192]
SINN Power wave energy converter Greece 0.02 Point absorber 2015 [192]
Sotends Wave Power Station Sweden 3 Point absorber 2015 [192]
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The IEA Energy Technology Perspectives (ETP) has aided our understanding of global
deployment. The ETP model combines energy supply and demand analysis to create a
bottom-up, technology-rich study of the global energy system. The ETP scenarios are
set until 2050 and clearly refer to the average worldwide rise in degrees centigrade (DS)
in anthropogenic climate change: 2 DS (there is at least a 50% possibility of keeping the
average temperature rise below 2 °C); 4 DS (taking into consideration climate and energy
initiatives that are being planned or discussed, assuming a 3.7 °C temperature increase);
and 6 DS (anticipating no GHG mitigation efforts beyond existing policy measures, which
might result in a 60% rise in yearly energy and process-related CO, emissions, resulting in
a 5.5 °C temperature increase). Under these three scenarios, Figure 21a shows the expected
generation level from ocean energy. Overall, the forecast for ocean energy is brighter,
with 52 TWh generated under 6 DS, 92 TWh created under 4 DS, and 144 TWh generated
under 2 DS, for the year 2040. By 2050, the total installed ocean energy capacity will have
increased from around 1 GW in 2013 to 37 GW under 6 DS, 71 GW under 4 DS, and 178 GW
under 6 DS [193,194]. Despite this, ocean energy represents less than 1% of total renewable
electricity generation in all three scenarios. By 2050, this estimation predicts a total capacity
of 101 GW of tidal stream and 236 GW of wave energy [195] (see Figure 21b).

More than 100 wave energy projects have been announced in Europe alone since
2009, with a total planned capacity of 1.2 GW. Unfortunately, more than 0.77 GW has been
canceled. However, it was expected that the additional wave energy project could achieve
about 26 MW in Europe by 2018 (see Figure 21b), increasing the total installed capacity to
57 MW. Although this amount was significantly smaller than the previously planned total
capacity, it can be considered as a significant development in the tidal energy market [168].
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Figure 21. Projected electricity generation and installed capacity: (a) electricity generation from ocean
energy between 2013 and 2040, and (b) ocean energy capacity forecast to 2050 by ETP.
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5. Environmental and Other Impacts

The flip side of this energy has been presented well by the Scottish Association
for Marine Science (SAMS) [196]. Ocean energy technologies have three different types
of environmental consequences [197]. The first is about how the device interacts with
aquatic life. Animals could be harmed if they collide with the operating parts of an ocean
energy gadget. The second source of concern is underwater noise pollution created by
ocean energy devices including wave energy and tidal stream devices. This kind of noise
potentially disturbs the life of marine species including whales, dolphins, seals, sea turtles,
migratory fish, and invertebrates. Since these marine species utilize underwater sound
rather than light to chat, navigate, and communicate, any background noise can interfere
with their ability to perform these tasks [198]. Given the small number of devices that
have been deployed thus far, empirical data on how these devices affect marine species
are scarce. The fourth category concerns the potential effects of ocean energy devices on
water movement caused by tides, waves, ocean currents, and density as a result of energy
removal from the marine environment or interruptions to normal water flow. Table 9
summarizes several environmental and other impacts of energy harvesting from ocean
tidal and waves. Figure 22 shows the potential noise pollution in the ocean generated by
tidal and wave energy converters.

Table 9. The possible impacts of ocean tidal and wave energy harvesting on the environment and others.

Type of Impact

Description

Noise pollution

This is one of the biggest problems. However, sound travels faster in a denser medium; hence,
the sound inside water is faster than that in air. As a result, marine life is highly disturbed by
the amount of sound produced by these devices.

Collision

The animals in the sea are move frequently and wildly, and when there are barriers in the sea,
collisions may occur. In addition, the visibility under the sea is worse than on land, and some
marine animals have limited vision capability. This collision endangers marine life as well as
possibly damages the devices. Therefore, design, operating conditions (e.g., speed and depth),
materials, and location selection are essential in avoiding marine mammal collisions.

Electromagnetic fields (EMFs)

These are generated by subsurface wires that transport electricity to the shore. EMF is detected
by various marine creatures including bony fish, sharks/rays, and marine mammals. A few
sensitive species [199] are attracted to cable EMF, which can be detected up to 295 m away.
There is little indication that offshore power cables have a broader influence [200]

Chemical effects

The expected risks connected with maritime vessel operations will be encountered during
deployment, routine maintenance, and decommissioning. Spills can happen in routine
operations, especially in systems that use hydraulic fluid. Continuous chemical leaching may
occur if anti-fouling coatings are applied to decrease the biological fouling of devices. OTEC is
involved in a one-of-a-kind circumstance that presents fresh challenges. It is possible that the
working fluid in a closed system (typically ammonia, which is highly deadly to fish) could leak
or spill [201].

Hydrodynamics

Hydrodynamic aspects include the seabed form and type, erosion and scouring produced by
current device modifications, and unique sediment transport and deposition patterns. Wave
and tidal stream projects will be located in areas with high ambient energy. Therefore, there are
site-specific challenges that must be addressed. Osmotic and permanent OTEC plants must be
carefully sited, especially near their output pipe locations [202].
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Figure 22. Noise pollution in the ocean generated by tidal (a,c) and wave energy converters

(b,d) (adopted from [203] under CC BY-SA 4.0 license).

6. Opportunities and Challenges in Developing Ocean Energy Sources

6.1. Socio-Economic Performance

The growth and emergence of ocean energy could result in more employment op-
portunities, notably in linked industries such as in oil and gas, maritime, and offshore
energy [204]. Knowledge and skills transfer from one industry to another could help
establish a stable and reliable ocean energy supply and value chain within the region. This
local supply chain would assist in building the sector and could reduce the initial costs
of harvesting the energy from the ocean. Ocean energy is also more price stable than its
competitors oil and gas. As a result, long-term employment and job stability can be pre-
dicted once the sector has matured [205]. Ocean energy is a renewable source of electricity;
however, it faces various hurdles, ranging from technological issues to issues impacting
its operation and maintenance [206], in a hostile ocean environment characterized by high

salinity and extreme weather [207].

The technological difficulties stem from the high cost of the deployment and mainte-
nance of offshore equipment. Due to the plethora of marine space users and environmental
effects issues, space on offshore platforms is restricted. As a result, ocean energy devices
and systems must be modular and resistant to tropical sea conditions. There is a push to
reduce the cost of deployment and maintenance by ensuring that devices can survive for a
long period in the water with minimal repair and replacement [205]. The environmental
implications of wave energy converters may be difficult to assess due to the still low and
limited deployment; however, it has been long enough to fully assess the environmental
implications both on land and at sea.

The cost of generating electricity from ocean energy is significantly higher than that of
traditional energy sources [26]. In addition, the multiplicity of components necessitates
industrial cohesion and constrained supply networks. Therefore, synergies with other
offshore businesses would benefit and strengthen the ocean energy industry in terms of
planning and technology development. Similarly, additional dedicated infrastructure such
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as ports and transmission grids might be built to support the installation, operation, and
maintenance of ocean energy converters [82].

Furthermore, because ocean energy is still a novel technology, project estimations
and estimates (including planning, installation, maintenance, and repair) are confined to
laboratory-scale deployment rather than commercial-scale implementation [21]. Even in
places such as the EU and the UK, where ocean energy technologies are more established,
the accuracy of capital and operational cost projections is an issue. This is because ocean
energy harvesting is comprised of several technologies, the bulk of which are still under
development. In 2015, Ocean Energy Systems (OES) published a landmark study on the
levelized cost of energy (LCOE) of the wave, tidal, and OTEC technologies at various levels
of development. Table 10 shows the various cost projections for distinct ocean technologies
such as wave, tidal, and the OTEC, based on the OES study, at various deployment stages.
Furthermore, Table 11 presents the globally proposed tidal power stations (summarized
from [208-210]).

Table 10. Summary data averaged for each deployment and technology type, based on the Interna-
tional Levelized Cost of Energy for the Ocean Energy Technologies report by the International Energy
Agency-Ocean Energy Systems (IEA-OES) [211].

) 5 Wave Tidal OTEC
Deployment Stage Variable Min Max Min Max Min Max
. . Project capacity (MW) 1 3 0.3 10 0.1 5
First array /first C]APEX }()USDy /KW) 4000 18,100 5100 14,600 25,000 45,000
project OPEX (USD/kW-y) 140 1500 160 1160 800 1440
Project capacity (MW) 1 10 0.5 28 10 20
Second CAPEX (USD/kW-y) 3600 15,300 4300 8700 15,000 30,000
array/second OPEX (USD/kW-y) 100 500 150 530 480 950
. Availability (%) 85% 98% 85% 98% 95% 95%
project Capacity factor (%) 30% 35% 35% 42% 97% 97%
LCOE (USD/MWh) 210 670 210 470 350 650
Project capacity (MW) 2 75 3 90 100 100
First CAPEX (USD/kW) 2700 9100 3300 5600 7000 13,000
commercial-scale OPEX (USD/kW-y) 70 380 90 400 340 620
. Availability (%) 95% 98% 92% 98% 95% 95%
project Capacity factor (%) 35% 40% 35% 40% 97% 97%
LCOE (USD/MWh) 120 470 130 280 150 280
Table 11. Globally planned tidal power stations.
Name Capacity (MW) Country Primary Cost (B USD) References
Garorim Bay Tidal Power Station 520 South Korea 1 [208]
Incheon Tidal Power Station 1320 South Korea 34 [209]
Tugurskaya Tidal Power Plant 3640 Russia - [209]
Mezenskaya Tidal Power Plant 24,000 Russia 22.76 [209]
Skerries Tidal Stream Array 10.5 UK 0.07698 [209]
Tidal Lagoon Swansea Bay 320 UK 1.3 [212]
Gulf of Kutch Project 50 India 0.15 [212]
Alderney Tidal Plant 300 Alderney - [212]

6.2. Social Influence

There is a social divide between public support for renewable energy development,
which leads to local job creation, reduced electricity costs, lower carbon emissions, enhanced
energy security, and successful planning and application approval. Power plants for
renewable energy are frequently met with low public approval, which at the very least
slows down, if not completely prohibits, initiatives. The visual effects, denial of climate
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change, a desire to avoid commercialization of coastal waterways, and harm to tourism,
fisheries, recreation, and navigation operations are all factors [176,213].

6.3. Design, Installation, and Operation

Compared to land-based structures, the design, operation, and installation of any
structure or facility in an ocean environment is always a problem. The importance of
design in the case of ocean energy is much greater, as ocean energy is anticipated to actively
interact with the ocean waves in a precise way to harvest energy from them. In addition
to being able to handle operating pressures, the performance and survivability of ocean
energy during extreme loading circumstances such as hurricanes and storms are critical.

Biofouling (moorings and floating or submerged components of the device) and corro-
sion are the most typical difficulties that ocean energy devices will confront [174,214-236].
Seawater’s corrosive character [237-239] can also be a challenge for several aspects of ocean
energy. Therefore, at the design stage, complete operation and maintenance strategies for
ocean energy systems must be well-planned and devised, which will undoubtedly add to
the lifecycle cost. Accessing the facility offshore is another critical concern for operation and
maintenance planning [237-241]. Offshore energy industry knowledge such as experiences
in offshore wind, oil, and gas industries [242] can help to understand the risks and costs
associated with sustaining an offshore plant. As a result, a system with well-spaced mainte-
nance activities will be a suitable option, lowering the expenses involved with repeatedly
mobilizing staff to the plant.

Some studies are attempting to model the reliability of ocean energy devices and
prospective failure rates. Thies et al. devised a system for simulating component reliability
and failure rates under specified operational settings [243]. Device testing in environments
that may simulate real-world situations is a requirement for determining device and
component reliability [244]. Annual running and maintenance costs for ocean energy
devices can be as high as 3.4-5.8% of capital expenditure, compared to 2.3-3.7% for offshore
wind [227]. There have only been a few full-scale devices deployed; hence, there is limited
practical experience. Installation of ocean energy devices must be simple and quick to
reduce the installation costs [244]. In the case of tidal devices, this is also necessary because
installation must take place at slack tide, which is short.

6.4. Grid Connection and Integration

Grid concerns, on the other hand, may not be a major concern in all markets. Because
the grid infrastructure is adjacent to ocean energy resources along their coasts, many
European countries such as France, Portugal, Spain, and the Netherlands may have an edge
in building ocean energy projects [25]. Many countries see marine energy as a possible
electricity source, as indicated in [245], in order to cut carbon emissions and diversify their
electricity sources. Ireland, for example, has set a goal of 500 MW of ocean energy in its
energy portfolio by 2020 [246]. Blavette et al. [245] summarized some important points and
advice. The wind energy industry may have viewed the introduction of additional grid
code criteria for wind as unfair or unjustified [247]. However, in the case of ocean energy, a
close working relationship between grid operators and developers in the development of
grid code requirements should benefit both sides [219,248] (see Figure 23). Grid operators
may find it challenging to understand the possible grid impact of all the many brands of
ocean converters because of their diversity. More communication with the ocean energy
business may result in the establishment of more appropriate criteria that will satisfy both
parties. Involvement of the ocean energy sector in the establishment of these specifications,
on the other hand, would also increase developer acceptance. Furthermore, it may improve
the industry’s grasp of the whole range of power system stability challenges.
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Figure 23. Total research and development investment in wave and tidal energy projects in 2011
(in M EUR).

In order to integrate new energy sources, requirements must evolve. In the case of
ocean energy converters, it is proposed that this evolution be broken down into multi-
ple steps that will be defined in partnership with industry and grid operators. Future
requirements are recommended to grow in the same way that wind turbine requirements
do (i.e., based on the experience gained at each stage of the grid integration process and the
level of penetration of ocean energy in the energy mix). Developing fixed requirements to
be applied from low to high penetration levels would be unreasonable and irrelevant [168].

At the initial stage, the first phase of grid integration is concerned with the time when
the ocean energy’s contribution to the energy mix is low and hence does not pose a danger
to the stability of the power system. Soft grid requirements are proposed during this time;
therefore, the developers can enhance their technology by testing it in real-world scenarios
with a grid connection [245]. In the following phases, when wind energy becomes a large
part of the energy mix in some areas, tighter criteria are imposed such as low voltage fault
ride-through or frequency control requirements. Similarly, harsher limitations will need to
be adopted later, depending on the extent of the penetration of ocean energy [245].

6.5. Policy and Regulations

Many countries with ocean access are planning to develop ocean energy as part of
their long-term energy goals. The EU has put in place support mechanisms to help with
the development of ocean energy, with 66 MW of projects expected to be operational by
2018 [168]. Table 12 lists some of the governmental policy instruments for ocean energy in
the EU [202].

Ocean energy offers a unique utilization that can support various energy networks.
It enables the Global Renewable Energy Islands Network (GREIN) clusters on islands,
which include water desalination [25]. Capacity or generation targets; capital grants and
financial incentives including prizes; market incentives; industry development; research
and testing facilities and infrastructure; and permitting, space, and resource allocation
regimes, standards, and protocols are the six categories of policies that apply to ocean
technology [249]. In addition, creating resource mapping, increasing capital grand funding,
expanding international collaboration, and fostering research, development, and demon-
stration are all policies that can assist in overcoming the technological hurdles for ocean
energy [25]. To overcome the economic barriers, policymakers might provide financing
support for technologies in the demonstration stage and use road-mapping to speed cost
and risk reductions [25]. Because tidal stream energy cannot currently be funded purely
through commercial means, public subsidization measures such as feed-in tariffs (FIT) can
help promote its development [26].
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Table 12. Governmental policy instruments for ocean energy.

energy centers
Marine energy
testing centers

Policy Instrument Country Example Description
Targets
Legislated targets, United Kingdom 3% of UK electricity from ocean energy by 2020
aspirational targets, and Ireland 500 MW by 2020
forecasts Portugal 550 MW by 2020
Government funding
Research and U.S. DoE hydrokinetic program (capital grants for R&D and
development United States - y prog pra’ g
market acceleration)
programs/grants
Prototype
deployment and United Kingdom Marine Renewable Proving Fund (MRPF)
capital grants New Zealand Marine Energy Deployment Fund (MEDF)
Production incentives
Feed-in-Tariff Portugal Guaranteed price (in USD/kWh or equivalent) for ocean
eed-in-larttls Ireland /Germany energy-generated electricity
Tradable certificates (in USD/MWh or
Renewables . . .
S United Kingdom equivalent) for ocean energy generated
Obligations .
electricity
Prizes Scotland Saltire prize
Infrastructure developments
National marine United States Two centers were established (Oregon/Washington for wave/tidal and

Hawaii for OTEC)
European Marine Energy Center (EMEC). There are about 14 centers under
development worldwide

Most western European and North
American countries

Offshore hubs United Kingdom Wave hub, connection infrastructure for devices
Other regulatory incentives
Standards/ protocols United Kingdom A national standard for ocean energy (.as well as participation in the
development of international standards)
Permitting regimes United Kingdom Crown estate competitive tender for
Space/resource United States FERC/MMS permitting regime in U.S. outer

allocation regimes

Continental Shelf

7. Conclusions

More sustainable energy methods are being included within our culture to meet our
energy needs and lessen our reliance on fossil fuels. The use of plentiful ocean energy
necessitates the development of new technologies that will make ocean waves and tidal
energy a profitable source of secure energy while reducing global CO, emissions caused by
using fossil fuels. The current developments and prospects of maritime energy platforms
were summarized in this research. Improved equipment design is envisaged as a result of a
greater understanding of ocean energy and a comprehensive study of numerous potential
devices. Ocean energy is a pollution-free, renewable natural energy source with little
impact on the environment.

Nonetheless, the environmental impact of maritime energy exploitation must be fully
understood to ensure that large-scale implementation is not hampered. Tidal power plants,
wave energy converters, OTEC, and OTEG devices can all be used to collect ocean energy.
Wave technology (45%), tidal stations (23%), studies on the economy or policy (15%),
and concerns about the environment (17%) are among the major ocean energy research
activities [250]. On the other hand, the investor confidence in the sector is being harmed by
poor technological advancement paired with challenges recruiting finances and financing
for first-of-a-kind array demonstration projects. Due to the considerable risk involved
with projects and market formation delays, important developers and original equipment
manufacturers have been forced to reduce or abandon their involvement in developing
ocean energy technology.

Further research in control solutions is required because they offer a significant cost
savings potential due to the higher absorbed energy while still maintaining grid code
standards. There is no long-term experience with devices in terms of commercial operation
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and maintenance available. Furthermore, only a few studies have attempted to estimate
the installation resource requirements (e.g., time and cost). Device spacing and other array
design characteristics may have an impact on the operation and maintenance activities and
costs. However, this is not generally recognized now and must be addressed. The economic
and social implications of ocean energy are critical areas that should be prioritized in the
future. The scope of the exploration and development should be expanded to include
conflicting or competing uses of the marine environment such as fishing, shipping, offshore
wind, and habitat preservation. There are issues with delivering electricity to onshore
loads that need to be handled more seriously. Running cables through salty waters and an
offshore system to connect ocean energy sources involves significant obstacles. Economic
and technological considerations must also be made when choosing between AC and DC
transmission for maritime power [250]. A complete cost-benefit analysis of ocean energy
that considers variables such as grid connectivity and energy security could be crucial.
Ultimately, while the cost per kWh of ocean energy generation projects remains high,
expanding tidal and wave energy projects are envisioned to dramatically reduce power
generation costs compared to competing for energy sources.

Author Contributions: Conceptualization, M.Z.A. K. and M.A.; Methodology, M.Z. A K., H A K.
and M.A_; Formal analysis, M.Z.A K. and H.A K,; Investigation, M.Z.A K., HA K. and M.A.; Re-
sources, M.Z.A K., HAK. and M.A.; Writing—original draft preparation, M.Z.A K., H. AK. and
M.A,; Writing—review and editing, M.Z.A K., H.A.K. and M.A.; Visualization, M.Z.A K. and H A K.;
Supervision, M.A.; Project administration, M.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gonzalez Moncada, V. Impact of COVID-19 on Transport and Logistics Connectivity in the Caribbean; United Nations: Santiago,
Chile, 2020.

2. Wen, C,; Akram, R;; Irfan, M.; Igbal, W.; Dagar, V.; Acevedo-Duqued, A Saydaliev, H.B. The asymmetric nexus between air
pollution and COVID-19: Evidence from a non-linear panel autoregressive distributed lag model. Environ. Res. 2022, 209, 112848.
[CrossRef] [PubMed]

3. Igbal, W,; Tang, Y.M.; Chau, K.Y,; Irfan, M.; Mohsin, M. Nexus between air pollution and NCOV-2019 in China: Application of
negative binomial regression analysis. Process Saf. Environ. Prot. 2021, 150, 557-565. [CrossRef]

4. Mitrova, T. Review of the “Global and Russian energy outlook up to 2040”. Energy Strateg. Rev. 2014, 2, 323-325. [CrossRef]

5. Robb, D. Aeroderivative Gas Turbines. Available online: https://www.turbomachinerymag.com/view/aeroderivative-gas-
turbines (accessed on 15 February 2021).

6.  Neumann, A. The Role of Gas in Europe towards 2050; NTNU: Trondheim, Norway, 2021.

7. IEA. Total Final Consumption (TFC) by Source. Available online: https://www.iea.org/reports/key-world-energy-statistics-20
20/final-consumption (accessed on 10 August 2020).

8. Ritchie, H.; Roser, M. CO, and other Greenhouse Gas Emissions. Available online: https://ourworldindata.org/co2-and-other-
greenhouse-gas-emissions (accessed on 10 February 2021).

9.  British Petroleum. Statistical review of world energy 2021. Stat. Rev. World Energy 2021, 70, 66.

10.  British Petroleum. Energy Outlook 2020 Edition; British Petroleum: London, UK, 2020.

11. Derakhshan, S.; Ashoori, M.; Salemi, A. Experimental and numerical study of a vertical axis tidal turbine performance. Ocean
Eng. 2017, 137, 59-67. [CrossRef]

12. Wahyudie, A.; Jama, M.A.; Susilo, T.B.; Saeed, O.; Nandar, C.S.A.; Harib, K. Simple bottom-up hierarchical control strategy for
heaving wave energy converters. Int. |. Electr. Power Energy Syst. 2017, 87, 211-221. [CrossRef]

13. de Andres, A.; Medina-Lopez, E.; Crooks, D.; Roberts, O.; Jeffrey, H. On the reversed LCOE calculation: Design constraints for
wave energy commercialization. Int. J. Mar. Energy 2017, 18, 88-108. [CrossRef]

14. Khan, N.; Kalair, A.; Abas, N.; Haider, A. Review of ocean tidal, wave and thermal energy technologies. Renew. Sustain. Energy

Rev. 2017, 72, 590-604. [CrossRef]


http://doi.org/10.1016/j.envres.2022.112848
http://www.ncbi.nlm.nih.gov/pubmed/35101402
http://doi.org/10.1016/j.psep.2021.04.039
http://doi.org/10.1016/j.esr.2013.12.001
https://www.turbomachinerymag.com/view/aeroderivative-gas-turbines
https://www.turbomachinerymag.com/view/aeroderivative-gas-turbines
https://www.iea.org/reports/key-world-energy-statistics-2020/final-consumption
https://www.iea.org/reports/key-world-energy-statistics-2020/final-consumption
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
http://doi.org/10.1016/j.oceaneng.2017.03.047
http://doi.org/10.1016/j.ijepes.2016.10.010
http://doi.org/10.1016/j.ijome.2017.03.008
http://doi.org/10.1016/j.rser.2017.01.079

Energies 2022, 15, 3456 35 of 43

15.

16.
17.

18.

19.
20.
21.
22.

23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.
44.

45.
46.

Ben Elghali, S.E.; Benbouzid, M.E.H.; Charpentier, J.F. Marine Tidal Current Electric Power Generation Technology: State of the
Art and Current Status. In Proceedings of the 2007 IEEE International Electric Machines & Drives Conference, Antalya, Turkey,
3-5 May 2007; pp. 1407-1412.

Farris, A.; Helston, C. Tidal Power. Available online: http://www.energybc.ca/tidal.html (accessed on 5 February 2022).

SI Ocean. Ocean Energy: Cost of Energy and Cost Reduction Opportunities; European Ocean Energy: Brussels, Belgium, 2013.
Available online: https:/ /oceanenergy-sweden.se/wp-content/uploads/2018/03/130501-si-ocean-cost-of-energy-report.pdf
(accessed on 5 February 2022).

Magagna, D.; Uihlein, A. 2014 JRC Ocean Energy Status Report; Institute for Energy and Transport: Petten, The Netherlands,
2015. Available online: https:/ /op.europa.eu/en/publication-detail /- /publication/359b9147-ab4e-4639-b9db-17a6011a255f/
language-en (accessed on 5 February 2022).

Gobato, R.; Gobato, A.; Fedrigo, D.EG. Study Pelamis System to Capture Energy of Ocean Wave. arXiv 2015, arXiv:1508.01106.
Onainor, E.R. Ocean Energy: Tidal and Tidal Power. Ocean Energy Tidal Tidal Power 2019, 1, 105-112.

Schmitt, R.W. Form of the temperature-salinity relationship in the central water: Evidence for double-diffusive mixing. J. Phys.
Oceanogr. 1981, 11, 1015-1026. [CrossRef]

Rajagopalan, K.; Nihous, G.C. Estimates of global Ocean Thermal Energy Conversion (OTEC) resources using an ocean general
circulation model. Renew. Energy 2013, 50, 532-540. [CrossRef]

Enferad, E.; Nazarpour, D. Ocean’s Renewable Power and Review of Technologies: Case Study Waves. In New Developments in
Renewable Energy; IntechOpen: London, UK, 2013. Available online: https://www.intechopen.com/chapters /42182 (accessed on
5 February 2022).

Curto, D.; Franzitta, V.; Guercio, A. Sea Wave Energy. A Review of the Current Technologies and Perspectives. Energies 2021,
14, 6604. [CrossRef]

International Renewable Energy Agency. Ocean Energy: Technologies, Patents, Deployment Status and Outlook; International
Renewable Energy Agency (IRENA): Abu Dhabi, United Arab Emirates, 2014.

Melikoglu, M. Current status and future of ocean energy sources: A global review. Ocean Eng. 2018, 148, 563-573. [CrossRef]
Neill, S.P.; Hashemi, M.R.; Lewis, M.]. Tidal energy leasing and tidal phasing. Renew. Energy 2016, 85, 580-587. [CrossRef]
Chen, Y,; Lin, B; Lin, J.; Wang, S. Effects of stream turbine array configuration on tidal current energy extraction near an island.
Comput. Geosci. 2015, 77, 20-28. [CrossRef]

Waters, S.; Aggidis, G. Tidal range technologies and state of the art in review. Renew. Sustain. Energy Rev. 2016, 59, 514-529.
[CrossRef]

Waters, S.; Aggidis, G. A world first: Swansea Bay tidal lagoon in review. Renew. Sustain. Energy Rev. 2016, 56, 916-921. [CrossRef]
Hammons, T.J. Tidal Power. Proc. IEEE 1993, 81, 419-433. [CrossRef]

Sellar, B.; Harding, S.; Richmond, M. High-resolution velocimetry in energetic tidal currents using a convergent-beam acoustic
Doppler profiler. Meas. Sci. Technol. 2015, 26, 085801. [CrossRef]

Jefferson, W.T.; Elisabeth, M.D.; Driscoll, M.].; Golay, M.W.; Peters, W.A. Sustainable Energy, 2nd ed.; MIT Press: Cambridge, UK,
2012; ISBN 9780262017473.

Neill, S.P; Angeloudis, A.; Robins, PE.; Walkington, I.; Ward, S.L.; Masters, 1.; Lewis, M.].; Piano, M.; Avdis, A.; Piggott, M.D.;
et al. Tidal range energy resource and optimization—Past perspectives and future challenges. Renew. Energy 2018, 127, 763-778.
[CrossRef]

Lee, K.L.; Baker, RW.; Lonsdale, H.K. Membranes for power generation by pressure-retarded osmosis. J. Membr. Sci. 1981,
8, 141-171. [CrossRef]

US EIA. International Energy Outlook 2013—DOE/EIA-0484(2013); US EIA: Washington, DC, USA, 2013.

Lavidas, G.; Venugopal, V. Wave energy resource evaluation and characterisation for the Libyan Sea. Int. J. Mar. Energy 2017,
18, 1-14. [CrossRef]

Kamranzad, B.; Chegini, V.; Etemad-Shahidi, A. Temporal-spatial variation of wave energy and nearshore hotspots in the Gulf of
Oman based on locally generated wind waves. Renew. Energy 2016, 94, 341-352. [CrossRef]

International Renewable Energy Agency. Wave Energy; International Renewable Energy Agency (IRENA): Abu Dhabi, United
Arab Emirates, 2014.

Xu, L.; Li, Z.L. Impacts of the Wave Train along the Asian Jet on the South China Sea Summer Monsoon Onset. Atmosphere 2021,
12,1227. [CrossRef]

Arinaga, R.A.; Cheung, K.F. Atlas of global wave energy from 10 years of reanalysis and hindcast data. Renew. Energy 2012,
39, 49-64. [CrossRef]

Manasseh, R.; Sannasiraj, S.A.; Mcinnes, K.L.; Sundar, V,; Jalihal, P. Integration of wave energy and other marine renewable
energy sources with the needs of coastal societies. Int. J. Ocean Clim. Syst. 2017, 8, 19-36. [CrossRef]

Gunn, K.; Stock-Williams, C. Quantifying the global wave power resource. Renew. Energy 2012, 44, 296-304. [CrossRef]

Brooke, J. Wave Energy Conversion; Bhattacharyya, R., McCormick, M.E., Eds.; Elsevier Science: Amsterdam, The Netherlands,
2003; ISBN 9780080543703.

Pousa, J.L.; Naval, S.D.H. Wave-power potential along the coast of the province of buenos aires. Argentina 1992, 17, 997-1006.
Hughes, M.G.; Heap, A.D. National-scale wave energy resource assessment for Australia. Renew. Energy 2010, 35, 1783-1791.
[CrossRef]


http://www.energybc.ca/tidal.html
https://oceanenergy-sweden.se/wp-content/uploads/2018/03/130501-si-ocean-cost-of-energy-report.pdf
https://op.europa.eu/en/publication-detail/-/publication/359b9147-ab4e-4639-b9db-17a6011a255f/language-en
https://op.europa.eu/en/publication-detail/-/publication/359b9147-ab4e-4639-b9db-17a6011a255f/language-en
http://doi.org/10.1175/1520-0485(1981)011&lt;1015:FOTTSR&gt;2.0.CO;2
http://doi.org/10.1016/j.renene.2012.07.014
https://www.intechopen.com/chapters/42182
http://doi.org/10.3390/en14206604
http://doi.org/10.1016/j.oceaneng.2017.11.045
http://doi.org/10.1016/j.renene.2015.07.016
http://doi.org/10.1016/j.cageo.2015.01.008
http://doi.org/10.1016/j.rser.2015.12.347
http://doi.org/10.1016/j.rser.2015.12.011
http://doi.org/10.1109/5.241486
http://doi.org/10.1088/0957-0233/26/8/085801
http://doi.org/10.1016/j.renene.2018.05.007
http://doi.org/10.1016/S0376-7388(00)82088-8
http://doi.org/10.1016/j.ijome.2017.03.001
http://doi.org/10.1016/j.renene.2016.03.084
http://doi.org/10.3390/atmos12091227
http://doi.org/10.1016/j.renene.2011.06.039
http://doi.org/10.1177/1759313116683962
http://doi.org/10.1016/j.renene.2012.01.101
http://doi.org/10.1016/j.renene.2009.11.001

Energies 2022, 15, 3456 36 of 43

47.

48.

49.

50.

51.

52.
53.

54.

55.
56.
57.
58.

59.
60.

61.

62.

63.

64.

65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

75.

Beels, C.; De Rouck, J.; Verhaeghe, H.; Geeraerts, J.; Dumon, G. Wave energy on the Belgian continental shelf. In Proceedings of
the OCEANS 2007—Europe, Aberdeen, UK, 18-21 June 2007; pp. 3-8.

Sanchez, A.S.; Dejong, P.; Wind, E.T. Solar and waves’ energy in the Ne region of Brazil: Analysis of meteorological parameters
related to the load curve of electric demand. In Proceedings of the CONEM, Sao Luis, Brazil, 25 July 2012.

Cornett, A. Inventory of Canada’s Marine Renewable Energy Resources; Canadian Hydraulics Centre: Ottawa, ON, Canada, 2006.
Available online: https:/ /www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/canmetenergy /files / pubs /CHC-TR-041.pdf (accessed
on 5 February 2022).

Aquatera Ltd. Recommendations for Chile 's Marine Energy Strategy—A Roadmap for Development; Aquatera Ltd.: Stromness,
UK, 2014.

Nishimura, M. From Prototype to Market: Development of marine renewable energy policies and regional cooperation 1. In
Proceedings of the PECC International Project Energy Transition and New Economic Models 2013-2014, Noumea, New Caledonia,
26-28 November 2014.

Zhang, D.; Li, W,; Lin, Y. Wave energy in China: Current status and perspectives. Renew. Energy 2009, 34, 2089-2092. [CrossRef]
Henfridsson, U.; Neimane, V.; Strand, K.; Kapper, R.; Bernhoff, H.; Danielsson, O.; Leijon, M.; Sundberg, J.; Thorburn, K,;
Ericsson, E.; et al. Wave energy potential in the Baltic Sea and the Danish part of the North Sea, with reflections on the Skagerrak.
Renew. Energy 2007, 32, 2069-2084. [CrossRef]

Dufour, G.; Michard, B.; Cosquer, E.; Fernagu, E. EMACOP project: Assessment of wave energy resource along France’s coastlines.
In Coasts, Marine Structures and Breakwaters 2013: From Sea to Shore—Meeting the Challenges of the Sea; ICE Publishing: Edinburg,
UK, 2014; Volume 1, pp. 306-315.

Pontes, M.T. Assessing the european wave energy resource. J. Offshore Mech. Arct. Eng. 1998, 120, 226-231. [CrossRef]

Pillai, LR ; Banerjee, R. Renewable energy in India: Status and potential. Energy 2009, 34, 970-980. [CrossRef]

Gallagher, S.; Tiron, R.; Whelan, E.; Gleeson, E.; Dias, F; McGrath, R. The nearshore wind and wave energy potential of Ireland: A
high resolution assessment of availability and accessibility. Renew. Energy 2016, 88, 494-516. [CrossRef]

Vicinanza, D.; Contestabile, P.; Ferrante, V. Wave energy potential in the north-west of Sardinia (Italy). Renew. Energy 2013,
50, 506-521. [CrossRef]

Sasaki, W. Changes in wave energy resources around Japan. Geophys. Res. Lett. 2012, 39, 1-6. [CrossRef]

Muzathik, A.M.; Nik, W.B.W.; Ibrahim, M.; Samo, K.B. Wave energy potential of peninsular Malaysia. ARPN ]. Eng. Appl. Sci.
2010, 5, 11-23.

Muzathik, A.M.; Wan Nik, W.B.; Samo, K.B.; Ibrahim, M.Z. Ocean wave measurement and wave climate prediction of Peninsular
Malaysia. J. Phys. Sci. 2011, 22, 77-92.

Chiang, E.P,; Zainal, Z.A.; Narayana, P.A.A.; Seetharamu, K.N. Potential of renewable wave and offshore wind energy sources in
Malaysia. In Proceedings of the Marine Technology Seminar, Oxford, UK, 15-17 September 2003; pp. 1-7.

Samrat, N.H.; Ahmad, N.B.; Choudhury, I.A.; Taha, Z. Prospect of wave energy in Malaysia. In Proceedings of the 2014 IEEE
8th International Power Engineering and Optimization Conference (PEOCO2014), Langkawi, Malaysia, 24-25 March 2014;
pp. 127-132.

Andersen, K.; Chapman, A.; Hareide, N.R.; Folkestad, A.O.; Sparrevik, E.; Langhamer, O. Environmental Monitoring at the
Maren Wave Power Test Site off the Island of Runde, Western Norway: Planning and Design. In Proceedings of the 8th European
Wave and Tidal Energy Conference, Uppsala, Sweden, 7-10 September 2009; pp. 1029-1038.

Rusu, E.; Guedes Soares, C. Numerical modelling to estimate the spatial distribution of the wave energy in the Portuguese
nearshore. Renew. Energy 2009, 34, 1501-1516. [CrossRef]

Waters, R.; Engstrom, J.; Isberg, J.; Leijon, M. Wave climate off the Swedish west coast. Renew. Energy 2009, 34, 1600-1606.
[CrossRef]

Reeve, D.E.; Chen, Y,; Pan, S.; Magar, V.; Simmonds, D.J.; Zacharioudaki, A. An investigation of the impacts of climate change on
wave energy generation: The Wave Hub, Cornwall, UK. Renew. Energy 2011, 36, 2404-2413. [CrossRef]

Stopa, J.E.; Cheung, K.F;; Chen, Y.L. Assessment of wave energy resources in Hawaii. Renew. Energy 2011, 36, 554-567. [CrossRef]
Beyene, A.; Wilson, ].H. Digital mapping of California wave energy resource. Int. J. Energy Res. 2007, 31, 1156-1168. [CrossRef]
Wick, G.L.; Schmitt, W.R. Prospects for renewable energy from the sea. Mar. Technol. Soc. J. 1977, 11, 16-21.

Defne, Z.; Haas, K.A.; Fritz, H.M. Wave power potential along the Atlantic coast of the southeastern USA. Renew. Energy 2009,
34, 2197-2205. [CrossRef]

Masutani, S.M.; Takahashi, P.K. Ocean Thermal Energy Conversion (otec). In Encyclopedia of Ocean Sciences; Steele, ].H., Ed.;
Academic Press: Oxford, UK, 2001; pp. 1993-1999. ISBN 978-0-12-227430-5.

Wu, Z.; Feng, H.; Chen, L.; Ge, Y. Performance optimization of a condenser in ocean thermal energy conversion (OTEC) system
based on constructal theory and a multi-objective genetic algorithm. Entropy 2020, 22, 641. [CrossRef]

Yang, M.H.; Yeh, R.H. Analysis of optimization in an OTEC plant using organic Rankine cycle. Renew. Energy 2014, 68, 25-34.
[CrossRef]

Wang, M; Jing, R.; Zhang, H.; Meng, C.; Li, N.; Zhao, Y. An innovative Organic Rankine Cycle (ORC) based Ocean Thermal
Energy Conversion (OTEC) system with performance simulation and multi-objective optimization. Appl. Therm. Eng. 2018,
145, 743-754. [CrossRef]


https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/canmetenergy/files/pubs/CHC-TR-041.pdf
http://doi.org/10.1016/j.renene.2009.03.014
http://doi.org/10.1016/j.renene.2006.10.006
http://doi.org/10.1115/1.2829544
http://doi.org/10.1016/j.energy.2008.10.016
http://doi.org/10.1016/j.renene.2015.11.010
http://doi.org/10.1016/j.renene.2012.07.015
http://doi.org/10.1029/2012GL053845
http://doi.org/10.1016/j.renene.2008.10.027
http://doi.org/10.1016/j.renene.2008.11.016
http://doi.org/10.1016/j.renene.2011.02.020
http://doi.org/10.1016/j.renene.2010.07.014
http://doi.org/10.1002/er.1326
http://doi.org/10.1016/j.renene.2009.02.019
http://doi.org/10.3390/e22060641
http://doi.org/10.1016/j.renene.2014.01.029
http://doi.org/10.1016/j.applthermaleng.2018.09.075

Energies 2022, 15, 3456 37 of 43

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.
90.

91.

92.
93.

94.
95.
96.
97.

98.
99.

100.
101.
102.

103.

104.

105.

106.

107.

108.

Yasunaga, T.; Ikegami, Y. Theoretical model construction for renewable low-grade thermal energy conversion: An insight from
finite-time thermodynamics. Refrig. Sci. Technol. 2020, 2020, 446-454.

Lee, W.Y;; Kim, S.S. The maximum power from a finite reservoir for a Lorentz cycle. Energy 1992, 17, 275-281. [CrossRef]
Ikegami, Y.; Bejan, A. On the thermodynamic optimization of power plants with heat transfer and fluid flow irreversibilities.
J. Sol. Energy Eng. Trans. ASME 1998, 120, 139-144. [CrossRef]

Yasunaga, T.; Fontaine, K.; Ikegami, Y. Performance Evaluation Concept for Ocean Thermal Energy Conversion toward Standard-
ization and Intelligent Design. Energies 2021, 14, 2336. [CrossRef]

Lennard, D.E. Ocean thermal energy conversion—A base load renewable energy system. In Proceedings of the Institution of Chemical
Engineers Symposium Series; Elsevier: Amsterdam, The Netherlands, 1982; pp. T6-15-T6-25.

Asian Development Bank. Wave Energy Conversion and Ocean Thermal Energy Conversion Potential in Developing Member Countries;
Asian Development Bank: Mandaluyong City, Philippines, 2014; ISBN 9789292545307. Available online: https://www.adb.
org/publications/wave-energy-conversion-and-ocean-thermal-energy-conversion-potential-developing-member (accessed on
5 February 2022).

Kempener, R.; Neumann, F. Tidal Energy Technology Brief; International Renewable Energy Agency (IRENA): Abu Dhabi, United
Arab Emirates, 2014. Available online: https://www.irena.org/-/media/Files/IRENA /Agency/Publication/2014/Tidal_
Energy_V4_WEB.pdf (accessed on 5 February 2022).

Falcao, A.F.d.O. Wave energy utilization: A review of the technologies. Renew. Sustain. Energy Rev. 2010, 14, 899-918. [CrossRef]
Alvarez-Silva, O.A.; Osorio, A.F.; Winter, C. Practical global salinity gradient energy potential. Renew. Sustain. Energy Rev. 2016,
60, 1387-1395. [CrossRef]

Hagerman, G. Wave Power. In Encyclopedia of Energy Technology and the Environment; Bisio, A., Boots, S.G., Eds.; John Wiley & Sons:
New York, NY, USA, 1995.

Lemonis, G. Wave and Tidal Energy Conversion. In Encyclopedia of Energy; Cleveland, C.J., Ed.; Elsevier: New York, NY, USA,
2004; pp. 385-396. ISBN 978-0-12-176480-7.

Xie, J.; Zuo, L. Dynamics and control of ocean wave energy converters. Int. ]. Dyn. Control 2013, 1, 262-276. [CrossRef]
Alamian, R.; Shafaghat, R.; Miri, S.J.; Yazdanshenas, N.; Shakeri, M. Evaluation of technologies for harvesting wave energy in
Caspian Sea. Renew. Sustain. Energy Rev. 2014, 32, 468-476. [CrossRef]

Liu, C. A tunable resonant oscillating water column wave energy converter. Ocean Eng. 2016, 116, 82—-89. [CrossRef]

Doyle, S.; Aggidis, G.A. Development of multi-oscillating water columns as wave energy converters. Renew. Sustain. Energy Rev.
2019, 107, 75-86. [CrossRef]

Ocean Energy Systems. OES Annual Report 2021; Ocean Energy Systems: Lisbon, Portugal, 2022. Available online: https:/ /www.
ocean-energy-systems.org/publications/oes-annual-reports/document/oes-annual-report-2021/ (accessed on 10 March 2022).
Ocean Energy. What Is the OE Buoy? Available online: https://oceanenergy.ie/oe-buoy/ (accessed on 1 April 2022).

Antoénio, A.F. Modelling and control of oscillating-body wave energy converters with hydraulic power take-off and gas accumu-
lator. Ocean Eng. 2007, 34, 2021-2032.

Ocean Power Technologies Energizing Ocean Intelligence. Available online: https://oceanpowertechnologies.com/ (accessed on
1 April 2022).

Jin, S.; Greaves, D. Wave energy in the UK: Status review and future perspectives. Renew. Sustain. Energy Rev. 2021, 143, 110932.
[CrossRef]

Atmocean Atmocean. Available online: https://atmocean.com/ (accessed on 1 April 2022).

Seabased Seabased. Available online: https:/ /seabased.com/ (accessed on 1 April 2022).

Seatricity Seatricity. Available online: http:/ /seatricity.com/ (accessed on 1 April 2022).

Wave Rolle. Available online: https://aw-energy.com/waveroller/ (accessed on 1 April 2022).

CCell Sea Powered Protection. Available online: https://ccell.co.uk/ (accessed on 1 April 2022).

SeaPower Wave Energy. Available online: http:/ /www.seapower.ie/wave-energy/ (accessed on 1 April 2022).

Golbaz, D.; Asadi, R.; Amini, E.; Mehdipour, H.; Nasiri, M.; Nezhad, M.M.; Naeeni, S.T.; Neshat, M. Ocean Wave Energy
Converters Optimization: A Comprehensive Review on Research Directions. arXiv 2021, arXiv:2105.07180.

Yusop, Z.M.; Ibrahim, M.Z.; Jusoh, M.A.; Albani, A.; Economics, E. Wave-Activated Body Energy Converter Technologies: A
Review Journal of Advanced Research in Fluid Wave-Activated Body Energy Converter Technologies: A Review. J. Adv. Res.
Fluid Mech. Therm. Sci. 2020, 76, 76-104. [CrossRef]

Wang, L.; Ringwood, J. V Geometric Optimization of a Hinge-Barge Wave Energy Converter. 2019. Available online: http:
//mural.maynoothuniversity.ie/14284/1/]JR_geometric.pdf (accessed on 1 April 2022).

Kofoed, J.P.; Frigaard, P. Hydraulic Evaluation of the LEANCON Wave Energy Converter; Department of Civil Engineering, Aalborg
University: Aalborg, Denmark, 2008.

Zanuttigh, B.; Angelelli, E.; Kofoed, ].P. Effects of mooring systems on the performance of a wave activated body energy converter.
Renew. Energy 2013, 57, 422-431. [CrossRef]

Ruol, P,; Zanuttigh, B.; Martinelli, L.; Kofoed, P; Frigaard, P. Near-shore floating wave energy converters: Applications for coastal
protection. Coast. Eng. Proc. 2011, 1, 61. [CrossRef]

Martinelli, L.; Zanuttigh, B.; Kofoed, J.P. Selection of design power of wave energy converters based on wave basin experiments.
Renew. Energy 2011, 36, 3124-3132. [CrossRef]


http://doi.org/10.1016/0360-5442(92)90055-5
http://doi.org/10.1115/1.2888057
http://doi.org/10.3390/en14082336
https://www.adb.org/publications/wave-energy-conversion-and-ocean-thermal-energy-conversion-potential-developing-member
https://www.adb.org/publications/wave-energy-conversion-and-ocean-thermal-energy-conversion-potential-developing-member
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2014/Tidal_Energy_V4_WEB.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2014/Tidal_Energy_V4_WEB.pdf
http://doi.org/10.1016/j.rser.2009.11.003
http://doi.org/10.1016/j.rser.2016.03.021
http://doi.org/10.1007/s40435-013-0025-x
http://doi.org/10.1016/j.rser.2014.01.036
http://doi.org/10.1016/j.oceaneng.2016.02.004
http://doi.org/10.1016/j.rser.2019.02.021
https://www.ocean-energy-systems.org/publications/oes-annual-reports/document/oes-annual-report-2021/
https://www.ocean-energy-systems.org/publications/oes-annual-reports/document/oes-annual-report-2021/
https://oceanenergy.ie/oe-buoy/
https://oceanpowertechnologies.com/
http://doi.org/10.1016/j.rser.2021.110932
https://atmocean.com/
https://seabased.com/
http://seatricity.com/
https://aw-energy.com/waveroller/
https://ccell.co.uk/
http://www.seapower.ie/wave-energy/
http://doi.org/10.37934/arfmts.76.1.76104
http://mural.maynoothuniversity.ie/14284/1/JR_geometric.pdf
http://mural.maynoothuniversity.ie/14284/1/JR_geometric.pdf
http://doi.org/10.1016/j.renene.2013.02.006
http://doi.org/10.9753/icce.v32.structures.61
http://doi.org/10.1016/j.renene.2011.03.021

Energies 2022, 15, 3456 38 of 43

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.
139.

Mustapa, M.A.; Yaakob, O.B.; Ahmed, Y.M.; Rheem, C.; Koh, K.K. Wave energy device and breakwater integration: A review.
Renew. Sustain. Energy Rev. 2017, 77, 43-58. [CrossRef]

Prado, M.; Polinder, H. Case study of the Archimedes Wave Swing (AWS) direct drive wave energy pilot plant. In Electrical Drives
for Direct Drive Renewable Energy Systems; Elsevier: Amsterdam, The Netherlands, 2013; pp. 195-218. ISBN 9781845697839.

OPT Ocean Power Technologies PB3 POWERBUOY®. Available online: https://oceanpowertechnologies.com /pb3-powerbuoy/
(accessed on 13 December 2021).

Draper, M. More than just a ripple. Refocus 2006, 7, 54-56. [CrossRef]

El Tawil, T.; Charpentier, ].F.; Benbouzid, M. Tidal energy site characterization for marine turbine optimal installation: Case of the
Ouessant Island in France. Int. ]. Mar. Energy 2017, 18, 57-64. [CrossRef]

Soleimani, K.; Ketabdari, M.].; Khorasani, F. Feasibility study on tidal and wave energy conversion in Iranian seas. Sustain. Energy
Technol. Assess. 2015, 11, 77-86. [CrossRef]

Rosli, R.; Dimla, E. A review of tidal current energy resource assessment: Current status and trend. In Proceedings of the 5th
International Conference on Renewable Energy: Generation and Application, ICREGA 2018, Al Ain, United Arab Emirates,
25-28 February 2018; Volume 2018, pp. 34—40.

Alvarez, E.A.; Rico-Secades, M.; Suarez, D.F,; Gutiérrez-Trashorras, A.J.; Fernandez-Francos, J. Obtaining energy from tidal
microturbines: A practical example in the Nalon River. Appl. Energy 2016, 183, 100-112. [CrossRef]

Kadiri, M.; Ahmadian, R.; Bockelmann-Evans, B.; Falconer, R.A.; Kay, D. An assessment of the impacts of a tidal renewable
energy scheme on the eutrophication potential of the Severn Estuary, UK. Comput. Geosci. 2014, 71, 3-10. [CrossRef]

Kedar, O.P; Fodase, G. A Review on Under Water Windmill. Int. Res. . Eng. Technol. 2008, 9001, 2588.

Borthwick, A.G.L. Marine Renewable Energy Seascape. Engineering 2016, 2, 69-78. [CrossRef]

Xia, J.; Falconer, R.A ; Lin, B.; Tan, G. Estimation of annual energy output from a tidal barrage using two different methods. Appl.
Energy 2012, 93, 327-336. [CrossRef]

Wang, Z.].; Wang, Z.W. A review on tidal power utilization and operation optimization. IOP Conf. Ser. Earth Environ. Sci. 2019,
240, 052015. [CrossRef]

Jhun, J.G.; Lee, E.J. A new East Asian winter monsoon index and associated characteristics of the winter monsoon. J. Clim. 2004,
17,711-726. [CrossRef]

Priegue, L.; Stoesser, T. The influence of blade roughness on the performance of a vertical axis tidal turbine. Int. ]. Mar. Energy
2017, 17, 136-146. [CrossRef]

O’Doherty, T.; O’Doherty, D.M.; Mason-Jones, A. Tidal energy technology. Wave Tidal Energy 2017, 105-150. Available online:
https:/ /onlinelibrary.wiley.com/doi/abs/10.1002/9781119014492.ch4 (accessed on 1 April 2022).

Sheng, Q.; Jing, F.; Zhang, L.; Zhou, N.; Wang, S.; Zhang, Z. Study of the hydrodynamic derivatives of vertical-axis tidal current
turbines in surge motion. Renew. Energy 2016, 96, 366-376. [CrossRef]

Lago, L.I; Ponta, FL.; Chen, L. Advances and trends in hydrokinetic turbine systems. Energy Sustain. Dev. 2010, 14, 287-296.
[CrossRef]

Roberts, A.; Thomas, B.; Sewell, P.; Khan, Z.; Balmain, S.; Gillman, J. Current tidal power technologies and their suitability for
applications in coastal and marine areas. J. Ocean Eng. Mar. Energy 2016, 2, 227-245. [CrossRef]

Minesto. The Future of Renewable Energy. Available online: https://minesto.com/our-technology (accessed on
13 December 2021).

Liu, J.; Lin, H,; Purimitla, S.R.; E.T., M.D. The effects of blade twist and nacelle shape on the performance of horizontal axis tidal
current turbines. Appl. Ocean Res. 2017, 64, 58—69. [CrossRef]

Pacheco, A.; Ferreira, O. Hydrodynamic changes imposed by tidal energy converters on extracting energy on a real case scenario.
Appl. Energy 2016, 180, 369-385. [CrossRef]

Seo, J.; Lee, S.-].; Choi, W.-S,; Park, S.T.; Rhee, S.H. Experimental study on kinetic energy conversion of horizontal axis tidal
stream turbine. Renew. Energy 2016, 97, 784-797. [CrossRef]

T., M.P.; Chatterjee, D. Computational analysis of flow over a cascade of S-shaped hydrofoil of fully reversible pump-turbine
used in extracting tidal energy. Renew. Energy 2015, 77, 240-249. [CrossRef]

Takahashi, P.; Masutani, S.; Sumida, K. The Blue Revolution: The Key to Hydrogen from OTEC. J. Hydrog. Energy Syst. 2003,
28, 20-28.

Etemadi, A.; Emdadi, A.; Asef Afshar, O.; Emami, Y. Electricity generation by the Ocean Thermal Energy. Energy Procedia 2011,
12,936-943. [CrossRef]

Sandvik, A.B. Ocean Thermal Energy Conversion (OTEC). Available online: https://www.materials.sandvik/en/applications/
renewable-energy/ocean-and-marine-energy/otec/ (accessed on 13 December 2021).

Hamedi, A.-S.; Sadeghzadeh, S. Conceptual design of a 5 MW OTEC power plant in the Oman Sea. . Mar. Eng. Technol. 2017,
16, 94-102. [CrossRef]

Kim, A.S.; Kim, H.J. Ocean Thermal Energy Conversion (OTEC)—DPast, Present, and Progress; IntechOpen: London, UK, 2020.

Sahu, PK.; Nanda, C.P. Indian Ocean Thermal Energy. Int. ]. Eng. Res. Technol. 2013, 2, 1281-1289.

Trimble, L.C.; Naef, EE. Ocean thermal energy conversion. In Proceedings of the Annual Offshore Technology Conference,
Houston, TX, USA, 5-8 May 1975; pp. 155-162.


http://doi.org/10.1016/j.rser.2017.03.110
https://oceanpowertechnologies.com/pb3-powerbuoy/
http://doi.org/10.1016/S1471-0846(06)70520-0
http://doi.org/10.1016/j.ijome.2017.03.004
http://doi.org/10.1016/j.seta.2015.03.006
http://doi.org/10.1016/j.apenergy.2016.08.173
http://doi.org/10.1016/j.cageo.2014.07.018
http://doi.org/10.1016/J.ENG.2016.01.011
http://doi.org/10.1016/j.apenergy.2011.12.049
http://doi.org/10.1088/1755-1315/240/5/052015
http://doi.org/10.1175/1520-0442(2004)017&lt;0711:ANEAWM&gt;2.0.CO;2
http://doi.org/10.1016/j.ijome.2017.01.009
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781119014492.ch4
http://doi.org/10.1016/j.renene.2016.04.074
http://doi.org/10.1016/j.esd.2010.09.004
http://doi.org/10.1007/s40722-016-0044-8
https://minesto.com/our-technology
http://doi.org/10.1016/j.apor.2017.02.003
http://doi.org/10.1016/j.apenergy.2016.07.132
http://doi.org/10.1016/j.renene.2016.06.041
http://doi.org/10.1016/j.renene.2014.12.019
http://doi.org/10.1016/j.egypro.2011.10.123
https://www.materials.sandvik/en/applications/renewable-energy/ocean-and-marine-energy/otec/
https://www.materials.sandvik/en/applications/renewable-energy/ocean-and-marine-energy/otec/
http://doi.org/10.1080/20464177.2017.1320839

Energies 2022, 15, 3456 39 of 43

140.

141.

142.

143.

144.

145.

146.
147.

148.
149.

150.

151.

152.

153.

154.

155.
156.

157.
158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Charlier, R.G.; Justus, J.R. Ocean Energies: Environmental, Economic and Technological Aspects of Alternative Power Sources; Elsevier:
Amsterdam, The Netherlands, 1993; ISBN 0444882480.

Vega, L.A. Ocean thermal energy conversion. In Encyclopedia of Sustainability Science and Technology; Springer: New York, NY,
USA, 2012; pp. 7296-7328. [CrossRef]

Snyder, G.J.; Toberer, E.S. Complex thermoelectric materials. In Materials for Sustainable Energy: A Collection of Peer-Reviewed
Research and Review Articles from Nature Publishing Group; Nature Publishing Group: London, UK, 2010; Volume 7, pp. 101-110.
ISBN 9789814317665.

Poudel, B.; Hao, Q.; Ma, Y,; Lan, Y,; Minnich, A.; Yu, B.; Yan, X.; Wang, D.; Muto, A.; Vashaee, D.; et al. High-thermoelectric
performance of nanostructured bismuth antimony telluride bulk alloys. Science 2008, 320, 634-638. [CrossRef]

Altaee, A. Sharif; Pressure retarded osmosis: Advancement in the process applications for power generation and desalination.
Desalination 2015, 356, 31-46. [CrossRef]

Post, ].W.; Veerman, J.; Hamelers, H.V.M.; Euverink, G.J.W.; Metz, S.J.; Nymeijer, K.; Buisman, C.J.N. Salinity-gradient power:
Evaluation of pressure-retarded osmosis and reverse electrodialysis. J. Membr. Sci. 2007, 288, 218-230. [CrossRef]

Schaetzle, O.; Buisman, C.J.N. Salinity Gradient Energy: Current State and New Trends. Engineering 2015, 1, 164-166. [CrossRef]
Loeb, S.; Van Hessen, E; Shahaf, D. Production of energy from concentrated brines by pressure-retarded osmosis. II. Experimental
results and projected energy costs. |. Membr. Sci. 1976, 1, 49-63.

Loeb, S.; Hessen, E.V.A.N.; Shahaf, D. Results and Projected Energy Costs. |. Membr. Sci. 1976, 1, 249-269. [CrossRef]

Mehta, G.D.; Loeb, S. Internal polarization in the porous substructure of a semipermeable membrane under pressure-retarded
osmosis. J. Membr. Sci. 1978, 4, 261-265. [CrossRef]

Loeb, S. Energy production at the Dead Sea by pressure-retarded osmosis: Challenge or chimera? Desalination 1998, 120, 247-262.
[CrossRef]

Loeb, S.; Titelman, L.; Korngold, E.; Freiman, J. Effect of porous support fabric on osmosis through a Loeb-Sourirajan type
asymmetric membrane. J. Membr. Sci. 1997, 129, 243-249. [CrossRef]

Loeb, S. Large-scale power production by pressure-retarded osmosis, using river water and sea water passing through spiral
modules. Desalination 2002, 143, 115-122. [CrossRef]

Mehta, G.D.; Loeb, S. Performance of permasep B-9 and B-10 membranes in various osmotic regions and at high osmotic pressures.
J. Membr. Sci. 1978, 4, 335-349. [CrossRef]

Mehta, G.D. Further results on the performance of present-day osmotic membranes in various osmotic regions. J. Membr. Sci.
1982, 10, 3-19. [CrossRef]

Nijmeijer, K.; Metz, S. Chapter 5 Salinity Gradient Energy. Sustain. Sci. Eng. 2010, 2, 95-139.

Dtlugotecki, P.; Nymeijer, K.; Metz, S.; Wessling, M. Current status of ion exchange membranes for power generation from salinity
gradients. |. Membr. Sci. 2008, 319, 214-222. [CrossRef]

Tollefson, J. Power from the oceans: Blue energy. Nature 2014, 508, 302-304. [CrossRef]

Bloomberg New Energy Finance. Tidal Stream and Wave Power—A Lot Still to Prove; Bloomberg New Energy Finance: New York,
NY, USA, 2014.

Shankleman, J. Marine Power Industry Ready to Ride in Giant Sea Simulator. Available online: https://www.businessgreen.
com/news /2348602 /marine-power-industry-ready-to-ride-in-giant-sea-simulator (accessed on 13 December 2021).
Renewableenergyfocus.com. Pelamis Wave Power Limited to Be Put into Administration. Available online: http:
/ /www.renewableenergyfocus.com/view /40731 /pelamis-wave-power-limited-to-be-put-into-administration/ (accessed on
13 December 2021).

SIMEC. Atlantis Energy Tidal Stream Project MeyGen. Available online: https://simecatlantis.com/projects/meygen/ (accessed
on 13 December 2021).

Power Technology. Going Deep to Harness Wave Power: Carnegie’s CETO Systems. Available online: https://www.power-
technology.com/features /featuregoing-deep-to-harness-wave-power-carnegies-ceto-systems-4855445/ (accessed on 13 Decem-
ber 2021).

Fortum.se Installationen av Varldens Storsta Vagkraftspark Pédborjades Idag Utanfor Sotends. Available online: https://news.
cision.com/se/fortum-sverige/r/fortum-och-seabased--installationen-av-varldens-storsta-vagkraftspark-paborjades-idag-
utanfor-sotena,c9610818 (accessed on 15 October 2021).

European Commission. Commission Implementing Decision of 11 December 2013 Confirming Measures Proposed by the United Kingdom
for the Protection of Marine Ecosystems in the Areas of Conservation Haisborough Hammond & Winterton; Start Point to Plymouth Sound
& Eddystone, and La; European Commission: Brussels, Belgium, 2014; pp. 1-5.

Cebr. The Economic Case for a Tidal Lagoon Industry in the UK; Centre for Economics and Business Research: London, UK, 2014.
Available online: https:/ /www.tidallagoonpower.com/wp-content/uploads/2016/08 / The-Economic-Case-for-a-Tidal-Lagoon-
Industry-in-the-UK_final.pdf (accessed on 5 February 2022).

MacGillivray, A.; Jeffrey, H.; Hanmer, C.; Magagna, D.; Raventos, A.; Badcock-Broe, A. Ocean Energy Technology: Gaps and Barriers;
European Ocean Energy: Brussels, Belgium, 2013; pp. 1-64. Available online: https://www.marineenergywales.co.uk/wp-
content/uploads/2016/01/Gaps-and-Barriers-Report-FV.pdf (accessed on 5 February 2022).

Tidal Today. Global Tidal Marine Development Market Overview; Tidal Today: London, UK, 2014.


http://doi.org/10.1007/978-1-4419-0851-3_695
http://doi.org/10.1126/science.1156446
http://doi.org/10.1016/j.desal.2014.09.028
http://doi.org/10.1016/j.memsci.2006.11.018
http://doi.org/10.15302/J-ENG-2015046
http://doi.org/10.1016/S0376-7388(00)82271-1
http://doi.org/10.1016/S0376-7388(00)83301-3
http://doi.org/10.1016/S0011-9164(98)00222-7
http://doi.org/10.1016/S0376-7388(96)00354-7
http://doi.org/10.1016/S0011-9164(02)00233-3
http://doi.org/10.1016/S0376-7388(00)83312-8
http://doi.org/10.1016/S0376-7388(00)82183-3
http://doi.org/10.1016/j.memsci.2008.03.037
http://doi.org/10.1038/508302a
https://www.businessgreen.com/news/2348602/marine-power-industry-ready-to-ride-in-giant-sea-simulator
https://www.businessgreen.com/news/2348602/marine-power-industry-ready-to-ride-in-giant-sea-simulator
http://www.renewableenergyfocus.com/view/40731/pelamis-wave-power-limited-to-be-put-into-administration/
http://www.renewableenergyfocus.com/view/40731/pelamis-wave-power-limited-to-be-put-into-administration/
https://simecatlantis.com/projects/meygen/
https://www.power-technology.com/features/featuregoing-deep-to-harness-wave-power-carnegies-ceto-systems-4855445/
https://www.power-technology.com/features/featuregoing-deep-to-harness-wave-power-carnegies-ceto-systems-4855445/
https://news.cision.com/se/fortum-sverige/r/fortum-och-seabased--installationen-av-varldens-storsta-vagkraftspark-paborjades-idag-utanfor-sotena,c9610818
https://news.cision.com/se/fortum-sverige/r/fortum-och-seabased--installationen-av-varldens-storsta-vagkraftspark-paborjades-idag-utanfor-sotena,c9610818
https://news.cision.com/se/fortum-sverige/r/fortum-och-seabased--installationen-av-varldens-storsta-vagkraftspark-paborjades-idag-utanfor-sotena,c9610818
https://www.tidallagoonpower.com/wp-content/uploads/2016/08/The-Economic-Case-for-a-Tidal-Lagoon-Industry-in-the-UK_final.pdf
https://www.tidallagoonpower.com/wp-content/uploads/2016/08/The-Economic-Case-for-a-Tidal-Lagoon-Industry-in-the-UK_final.pdf
https://www.marineenergywales.co.uk/wp-content/uploads/2016/01/Gaps-and-Barriers-Report-FV.pdf
https://www.marineenergywales.co.uk/wp-content/uploads/2016/01/Gaps-and-Barriers-Report-FV.pdf

Energies 2022, 15, 3456 40 of 43

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.
191.

192.

193.
194.

195.

Magagna, D.; Uihlein, A. Ocean energy development in Europe: Current status and future perspectives. Int. J. Mar. Energy 2015,
11, 84-104. [CrossRef]

EMEC: European Marine Energy Centre. Available online: https://www.emec.org.uk/2021/ (accessed on 5 February 2022).
Case Study: Andritz Hydro Hammerfest Tidal Turbine. Available online: https://coastalenergyandenvironment.web.unc.
edu/ocean-energy-generating-technologies /ocean-tidal-current-energy/tidal-energy-case-studies / case-study-andritz-hydro-
hammerfest-tidal-turbine/ (accessed on 5 February 2022).

Power Technology SeaGen Turbine, Northern Ireland, UK. Available online: https://www.power-technology.com/projects/
strangford-lough/ (accessed on 2 February 2022).

International Renewable Energy Agency. Renewable Capacity Statistics 2021 Statistiques de Capacité Renouvelable 2021 Estadisticas de
Capacidad Renovable 2021; International Renewable Energy Agency (IRENA): Abu Dhabi, United Arab Emirates, 2021; pp. 1-300.
IEA. Share of Renewables in Power Generation in the Sustainable Development Scenario; IEA: Paris, France, 2020.

Fraunhofer IWES; Partners of Work Package 6. DTOcean Deliverable 6.1—Best Practice Guidelines for Offshore Array Monitoring and
Control with Consideration of Offshore Wind and Oil & Gas Experiences; Fraunhofer IWES: Bremerhaven, Germany, 2014. Available
online: https://www.dtoceanplus.eu/content/download /2529 /file/DTO_WP6_ECD_D6.1.pdf (accessed on 2 February 2022).
The Crown Estate. Energy and Infrastructure Outlook 2014-2015: Wave and Tidal; The Crown Estate: London, UK, 2014. Available
online: https://www.offshorewindscotland.org.uk /media/1004/ei-outlook-offshore-wind.pdf (accessed on 2 February 2022).
Leeney, R.H.; Greaves, D.; Conley, D.; O’'Hagan, A.M. Environmental Impact Assessments for wave energy developments—
Learning from existing activities and informing future research priorities. Ocean Coast. Manag. 2014, 99, 14-22. [CrossRef]
Lalander, E.; Grabbe, M.; Leijon, M. On the velocity distribution for hydro-kinetic energy conversion from tidal currents and
rivers. J. Renew. Sustain. Energy 2013, 5, 023115. [CrossRef]

Wilson, E.M. Tidal Power. Elsevier Oceanogr. Ser. 1980, 24, 573-581. [CrossRef]

Ministry for the Environment. Tocardo to Place Tidal Energy Turbines in Eastern Scheldt Storm Surge Barrier, The Netherlands | Dutch
Water Sector. Available online: https://www.dutchwatersector.com/news/tocardo-to-place-tidal-energy-turbines-in-eastern-
scheldt-storm-surge-barrier-the-netherlands (accessed on 5 February 2022).

Kirby, R.; Retiere, C. Comparing environmental effects of Rance and Severn barrages. Proc. Inst. Civ. Eng. Marit. Eng. 2009,
162, 11-26. [CrossRef]

Seabased Ghana to be Early Adopter of Wave Power with Pioneer Company Seabased. Available online: https:/ /seabased.com/
news-insights/seabased-signs-100-mw-wave-power-plant-contract-with-ghana (accessed on 13 December 2021).

Energias Renovaveis Agucadoura Wave Farm. Available online: https:/ /www.xn--energiasrenovveis-jpb.com/etiqueta/pelamis/
(accessed on 5 February 2022).

Jha, A. "'Waves Snakes” Switch on to Harness Ocean’s Power; The Guardian: London, UK, 2008; Available online: https://www.
theguardian.com/environment/2008/sep/24/renewable.wave.energy.portugal (accessed on 5 February 2022).

United States Department of Energy. No Innovative Wave Power Device Starts Producing Clean Power in Hawaii. Available
online: https:/ /www.energy.gov/eere/articles/innovative-wave-power-device-starts-producing-clean-power-hawaii (accessed
on 11 November 2021).

Fred Olsen Bolt Wave Energy. Available online: https://scinnovation-global.com/sectors/renewable-energy/bolt-wave-energy-
device/ (accessed on 13 December 2021).

The Queen’s University of Belfast. Islay Limpet Wave Power Plant Report; The Queen’s University of Belfast: Belfast, UK, 2002.
Koca, K.; Kortenhaus, A.; Oumeraci, H.; Zanuttigh, B.; Angelelli, E.; Cantu, M.; Suffredini, R.; Franceschi, G. Recent Advances in
the Development of Wave Energy Converters. In Proceedings of the 9th European Wave and Tidal Energy Conference (EWTEC),
Plymouth, UK, 5-9 September 2012.

Renewable Technology. Mutriku Wave Energy Plant, Bay of Biscay, Basque Country, Spain. Available online: https://www.
renewable-technology.com/projects/mutriku-wave-energy-plant/ (accessed on 10 September 2021).

Santos, M.; Salcedo, F.; Haim, D.B.; Mendia, J.L.; Ricci, P; Villate, ].L.; Khan, J.; Leon, D.; Arabi, S.; Moshref, A.; et al. Integrating
Wave and Tidal Current Power: Case Studies Through Modelling and Simulation; Document No: T0331, International Energy
Agency Implementing Agreement on Ocean Energy Systems; HAL Open Science: Paris, France, 2011; Available online: https:
/ /hal.archives-ouvertes.fr/hal-01265985/document (accessed on 11 February 2022).

Aderinto, T.; Li, H. Review on Power Performance and Efficiency of Wave Energy Converters. Energies 2019, 12, 4329. [CrossRef]
Offshore. Wave Energy Prototype Arrives at Orkney Ahead of Trials. Available online: https://www.offshore-mag.com/
renewable-energy/article /14203296 /wave-energy-prototype-arrives-at-orkney-ahead-of-trials (accessed on 11 February 2022).
Weilepp, ]. First Breakwater Wave Plant Built in Mutriku; HyPower: Fort Lauderdale, FL, USA, 2007. Available online: http:
/ /www.voithhydro.com/media/HyPower16_5.53.pdf (accessed on 11 February 2022).

International Energy Agency. Energy Technology Perspectives 2015; International Energy Agency: Paris, France, 2015.

Energy Technologies Institute. ESME Data References Book; ETI (Energy Technologies Institute): London, UK, 2018; p. 81. Available
online: https://es.catapult.org.uk/guide/esme-data-references-book/ (accessed on 11 February 2022).

International Energy Agency. Energy Technology Perspectives. 2020. Available online: https://www.iea.org/reports/energy-
technology-perspectives-2020 (accessed on 13 December 2021).


http://doi.org/10.1016/j.ijome.2015.05.001
https://www.emec.org.uk/2021/
https://coastalenergyandenvironment.web.unc.edu/ocean-energy-generating-technologies/ocean-tidal-current-energy/tidal-energy-case-studies/case-study-andritz-hydro-hammerfest-tidal-turbine/
https://coastalenergyandenvironment.web.unc.edu/ocean-energy-generating-technologies/ocean-tidal-current-energy/tidal-energy-case-studies/case-study-andritz-hydro-hammerfest-tidal-turbine/
https://coastalenergyandenvironment.web.unc.edu/ocean-energy-generating-technologies/ocean-tidal-current-energy/tidal-energy-case-studies/case-study-andritz-hydro-hammerfest-tidal-turbine/
https://www.power-technology.com/projects/strangford-lough/
https://www.power-technology.com/projects/strangford-lough/
https://www.dtoceanplus.eu/content/download/2529/file/DTO_WP6_ECD_D6.1.pdf
https://www.offshorewindscotland.org.uk/media/1004/ei-outlook-offshore-wind.pdf
http://doi.org/10.1016/j.ocecoaman.2014.05.025
http://doi.org/10.1063/1.4795398
http://doi.org/10.1049/ir:19920076
https://www.dutchwatersector.com/news/tocardo-to-place-tidal-energy-turbines-in-eastern-scheldt-storm-surge-barrier-the-netherlands
https://www.dutchwatersector.com/news/tocardo-to-place-tidal-energy-turbines-in-eastern-scheldt-storm-surge-barrier-the-netherlands
http://doi.org/10.1680/maen.2009.162.1.11
https://seabased.com/news-insights/seabased-signs-100-mw-wave-power-plant-contract-with-ghana
https://seabased.com/news-insights/seabased-signs-100-mw-wave-power-plant-contract-with-ghana
https://www.xn--energiasrenovveis-jpb.com/etiqueta/pelamis/
https://www.theguardian.com/environment/2008/sep/24/renewable.wave.energy.portugal
https://www.theguardian.com/environment/2008/sep/24/renewable.wave.energy.portugal
https://www.energy.gov/eere/articles/innovative-wave-power-device-starts-producing-clean-power-hawaii
https://scinnovation-global.com/sectors/renewable-energy/bolt-wave-energy-device/
https://scinnovation-global.com/sectors/renewable-energy/bolt-wave-energy-device/
https://www.renewable-technology.com/projects/mutriku-wave-energy-plant/
https://www.renewable-technology.com/projects/mutriku-wave-energy-plant/
https://hal.archives-ouvertes.fr/hal-01265985/document
https://hal.archives-ouvertes.fr/hal-01265985/document
http://doi.org/10.3390/en12224329
https://www.offshore-mag.com/renewable-energy/article/14203296/wave-energy-prototype-arrives-at-orkney-ahead-of-trials
https://www.offshore-mag.com/renewable-energy/article/14203296/wave-energy-prototype-arrives-at-orkney-ahead-of-trials
http://www.voithhydro.com/media/HyPower16_S.53.pdf
http://www.voithhydro.com/media/HyPower16_S.53.pdf
https://es.catapult.org.uk/guide/esme-data-references-book/
https://www.iea.org/reports/energy-technology-perspectives-2020
https://www.iea.org/reports/energy-technology-perspectives-2020

Energies 2022, 15, 3456 41 of 43

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.
208.

209.

210.

211.

212.

213.
214.

215.

216.

217.

218.

219.

220.

Aquatera. A Review of the Potential Impacts of Wave and Tidal Energy Development on Scotland’s Marine Environment; The Crown
Estate: London, UK, 2014. Available online: https://tethys.pnnl.gov/publications/review-potential-impacts-wave-tidal-energy-
development-scotlands-marine-environment (accessed on 11 February 2022).

Neary, V.S.; Previsic, M.; Jepsen, R.A.; Lawson, M.].; Yu, Y.-H.; Copping, A.E.; Fontaine, A.A.; Hallett, K.C.; Murray, D.K.
Methodology for Design and Economic Analysis of Marine Energy Conversion (MEC) Technologies; Sandia National Laboratories:
Albuquerque, NM, USA, 2014. Available online: https://energy.sandia.gov/wp-content/gallery/uploads/SAND2014-9040
-RMP-REPORT.pdf (accessed on 11 February 2022).

Parbery-Clark, A.; Skoe, E.; Kraus, N. Musical experience limits the degradative effects of background noise on the neural
processing of sound. J. Neurosci. 2009, 29, 14100-14107. [CrossRef] [PubMed]

Gill, A.B.A.B.B.; Huang, Y.; Gloyne-Philips, I.; Metcalfe, J.; Quayle, V.; Spencer, ].; Wearmouth, V.; Metcalf, J.; Quayle, V.; Spencer,
J.; et al. COWRIE 2.0 Electromagnetic Fields (EMF) Phase 2: EMF-Sensitive Fish Response to EM Emissions from Sub-Sea Electricity
Cables of the Type Used by the Offshore Renewable Energy Industry. Commissioned by COWRIE Ltd. (Project Reference COWRIE-EMF-
1-06); Centre for Environment Fisheries and Aquaculture Science: London, UK, 2009; ISBN 9780956140418. Available online:
https:/ /www.pnnl.gov/main/publications/external /technical_reports/PNNL-22154.pdf (accessed on 11 February 2022).
Ohman, M.C; Sigray, P.; Westerberg, H. Offshore Windmills and the Effects of Electromagnetic Fields on Fish. Ambio 2007,
36, 630-633. [CrossRef]

Boehlert, G.W.; Gill, A.B. Environmental and ecological effects of ocean renewable energy development. Oceanography 2010,
23, 68-81. [CrossRef]

Huckerby, J. Marine Energy: Resources, Technologies, Research and Policies. In Operational Oceanography in the 21st Century;
Springer: Dordrecht, The Netherlands, 2011; pp. 695-720. ISBN 9789400703322.

Tougaard, J. Underwater noise from a wave energy converter is unlikely to affect marine mammals. PLoS ONE 2015, 10, e0132391.
[CrossRef] [PubMed]

Ann, M.; Quirapas, J.; Narasimalu, S.; Abundo, M.; Lin, H. Electricity from the ocean: A path to secure energy in Southeast Asia?
In Proceedings of the International Conference on Sustainable Energy and Environment (SEE 2014): Science, Technology and
Innovation for ASEAN Green Growth, Singapore, 24-25 February 2014; pp. 212-216.

Quirapas, M.A.J.R,; Taeihagh, A. Ocean renewable energy development in Southeast Asia: Opportunities, risks and unintended
consequences. Renew. Sustain. Energy Rev. 2021, 137, 110403. [CrossRef]

Shek, ]. K.H.; Macpherson, D.E.; Mueller, M.A. Experimental verification of linear generator control for direct drive wave energy
conversion. I[ET Renew. Power Gener. 2010, 4, 395-403. [CrossRef]

Veritas, D.N. Guidelines on Design and Operation of Wave Energy Converters; Carbon Trust: London, UK, 2005.

Ko, D.H.; Chung, J.; Lee, K.S.; Park, ].S.; Yi, ].H. Current policy and technology for tidal current energy in Korea. Energies 2019,
12, 1807. [CrossRef]

Chowdhury, M.S.; Rahman, K.S.; Selvanathan, V.; Nuthammachot, N.; Suklueng, M.; Mostafaeipour, A.; Habib, A.; Akhtaruzza-
man, M.; Amin, N.; Techato, K. Current trends and prospects of tidal energy technology. Environ. Dev. Sustain. 2021, 23, 8179-8194.
[CrossRef] [PubMed]

Tidal Lagoon Power Projects. Available online: http://www.tidallagoonpower.com/projects/ (accessed on 13 December 2021).
OES—IEA. International Levelised Cost of Energy for Ocean Energy Technologies; International Energy Agency: Paris, France, 2015.
Dave Sagan. An Iconic, World-First Infrastructure Project in South West Wales. Available online: http://www.tidallagoonpower.
com/projects/swansea-bay/ (accessed on 10 February 2021).

European Ocean Energy. Industry Vision Paper 2013; European Ocean Energy: Brussels, Belgium, 2013.

Mueller, M.; Wallace, R. Enabling science and technology for marine renewable energy. Energy Policy 2008, 36, 4376-4382.
[CrossRef]

Kiprakis, A.E.; Wallace, A.R. Maximising energy capture from distributed generators in weak networks. IEE Proc. Gener. Transm.
Distrib. 2004, 151, 611-618. [CrossRef]

Llorente Iglesias, R.; Lacal Arantegui, R.; Aguado Alonso, M. Power electronics evolution in wind turbines—A market-based
analysis. Renew. Sustain. Energy Rev. 2011, 15, 4982—-4993. [CrossRef]

International Electrotechnical Commision. Grid Integration of Large-Capacity Renewable Energy Sources and Use of Large-Capacity
Electrical Energy Storage; White Paper; International Electrotechnical Commission: Geneva, Switzerland, 2012; p. 102.
Santos-Mugica, M.; Robles, E.; Endegnanew, A.G.; Tedeschi, E.; Giebhardt, J. Grid integration and power quality testing of Marine
Energy Converters: Research activities in the MaRINET Project. In Proceedings of the 2014 9th International Conference on
Ecological Vehicles and Renewable Energies, EVER 2014, Monte-Carlo, Monaco, 25-27 March 2014; pp. 1-9.

Marine Renewables Infrastructure Network. Report on Grid Integration and Power Quality Testing; MARINET (Marine Re-
newables Infrastructure Network for emerging Energy Technologies): Bremerhaven, Germany, 2014. Available online: http:
/ /www.marinet2.eu/wp-content/uploads/2017/04/D4.03-Report-on-grid-integration-power-quality-testing-1.pdf (accessed
on 11 February 2022).

MacEnri, J.; Reed, M.; Thiringer, T. Power quality performance of the tidal energy converter, SeaGen. In Proceedings of the
International Conference on Offshore Mechanics and Arctic Engineering—OMAE, ASMEDC, Hamburg, Germany, 5-10 June 2011;
Volume 44373, pp. 529-536.


https://tethys.pnnl.gov/publications/review-potential-impacts-wave-tidal-energy-development-scotlands-marine-environment
https://tethys.pnnl.gov/publications/review-potential-impacts-wave-tidal-energy-development-scotlands-marine-environment
https://energy.sandia.gov/wp-content/gallery/uploads/SAND2014-9040-RMP-REPORT.pdf
https://energy.sandia.gov/wp-content/gallery/uploads/SAND2014-9040-RMP-REPORT.pdf
http://doi.org/10.1523/JNEUROSCI.3256-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19906958
https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-22154.pdf
http://doi.org/10.1579/0044-7447(2007)36[630:OWATEO]2.0.CO;2
http://doi.org/10.5670/oceanog.2010.46
http://doi.org/10.1371/journal.pone.0132391
http://www.ncbi.nlm.nih.gov/pubmed/26148299
http://doi.org/10.1016/j.rser.2020.110403
http://doi.org/10.1049/iet-rpg.2009.0158
http://doi.org/10.3390/en12091807
http://doi.org/10.1007/s10668-020-01013-4
http://www.ncbi.nlm.nih.gov/pubmed/33041645
http://www.tidallagoonpower.com/projects/
http://www.tidallagoonpower.com/projects/swansea-bay/
http://www.tidallagoonpower.com/projects/swansea-bay/
http://doi.org/10.1016/j.enpol.2008.09.035
http://doi.org/10.1049/ip-gtd:20040697
http://doi.org/10.1016/j.rser.2011.07.056
http://www.marinet2.eu/wp-content/uploads/2017/04/D4.03-Report-on-grid-integration-power-quality-testing-1.pdf
http://www.marinet2.eu/wp-content/uploads/2017/04/D4.03-Report-on-grid-integration-power-quality-testing-1.pdf

Energies 2022, 15, 3456 42 of 43

221.

222.

223.

224.
225.

226.

227.

228.

229.

230.

231.

232.

233.
234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

European Committee for Standardization. Voltage Charecteristics of Electricity Supplied by Public Electricity Networks; European
Committee for Standardization: Brussels, Belgium, 2015.

Hong, Y.; Waters, R.; Bostrom, C.; Eriksson, M.; Engstrom, J.; Leijon, M. Review on electrical control strategies for wave energy
converting systems. Renew. Sustain. Energy Rev. 2014, 31, 329-342. [CrossRef]

Sanchez, E.V,; Hansen, R.H.; Kramer, M.M. Control performance assessment and design of optimal control to harvest ocean
energy. IEEE ]. Ocean. Eng. 2015, 40, 15-26. [CrossRef]

Bacelli, G.; Ringwood, J. Constrained control of arrays of wave energy devices. Int. |. Mar. Energy 2013, 3—4, e53—-e69. [CrossRef]
Armstrong, S.; Cotilla-Sanchez, S.A.E.; Kovaltchouk, T. Assessing the Impact of the Grid Connected Pacific Marine Energy Centre
Wave Farm. IEEE ]. Emerg. Sel. Top. Power Electron. 2015, 3, 1011-1020. [CrossRef]

Tedeschi, E.; Santos-Mugica, M. Modeling and control of a wave energy farm including energy storage for power quality
enhancement: The bimep case study. IEEE Trans. Power Syst. 2014, 29, 1489-1497. [CrossRef]

European Commission (EC). [RC Publications Repository: ETRI 2014—Energy Technology Reference Indicator Projections for 2010—2050;
European Commission: Brussels, Belgium, 2014.

Tiron, R.; Pinck, C.; Reynaud, E.; Dias, F. Is biofouling a critical issue for wave energy converters? In Proceedings of the
International Offshore and Polar Engineering Conference, Rhodes, Greece, 17-23 June 2012; pp. 669-679.

Tetu, A.; Kofoed, J.P; Tully, S.; Roc, T. DTOcean: Deliverable 2.1: Assessment of Capabilities of Available Tools; The European
Union’s Seventh Programme For Research, Technological Development And Demonstration: Derio, Spain, 2014. Available
online: https://vbn.aau.dk/en/publications/dtocean-deliverable-21-assessment-of-capabilities-of-available-to (accessed on
10 March 2022).

Ahmadian, R.; Falconer, R.A. Assessment of array shape of tidal stream turbines on hydro-environmental impacts and power
output. Renew. Energy 2012, 44, 318-327. [CrossRef]

Lee, S.H.; Lee, S.H.; Jang, K.; Lee, J.; Hur, N. A numerical study for the optimal arrangement of ocean current turbine generators
in the ocean current power parks. Curr. Appl. Phys. 2010, 10, S137-S141. [CrossRef]

Wolgamot, H.A.; Taylor, PH.; Eatock Taylor, R. The interaction factor and directionality in wave energy arrays. Ocean Eng. 2012,
47, 65-73. [CrossRef]

Child, B.EM.; Venugopal, V. Optimal configurations of wave energy device arrays. Ocean Eng. 2010, 37, 1402-1417. [CrossRef]
Borgarino, B.; Babarit, A.; Ferrant, P. Impact of wave interactions effects on energy absorption in large arrays of wave energy
converters. Ocean Eng. 2012, 41, 79-88. [CrossRef]

SI Ocean. Wave and Tidal Energy Market Deployment Strategy for Europe; European Ocean Energy: Brussels, Belgium, 2014;
p. 47. Available online: https://www.oceanenergy-europe.eu/wp-content/uploads/2017/10/SI_Ocean_Market_Deployment_
Strategy_-_Web_version.pdf (accessed on 10 March 2022).

Walker, ].M.; Flack, K.A.; Lust, E.E.; Schultz, M.P.,; Luznik, L. Experimental and numerical studies of blade roughness and fouling
on marine current turbine performance. Renew. Energy 2014, 66, 257-267. [CrossRef]

Connor, M.O.; Lewis, T.; Dalton, G. Operational expenditure costs for wave energy projects and impacts on financial returns.
Renew. Energy 2013, 50, 1119-1131. [CrossRef]

Gallagher, S.; Tiron, R; Dias, E. A detailed investigation of the nearshore wave climate and the nearshore wave energy resource on
the west coast of Ireland. In Proceedings of the International Conference on Offshore Mechanics and Arctic Engineering—OMAE,
Nantes, France, 9-14 June 2013; Volume 8, pp. 1-12.

Connor, M.O.; Lewis, T.; Dalton, G. Weather window analysis of Irish west coast wave data with relevance to operations &
maintenance of marine renewables. Renew. Energy 2013, 52, 57-66.

Abdulla, K.; Skelton, J.; Doherty, K.; O’Kane, P.; Doherty, R.; Bryans, G. Statistical availability analysis of Wave Energy Converters.
In Proceedings of the International Offshore and Polar Engineering Conference, Twenty-First International Offshore and Polar
Engineering Conference, Maui, HI, USA, 19—24 June 2011; pp. 572-577.

Gray, A.; Dickens, B.; Bruce, T.; Ashton, I; Johanning, L. Reliability and O&M sensitivity analysis as a consequence of site specific
characteristics for wave energy converters. Ocean Eng. 2017, 141, 493-511.

Maples, B.; Saur, G.; Hand, M.; van Pietermen, R.; Obdam, T. Installation, Operation, and Maintenance Strategies to Reduce
the Cost of Offshore Wind Energy; National Renewable Energy Laboratory: Golden, CO, USA, 2013. Available online: https:
/ /www.nrel.gov/docs/fy13osti/57403.pdf (accessed on 10 March 2022).

Thies, PR.; Johanning, L.; Smith, G.H. Towards component reliability testing for marine energy converters. Ocean Eng. 2011,
38, 360-370. [CrossRef]

Houde, J. Cost-Benefit Analysis of Tidal Energy Generation in Nova Scotia: A Scenario for a Tidal Farm with 300 mw of Installed Capacity
in the Minas Passage in 2020; Dalhouse University: Halifax, NS, Canada, 2012.

Blavette, A.; O’Sullivan, D.L.; Lewis, A.W.; Egan, M.G. Grid integration of wave and tidal energy. In Proceedings of the
International Conference on Offshore Mechanics and Arctic Engineering—OMAE, Rotterdam, The Netherlands, 19-24 June 2011;
Volume 5, pp. 749-758.

Department of Communication Marine and Natural Resources. Green Paper towards a Sustainable Energy Future for Ireland;
Department of Communication Marine and Natural Resources: Dublin, Ireland, 2006; pp. 1-112.

The European Wind Energy Association. Large scale integration of Wind Energy; The European Wind Energy Association (EWEA):
Brussels, Belgium, 2005.


http://doi.org/10.1016/j.rser.2013.11.053
http://doi.org/10.1109/JOE.2013.2294386
http://doi.org/10.1016/j.ijome.2013.11.011
http://doi.org/10.1109/JESTPE.2015.2429577
http://doi.org/10.1109/TPWRS.2013.2282213
https://vbn.aau.dk/en/publications/dtocean-deliverable-21-assessment-of-capabilities-of-available-to
http://doi.org/10.1016/j.renene.2012.01.106
http://doi.org/10.1016/j.cap.2009.11.018
http://doi.org/10.1016/j.oceaneng.2012.03.017
http://doi.org/10.1016/j.oceaneng.2010.06.010
http://doi.org/10.1016/j.oceaneng.2011.12.025
https://www.oceanenergy-europe.eu/wp-content/uploads/2017/10/SI_Ocean_Market_Deployment_Strategy_-_Web_version.pdf
https://www.oceanenergy-europe.eu/wp-content/uploads/2017/10/SI_Ocean_Market_Deployment_Strategy_-_Web_version.pdf
http://doi.org/10.1016/j.renene.2013.12.012
http://doi.org/10.1016/j.renene.2012.08.059
https://www.nrel.gov/docs/fy13osti/57403.pdf
https://www.nrel.gov/docs/fy13osti/57403.pdf
http://doi.org/10.1016/j.oceaneng.2010.11.011

Energies 2022, 15, 3456 43 of 43

248. Sheng, S. Report on Wind Turbine Subsystem Reliability—A Survey of Various Databases (Presentation); National Renewable Energy
Laboratory: Golden, CO, USA, 2013; p. 43.

249. Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.; Seyboth, K.; Eickemeier, P.; Matschoss, P.; Hansen, G.; Kadner, S.; Schlémer, S.;
Zwickel, T.; et al. IPCC, 2011: Summary for Policymakers. In IPCC Special Report on Renewable Energy Sources and Climate Change
Mitigation; Cambridge University Press: Cambridge, UK, 2011; ISBN 9789291691319.

250. Kalair, A.; Abas, N.; Khan, N. Comparative study of HVAC and HVDC transmission systems. Renew. Sustain. Energy Rev. 2016,
59, 1653-1675. [CrossRef]


http://doi.org/10.1016/j.rser.2015.12.288

	Introduction 
	Ocean Energy Potential 
	Potential of Tidal Energy 
	Potential of Wave Energy 
	Potential of Ocean Temperature Difference 
	Potential of Salinity Gradient 

	Energy Harvesting Technologies from Wave/Tidal 
	Wave Energy Extraction Devices 
	Oscillating Water Columns (OWCs) 
	Oscillating Body Converters (OBCs) 
	Overtopping Converters 
	Wave-Activated Bodies (WAB) 
	Point Absorber 

	Tidal Energy Extraction Devices 
	Tidal Range Technologies 
	Tidal Current Technologies 

	Ocean Thermal Energy Converter (OTEC) 
	Closed-Cycle OTEC 
	Open-Cycle OTEC 
	Kalina Cycle OTEC 
	Hybrid System 
	Ocean Thermoelectric Generators (OTEG) 

	Salinity Gradient Energy 
	Pressure Retarded Osmosis (PRO) 
	Reversed Electrodialysis (RED) 


	Current Updates on the Wave and Tidal Energy Projects 
	Environmental and Other Impacts 
	Opportunities and Challenges in Developing Ocean Energy Sources 
	Socio-Economic Performance 
	Social Influence 
	Design, Installation, and Operation 
	Grid Connection and Integration 
	Policy and Regulations 

	Conclusions 
	References

