Is Wave Energy Untapped Potential?

Alicia Terrero González1,3, Peter Dunning2, Ian Howard3, Kristoffer McKee3, Marian Wiercigroch1
1

Centre of Applied Dynamics, School of Engineering, University of Aberdeen, Aberdeen, Scotland, UK

2

School of Engineering, University of Aberdeen, Aberdeen, Scotland, UK.

3

School of Civil and Mechanical Engineering, Curtin University, Perth, Australia

Abstract. The increase of energy demand in the past 50 years and the targets to reach net‐zero carbon dioxide
emissions have led to an increase of electricity production from renewable energy sources. This paper first gives
a snapshot of the word’s energy mix and then reviews the most widely used renewable energy sources in the
market; comparing their reliability, efficiency and cost‐effectiveness, and highlighting their major advantages
and weaknesses. The review concludes that marine energy, and specifically wave energy, can be the emerging
energy source capable of addressing many of the problems that current renewable energy concepts and devices
present, although major challenges remain.
The paper is focused on the current global position of wave energy technologies in the market and under
development in the past two decades, by looking at their status, reliability, energy generated, capacity installed
and geographical locations. The current marine energy status of the main players, including France and South
Korea, is compared with the rest of Europe and the wave energy status in Europe has been reviewed with an
special interest in UK, as one of the major players, and Australia as a new emerging area of development. The
main Wave Energy Converters (WECs) together with the world’s wave energy density map were also discussed.
This has led to a conclusion, that even though there is high energy potential, the wave technologies developed
to date cannot offer a much needed breakthrough. A new concept of WEC based on a system of synchronized
rotational pendula, having potential to work across‐scales is introduced, which can motivate future work.

Keywords: Renewables; Energy mix; Energy conversion; Wave Energy Converters; Marine energy; Vibration;
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1.

World’s Energy Mix

The world’s energy consumption continues to grow, as it has done over the last few decades, being a result of
the population increase and modern lifestyle choices. This has led to higher demands for electricity worldwide.
Consequently, new technologies have been developed to meet this increasing demand [1, 2]. Currently fossil
fuels are the dominant source of electrical power generation. However, environmental concerns over fossil fuel
pollutants that these sources produce, has led to an increase in the development of renewable energy sources.
The current estimation for the consumption of fossil fuels among the overall consumption varies depending on
the source used to calculate it. Oxford University evaluated it to be between 84 and 88% [3] whereas the EIA
estimations are between 80 and 83% [4]. Table 1 presents the percentages for global energy consumption
depending on the type of source calculated using the Oxford University data, which presents some variations
that can reach 5% of difference with respect to the EIA estimations, particularly for nuclear energy and
renewables. An evolution of these percentages can be seen in Figure 1, which compares different types of energy
sources that have been used to satisfy the energy demand over the past two hundred years. It can be observed
that the increase in energy demand since 1950 has been significant and has been met primarily with fossil fuels
including coal, crude oil and natural gas. Other types of energy being used include nuclear energy and
renewables, but in much lower percentages; the main renewable energy sources have been hydropower, wind
and solar.
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Table 1: Percentages of current (2017) energy consumption depending of the type of energy source. [Data: [3]].

Type
Fossil fuels
Traditional biofuels
Nuclear
Hydropower
Wind
Solar
Other renewables

Global %
84‐88
5.3
3.9
2.5
0.78
0.36
0.07

In the past and nowadays, fossil fuels were the dominant source of electricity. However, they are facing a
considerable uneasiness and renewable energy has started to take noticeable steps forward [5]. This is caused
by concern over environmental issues, embodied in the Paris Agreement, leading to new governmental policies
being established [6]. The European commission has set a 20 % target of the total energy to be generated from
renewables by 2020 (where each country should reach at least the 10%) and a 32% target by 2030 [7]. The
progress reports show that only 12 European countries have reached their targets, such as Sweden (50.2%),
Finland (38.7%) and Denmark (30.4%) [8]. Among the countries that have not met their targets, Netherlands,
France, Ireland and the UK are more than 4% short of the 10% target [9].

Figure 1: Evolution of global energy consumption from the 19th century until nowadays expressed in TWh. Main sources
represented are traditional biofuels (biomass), hydrocarbons, nuclear and renewable sources [3]. In 2017, the percentages
of energy consumption from coal, crude oil and natural gas where approximately 30%, 36% and 21% respectively; for nuclear
and the renewable sources (renewables and biomass) the consumption was approximately 3.9%, and 9.1% respectively. The
graph shows an increment in all types of energy consumption sources and from around the year 2000 the renewable sources
start to show an increase of more than 50%.

Australia has intended to substitute 23.5% of its total electricity consumption by 2020 using renewables, and
52% per capita by 2030 [10]. The target established for 2020 was successfully reached, primarily with wind
renewable energy. However, other significant states, such as the USA, which set a target of 20% by 2020, are
still far away from this objective with only 11% of its total energy currently produced by renewables [10, 11].
Due to new governmental policies [12, 13] and the increase in governmental and private budgets for developing
new renewable energy projects, the predicted energy consumption from renewables should increase
considerably until 2050. Figure 2 shows the projected increase of renewable energy consumption to 2050
calculated from the EIA data, which exceeds more than twice the amount consumed in 2018, from 28 thousand
TWh to up to 74 thousand TWh. It is expected that energy produced from renewables will overcome the energy
produced by natural gas and coal by 2030 and will surpass petroleum and other liquids by 2050, turning the
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contribution of the source from 15% of the total energy consumption to 28% and hence, making it the major
contributor.

Figure 2: Prediction of World’s energy consumption classified by source from 2010 to 2050. Real data used between 2010
and 2018 and predictions made until 2050. (a) Global consumption evolution exposed in thousands of TWh. Predictions for
consumption in 2050 of renewable sources show an increase of 2.5 times more than in 2018 overpassing the consumption
of petroleum, natural gas and coal. (b) Relative energy consumption data predictions in percentage between 2018 and 2050.
Renewable sources increase their relevance in the global frame by 13% while petroleum decreases by 5% and coal decreases
by 6% in their relative consumption, natural gas maintain its relevance in the market [Data[4]].

Some types of renewable technologies have undergone more and rapid development, such as solar and wind,
which have been used to meet the European renewable energy generation targets. However, these technologies
present some difficulties in operation since both utilize intermittent sources of energy. Solar energy panels also
use pollutant materials, such as lead and cadmium [14] and any associated energy storage involves high costs.
On the other hand, wind energy also presents disadvantages, such as unreliable energy supply, high visual
impacts, turbine noise pollution and wildlife disturbances. Therefore, new emerging sources of renewables must
be investigated and developed.
As can be seen from Figure 1, the global consumption percentage for renewable energies is currently low
(varying between 9% and 15% if calculated from [3] and [4] respectively). Many reasons are behind these
numbers, one being a consequence of the low energy source or technology reliability of most of the renewable
energy methods that have been developed. There are also other disadvantages, such as those discussed later
on in this work. Wave energy is a source with vast potential not yet exploited to the extent of other renewable
sources, such as wind and solar, which could be one of the solutions for net‐zero emissions. Wave energy could
be a reliable source of energy since it has the potential to offer almost double the current annual world energy
consumption. Currently, its percentage in the total energy consumption is close to zero % (0.0000661%) hence
much more research and development is required to make marine wave energy a viable source.
This article starts in Section 2 reviewing the current state of renewable energy technologies, which includes the
status and growth of their energy production, issues of energy availability, reliability, disadvantages, efficiencies
and technical comparisons. Then Section 3 starts reviewing the current state of global marine energy and then,
it presents a detailed review of the global potential and current state of wave energy technologies, from those
that have been commercialised to those still in development, to identify reliable future paths that could increase
its commercial use. The potential benefits and challenges of wave energy converters are highlighted by a
comparison with other prominent renewable energy sources and by reviewing global sites suitable for wave
energy production. The evolution of wave energy converters is reviewed by considering their technical
capabilities and status of relevant projects worldwide to provide a comprehensive overview of different
concepts. The wave energy review is focused on the European countries, although, it also highlights some
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developments in new emerging areas of application, such as Australia. From the critical review and analysis,
closing remarks about the current status and future directions of wave energy converters are presented, in
Section 4, where a possible new area of investigation is also presented for future work. The paper also provides
a brief glossary and a comprehensive list of references.
2.

Current State of Renewable Energy Technologies

The new governmental and company policies to produce electricity from renewable sources has lead into a wide
variety of sources that could be used. Solar and wind sources are the most developed and commercialized,
however hydropower, geothermal, biomass, wave and vibrational sources are utilized in different scenarios
depending on the local necessities and availability.
This section reviews the main sources of renewable energy and the technology that has been commercialized
to exploit them. For large scale electricity production, high grid reliability is desired to ensure that demand is
met by supply. As the use of renewable energy sources increases, their effect on grid reliability is a critical issue.
Thus, current technologies are reviewed in terms of dispatchability, which is a function of the availability of the
energy source (e.g. wind and solar are intermittent sources) and the reliability of the technology used to convert
the source to electricity. The Levelized Cost Of Electricity (LCOE) and initial investment are reviewed to
understand the economic factors and market competitiveness of different energy sources and technologies.
Energy production potential is also reviewed (i.e. from mW to MW), which can be limited by the source itself or
by the design characteristics and efficiency of the technology developed; this will lead to understanding possible
environments of application and if large scale production projects are possible. The environmental impacts have
been identified to recognize their feasibility due to their potential material pollution, noises and disruption to
wild life among other impacts. Table 4 shows the most common types of renewable energy sources and energy
generation methods available in the market (including hydropower, wind, solar, biomass, geothermal,
vibrational and marine energy), as well as of some of the main technology concepts used and their current
characteristics considered for the comparison.
2.1 Global evolution of renewables in the recent years
Despite efforts to increase the energy production from renewable sources it is estimated that the global energy
consumption from renewable sources varies between 8 and 20 % in most cases. All types of renewables have
shown an energy production increase in the past 10 years, however their increase in production has not been
proportional from all types. Figure 3 shows how the different types of renewables have increased their
production globally, which mainly corresponds to more developed countries.
Hydropower energy, which principally correspond to dams, had produced in 2017 a total energy of 4.1 billion of
TWh globally. It is the type of renewable which has the highest production through the years. However, the rate
of increase is the lowest compared with the other types, since its rise in the past 8 years is only approximately
20%. Solar energy and wind energy are the two types of renewables that in the same period of time present a
significant proportional increase. Solar energy has increased its production by 95% since 2009 with production
in 2017 of 440 thousand of TWh followed by wind with a total percentage increase of 75% in the same period
and a power of 1.1 billion TWh in 2017. Bioenergy or biomass have experienced 45% climb during the past 8
years, however its significance is comparable to solar energy with a total generation in 2017 of 495 thousand of
TWh. The types of energy with the least global production are marine energy and geothermal energy, with the
total powers in 2017 of 1 thousand TWh and 85 thousand TWh, respectively. The main difference among them
is the rate of increase, since geothermal energy has only experienced an increase of production of 21% since
2009, whereas marine energy has doubled its power.
From the data shown in Figure 3 it can be noted that even though hydropower energy generation is currently
the highest, with more than 65% of the total renewable energy output, other types of renewables such as wind
and solar have increased significantly in recent years, with 17% of global renewable energy now coming from
wind and 7% coming from solar energy. It can also be observed that generation capacity of energy from biomass
has increased, although it has not shown the same strong growth as wind and solar. This could be due to the
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negative environmental impact produced by the pollutants that it emits. Geothermal energy has similar slow
growth and this could be due to the high initial costs and/or low efficiencies.
Marine energy generation is the least developed and therefore the one that presents the smallest contribution
to the renewable energy mix, which mainly corresponds to tidal energy generation. However, it is rapidly
increasing and recent developments show an indicator of increased technology reliability and therefore more
research in this area should be done.

Figure 3: Evolution of global renewable energy production in GWh from 2009 to 2017 classified by energy source. Relative
comparison expressed in percentage of energy production among hydropower, marine, wind, solar, bioenergy and
geothermal sources for selected years (2010, 2013 and 2017). The graph shows the increase in production in GWh through
the years for each source type, hydropower is the most relevant source however its contribution in electricity production
among the renewable sources has decreased 16.38% while other sources such as wind, bioenergy, solar and marine
increased their contribution in 10%, 0.47%, 6.14%, and 0.01% respectively for the same period. [Data:[15]].

2.2 Hydropower energy
This type of energy is generated from the potential or kinetic energy of water in rivers. There are three main
types of concepts. The most common is Storage Hydropower (Dams), which collects energy from the water
potential energy generated by a river dam, where the waterfalls drive turbines to produce electricity. The main
advantage of this system is the energy availability, as this concept is able to provide electricity at any time
required when a dam enclosure opens. The main disadvantages are the risks of water flooding and the high
initial costs of building the dam. A further significant disadvantage is the environmental destruction caused by
the initial dam construction and the subsequent permanent flooding within the storage area. Their efficiency is
directly related to the type of turbine used, and can reach up to 95 %, presenting the concept with the highest
efficiency of all renewable energy technologies reviewed [16‐18].
Furthermore, pumped storage is another concept, which utilizes two water reservoirs localized at different
heights, where the top reservoir discharges to the lower moving a turbine to produce electricity. After the water
discharges, the water will be pumped back to the initial reservoir using excess energy generation available from
other sources. This concept has a very quick energy release and can meet the energy consumption for peak
demands. Its main disadvantages are the time required to pump the water back to the initial reservoir which
restricts the energy availability during this period. As in Dams, the high initial building costs can lead to high
energy costs [19]. Its efficiency is slightly lower than Storage Hydropower varying between 70 and 85% due to
losses in pumping [20].
Finally, the Diversion Concept extracts the kinetic energy from the water running in a river; where the water
from the river is deviated into other narrower channels making a turbine spin. It can provide a continuous supply
with additional capability to handle some of the daily demand fluctuations by regulating the water flow through
the deviation. Its main advantage is that it does not need a reservoir, hence the environmental impact is lower,
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and it does not require high initial infrastructure to be built. However, the effective costs may increase in dry
periods, where the water flow is not heavy; in this case, the concept might not meet the electricity supply
expectations [21]. Its efficiency can be compared to Storage Hydropower varying between 85% and 90% for best
cases.
Hydropower energy is the most efficient type of renewable energy generation [22] and due to its robust
structures and technology can last for at least 50 years with little maintenance [23]. An illustrative example of a
gravity dam built in 1995 is shown in Figure 4. This type of energy is associated with very high initial investments
that can lead to expensive final energy costs, however in most of the cases it presents the lowest LCOE among
all renewables (approx. 0.02‐0.19 USD/kWh) [24]; the lowest range of LCOE (approx. 0.02‐0.08 USD/kWh) is
related to dams with greater installed capacities, generally higher than 300 MW, while higher ranges are related
to dams with capacities lower than 100 MW. After construction, the operation phase is clean as CO2 emissions
are very low and in more cases its dispatchability is efficient, nevertheless it negatively affects fresh water
ecosystems by changing water temperature, dissolved oxygen and pH levels [25]. Furthermore, it modifies the
habitat and local land which might have a negative impact when requalifying the lands; the risk of flooding is an
additional issue for some concepts [26].
(a)

(b)

Figure 4: (a) Gravity dam example “Salto de Salime (1995), Spain” employing Francis turbines with a total capacity installed
of 160 MW and an average of electricity produced yearly of 300 GWh. (b) Schematic of dam’s working principle, where fluid
flow driving a turbine connected to an electricity generator. The potential energy stored in the water column is converted
into kinetic energy through the turbines and hence into electricity by a generator [27].

2.3 Wind energy
Wind power generation consists of transforming the kinetic energy of air movement into electricity using
rotating turbine blades. There are two main types of concepts, the Horizontal Axis Wind Turbines (HAWT) and
Vertical Axis Wind Turbine (VAWT). The most common and widely used in the renewables sector is the HAWT
since, it is the most developed and it presents high efficiencies. The efficiency of the VAWT technology is highly
dependent on the wind velocities [28, 29].
The HAWT has aerofoil blades that create lift and drag forces, which rotate a turbine generator shaft; it is the
most developed and most common wind energy technology. Their LCOE is one of the lowest among all the
renewable technologies (approx. 0.025‐1.7 USD/kWh for onshore wind turbines), which varies in relation to the
total capacity installed; for onshore wind farms with more than 300MW installed the range is reduced between
0.025 to 0.08 USD/kWh, although for farms with less than 100MW the range rises between 0.08 and 0.17
USD/kWh. However, their major disadvantages are its variability of wind capacity factors due to its intermittent
nature, hence making it an unreliable source [30], the danger to wildlife, visual impact and noise disturbance.
There are also challenges in performing regular maintenance for off‐shore installations. There are two main
types considered, the Bare Wind Turbine and the Diffuser Augmented Wind Turbine. The Bare turbine blades
are the most developed and most common and their efficiency is higher. The structure of the Diffuser
Augmented Wind Turbine is similar but with an added conical protector on the outer part (Figure 5 shows an
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example of each type); their main advantages are that they are able to work at lower wind speeds and the blades
are protected from birds, however their efficiency is lower than the Bare blade type [31].
(a)

(b)

(d)

(c)

(e)

Figure 5: Most common types of wind turbines; (a) and (b) Horizontal Axis Wind Turbines (HAWT), (c) to (e) Vertical Axis
Wind Turbines (VAWT); (a) Bare Wind Turbine, (b) Diffusser Augmented Wind Turbine [32], (c) Darrieus H‐shape Wind
Turbine [33], (d) Darrieus φ‐shape Wind Turbine [33], (e) Savonious Wind Turbine [34].

VAWT’s have blades oriented along the vertical axis, with the two main types being the Darrieus Turbine and
the Savonius Turbine. In both cases their advantages are the possibility of having the gearbox and generator
near the ground, reducing load on the tower and easing maintenance access (opposite to HAWT’s, as these are
usually at the top) and their ability to work with any wind direction without the need for wind direction sensing
and reorientation mechanisms (which are required for HAWTs). Their main disadvantage, compared to HAWTs,
is their lower efficiency, which translates into a higher LCOE. However, with further development, VAWTs may
become economically competitive with HAWTs for offshore wind farms, especially for floating turbines, as
VAWTs have a lower centre of gravity and can be placed closer together [35].
As shown in Figure 5, the Darrieus Turbines have two geometrical configurations, H‐configuration or φ‐
configuration, in both cases the turbine works with a lift force. From Table 4, it can be noticed that under the
same speeds, the H‐configuration is more efficient. On the other hand, the Savonius Turbine works only with a
drag force so its efficiency is lower than a Darrieus Turbine, but it is able to work at lower wind speeds.
Vertical axis turbines are able to generate energy from every wind direction without needing orientation, but
their efficiency is lower than HAWT’s; although they can work at lower wind speeds. Moreover, the efficiency of
the horizontal axis type of turbines is between 43‐50%. It can be noticed that this efficiency is higher than the
solar concepts, but nevertheless it is dependent on the number of blades and wind speed [16]. This type of
concept can present high visual impact if located onshore or nearshore, which may not always meet
environmental laws. Since their operational effectiveness is fundamentally based on their efficiency and on their
LCOE, which is similar to the solar cost presented in Table 4, in a normal environment they may present some
drawbacks [36] including: (i) wind speeds out of the range of high efficiency, (ii) intermittent energy source, (iii)
visual and noise pollution, (iv) difficult accessibility for routine maintenance, especially important for off‐shore
installations.
2.4 Solar energy
Solar energy is the second most developed of the renewable energy methods and Photovoltaic Cells (PV) are the
most commercialized products. Each cell is made of a semiconducting material whose electrons get detached
when capturing sunlight and hence create an electrical current. They can be made as one single cell (stand‐
alone) or in a grid connected with several cells [37‐39]. There are different models depending on the type of
semiconducting material, but the most efficient type is the Crystalline Silicone cell with a mean efficiency of
approximately 20%. Other concepts among the PV cells are the thin‐film solar panels, they are lighter than the
crystalline silicone cells and their durability is higher; hence, LCOE can be reduced [38]. Among this type, the
most common are Cd‐Telluride cells, amorphous silicon cells and Copper Indium Diselenide cells. As shown in
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Table 4, even though these types of cells are not as efficient as the Crystalline Silicone cells, LCOE can be lower
due to their lower costs of production and maintenance [40].
Concentrated Solar Power Systems is a concept which utilizes mirrors that reflect and concentrate sunlight into
a receiver. The receiver contains a liquid that is heated, generating vapour that drives a turbine to convert the
energy into electricity. There are different models depending on the mirror’s geometrical shape, relative location
and on the type of receiver, the most common types are parabolic and endorsed trough, solar power tower,
Fresnel reflectors and Dish Stirling. The efficiency of this concept is usually higher than the PV panels, although
their cost is variable since they require large areas to locate the mirrors and the maintenance costs are high [5,
41]. Figure 6 shows the most common types.
(a)

(b)
[b]

Figure 6: Representative schemes of solar energy generation. (a) On the left, scheme of PV solar cell representing its working
principle and its different layers and components; on the right, example of a stand‐alone PV solar cell. (b) On the left,
Concentrated Solar Power Systems classification and a schematic representation of their working principles; from left to
right, Parabolic Trough, Solar Power Tower and Dish Stirling; on the right, example of a Solar Power Tower [42‐44].

Moreover, another concept is the Organic Photovoltaic Cell, which utilizes organic polymers or small molecules
as conductors. An organic solution is generated and held between two electrodes creating an electrical current.
Their efficiency is not competitive compared with the previous models and their degradation is very quick;
hence, LCOE is very high making them non‐competitive in the market [45]. The main advantage of the dye‐
sensitized cells concept is that it can convert any artificial or natural light into electricity, hence it can be used
indoors. A dye captures the electrons and introduces them into a nanocrystalline titanium dioxide layer, creating
a current by an electrolyte that closes the circuit. One of their main disadvantages is their low efficiency
commonly between 8‐10% [46].
Most of these concepts present similar main disadvantages; they require large surfaces to locate the
technologies and they do not work well across scales. These technologies are designed to capture a narrow
range of solar wave frequencies and since the sunlight is only available at certain hours in the day, it limits the
efficiency, availability and reliability of the technologies [47]. Table 4, shows that the efficiencies from PV cells
varies between 8‐24% and for Concentrated Solar Power Systems between 8‐35%. Concentrated Solar Power
Systems present a higher initial and maintenance costs than PV cells, although they achieve higher economic
returns [48, 49]. In economic terms, its LCOE is very variable (0.04‐0.35 USD/kWh), although for plants with
installed capacity greater than 200MW the LCOE can be reduced in the range of 0.04‐0.15 USD/kWh.
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2.5 Biomass energy
This type of energy power generation uses the organic matter that stems from all types of plants as well as
organic wastes to produce energy in different forms, such as electricity, heat or fossil fuels. Biomass is organic
material derived from the reaction of CO2 and water that produces carbohydrates in a photosynthesis process
[50]. There are different ways of converting biomass into electricity that can be classified into two main groups,
the Thermo‐chemical processes and the Bio‐chemical processes. Thermo‐chemical processes can be subdivided
into four main types which are combustion, pyrolysis, gasification and liquefaction; and the bio‐chemical
processes can be classified into anaerobic digestion and alcoholic fermentation [51], which are defined below.
Combustion processes are the most developed and widely used [52], where the biomass is burned in the
presence of oxygen producing gas at high temperatures (800‐1000⁰C). In order to produce electricity a steam
cycle is used as, for example, with steam turbines. The main advantage is that it can be performed using small
or large scale. In a small scale, such as for a household, it can operate with efficiencies between 20‐40% and with
higher efficiencies in large scale industrial plants. However, they produce C02 as a by‐product which, due to the
Paris Agreement should be reduced in future years.
Pyrolisis processes are the degradation of organic matter in the absence of oxygen, where the biomass is subject
to heating between 300‐800⁰C, without any combustion reaction, to produce liquid fuels such as methanol,
acetone and, tars among others. The liquid fuels obtained will undergo a process of electricity transformation,
such as in direct methanol fuel cells which presents a high efficiency (up to 50%), although it is a very toxic
product. The problem of maintaining thermal stability and a non‐oxygen environment in the process is still being
addressed.
Gasification is a partial oxidation of the biomass at high temperatures (700‐1400⁰C) to generate gasses for use
with gas turbines. The high temperatures lead to an increased LCOE, although its integration with combustion
processes could achieve an efficiency of 50% in a plant having 30‐40MW capacity. However, efficiency commonly
varies between 16 and 30% [53].
Liquefaction is the process of transforming biomass into liquid hydrocarbon at low temperatures and high
hydrogen pressures. It is the less common method since it is more expensive than gasification and the process
is more complex. The efficiency to convert the biomass into fuel is approximately 47% [54], but it then requires
the conversion to electricity which reduces its overall efficiency.
Bio‐chemical processes utilize bacteria’s to produce gaseous or liquid fuels that are converted into electricity.
Anaerobic digestion converts the biomass using a fermentation process in the absence of oxygen into gases such
as methane, which drive a gas turbine to produce electricity. CO2 is one of its by‐products, which is a
disadvantage, and its approximate efficiency is 40%. Fermentation processes utilize enzymes and yeasts to
convert the biomass into ethanol that will be converted to electricity using direct ethanol fuel cells. The main
advantage is that ethanol is less toxic than the methanol obtained from pyrolysis and their efficiencies could be
higher than in the digestion process (approx. 47‐51%) [55].
From the processes presented above the liquid fuels that are used to produce electricity are ethanol, methanol
and formic acid which can be processed in direct fuel cells to produce electricity. The approximate efficiencies
for the different cells are presented in Table 2. Among them, ethanol is less toxic than methanol, although higher
efficiencies can be obtained with methanol. Formic acid fuel cells are the other type where fuel storage does
not require high pressures or low temperatures.
Table 2: Approximate efficiencies for energy‐electricity conversion in different types of fuel cells for biomass power
production processes.

Type of cell
Direct Carbon fuel cell
Direct ethanol fuel cell
Direct methanol fuel cell

Approx. Efficiency (%)
47
36‐39
48
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The most common efficiencies among the processes are in the range of 35‐50% which are highly dependent on
the amount of moisture present in the biomass. It could be compared with the efficiencies obtained from wind
or solar energy and the LCOE in some cases can be slightly less than those types but their general range of LCOE
is approximately 0.04‐0.15 USD/kWh and for plants with greater installed capacity than 300MW the LCOE can
be reduced to the range 0.04‐0.09 USD/kWh [24, 56].
The main advantages of biomass energy generation are the usage of waste or excess organic matter coming
from agricultural operations or industrial waste, which is usually available close to populated and industrial
areas. The electricity can be rapidly generated making the energy easily dispatchable and it can be developed in
small or large scale. In rural areas and for households, it can be used with a turbine connected to a generator to
produce electricity [57‐59].
2.6

Geothermal energy

Geothermal energy is the heat stored in the earth’s crust. This can be harvested by drilling a well until it reaches
a reservoir that contains hot water or steam. The resulting expanding gas is then used to drive a turbine
connected to a generator to produce electricity [57‐59]. The advantages of this type of energy is that it produces
electricity with a very low environmental impact, it requires lower land surface than wind energy and its
availability is constant since it is not influenced by weather conditions as in wind, solar or wave energy [60].
However, even though its availability is not an issue, it is only practical in certain locations where power
generation can be cost‐effective, due to high initial drilling costs [61]. Another disadvantage is the risk related
to the geological structures, since fluids are pumped from the earth’s crust, geological changes could be caused
leading to seismic disturbances or hydrothermal eruptions. [60].
There are various types of reservoirs from where the electricity can be generated depending on their
temperature and type of fluid extracted. Table 4 classifies the reservoirs as high temperature reservoirs (>200C),
also called Dry Steam, and low temperature reservoirs (120‐200C). In Dry Steam reservoirs, steam is the only
fluid extracted, the turbines are driven by the high temperature steam released from rock fractures. Their main
advantage is the low level of emissions released to atmosphere, generated by excess steam. Low temperature
reservoirs require a fluid pump and are classified into two types depending on the fluid used, either water and/or
steam. Flash reservoirs contain hot water at high pressure, which is driven to a surface tank at lower pressure,
hence due to the change in pressure the water evaporates completely or partially. The steam then drives
turbines to generate electricity. The other type is the Binary Cycle, this type is used in low temperature reservoirs
where fluid collected at the surface contains steam and water. The fluid is pumped to a heat exchange where
the thermal energy is transferred to another fluid with a lower boiling point creating new steam that will drive
turbines to produce electricity. The third type is the thermal energy reservoir, which directly uses the reservoir
heat for heat transfer, commonly used to heat water in households. Since the energy is not converted into
electricity it is beyond the scope of this review.
Their efficiency is directly related to the reservoir enthalpy. Thus, reservoirs with the lowest extraction of liquid
fluid and hence higher temperature are more efficient and Dry Steam reservoirs are the most efficient. Table 4
presents the approximate equations for efficiency calculation. The main disadvantage of this type of energy is
the high initial costs, although operational costs are very low compared to the other renewable energies
reviewed, as a result, the final LCOE is one of the lowest (0.06‐0.18 USD/kWh), for plants with more than 100
MW of installed capacity the final energy cost is similar to hydropower energy [24, 62].
2.7 Wave and tidal energy
The marine environment possess a vast source of energy, with potential and kinetic energy being contained in
the mass of water moving due to ocean waves, tides and marine currents that can be harvested to produce
electricity [63‐67]. Waves have their origin in wind energy which can produce local waves close to the coast or
can be generated offshore by storms called swells. Their potential is mainly based on the wave height and period
[68‐71], although the global potential is calculated in kW/m, where metres refer to the advancing wave front
width. The potential energy contained in the waves can be harvested with overtopping devices, while the kinetic
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energy can be harvested with Oscillating Water Column (OWC) devices. Also, a combination of both forms of
energy can be collected with mechanical devices, all of them explained further in the following sections.
Furthermore, tidal energy is generated by the periodic motion of the oceans due to gravity forces. Potential
energy is generated due to the change from high to low tides and vice‐versa, where this type of energy is
generally collected with water dams called Barrages. Kinetic energy is also generated due to marine currents
and it is usually harvested using underwater turbines anchored to the seabed, where the turbine blades are
driven by the water currents generating electricity [72].
The main advantages of these types of wave energy harvesting systems is their location availability near to
coastal cities and their easy energy forecasting prediction based on annual wave potential power averages.
However, not all of the coastal locations present a high wave energy potential and the devices are also not
developed enough to harvest energy from low sea wave frequencies, furthermore it presents one of the highest
LCOE among all renewable energies (0.1‐0.3 USD/kWh), what could be due to its early stage of development.
Tidal energy has the advantage of its easy prediction, since the tides are cyclical. However, the main drawback
is that the high initial building costs may lead to high final electricity costs, its LCOE varies between 0.1‐0.2
USD/kWh. In both cases, the environmental and fauna disturbance is also a matter of concern.
There are other marine sources of energy with less potential such as those involving difference in temperature
between shallow and deeper waters. This type of energy is usually harvested with low pressure turbines which
utilize the commonly used Rankine heat cycle. The difference in salinity between the sea water and river water
can also produce electricity, where it is generally harvested using Pressure‐Retarded Osmosis (PRO) or Reserved
Electro Dialysis (RED) processes [73]. As it can be seen in Table 3, the energy harvested from waves has a
significantly higher potential among the marine energy sources. Harvesting energy from waves is the main
purpose of this review, so further discussion on this will be provided in the following sections.
Table 3: Approximate potential powers for different forms of energy in the marine environment [73‐75].

Type of Energy Harvested

TWh/Year

Waves

~80000

Tidal

~800

Thermal

~1000

Salinity

~2000

2.8 Vibrational energy
Extracting energy from vibration involves conversion of mechanical energy of oscillating components of a system
or structure into electrical energy using a mechanical to electrical power converter. Vibrational energy extraction
is often called Vibration Energy Harvesting (VEH), which are often associated with low energy generating devices
used to power autonomous sensors and devices. A generic process of VEH can be schematically represented as
a block diagram depicted in Figure 7. It shows energy generation, dissipation and flow, where mechanical and
electrical parts are coupled by a so‐called coupling field, a physical mechanism of energy conversion. It is worth
to mention here that as ambient vibrations are generally of low amplitude; hence converting devices often
exploit resonance phenomena [76].
There are four types of VEHs, namely, piezoelectric, electromagnetic, electrostatic and magnetostrictive, as
listed in the last row in Table 4. The piezoelectric and electromagnetic VEHs are the most popular ones and for
the last two decades have been a subject of intensive research resulting in numerous engineering applications.
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Figure 7: A conceptual block diagram of vibrational energy generation and flow in a VEH represented as three blocks with
mechanical and electrical systems being connected by so‐called coupling system, which utilizes one of the physical
phenomena to convert mechanical to electrical energy. In all systems, the energy can be transferred, lost and stored. The
schematic also eludes to the dual nature of VEHs, i.e. the electrical energy can be converted to the mechanical one.

The piezoelectricity is a unique material property, where certain materials generate an electric charge when
strained. This property has a reciprocal nature, which means a deformation can be generated in piezoelectric
materials when an electric voltage is applied. Depending on the strain or deformation, which can be related to
tension, compression, bending, torsion or combinations of those four deformation types, various piezoelectric
devices have been developed. Their efficiency is dependent on piezoelectric material properties, but more
importantly on the adopted device designs, where the most popular one is a cantilever beam with a piezoelectric
patch and proof mass. The main feature of piezoelectric VEHs is that they can generate high voltages [76, 77].
Electromagnetic devices generate electrical charge from a relative motion between a coil and a magnetized body
induced by vibration. A magnetic field is generated either by a permanent magnet or by an electromagnet. The
permanent magnet containing ferromagnetic materials is more suitable for low power devices and it does not
require power input. Devices utilizing this concept are possible to be built with low cost and there are two main
types, the linear and rotatory energy harvesters [16]. Rotatory devices can be more efficient than linear devices,
as they can reach 50 to 70 % efficiency, although the efficiency for small devices is lower. Their main advantages
are their robustness and durability, they also present relatively high output currents [76].
Electrostatic concepts utilise two structures with a relative movement between them generating a capacitance
variation and hence, electric charges. There are two models, the electret‐free converters, which utilizes
conversion cycles made of capacitor charges and discharges; and the electret‐based, which utilizes electrets to
directly convert the mechanical energy into electricity. This type of concept has high output voltages and it is
possible to build a low‐cost device. However, they present low capacitances and they require control in a small
scale (µm). Moreover, electret‐free converters do not convert the mechanical energy into electrical energy
directly. They can reach up to 30% efficiency, although at low frequencies and for small devices the efficiency is
significantly smaller. On the other hand, they are robust and durable [78].
Magnetostrictive energy generation is based on the magnetoelastic Villari effect, which is a physical
phenomenon involving changes of the magnetic properties of a ferromagnetic material under an external
mechanical strain [79]. Magnetostrictive materials contain small amount of ferromagnetic materials like iron,
cobalt and nickel. When a variable external magnetic field is applied, it interacts with inherent magnetic fields
of those materials and as a consequence a deformation is generated. This effect is also reciprocal and this is
used for the VEHs of this type. The most popular magnetostrictive materials are Terfenol‐D and Galfenol,
however, they are most used as force transducers.
The main challenge of this type of energy harvesting when operating in linear mode is that it is only efficient
when working near the discrete spectrum of resonance frequencies [80]. This shortcoming can be overcome by
introducing nonlinearities into VEH’s to enlarge the operating frequency ranges. Tran et al. [81] and Ramlan et
al. [82] reviewed the main nonlinearities which enhance the power output from VEH devices, by introducing
nonlinearities in the systems, the frequency bandwidth can be broadened, although some design challenges and
problems when excitations are not harmonic arise; one of the main disadvantage is the poor performance of
these systems under stochastic excitations [83], however it can be solved with multimodal configuration arrays
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[84]. A nonlinear configuration, by changing a monostable system to bistable configuration could enhance the
power output by nearly doubling the frequency bandwidth [85] and also a change from bistable to tri‐ and
quadstable systems could also give higher energy output at lower frequencies, but it would be weaker for base
excitations [86]. Other techniques have been studied to add nonlinearities to the system such as preloading
techniques, which changes the degree of nonlinearity and introduction of internal resonances, which enhance
the resonance near to the primary resonant frequency, however the system will require a higher energy input
and hence it reduces its effectiveness [87]. Furthermore, the introduction of stoppers in the configuration will
introduce nonlinearities in the device stiffness increasing the frequency bandwidth and shifting the resonance
frequency [82], but reducing the maximum output [88].
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Table 4: The main concepts of renewable energy technologies depending on the energy source [24, 40, 46, 47, 52, 53, 89‐147]. Further comparisons are made in Table 9.

Concepts

Types

Hydropower

Type of turbines
Storage Hydropower
(Dams)

Pelton
Kaplan
Francis (low and high speed)

Comments

Efficiency (%)

Potential Energy conversion
into electricity.
Water drops from a higher
potential driving the
turbines at lower potential.

General energy output

87‐95[131]

Dependent on the dam dimension

85‐92[132]
75‐90[131]

Approx. 0.02‐0.19[24]

30‐90[131]

Propeller

LCOE (USD/kWh)

Dependent on the relative
discharge

Pumped Storage
‐

Fixed amount of water

70‐85[106]

Dependent on the dimensions

In River Hydro Kinetics
(Diversion)

‐

‐

85‐90[106]

Pmax = ½ηρAv3 ,where:
A=swept area of the turbine blades

Horizontal Axis wind
turbine (HAWT)

Bare Wind Turbine

Most common and developed

43‐50 (Dependent on number
of blades)[98]

Lift force

Diffuser Augmented Wind
Turbine

Conical shape

Inferior than Bare Wind
Turbine[98]

Lift force

35‐40 (Model Anew‐S1 up to
70)[103]

Savonius Turbine (Drag force)

Drag force

10‐25[98, 102]

Approx.40 kW (For 12m/s wind speeds)[134]

Crystalline Silicon Cells

Most common technology

18‐24[133]

Approx. 320 W (per unit) [137]

Wind

From one reservoir 1 to
reservoir 2

Darrieus Turbine
Vertical axis wind turbines
(VAWT)

Photovoltaic Systems (PV)
(Stand‐alone systems or
grid connected)

H‐Configuration
 Configuration

[40]

2‐8 MW per turbine[148]

‐
300‐600 kW (For 11‐13m/s wind velocities)[101]

Approx. 0.025‐0.17
(Onshore)[24]
Approx. 0.07‐0.15
(Offshore)[24]

200‐300 kW (For 11‐13m/s wind velocities)[101]

Approx. 300 W (per unit)

[137]

Amorphous Silicon (a‐Si)

Thin‐film technology

6‐8

Cadmium Telluride (Cd‐Te)

Thin‐film technology

<20 [135]

Approx. 110 W (per unit) [136]

Copper Indium Diselenide
(CuLnSe2‐ CIS)

Thin‐film technology

8‐10[138]

Approx. 120 W (per unit) [136]

Solar

Parabolic trough
Endosed trough
Concentrated solar power
systems (CPS)

Solar power tower

Approx. 0.04‐0.35[24]
‐

8‐35[139]

Approx. 60MW[140]

Biomass

Freshnel reflectors
Dish Stirling

Stand‐alone system

Organic Technology

‐

Thin‐film technology

Approx.8.3‐10[141, 142]

‐

Dye‐Sensitized (DSSC)

‐

Use of natural or artificial light

Approx. 8.8 (Max. 14)[46, 143, 144]

Approx. 0.1‐3 mW/cm2 [145]

Combustion

800‐1000 ºC

20‐40[123]

Pyrolysis

300‐800 ºC

up to 50[52]

Gasification

700‐1400 ºC

16‐30[53]

Thermo‐chemical Process

Bio‐Chemical process

Liquefaction

250‐500 ºC

Anaerobic Digestion

‐

Approx. 47 (to produce
Approx. 40[53]
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oil)[50]

Dependent of the amount of biomass and its
characteristics

Approx.0.04‐0.15[24]

Geothermal

Alcoholic Fermentation

‐

High temperature reservoirs
>200 ⁰C

Dry Steam: Only steam

Approx. 47‐51[55]
Function of enthalpy (h)[107]

Steam drives the turbine
Liquid‐Dominated Plants

6.6869ln(h) ‐ 37.930

Low temperature reservoirs
(120‐200 ⁰C)

Flash Steam: Pressure reduce,
hence steam produced

8.7007ln(h) ‐ 52.335

Approx. 0.3‐110 MW[146]

Requires pumping (Heat
exchange)

Binary Cycle: Water+Steam

10.166ln(h) – 61.680

Approx. 0.1‐45 MW[146]

Thermal energy

Wave and Tidal

Wave Energy Converters
(WEC's) *

Vibrational energy

Piezoelectric
Electromagnetic

Approx. 18‐35
Range 30‐80
Range 25‐90

Dependent on the type of
materials

‐

Approx. 40[108]

Linear devices

‐

Up to 50[109]

Rotatory devices

‐

70[109]

Electret‐Free

‐

Approx. 30[110]

Electret‐Based

‐

Efficient at resonance

Terfenol‐D

Rod
Unimorph
Bimorph
Amorphous metal produced by
rapid solidification

Approx. 18‐25[149]
Approx. 6[149]
Approx.16‐36[149]

Approx. 0.3‐7000 μW [147]
0.82‐24 μW (For 0.18‐0.81 cm2 active
surfaces)[110]
0.66‐2100 μW (For 0.12‐7.45cm2 active
surfaces)[110]
Approx. 0.7‐2.7 mW/cm3[149]
Approx. 4‐170 mW/cm3[149]
‐

‐

Approx. 0.9‐21.1 mW/cm3[149]

Tidal steam
Tidal turbines
Oscillating hydrofoils
Tidal kites
Potential
Pressure or Kinetic
Mechanical

0.4 MW (Russia) ‐ 354 MW (South Korea)[126]
Up to 80[127]

Galfenol
Metglas

‐
1.7 kW‐1MW (For 2‐3 m/s flow speeds)[126]
2 ‐9 kW (For approx. 2m/s flow speeds)[126]
‐
0.11‐11 MW
0.5‐12 MW
0.01‐200 MW
8.5‐363 μW (For 31‐114mm diameters)[112]

Up to

Electrostatic

Magnetostrictive

Approx. 0.06‐0.18[24]

No electricity conversion
Difference in water level
between high and low tides
Extracts the kinetic energy from
tidal currents
Analogous to wind turbines
‐
‐
Potential energy from waves
Kinetic energy from waves
Mechanical energy from waves

Tidal range
Tidal energy

Approx. 0.3‐110 MW[146]
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Material dependent
150‐2300 W (For 200‐500 rev) [147]

Approx. 0.1‐0.2[130]

Approx. 0.1‐0.3[129]
Dependent on the
source harvested and
material
‐
‐
‐
‐

‐

2.9

Other aspects and biased renewable energies comparison

The increasing penetration of renewable energy sources in the electrical grids present some drawbacks that
require to be addressed. The most problematic is the grid instability produced by intermittent inputs from
renewable sources such as wind and solar. In order to maintain a constant input from these sources and,
therefore, maintain stability in the power network and match demand with electricity supply, energy storage is
required [30]. There are different methods of energy storage, such as mechanical, chemical, electrochemical
and magnetic methods.
Electrochemical methods are widely used in the form of batteries whose efficiencies can vary between 60‐90%.
The main disadvantages are their high capital and operational costs [150] and in some cases their low self‐
discharge, as in the case of lead acid batteries, which have low costs and high efficiencies. Other issues are the
pollutant materials and chemicals used in the batteries and their future disposal, as well as the hazard of some
materials in contact with water and high temperatures, a clear example being sodium sulphur batteries when in
contact with water. The currently commercially available batteries are able to storage energy from less than
100W of capacity up to MW, however their hours of duration and their physical characteristics, as high
temperatures are reached, are still a matter of research [151]. Zhou et al. [152] reviewed the most common
energy storage technologies used in the marine environment by presenting their characteristics, advantages and
disadvantages. It concludes that hybrid storage technologies are needed for optimal results, since high‐energy
batteries, such as sodium sulphur, are more suitable to smooth long periods of power fluctuation and, on the
other hand, supercapacitors work better for shorter periods of power disturbances.
After reviewing the most common renewable energy sources and their technologies, the main drawbacks that
affect the technologies have been discussed and it can be concluded that most of the technologies are not
always available or reliable. The following specific observations have been made:








PV systems, wind turbines and dams can give high energy production at relatively low cost. This can be
a consequence of their advanced development stage in comparison with other types of renewable
energy. However, they have some restrictions such as that the PV cells will only produce energy during
light hours and energy generation from wind turbines depends on the wind speed and direction; hence,
these concepts will not always work with their maximum efficiency and the sources are intermittent
unless energy storage methods are used. The most common technology to store energy is in the
electrochemical form by using batteries, which present a very high capital and operational cost and in
some cases their disposable materials may produce pollution. Moreover, hydropower plants can
efficiently produce large amounts of energy and, in the case of dams, they can produce energy very
quickly when it is required. However, the high initial cost can result in a higher LCOE.
Under specific circumstances, geothermal energy may present high energy production rates, but
nevertheless this source is only practical in locations where the reservoirs have high enthalpies. They
might have low energy production cost but, depending on the type of reservoir, the initial building cost
may lead to a high initial investment. Its main advantage is the constant productivity.
Biomass energy power generation can provide high efficiencies, comparable with the most developed
technologies, such as wind energy and the LCOE is relatively low, comparable with the low cost of wind
energy or PV systems. Its main advantages are the possibility to use organic waste coming from human
activity and the possibility of harvesting the energy from the small scale, such as households, to large
production plants. Although Biomass is a renewable energy source, it is not a purely clean source of
energy since pollutant by‐products such as CO2 and Sulphur Dioxide, are produced in the oxidation
process. Furthermore, the liquid fuels used in the energy production are toxic such as methanol and
energy is required for the process development, commonly in the form of heat.
Vibrational energy concepts can be efficient, although, this is highly dependent on the non‐constant
wave parameters, such as frequency and hence, most of these devices will not work across large scales.
The final cost of the electricity will rise if the wave parameters are not constant and localised in the
range of applicability, which leads to unreliable energy harvesting methods, although the sources of
energy harvesting in this type are very broad.
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Wave energy harvesting could be a solution for most of the main issues discussed above. It is a reliable source
since waves could provide a constant energy supply, which is an advantage compared with wind and solar
intermittent energy sources; the time variability of energy supply can be much more accurately predicted. It is
a clean energy since it does not generate pollutant by‐products, such as CO2, and the materials used are not rare
or highly contaminant, which is an advantage in comparison with Biomass. Moreover, since wave energy devices
are located offshore, they do not require land reducing and potentially environmental footprint, contrary to
solar and hydropower systems. Wave energy generation could also be of benefit to coastal cities, which are
generally highly populated; the environmental issues in terms of visual impacts and noises could also be reduced
with careful consideration of the device‐coast distance and the equipment dimensions.
There are many advantages for wave energy harvesting, as it can be seen as a convenient and available source
that can satisfy the new governmental environmental laws and future renewable energy targets, but
nevertheless insufficient amount of research and development is a factor that leads to some drawbacks, such
as low device efficiencies, since they are not able to harvest energy from waves with varying parameters, high
maintenance costs due to problems with the system design and the sea ecosystem disruptions. This technology
is still at an early stage of development, although the past 8 years shows that its productivity has doubled. The
following sections review and explore in more detail the reliability of the wave energy concepts and devices that
are already deployed or under development and their efficiencies, costs and other significant factors. This is
followed by discussing possible solutions for the main drawbacks identified.
3.

Marine and Wave Energy Generation

Electrical energy can be generated from the wave and tidal energy by employing various kinematic schemes in
energy generating devices converting 3D motion of the device bases into relative movements of device
components and by employing one of the four types of the VEHs. This section introduces the global current state
of marine energy by identifying the main areas of application, the total installed power capacities and electricity
generated in the past decade. Furthermore, the section focuses on the wave energy, specifically on the current
status of wave energy development in Europe. It also reviews the current states of the wave energy technology
in the UK, since it is one of the major players and finally, and in Australia as it is a new emerging geographical
area for WECs. Moreover, a revision of the most common technologies and their performance is furnished here
and a novel scheme for a new WEC is introduce to inspire future research work.
3.1 History and current state of global marine energy generation
The amount of energy produced from marine energy sources is currently close to zero percent, and among the
renewable energy global production, it represents only around 0.02%. To understand the progression of these
technologies and identify possible challenges, this section reviews the evolution of wave and tidal energy by
looking at their power capacity installed and electricity generated in the main leading areas of development
during the past decades. A comparison between these two factors allows to identify possible challenges and to
present hypothesis about their future development.
The total wave and tidal power capacity installed progression is presented in Figure 8, where the graph in panel
(a) and the bar chart in panel (b) show an evolution and a comparison between 2012 and 2018 for the major
players, and summarises the capacity installed globally and within the EU. In 2018, the total wave power capacity
installed was approximately 530MW and, this value shows only a minute increase of 3% since 2012 from
approximately 509 MW. The European Union and the Republic of Korea are leaders in developing and installing
new devices; the EU has 46.64% (about 247MW) and Korea 48.17% (about 255MW) of the total power capacity
installed in 2018. Among other leaders, Canada represents 3.77% of installed capacity (about 20MW), followed
by China with 0.8% (4MW), Russia with 0.32% (25MW) and Australia with 0.18% (1MW)
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(a)

(b)

Figure 8: Global evolution of marine energy capacity installed in MW from 2012 to 2018 of the most relevant global countries.
(a) Marine energy capacity installed showing The Republic of Korea and France as the most relevant countries. Furthermore,
UK and Spain show a great increase in 2015. (b) Cumulative marine energy capacity installed globally, in Europe and in the
Republic of Korea is presented for relative comparison purposes, it shows a very small difference between Europe and the
Republic of Korea. [Data:[153]]

As it can be noticed, as the EU has invested in developing and deploying this type of energy, its increase in
capacity installed is 7.9% since 2012. Among the EU, France is the country with the highest capacity installed
(42% of the global power capacity installed) which mainly corresponds to a single tidal power station (La Rance)
[154]. In terms of development, the UK has been a significant player, with a wide variety of stations involving
different tidal and wave concepts. However, the UK total capacity installed is a small fraction of the French
power generation and represents only 3.77% of capacity installed within the EU. Other countries with sizable
developments in this area are the Netherlands, Sweden, Norway, Spain and Portugal [155] whose contribution
is approximately 8% of the global power capacity installed. Figure 9, shows the European wave and tidal
evolution between 2012 and 2020, where a significant increase has been spotted from 2018 and 2020. The rapid
increase has been mainly influenced by France and the UK with approximately a contribution of 14 and 60%
respectively. For other European countries such as Netherlands, Spain and Italy, the beginning of depletion of
these devices from 2015 is apparent, although their total installed capacity remain nearly constant through the
years without showing a significant improvement.
Based on the review of more than 120 tidal and wave energy devices deployed in Europe and Australia
(Appendices B, C and D), an approximation of the current marine energy power capacity installed for 2020 is
presented in Figure 10. The results shown are consistent with previous data obtained from the International
Renewable Energy Agency (IRENA), and they continue presenting France and the UK as leaders in marine energy
in Europe with a total of 249 MW and 35 MW of capacity installed respectively whilst the other European
countries vary between approximately 0.1 and 5MW of power capacity.
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Figure 9: Evolution of marine power capacity installed in European countries between 2012 and 2020 and accumulative
power in Europe expressed in MW. It shows the combination of tidal and wave energy for European countries where a
significant increase occurs between 2018 and 2020 where an increase of more than 60% occurs for UK and 14% for France.
From 2015, other European countries start presenting small projects that usually vary in the range of 0.1 and 5 MW, therefore
this graph shows a poor rate of depletion of the devices. The graph presents historic data from 2012 to 2019 [15] and the
latest data collected in this research for 2020, showed a considerable increase between 2019 and 2020, however this follows
the trend obtained when extrapolating previous years data.

Figure 10: Marine power capacity installed in European countries and Australia in MW in 2020. It shows the combination of
tidal and wave energy for 2020 showing the highest values for France with a total power capacity installed of 249 MW and
the UK with 35 MW. Furthermore, it presents the few MW installed for other European countries with installed capacities
varying between 0.1 and 5 MW. This figure represents data collected in Appendix B, C and D and it follows the expected
trend extrapolated from previous years and therefore, it is consistent with the EIA [153] earlier presented in Figure 8.
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To understand how much electricity was obtained from the MW installed through the past decade across the
globe, the production between 2012 and 2017 has been compared. The total production between 2012 and
2017 increased by 7.56%, leading to the total production of 1040 GWh in 2017. This total production was mainly
due to the Republic of Korea and France as expected due to their high values of power capacity installed, where
the Republic of Korea had a constant amount since 2012 and France had a slight increase in trend between 2016
and 2017.The increase in the French production could be caused by the Paris Agreement and the new budget
and policies [156]. The pie chart in Figure 11 (a) presents the total percentages of energy produced by marine
energy generation in 2017. The EU accounted for 50.61% of the total energy generated from wave and tidal
energy, while the Republic of Korea had 47%. Other countries are contributing at a much lower level, specifically:
Canada (1.75%), China (0.62%), The Russian Federation (0.03%), USA (0.0011%) and Australia (0.0001%). As
shown in Figure 11 (b), the marine energy generation within the EU had large fluctuations from a few GWh to
almost zero, giving little confidence in its stable production. That can be seen especially in Netherlands, with a
peak production in 2015, and the UK, with a decrease in production until 2016 and a rapid increase in the
following years.
(a)

(b)
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Figure 11: (a) 2017 global wave and tidal energy generation percentage comparison. The EU is the main contributor to the
electricity generation from renewable sources with more than half of the total electricity production (50.61 %), followed by
the Republic of Korea with 47 %. Canada, China, USA, the Russian Federation and Australia are also involved but their
contributions do not exceed 2% of the total electricity generated. (b) Wave and tidal electricity generation in Europe in GWh
from 2012 to 2017 classified by the main contributing countries, with the exception of France. Italy, Norway, Portugal, Spain
and Sweden present a nearly constant small production which varies from 0 to 2 GWh through the whole period. Netherlands
presents a peak of production in 2015 and then it experienced a deployment close to zero. The UK presents an irregular
decrease in production until 2016 and in 2017, it experienced an increase to 4 GWh [Data: [153]].
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From the comparison between the energy capacity installed and the electricity generation by country an
incoherent trend of energy generation has been spotted. The increase in capacity installed is not allways a sign
of increase in electricity production. Figure 12 depicts a comparison between the global capacity installed and
the electricity generated, where the correlation between the capacity installed and the energy produced is not
linear. In 2013, the capacity installed increased, however the electricity production decreased dramatically.
Moreover, between 2015 and 2017, the capacity installed increased however the increase in electricity
production did not present a linear correlation to the capacity being installed. The low efficiencies and the
frequent stops in productivity [153, 157] are the most probable reasons for this situation, these hypothesis are
reinforced by further analysis presented in the following sections. The same comparison among the major
producers suggest the possibility that the decrease in global productivity could be caused by new technology
begin deployed in less developed areas and highlights the idea that these technologies are still in early stages of
development. This comparison is provided in Figure 13, where it is clearly shown that a slight decrease in energy
production in Korea occurred in 2017 and in France in 2013, when the capacity installed was increased.
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Figure 12: Comparison between the evolution of global wave and tidal power capacity installed and the total energy
generation from 2012 to 2017. Data for energy capacity installed is presented in MW (left axis) and data for total electricity
generated in GWh (right axis) [ Data:[153]]. Graph shows a poor correlation between the capacity installed and the electricity
generated, clearly visible in 2013. Frequent stoppages reducing device’s productivity and poor efficiencies are suggested as
the most probable reasons.
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Figure 13: Comparison between the evolution of wave and tidal power capacity installed and energy generation from 2012
to 2017 in the two leading countries (France and Republic of Korea). Data for energy capacity installed is presented in MW
(left axis) and data for total electricity generated in GWh (right axis) [Data:[153]]. The lack of correlation between the
capacity installed and the electricity generation is clearly visible for France in year 2013 and in the Republic of Korea in year
2017, leading to the conclusion that the probable poor efficiencies and device breakdowns spotted in the global graphics
have not only been caused by new deployed devices still under research in less developed areas.
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From this section it can be concluded that there has been ongoing investment in marine energy generation
systems since the power capacity installed have increased in the past decade. The European countries and the
Republic of Korea have lead the development in this area, however the comparison between the power capacity
installed and the electricity generated showed the poor technology performance leading to some hypothesis of
what caused this situation, such as, low efficiencies of the devices and common failures in prototypes which do
not withstand the harsh marine environments. To predict the future trend in terms of device deployment,
funding and research, the next section makes a further review of the current state and future projects in major
production areas.
3.2 Current state of wave energy in France and South Korea
France and South Korea present some similarities for their development in the marine energy sector, their
geographical location is one significant factor, both countries are surrounded by high potential wave and tidal
energy sources. France presents a high wave and tidal energy potential on its northern and western coast,
especially in the Normandy coasts, with an estimated 2000 to 3000MW theoretical energy potential [158]. Korea
has less power potential than the Atlantic European countries, however several feasibility studies [159‐161]
highlight tidal energy generation as a reliable source for the Yellow Sea coast and the wave energy is reliable for
the east coast and a potential feasible solution for its domestic energy demand exists on the islands located in
its South‐Western coasts. Furthermore, the different necessities and governmental scenarios have promoted
their development on their territory. Although France does not have any specific policy for marine energy
development it follows the European energy transition policies that have led to funding from governmental
institutions, such as, NREAP (2009‐2020), ADEME and Nationale de la Recherché, which promote research and
demonstration projects, with research projects mostly developed by the Ècole Centrale de Nantes [162]. The
Republic of Korea aims to gain independence from overseas petroleum energy and has also recently reduced
the consumption from nuclear energy due to its potential danger, hence, a plan was presented by MOTIE
(Ministry of Trade, Industry and Energy), which attempts to generate 20% of the Korean energy consumption
from renewable sources by 2030. The current amount is 10.71% with only 1.98% produced by marine energy.
Therefore, in order to increase the contribution from ocean energy generation, the plan presented by MOF
(Ministry of Oceans and Fisheries) was to establish a commercial expansion from mid‐range to large‐range
projects, where it is intended to increase the installed capacity of wave energy to 220MW and tidal energy to
700MW [163].
Some of their projects were leaders in marine energy generation such as the tidal plant “La Rance” in France,
with 240 MW of power installed capacity [164], later overtaken as the world’s largest plant by Korea’s “Sihwa
Lake Tidal Power Plant” with 254 MW of power installed capacity; both are still operating and future large scale
projects are currently been developed [165]. From the total marine power capacity installed presented in the
previous section, it can be observed that more than 93% corresponds to these two tidal plants, leaving the
energy production from wave sources in a small second place. Even though, tidal energy takes more importance,
France plans to increase its installed wave energy capacity to 30000 MW, whilst Korea is presenting projects that
could reach installed capacities of over 1300MW [166]. In both areas, most of the wave projects that have been
deployed were testing prototypes. However, due to the high theoretical potential power available, further
research is expected. These two countries have plans to increase their energy production from wave energy,
although there are still some challenges that must be addressed to promote it as a feasible source of energy.
Some of the challenges are presented in previous studies [162, 165] highlighting the environmental impact
uncertainty, the cost reduction and the impact on fishing as the main challenges.
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3.3 Wave energy global potential power
It has been shown that the major marine energy producers have wave energy in second place, however, there
is a great energy potential contained in waves among other benefits. One of the main advantages of wave energy
is its availability close to coastal cities. Figure 14 presents the amount of theoretical wave power that can be
generated in various locations around the globe. From the map it can be observed that at latitudes between 20‐
60◦ South and 40‐70◦ North, the potential power is higher than 40 kW/m (meter refers to wave front width). On
these latitudes are the coastal cities in the north of Europe and most of the South West and South of Australia.
Also, North America, Canada and some western areas of South America, including Chile, are good locations for
high density wave energy power [167]. Nevertheless, an important aspect to be considered is the seasonality of
the wave power potential. The northern hemisphere presents higher fluctuations in power potential due to
seasonal effects in the European continent and North America [168]. Although, seasonality causes less impact
in the southern hemisphere, and hence, the more stable waves can provide longer periods of energy production.
Therefore, even with lower maximum potential levels, it is possible to produce more electricity in the same
period of time than in the northern hemisphere [169].

Figure 14: Representative map of global wave energy annual theoretical power in kW/m (meters referring to advancing wave
front width). The map classifies from the most to the least theoretical power areas in ranges of 5 kW/m. Latitudes between
20‐60◦ South and 40‐70◦ North show potentials greater than 40 kW/m and they principally correspond to the coasts of
Canada, south‐west of South America, Atlantic coasts of Europe, South Africa and Western Australia [168].

Figure 15 presents wave energy potential along the European coasts, showing the UK, Norway and the western
countries of Ireland, France, Spain and Portugal as the main areas suitable for application of wave energy
converters [170]. For the northern coasts of the UK and Ireland, the potential is greater than 60 kW/m, while for
most Atlantic coastal areas in France, Spain and Portugal, the potential varies in the range of 40‐60 kW/m. The
west coast of Norway has power potential greater than 60 kW/m, although the majority of its coasts are in the
same range as France or Spain. Moreover, the seasonal formation of sea ice in this region could reduce its
potential. For all cases, the final net power potential could be reduced by 20% due to seasonality [168, 171].
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Figure 15: Relative theoretical wave energy potential classification in Europe, from high to very low. The values for theoretical
wave energy potential for “high” category are greater than 60 kW/m, for “medium” the range is 40‐60 kW/m, for “low” they
vary between 30‐40 kW/m and for “very low” the potential is less than 30kW/m. The image highlights the most impacted
areas being Ireland, UK, Norway as high and France, Spain and Portugal as medium, and therefore they are presented as the
optimum places for wave energy devices [162].

This section showed the great wave energy potential that is still untapped. The next sections will review the
technology that was developed for wave energy generation, focused in Europe and Australia, making
comparisons among devices and highlighting their main advantages and challenges that require to be addressed,
with the final purpose to define the future prospects of the technology.
3.4 Current state of wave energy in Europe
The European Union is the global leader in wave energy harvesting [155, 172]. Figure 11(a) has shown that
Europe generates more than half of the global marine energy, and therefore this section intends to focus only
on the electrical energy extracted from wave sources in Europe. A review of a wide variety of concepts developed
or under development in this area is shown in Appendix B and C and Table 5 presents a summary of the data.
This review classifies the technologies by the type of WECs and presents the capacity installed, country of
development or deployment, location and current status for each technology. The purpose of this section is to
give a broader view of the current state of wave energy and analyse the future trends based on the
representative information collected.
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Table 5: Data collected summary of WEC’s in Europe (for full data refer to Appendix B). The summary classifies the data by
the countries considered, presenting the number of devices reviewed and for each country, the number of devices under
different current status (operational, not working, research and development and unknown). For each category, their
corresponding ranges of device power capacity installed in MW, the number of devices reviewed depending on the type of
technology and the number of devices classified by their location (offshore, onshore and nearshore) are shown. For UK
summary see Table 8.

Country

Number of
devices
considered

Status

Number of
devices

Range of
Installed
capacity (MW)

Type of
technology

Number
of
devices

Location

Number
of
devices

Belgium

2

R&D
Unknown

1
1

0.2
0.08

Attenuator
Point Absorber

1
1

Offshore

2

10

0.05‐6

Attenuator

2

Offshore

10

4

0.0003‐1

Nearshore

4

Onshore

1

Denmark

Finland

France

16

Decommissioned/
Abandoned/ Not
working
R&D
Unknown

2

0.005‐1

1

Unknown

1

0.5‐1

Operational

1

~0.5

7

Decommissioned/
Abandoned/ Not
working
R&D

1

‐

4

0.5‐1

Unknown

2

‐

OWC

2

Overtopping

1

Terminator

1

‐

1

Offshore

1

OWC

2

Offshore

2

Point Absorber

2

Nearshore

2

Germany

1

Unknown

1

1

Point Absorber

1

Offshore

1

Greece

1

Operational

1

0.75

Other

1

Nearshore

1

Operational
Decommissioned/
Abandoned/ Not
working
R&D

1

2.5

Attenuator

1

Offshore

4

4

.04‐1.5

Point Absorber

2
Nearshore

1

1

0.02

Unknown

1

‐

Operational
Decommissioned/
Abandoned/ Not
working

1

Offshore

5

Nearshore

1

Ireland

Italy

Malta

Norway

7

OWC

2

0.05

Attenuator

2

2

0.1‐0.15

OWC

2

R&D

1

0.181

Pressure
Differential

1

Unknown

2

2‐2.7

Other

2

1

Operational

1

‐

Attenuator

1

Offshore

1

5

0.3‐2

Attenuator

1

Offshore

5

10

Decommissioned/
Abandoned/ Not
working
R&D

4

0.3‐20

OWC

3

Nearshore

2

1

0.163

Point Absorber

2

Onshore

1

Offshore

3

Nearshore

4

Offshore

13

6

Unknown

Portugal

Spain

Decommissioned/
Abandoned/ Not
working
R&D

4

0.4‐2

OWC

2

2

1.5‐2

4

Unknown

2

0.1‐0.3

Point Absorber
Pressure
Differential
Oscillating
Wave Surge
Converters

8

16

Operational

1

‐

25

Attenuator

1
1
1

Sweden

Decommissioned/
Abandoned/ Not
working
R&D

7

0.01‐2.25

OWC

3

3

0.132‐0.25

Point Absorber

5

Unknown

5

‐20

Overtopping

2

Operational
R&D

2
4

0.3‐1
0.025‐12

1
3

Unknown

1

5‐10

OWC
Point Absorber
Oscillating wave
Surge
Converters

7

Nearshore

1

Offshore

7

1

The European sampling data shows that most of the installed devices have been either decommissioned or
abandoned through the years, where the most common reasons were device breakdown, low efficiencies,
permissions expiry and company cessation. Figure 16(a) depicts the general current status percentages of the
devices studied which creates a general idea of the EU wave energy generation situation. Approximately, only
10% of devices are currently operating, while 40% have been decommissioned, abandoned or dismantled due
to the project completion period and 30% are currently in a research and development stage, although most of
the research projects are only concepts or small scale devices tested in laboratories; the status of the remaining
20% is unknown. Even though the situation is not ideal, research in this area is still ongoing. Research projects
and deployed devices are not equally distributed in the coastal countries in the EU. Moreover, another
parameter to be considered is the devices location and Figure 16(b) details the proportion of installed device
location distribution. Approximately 75% of devices are located in the offshore environment and fewer,
approximately 22%, are located near shore, with onshore WEC the least common, with only approximately 2.8%.
Furthermore, there is no clear correlation among other parameters such as power capacity installed or area of
deployment and the actual device location in the sea. The type of device in most cases does not determine
location, although overtopping devices are more likely to be nearshore. Figure 17 depicts a map with the devices
sampled that have been deployed and the main places for research and development; it also shows the device’s
location with their different status.

(a)

Onshore
2.78%

(b)

Not working
40.24%

Unknown
20.73%

Nearshore
22.22%

R&D
29.27%
50.00%

Offshore
75.00%

Operational
9.76%
Operational

Not working

R&D

Unknown

Onshore

Nearshore

Offshore

Figure 16: (a) Graphical representation of current marine energy devices status in 2020, by percentage, in Europe. The
classification presented is based on their current operational status (Operational, Not working, R&D and Unknown).
Approximately, only 9.76% of the total number of devices considered in this work are in an operational status, 40.24% are
not working, 29.27% are under Research and development and a high percentage is unknown with 20.73%. (b) Graphical
comparison in percentages of the number of WEC devices by location. The WEC locations have been classified as onshore,
nearshore and offshore. Graph shows that devices are located preferably at greater distances from the coast, approximately
75% of the devices are located offshore, 22.22% are located nearshore and 2.78% are located in the coast line.
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Figure 17: European map presenting deployed devices location in the area with their current status (2020). Their current
status is classified as Decommissioned/Abandoned/ Completed, Operational, R&D and unknown status. Red points show the
devices currently not working which represent more than 40%, green points represent devices currently in an operational
status (approx.13%) and yellow and black represent R&D (approx. 29%) and unknown status (approx. 18%) respectively
which represent more than 45% of the total number of devices.

The main test sites and places of deployment are coincident, in most cases with areas of higher theoretical wave
energy potential, as shown in Figures 14 and 15, which corresponds to the Atlantic Coast, Cantabric, Irish and
North Seas. The UK is the leading European country in wave energy in terms of device deployment and currently
represent approximately 40 % of the current operating devices in Europe which will be further reviewed in the
next section. Among other significant countries with current operating devices are Sweden, France, Netherland,
Spain and Ireland. The data reviewed in this paper is approximate since there is a level of uncertainty due to the
unknown devices status, the uncertainty due to the sampling method and the rapid change in device
characteristics.
The location and deployment of the devices are not good indicators of the main research locations. The countries
with a significant ongoing research in this area are Denmark, Sweden, Norway and the UK; in several cases the
research prior to the deployment is carried out in those countries for their later applicability in more convenient
areas; some examples of testing areas are the Nissum Breaning and Aalborg test sites in Denmark or Kvalsund
and Svaaheia sites in Norway. These countries also have the highest percentage of decommissioned sites which
is also an indicator of their higher level of development activity. Figure 18 presents the number and current
status of the sites by country that have been found in this study.
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Figure 18: Number of deployed wave energy harvesting devices by country in Europe, classified by their status in 2020
(Operational, Not working, R&D and Unknown). France, Greece, Italy, Malta, Spain, Sweden and the UK have WEC’s currently
operating WEC’s devices. Most of the countries represented have R&D projects though Denmark, France, Norway, Sweden
and the UK are the active significant countries doing research in the area.

Among all different types of devices for wave energy generation, significant research has been done with Point
Absorbers and Oscillating Water Column (OWC) devices. Figure 19 indicates the level of research and
deployment classified by the type of devices. Point Absorbers have been widely tested and they present the
highest level of deployment and investigation. Nowadays, the main research studies are focused on this type
with their applications principally located in Spain, Portugal and Sweden, although some current operational
devices can be found on the Dublin and UK coasts with a power installed capacity of 2.5MW and 0.2MW
respectively. In general the range of capacities installed varies between 1 and 2.5 MW for deployed devices and
for research projects between 25 and 500kW and it was observed that they have undergone a more significant
deployment between 2010 and 2017. Moreover, OWC devices also had a relatively high level of deployment
within the EU coasts especially between 2003 and 2008; however not many devices remain active, the Wave
Clapper (located in Gibraltar) is one of the few still in an operational state. Their power installed capacity usually
is in the range of 0.5‐1.7MW, but nevertheless there have been a few projects with greater capacities between
5 and 20 MW, whose current working status are unknown; for research projects the ranges of installed capacities
varies between 0.2 and 1MW.
Attenuators and overtopping devices are considered in this paper as technologies with a medium relative level
of development. The power installed capacity of attenuators varies within the range 150‐250kW, with a
maximum of 2.25MW installed capacity in Spain, which indicates that primarily small‐scale projects have been
deployed. These technologies have been mainly deployed between 2008 and 2017, however most of the devices
have been decommissioned; an example of an attenuator still commercialized and in operation is the DexaWave,
located off the coast of Malta. Moreover, overtopping devices have been in the market since late last century,
however their main deployment occurred between 2003 and 2010, their normal ranges of power installed
capacity varies between 160 and 350 kW, with some exceptions such as the 4MW Wave Dragon deployed and
then decommissioned in Denmark. The main areas of deployment of this technology have been Norway,
Denmark and Spain, however most of them have since been dismantled and not too many are still under
research.
Oscillating wave surge converters, Pressure differential and Terminators presented a relatively low level of
deployment within Europe and most of the deployed devices are prototypes and small‐scale projects. Oscillating
wave surge converters normal range of power installed capacity varies in the range of 100‐300kW, however new
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projects have recently been proposed, such as the C4 planned to be deployed in Sweden in 2020. Furthermore,
Pressure differential and Terminator technologies have power installed capacities from 2‐6MW, however, few
are still in operation. Pendulum technology is in an early stage of development, with no current operational
devices deployed, however research in this field is ongoing and an example is ISWEC, with 100kW of power
installed capacity located in Italy.

Deployment percentage (%)

Figure 19 presents in percentage the level of deployment of each type of device in the EU.
35
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Type of Device
Figure 19: Relative comparison, in percentage, of level of research and deployment among different types of WEC’s in Europe
(2020). The WEC type showing from highest to the least research and deployment is presented from left to right, Point
Absorbers and OWC are the two main types of devices that have been deployed and Terminators and Pendulum devices are
the least.

Table 6: Period and installed capacity ranges for wave devices studied.

Type of device

Years

Point Absorbers
OWC
Attenuators
Overtopping
Oscillating wave surge converters
Pressure Differential

2010‐2017
2003‐2008
2008‐2017
2003‐2010
‐2020
‐

Installed capacity
Deployed (MW)
R&D (kW)
1‐2.5
25‐500
0.5‐1.7
200‐1000
0.15‐0.25
‐
0.16‐0.35
‐
‐
100‐300
2‐6
‐

It can be concluded that the types of device currently more in use are the Point absorbers and Attenuators. OWC
devices have been deployed many times, but since most of them were not efficient they were decommissioned
and research has not continued in that area, this has also happened to overtopping devices. On the other hand,
Oscillating surge converters seem to still be under further research, however they have not reached the same
level of investigation and therefore there are not so many devices that have been deployed. The same can be
seen for the case of Terminators and Pendulum devices. Pendula type devices require more development since
there are only a few testing sites for this type of device. Table 6 present a summary of the installed capacity
ranges and periods of device deployment and Table 7 shows the device’s development timeline.
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Table 7: Devices development timeline. Years where each type of WEC had a higher level of deployment ordered from high
relative level of deployment to low.

In terms of capacity installed, devices collecting tidal energy (turbines and horizontal axis turbines) are built with
the design capacity much higher than in the case of wave energy devices. Most WEC devices deployed have a
design installed capacity in the range of 100kW to 2.5 MW, therefore they are research projects or mid‐range
projects. From the information collected it can be concluded that there is no real relation between capacity
installed and type of device. Even though in some cases the design capacity installed is high, none of the WECs
presented are able to work across multiple size scales.

The total current wave energy power capacity installed (2020) in the European countries has been intended to
be estimated in this paper, however challenges of identifying misclassified, non‐updated or non‐existent data
need to be mentioned here. Figure 20 shows the identified power capacity installed in the most representative
countries, where it presents the UK as the country with the highest current power installed capacity of
approximately 4 MW, followed by Spain, Sweden, Ireland and Portugal with values varying approximately
between 2.3 and 3.6 MW. These data leads to a total wave energy power installed capacity in Europe close to
20 MW. The total estimation of energy extracted from wave energy is a minuscule value when compared with
the energy extracted from tidal energy and the values obtained lay in a coherent range with the data obtained
from the previous EIA and IRENA data published.

4.5

Power capacity installed (MW)

4
3.5
3
2.5
2
1.5
1
0.5
0
France

Greece

Ireland

Italy

Norway

Portugal

Spain

Sweden

UK

Countries
Figure 20: Current wave energy capacity installed (MW) in Europe classified by country in 2020. UK shows the highest capacity
installed with 4 MW and with considerable smaller vales it is followed by Spain, Ireland and Sweden with 3.6MW, 2.5 MW
and 2.5 MW respectively.

To conclude this section, it is required be to mentioned that in the wave energy sector most of the projects that
have been deployed or that are under investigation have been funded by governmental bodies. In Europe, the
European Marine Energy Centre in cooperation with other bodies have funded most of the projects that have
been developed in the Euro zone with several programmes. Some of the available programmes have provided
test sites for new projects such as in the FORESA program, which was supported by the European Industry body
for Ocean Energy. Other significant programmes funded the development of new projects in the commercial
sector, such as OCEANDemo or OESA; the Iterreg North‐Sea Programme have funded other specific programs
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such as PERISCOPE and ProtoAtlantic. The European Union Horizon have funded several projects in the area of
research allowing prototypes to be developed as in the programme Marinet2. Furthermore, other important
entities collaborating in the project funding in Europe were The Deuch Marine Energy Centre, SmartBay Ireland,
Ecole Centrale de Nantes and Ocean Energy Europe [173], some funding projects have ceased; however, as
mentioned in the previous section, the new European policies will boost new projects in the renewable sector,
therefore new projects in wave energy are likely to be supported by new funding.
3.5 Current state of wave energy in the UK and Australia
The UK is the main European country producing electricity from different WEC concepts with several companies
researching new devices, these projects were primarily funded by the Scottish and Welsh authorities and the
European bodies mentioned in the previous section [174, 175]. A review of UK WEC technology and status,
including location, type of device, capacity installed for each site is shown in Appendix C and a summary of the
results obtained are shown in Table 8.
Some of the WEC types of devices that are currently operating are OWC, OWSC, Terminator and Overtopping
devices, the projects are mid‐range projects with installed capacities varying between 0.5 and 2MW, but some
new deployed projects such as OWSC lay in the small‐range project classification with capacities in the order of
kW. The UK has intended to promote the wave energy sector in the past 5 years with public funding supporting
new projects, although the results shown from the sample presented in Appendix C indicated that most of the
devices deployed were decommissioned or abandoned, characteristics that have also been identified in the
European area study. The main difference spotted between what has already been unsuccessfully deployed and
the current operating devices is the ranges of power capacity installed, while in the last 5 years also some large‐
scale projects where deployed with capacities reaching 200 MW, such as, “Brough Head” or “North West Lewis”,
the current deployed concepts generally lay in the mid‐range project size; it has also been observed that the
other European countries have not previously deployed projects with considerably greater power capacities
such as the ones deployed in Scotland. Furthermore, some type of devices, such as Attenuators may no longer
be considered as reliable, since no new deployments of this type have been observed. The previous investment
in large‐scale projects and the change in type of device deployment present evidence of the research for the
most suitable device for the UK coasts. Figure 21 shows the deployed devices location and their current status.
The UK is also active in research in new WECs and it has one of the largest testing sites in Europe, “Wave Hub”,
which is 16 miles from the Cornwall coast, England. It currently has 30MW of grid connected infrastructure with
the possibility to be upgraded to 40MW. Furthermore, the EMEC in collaboration with the Scottish authorities
have promote the “Isle of Harris wave testing zone”, it is a test site for small‐scale projects with an overall limit
of 100 MW [176]. Universities take an important role on the new concept designs, some institutions currently
working on development of new concepts are the University of Aberdeen, Herriot‐Watt University and the
University of Loughborough.
Australia has not developed as many projects in its national territory compared to the EU, however some of their
projects have been commercially established in the EU such as the mWave located in Pembroke (UK) and
Lanzarote (Spain) [177]. Australia is not currently a major innovator in the sector, but the Paris agreement and
the new policies are encouraging new research in this area (Figure 22 shows the locations of the current projects
and their status). The companies deploying these technologies have been benefactors of the programmes
developed by the Australian Renewable Energy Agency (ARENA). Currently, they are providing funding for pre‐
commercial stage projects in the area of wave and tidal energy and a new programme for initial research stage
and development will be activated this year. However in the past 5 years the budget has been dramatically
reduced by at least 80% [178]. Since wave energy is still in an early stage of development most of the funding
used by companies has come from institutional bodies leaving the private sector budget nearly non‐existent.
A review of the projects installed in the national territory of Australia is presented in Appendix D and a summary
is given in Table 8, showing the projects deployed or under research. There is currently only one operational
system and its installed capacity is very low compared with previous projects presented, being only 0.25 MW.
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Figure 21: UK map showing deployed devices location in the area with their current status (2020). The current status has
been classified as Decommissioned/ Abandoned/Completed, Research and Development and Operational. Approximately,
half of the devices deployed are not working and approximately 30% are in the development stage [Data: [179, 180]].

Figure 22: Australian map showing deployed devices location in the area with their current status (2020). The current status
has been classified as operational, not operational and awaiting construction. Approximately half of the devices deployed
are not currently working, and only one WEC device has been found in an operational status. [Data: [181]].

Most projects have been abandoned due to the lack of ongoing funding and the difficulty with obtaining
government permissions due to their low reliability. One of the major projects deployed was established in
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Portland, with a total installed capacity of 62.5 MW, it was under operation for 4 years and dismantled in 2014.
The type of devices that have been implemented were OWC and pressure differential devices which suffered
the same lack of reliability as tidal turbines and their very low efficiency led to very high costs.
Table 8: Data collected summary from WEC’s in the UK and Australia (original data refer to Appendix C and Appendix D
respectively).
Number of
devices
considered

Country

UK

16

Australia

6

Status

Number of
devices

Range of installed
capacity (MW)

Operational

5

0.1‐2

Decommissioned/
Abandoned/ Not
working

11

Type of
technology

Number
of
devices

Attenuator

2

Overtopping

1

OWC

3

OWSC

3

Point Absorber

1

Terminator

1

0.8‐200

Location

Number of
devices
developed

Offshore

15

Nearshore

1

Operational

1

0.25

OWC

2

Offshore

2

Decommissioned/
Abandoned/ Not
working

3

1‐62.5

Pressure
Differential

2

Nearshore

1

R&D

2

‐

3.6 Overview of wave energy converters
Ocean waves possess a vast potential power source that is almost double the current world consumption [125,
153‐157, 162, 167, 168, 170, 171, 182] and is a type of renewable energy that is more available and predictable
[183], hence, it can be seen as a viable and valuable future solution for C02 net‐zero emissions. Since the 1970’s,
many types of Wave Energy Converters (WECs) have been developed such as oscillating body devices, among a
long list of different types. The main types of wave energy generator schemes that have been reviewed are
shown in Table 9, which presents a comparison between the most common schemes that have been recently
applied and some technologies that are still in the research phase. Table 9 organizes the type of devices from
the least developed to the most widely used, and gives a brief explanation of the working principle and presents
the main devices for each category; specifying their location, efficiency recorded, capacity and current state.
Other authors classify the types of WEC by different characteristics, such as, type of generator, the type of Power
Take Off (PTO) system or the device location [184‐187]. Furthermore, a brief introduction of each type of wave
energy converter is given below. Figure 23 depicts examples from each category in the form of schematics and
from the information collected some observations are made.
The different types of devices reviewed in this paper are explained below, following the order from the least
deployed and developed to the most widely used type of devices.


The least developed devices reviewed are the Rotors and Pendulum devices. Rotors, due to their design,
convert the wave motions into horizontal rotational motions, the design configuration of these types
are very broad however in general they are submerged devices. On the other hand, pendulum devices
are floating structures with pendulums that rotate due to a complex motion of excitation by sea waves.
In both cases, the generated rotational motions are converted into electricity.



Flexible Membranes are devices that transform difference in pressure, generated by incoming waves in
the device, into electricity. This type of devices consist of a deformable enclosure filled with air or sea
water that is deformed by the incoming waves. The difference in pressure created by waves moves the
fluid contained in the enclosure towards a PTO system, which is usually a turbine, and therefore
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producing electricity. New technology in this field, also utilizes dielectric elastomers which can produce
electricity of their own [188]. Figure 23 (a) shows an example of this type.


Terminators are multi‐component floating devices that generate electricity from the change in relative
position between the components when forced by sea waves. The relative motions between
components exerts a force on a turbine which transforms the energy into electricity. Their floating parts
are oriented perpendicular with respect to the most probable advancing wave front direction [187].
Figures 23 (b) and (c) show some examples of Terminator devices.



Pressure Differential WECs are submerged or semi‐submerged devices that are activated by a pressure
variation related to surface waves creating a relative movement in the device which is converted into
electricity by a PTO system. Some of these devices, could also be considered submersible Point
Absorbers or categorized as Flexible Membranes, depending on their design components. Figure 23 (d)
shows an example of pressure differential devices that some authors categorize as a Flexible membrane
device.



Oscillating Wave Surge Converters (OWSC) are pitching flaps anchored to the seabed that moves back
and forth due to the horizontal wave particle velocities, the movement is converted to electricity with
a PTO system. Some authors consider these devices as a type of Terminator due to its perpendicular
orientation with respect to the wave advancing front [189], Figure 23 (e) shows an example of this type.



Overtopping devices transform wave potential energy into electricity, where the devices are formed by
having two reservoirs at different height levels [189]. The higher reservoir captures the water coming
from sea waves above the sea water level and then lets it flow back to the other reservoir (at sea level)
driving a turbine which converts the energy into electricity. These types of devices are usually located
close to the coast and can be fixed to the seabed or can be floating [190] and Figures 23 (f) and (g) show
two examples.



Attenuators present the same functionality principle as Terminators, their difference lays in the
orientation of their floating components with respect to the most probable wave front, in this case they
are oriented in parallel [187]. Figure 23 (h) and (i) some examples of these devices.



Oscillating Water Column (OWC) devices transform differences in pressure, generated by incoming
waves in the device, into electricity. These devices contain one chamber with two openings, one
opening is located right below water level allowing the incoming waves to enter the chamber and
pushing the air contained to the second opening, driving a turbine to produce electricity. Turbines allow
bidirectional flow, therefore when the pressure inside the chamber falls, the air comes into the
chamber also driving the turbine [189]; Figure 23 (j) and (k) present two examples of this type.



Point Absorbers transform mechanical energy into electricity. They are floating structures connected to
a fixed point (usually the sea bed), the floating part will be driven by the incoming sea waves changing
its relative position to the fixed point. The motion of the buoyant part will be converted into electricity
by a PTO system, these types of devices allow the absorption of the wave energy from any wave
direction. Figures 23 (l) and (m) show two examples.
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Flexible Membranes
(a)

Anaconda
Terminators
(c)

(b)

Wave Star

Salter Nodding Duck

Pressure Differential

Wave Surge Converters
(e)

(d)

mWave

WaveRoller
Overtopping

(f)

(g)

Wave Dragon

The Mighty Whale
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Attenuators
(h)

(i)

Pelamis

McCabe Wave Pump
Oscillating Water Column (OWC)

(j)

(k)

OWEL

SPAR
Point Absorbers
(m)

(l)

Aquabuoy

WaveBob

Figure 23: Schematics of the main WECs and presented in an increasing order or relevance. (a) Flexible Membrane device,
Anaconda novel converter developed by the University of Southampton and Checkmate SeaEnergy Ltd.(UK)[191]; (b‐c)
Terminator devices, (b) Wave Star converter decommissioned in 2016 with a power installed capacity of 2.71MW, (c) Salter‐
Nodding Duck converter deployed in China and later on decommissioned [192‐194]; (d) Pressure Differential device, mWave
converter tested in Perth (Australia) and deployed in Pembroke (UK)[195]; (e) Wave Surge Converters, WaveRoller converter
deployed in Finland with further development in Portugal and Mexico [196]; (f‐g) Overtopping devices, (f) Wave Dragon
converter installed nearshore in 2006 in Nissum Bredning (Denmark) and decommissioned in 2010 with a maximum power
installed capacity of 4MW, (g) Mighty Whale converter installed offshore between 1998 and 2000 with a power installed
capacity of 0.11MW [197‐199]; (h‐i) Attenuator devices, (h) Pelamis converter deployed in Spain and decommissioned in
2016 with a power installed capacity of 2.25MW, (i) McCabe Wave Pump with a power capacity installed of 1.59 MW and
decommissioned in 1996 [200‐202]; (j‐k) OWC devices, (j) OWEL converter deployed offshore in 2016 with a power installed
capacity of 12MW, (k) SPAR converter deployed in Portugal and Spain coasts [65, 203, 204] and (l‐m ) Point Absorbers devices,
(l) WaveBob converter deployed in Galway Bay (Ireland) in 1999 and later decommissioned, (m) AquaBuoy converter
commercialized in Canada and Ireland with a power installed capacity of 2.5MW [66, 192, 205].
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Table 9: A selection of wave energy schemes [194, 206‐233]. Classification of different types of wave energy converters ordered from the least developed type to the most widely used. The devices working
principles are introduced and it presents some examples of each type with the corresponding characteristics (location, efficiency, general output in MW). Currently working converters are marked in green
where red, orange and blue denote not working, research and not‐commercialized status respectively.
Types

Pendulum

Rotors

Working principle






Flexible
Membranes





Terminators


Pressure
Differential

Oscillating Wave
Surge
Converters
(OWSC)

Device floating containing a pendulum.
The pendulum is excited by sea waves, it converts
the vertical oscillations into rotational motion and
hence into electricity.
Circular motions of water particles drive a water
wheel of different possible configurations.
Partially inflate enclosures which are connected
between high and low conduits. Made of flexible
membranes the water waves enter the device.
Turbines located between the enclosures produce
the energy harvested.
Located near the water surface.
Device which extends in the direction normal to the
most probable advancing wave front direction.
The collision generates forces in the device that will
be converted into electricity.




Semisubmersible or anchored to the bottom devices
Activated by pressure variation related to the
surface waves.



Pitching flaps anchored to the floor moves due to
the currents in shallow waters.
The kinetic energy is converted into hydraulic
energy.
The high‐pressure water is transferred onshore
through pipes.
Energy harvesting in hydroelectric plants.





Devices

Location

Efficiency (%)

Output
(MW)

Project status

Comments

Under development

‐

‐

‐

‐

‐

Initial phase of
research

Nearshore

‐

‐

‐

‐

Offshore

‐

‐

‐

‐

(Figure 23 (b))

Offshore

<90%[228]

0.01 [226]

Decommissioned

Installed in China

FO3

Offshore

‐

2.5[233]

Prototype
launched in 2006

Offshore

16‐30[224]

2.71[209]

Not
Commercialized
Decommissioned
(2016)[218]

Nearshore

‐

‐

Operating

Pembroke Dock,
Wales since
2017[220]

Nearshore

‐

2.5[211]

Not
commercialised

Prototypes were
tested[222]
‐

‐

Anaconda
(Figure 23 (a))

Salter‐Nodding Duck

Wave Star
(Figure 23 (c))

mWave
(Figure 23 (d))

Oyster full scale proof‐
of‐concept

WaveRoller
(Figure 23 (e))

Wave Dragon


Overtopping



Long devices with one or two reservoirs.
The water is collected in the upper reservoir and a
low‐head hydro turbine is installed at the bottom.
The water will fall from the top reservoir to the
bottom rotating the turbine and producing
electricity.

(Figure 23 (f))

Sea wave Sat‐Cone
Generator (SSG)

Nearshore

25‐50[213]

0.35‐1[213]

Decommissioned
(Finland)
Project approved
(Portugal)
Project waiting for
approval (Mexico)

Floating structure,
offshore

18[206]

4‐11[230]

Decommissioned

Installed in
Denmark, (2003‐
2007)

25‐35[207]

~12

‐

‐

‐

0.35[231]

Decommissioned
(1991)[218]

‐

‐

0.11[232]

Decommissioned

(1998‐2000) [218]

Fixed Structure,
onshore
Fixed Structure,
onshore

TAPCHAN
The Mighty Whale

Offshore

(Figure 23 (g))

37

‐

Pelamis

Attenuators



Long floating devices parallel to the predominant
wave direction connected among them.
Generate electricity out of relative pitch movements
between devices.

(Figure 23 (h))

Offshore

<90[212]

2.25[209, 217]

Floating raft

Offshore

<26[229]

0.01[229]

Offshore

~60[194]

1.49[194]

McCabe Wave Pump
(Figure 23 (i))

Decommissioned
(2016)[218]
Decommissioned
(2007)
Decommissioned
(1996)

‐
Pump break down
(USA)[218]
One year in
operation
Hydraulic fault
[218]


Oscillating
Water Column
(OWC)





Point Absorbers




Chamber opens below the water surface and the
water enters the chamber creating a water Column.
Air is trapped in the chamber, hence due to the
change of height of the water column induced by the
wave movements, the air is acting like a piston.
The air moves towards a turbine generating
electricity.
Two devices connected, one is fixed in a point and
the other is floating.
The difference in position originated by the motion
of random waves can generate electricity.
In some cases, the connection is not physical, it can
be magnetic.

OWEL
(Figure 23 (j))

SPAR Type OWC
(Figure 23 (k))

WaveBob

Offshore

30‐80[227]

12[223]

‐

Launched in 2016

Offshore

Same order as the
volume displaced

0.5‐5[208]

Decommissioned
(Spain)

Installed in
Portugal and
Spain

1 (2)[208]

Decommissioned
(2005)[219]

‐

0.25[214]

‐

2.30[210]

Decommissioned
(1998)

Offshore

(Figure 23 (l))

AquaBuoy

Offshore

(Figure 23 (m))

The Archimedes Wave
Swing

Nearshore

38

~40

Installed in
Ireland
2MW connected
in Portugal

From Table 9, it can be seen that the efficiency of the majority of the devices varies between 25‐50%; hence,
most of the available energy is wasted. Some devices such as the Salter Nodding Duck and Pelamis apparently
can reach high efficiency, but only with high wave amplitudes and in rough waters [234]. In all cases, the
efficiency of devices is strongly related to the wave parameters, where each device is designed to harvest energy
efficiently when the wave inputs are in a narrow range of wave parameters and hence, they are only able to
produce power within a certain order of magnitude [235]. Moreover, the power capacities for the main schemes
presented varies between 0.001 MW and 12 MW, hence small and large scale projects have been carried out.
Among all devices reviewed, Overtopping, OWC and Point Absorber devices have greater power installed
capacities, this can be an indicator that these devices have received more research and development; an
example is OWEL, an OWC with 12MW. Terminator and Attenuator devices show lower power installed
capacities, in a range between 0.01 and 2.71 MW, this combined with their fewer number of projects indicates
that most of the projects are in an early stage of development. Furthermore, Wave Surge Converters (whose
power installed capacities barely reach 1MW), Pressure Differential, Flexible Membranes, Rotors and Pendulum
type devices generally present power capacities installed in the order of kW and therefore they are considered
small‐scale projects in their initial stages of research.
An important observation can be made from the devices project status, in most cases the devices have been
decommissioned or they have only reached the state of research and have not been able to be commercialized,
hence this could be an indicator of a poor reliability of the design concepts. The reasons for site abandonment
or decommissioning are mainly related to their low energy production and high final cost, in most of the cases
after 3 years of operation the permissions were not renewed. Other reasons include the low robustness of the
devices, which leads to failures, mainly during rough water operations which present higher energy potential.
The failures usually occur due to a fault in the turbines as a result of poor device design and low stability [236].
Another concern, in most cases, is their high initial costs and their frequent maintenance requirement, which
results in the final energy output being expensive. Additionally, the structure location is an important factor to
take into account, most of the devices are located offshore, especially those with a further development,
however, some of them are located nearshore or onshore, which can lead to high visual impact and therefore
do not meet the coastal laws in certain cases. As an example, Overtopping devices such as TAPCHAN or SSG are
located onshore.
The devices presented show a common drawback, which is their inability to produce electricity across scales and
hence, they are only able to produce electricity efficiently under certain wave thresholds, which are governed
by wave frequency and amplitude and advancing wave front direction. This leads to the same conclusion
presented in the previous section, where it was shown that the electricity generation is not directly proportional
to the capacity installed due to poor efficiencies where wave parameters are not optimum. Although wave
energy converters currently present drawbacks, waves are a reliable source of energy with a high potential,
therefore further research should be carried out to find better designs for wave energy converters that could
solve the main problems exposed. The following section present a new concept for WECs.
3.7

New Concept of WECs

The review of WECs presented in this paper points out new emerging solutions that have been recently launched
in the market, such as Point Absorbers and Oscillating Wave Surge Converters, and also those still in their
research phases, such as pendulum type devices. A few pendulum‐based WECs have been developed and
preliminary studies of this concept have been carried out by various academic research centres. A significant
body of theoretical and experimental research on application of pendula systems to extract and harvest energy
from ambient vibration has been carried out by the Centre of Applied Dynamics Research (CADR) at the
University of Aberdeen and its long‐term collaborators via various join research projects [237‐249]. In the
paragraphs to follow, we only give a flavour of the work undertaken by the CADR so far and focussing on proving
the concept and the richness of the dynamic responses, which can be utilized to harvest vibrational energy.
The initial theoretical and experimental studies on the parametric pendulum had confirmed (see [237‐239])
superiority of the rotary over oscillatory responses with regards to potentials of energy harvesting, in particular
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when the pendulum exhibits a period one rotation. These types of responses are very stable in a wide range of
excitation frequencies and amplitudes, which is ideal for practical purposes of energy harvesting. For the
purpose of clarity, let us briefly recall the main findings by considering a parametric pendulum excited by an
electromagnetic shaker [239, 240], which physical model and experimental rig used to validate the obtained
results are shown in Figure 24. The developed in this study mathematical model of the electro‐mechanical
system can described in the dimensional form by the following set of ordinary differential equations, which
represents three and half degrees‐of‐freedom system with 3 mechanical (Eqs (1‐3)) and half electrical (Eq. (4)).
(b)

(a)

Figure 24. A parametric pendulum excited by an electrodynamic shaker; (a) a physical model of the pendulum shaker
system, composed by an armature assembly (Ma) and a magnetic structure (Mb), (b) an experimental set‐up. The
pendulum rig consists of a pendulum, DC servo motor and an encoder attached to the shaft and hinged to a rigid support
column. The support is attached and excited with the shaker, where the external supplied input is generated with a
waveform generator and prior amplified with a DPAS8 switching power amplifier. The encoder records the pendulum
position in real time, which is transferred to the computer passing through a connexion box. Two accelerometers are
installed, one on the pendulum base and the other on the shaker, the acceleration signals are passed through charge
amplifiers and finally captured by the data acquisition system. The electric current and voltage are measured and captured
by the acquisition system. Adopted from [239].

𝑚𝑙𝜃 𝑐𝑙𝜃 𝑚𝑔 sin 𝜃 𝑚𝑋 sin 𝜃,
𝑀
𝑚 𝑋
𝑐 𝑋
𝑋
𝑘 𝑋
𝑐 𝑋
𝑐 𝑋
𝑋
𝑘 𝑋
𝑀 𝑋
𝑅𝐼

𝐿
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𝑋
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𝑀
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𝐹 ,
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(2)
(3)
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where 𝑚 and 𝑙 are the pendulum’s mass and length respectively and 𝜃 represent the angular displacement of
the pendulum. The vertical displacements of the electromagnetic body and the armature assembly are
represented by 𝑋 and 𝑋 . Moreover, 𝑐 and 𝑐 denote the damping friction coefficients and 𝑘 and 𝑘
represent the stiffness coefficients for the armature assembly and the electromagnetic body respectively. 𝑅
represents the resistance of the coil and 𝐿 is the inductance. Furthermore, 𝐼 represents the electrical current
and 𝐸 𝑡 is the time dependent externally supplied voltage. The externally supplied voltage amplitude and
frequency are denoted as 𝐸 and Ω respectively; and the external electromagnetic force induced is presented
as 𝐹 .
The developed suites of mathematical models including this of the pendulum‐shaker system had been calibrated
on the custom made experimental rigs developed by the CADR and thoroughly tested in the course of various
joint international projects with the University of Rome ‘La Sapienza’, Marche Polytechnic University, Lodz
University of Technology, Lublin University of Technology, Indian Institute of Technology Madras, Indian Institute
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of Technology Kharagpur, Federal University of Rio de Janeiro and three PhD studies [240‐242] carried out at
the University of Aberdeen. Over the years for various investigations on our experimental rigs, we have obtained
excellent agreements between theory and experiments. An example from one of these studies on the
pendulum‐shaker system is shown in Figure 25), where comparisons of time histories and frequency spectrums
gives a taste of the qualitative and quantitative agreements. CADR has also tested the concept in the Aberdeen
University Water Tank and movies from these tests are part of the auxiliary material for this paper.
The results obtained for a calibrated model of the parametric pendulum were instrumental in undertaking in‐
depth study into complex behaviour of pendula systems and their stability. Specifically, we investigated
nonlinear resonances and their topological changes caused by complex excitations (e.g. see [243‐245]). Figure
26 shows the influence of the excitation shape on the bifurcation scenario and the basins of attraction.
Specifically the analytical approximations can only provide good estimates to the linearly increasing part of the
saddle node bifurcation curves in the (ω, p)‐plane. This means that the corroboration with the numerical results
is good for high driving frequencies, i.e. ω > 1.5. It is worth to reiterate that the applied perturbation analysis
results are valid for fast rotations (i.e. base excitation at high frequencies). In other studies we have looked at
the influence of sea waves randomness, complex dynamics of pendula systems and aspects of pendula
synchronization on the effectiveness of energy extraction (see e.g. [246‐249]).

Figure 25. Comparisons between experimental (black) and numerical (red) results for pendulum rotational motion
obtained for E0 = 18.25V and f = 1.77 Hz. Time histories for (a) angular displacement of the pendulum, (b) current of the
armature coil, (c) acceleration of the armature, and (d) acceleration of the body; FFT spectra for (e) armature acceleration,
and (b) body acceleration. Adopted from [239].
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(a)

(b)

(1)

(2)

(3)

(4)

Figure 26. Influence of the excitation shape (a) bifurcation diagram in the (𝜔, 𝑝)‐plane showing the influence of the
excitation shape for different ellipticities (e=[‐1.0, 0.5, 0.0, 0.5]), (b) basin of attractors varying the forcing amplitude p
and ellipticity e. Panel (b.1) e=0.0 and p=0.5, (b.2) e=0.1 and p=0.5, (b.3) e=0.0 and p=1.0, (b.4) e=0.1 and p=1.0. Adopted
from [244].

Based on our studies, a new paradigm for extraction of wave energy (and simultaneous vibration suppression of
the hosting structure) can be proposed by exploring complex nonlinear dynamics of pendula systems operating
predominantly in rotary mode. The novelty comes from utilising the natural but often overlooked rotary motion
of a driven pendulum, which is very stable and from the WEC point of view is characterised by direct energy
conversion and no stop points. This concept can be realized by a dual pendula system developed by the CADR
shown in Figure 27(a), where the base excited pendula can be synchronized in anti‐phase rotary motion if the
amplitude of the excitation is above the critical amplitude, which is shown on the experimentally validated
response map in Figure 27(b). Designs based on this concept can lead to much more effective solutions in terms
of simplicity, efficiency, stability, reliability, robustness and cost. Figure 27(c) shows a conceptual design of point
absorber type of such WEC having two pairs of synchronized counter rotating pendula in the form of four discs
(only two are visible). The blue compartments at the top and the bottom are to accommodate an electrical
generator and a gear box, where the ones on the sides will host sensing, data processing, modelling and control
systems.
(a)

(b)

(c)

Figure 27. (a) Two pendula system developed at the University of Aberdeen. (b) Experimentally calibrated map of dynamic
responses of the pendula system showing a large area of rotary responses. (c) Schematic view of a potential design of new
WECs where all moving parts, power take off system, sensors, instrumentation and control systems are protected by a robust
buoy shell.
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In the heart of this new approach is complex dynamics of pendula systems forced with an arbitrary 3D oscillatory
motion, which will be realized by a subsea vessel encapsulating pendula systems (see Fig. 27(c)). Due to the
direct motion/energy conversion from oscillatory to rotary, each pendulum on its own will act as a planar
pendulum. For a wide range of excitations, natural response of a pendulum is rotation, whenever the effective
amplitude of the oscillatory forcing is above a critical value (the critical amplitude). Thus, if we attach a pendulum
to an electrical generator, we create an elegant mechanism for energy extraction, for example, from sea waves.
Nonlinearities of the pendula system (mainly geometrical) can naturally convert a wide range of excitation
patterns (ranging from regular to random) into nearly uniform rotations of the generator.
This novel concept is based on the conversion of a pseudo‐harmonic motion, induced by incident waves in a
floating pendulum, into electricity. A physical parametric pendulum floating device will be excited by the
incoming waves generating a rotatory response in the pendulum that can be converted to electricity by a PTO
system. In order to achieve a constant rotatory motion some challenges require to be addressed. Firstly,
maintaining the rotatory motion when random wave excitation occurs is still under research, however previous
studies have located the period one rotational zones where these motions occur and further studies of
pendulums under stochastic wave excitations have been carried out in [248]. Secondly, the requirement of
enlarging the frequency and amplitude ranges of efficiency could be addressed by introducing nonlinearities in
the system, which requires further study. The Heriot Watt University has attempted to solve this problem by
changing the pendulum moment of inertia based on the initial wave parameters, and proposed a new scheme
to solve the issue [250, 251]. Many other theoretical and practical aspects of the pendula systems have been
studied recently including the important issues related to dynamic integrity (e.g. [252]) and energy harvesting
from oscillating pendula [253].
Moreover, in a real sea environment, the incident wave front direction varies, therefore this gives rise to two
further challenges; one is maintaining rotatory motion when the incident wave changes its direction with respect
to the previous wave and another problem is to maintain its stability under this condition. It will be required to
produce a robust device that will withstand harsh marine environments and forcing from all possible directions
without suffering from any design failure. A small floating device containing a set of physical pendulums rotating
in a synchronous manner will provide this stability, which is based on the studies on pendula synchronisation
[246, 249]. Such WECs can operate across the scales generating power ranging from MW up to mW depending
on the vibrational energy source.
4.

Summary and Closing Remarks

By discussing the global picture of the world’s energy mix, we argue that the renewable energy has a growing
and important role to play in meeting not only the Net Zero objective but also in satisfying the world’s energy
demand. However, it is clear that significant challenges remain, mainly related to an urgent need to develop
new energy technologies, which would take full advantage of renewable energy sources and addressing issues
such as reliability, availability, capital and maintenance costs and environmental impact in short and long terms.
Mature renewable technologies such as PV systems, wind turbines and dams can be used for energy production
at relatively low cost. However, they have some obvious environmental limitations as they are intermittent and
efficient energy storage technologies are required. The most common technology to store energy is in the
electrochemical form by using batteries, which present a very high capital and operational cost and in some
cases their disposable materials may produce pollution. Hydropower plants can efficiently produce large
amounts of energy, however their geographical constraints, environmental impact and capital cost are limiting
factors. Similar advantages and constraints apart from environment impact are relevant for geothermal energy,
which has one main important advantage as it is not intermittent. The type of energy can be very attractive if
the cost of drilling geothermal wells is much lower.
Despite the fact that biomass energy power generation is a very small contributor to the energy mix, it can
provide high efficiencies, comparable with the most developed technologies, such as wind energy and the LCOE
is relatively low, comparable with the low cost of wind energy or PV systems. Its main advantages are the
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possibility to use organic waste coming from human activity and the possibility of harvesting the energy from
the small scale, such as households, to large production plants. Although Biomass is classified as a renewable
energy source, it is not a purely clean source of energy since pollutant by‐products such as CO2 and Sulphur
Dioxide are produced. Furthermore, the liquid fuels used in the energy production are toxic such as methanol
and energy is required for the process development, commonly in the form of heat.
Wave energy harvesting could be a solution for most of the main issues discussed above. It is a reliable source
since waves could provide a constant energy supply, which is an advantage compared with wind and solar
intermittent energy sources; the energy potential can be studied and predicted in advance to highlight periods
of less potential. It is a clean energy since it does not generate pollutant by‐products, such as CO2, and the
materials used are not rare or highly contaminant, which is an advantage in comparison with Biomass. Moreover,
since most of them are located offshore, wave energy does not require large land areas to install the equipment
devices, as occurs for solar and hydropower systems. It could also be a benefit to coastal cities, which are
generally highly populated; the environmental issues in terms of visual impacts and noises could also be reduced
with careful consideration of the device‐coast distance and the equipment dimensions.
There are many advantages for wave energy harvesting, it can be seen as a convenient and available source that
can satisfy the new governmental environmental laws and future renewable energy targets, but nevertheless
its lack of research is a factor that leads to some drawbacks, such as low device efficiencies, since they are not
able to harvest energy from waves with varying parameters, high maintenance costs due to problems with the
system design and the sea ecosystem disruption. This technology is still at an early stage of development,
although development in the past 8 years shows that productivity has doubled.
Other benefits emphasized in this article are its low visual, noise and environmental impacts and net‐zero CO2
emissions, its beneficial offshore location close to coastal cities, which is advantageous for power transmission
and avoids land occupancy, the use of non‐toxic materials and its easy prediction. In recent decades many
countries have invested in wave energy prototype converters, with the dominant examples being France, South
Korea, United Kingdom, Australia, USA and other European countries, which contributed to an increase of wave
energy of approximately 8 % in the past decade. A significant amount of funding has been provided by public
bodies, however, most of these developments have still not led to commercial scale wave energy systems being
available. The analysis in this paper shows that the major reasons for the abandonment of the developments
has been due to their low reliability directly related to low efficiencies caused by narrow ranges of wave
parameters of applicability, the inability to withstand storm conditions, the lack of continuing funding, the
difficulty with obtaining ongoing government permissions and long term environmental concerns related to
marine ecosystems and the possible fishery market disruption [159]. A significant amount of funding has been
provided by public bodies, yet with poor overall lasting benefits.
Finally, the analysis of this paper has shown that many of the previously developed prototype WEC concepts
appear to be obsolete from the most recent routes of investigation that have been followed. This paper has
shown that new research continues to be needed, to push the boundaries of capturing marine energy using
novel devices, overcoming reliability issues and having the ability to operate over long periods of time with
minimal maintenance and environmental impact. The benefit from using marine energy in particular is that it
offers the potential for net‐zero carbon emission energy production. Consequently, a novel generation concept
utilising rotating pendulum systems excited by wave actions, with advantages of scalability, operation over a
variety of wave conditions and operable with waves coming from any direction will be a matter for future work.
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Appendix A: Renewable Energy Glossary.
Alcoholic fermentation – chemical process of converting sugars into energy with ethanol and CO2 as by‐products
Anaerobic digestion – chemical process of converting organic matter into biofuels in absence of oxygen.
Attenuator wave energy converters – generate electricity out of relative pitch movements between devices
when excited by sea waves.
Availability of energy source – the probability that the energy source is available when there is a demand.
Carbon footprint – total greenhouse gas emissions produced by an event, process or individual expressed in
carbon dioxide equivalent.
Bare Wind Turbine – horizontal axis wind turbine which converts wind’s kinetic energy into electricity.
Binary Cycle Reservoirs – low temperature reservoirs (120‐200 ⁰C) whose fluids at the surface are a combination
of steam and water.
Biomass energy – energy generated from living organisms in the form of electricity or heat.
Combustion process – chemical reaction of carbon and oxygen to give energy in the form of heat.
Concentrated Solar Power (CSP) – renewable solar energy technology, which concentrates sun light into a
receiver by using mirrors to produce heat and transform it into electricity.
Darrieous Wind Turbine – vertical axis wind turbine which converts wind’s kinetic energy into electricity.
Diffuser Augmented Wind Turbine –conical shape horizontal axis wind turbine which converts wind’s kinetic
energy into electricity
Dish Stirling – renewable solar energy technology, which concentrates sun light into a receiver by using a mirrors
unit to produce heat and transform it into electricity.
Dispatchability ‐ the ability of an electricity generation system to react as demand changes, by going online or
offline, increasing or decreasing output.
Dry Steam Reservoir – high temperature reservoirs (>200⁰C) whose only fluid at the surface is steam.
Dye‐sensitized cells – technology able to capture natural or artificial light and convert solar energy into
electricity.
Efficiency – the percentage of energy potential from a source that is converted into useful energy (typically in
the form of electricity).
Electret‐free converters – set of capacitors able to convert vibration energy into electricity.
Electret‐based converters – electrets which converts vibrational energy into electricity.
Energy conversion – process of changing the energy form, generally to obtain electricity.
Energy harvesting – the process of converting an ambient energy source into electricity. Note that energy
harvesting often refers to low‐level power generation, but here the term is used more generally for any level of
power generation.
Energy / power potential – the total amount of energy / power available from a source.
Energy mix – group of primary energy sources from which secondary energy forms are obtained.
Energy storage – process of capturing energy for its future utilization.
Environmental impact –any change in the environment produce by human activities either beneficial or adverse.
Flash Reservoirs – low temperature reservoirs (120‐200 ⁰C) containing water and steam and producing only
steam at the surface when pressure drops.
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Flexible Membrane Converters – type of wave energy converters made of flexible membranes which enclosure
fluids in motion transforming the kinetic energy into electricity.
Gasification process – biomass partial oxidation process at high temperatures (700‐1400⁰C) to generate steam
that will be converted into electricity.
Geothermal energy – energy in heat form storage and kept in the earth’s crust.
Grid reliability – the probability that an electricity generation and distribution network (the grid) can meet
demand (quality and quantity).
Grid stability – The reliability and constant value maintenance in electricity production.
Horizontal Axis Wind Turbine (HAWT) – wind turbines whose rotational blade axis is horizontally oriented,
generally parallel to wind motion.
Hybrid storage technologies – single system of energy storage that combines more than two different types of
energy storage. Usually, a combination of electromagnetic energy storage (batteries) with superconductors,
superconducting materials or hydrogen storage.
Hydropower energy – energy generated from the running water in rivers, by converting the water kinetic or
potential energy into electricity.
Initial investment – financial investment required to start a project.
Installed capacity/ Power capacity installed – the intended, maximum sustained output of a power generation
system under idle conditions.
In‐river Diversion (Diversion) – type of hydropower energy, which converts kinetic energy from the water
running in a river in electricity by water deviation trough narrower channels.
Levelized cost of energy / electricity (LCOE) – the sum of the total costs over the lifetime of the power generation
system (including initial investment, operations, maintenance and fuel costs), divided by the total energy /
electricity generated.
Liquefaction process – process of transforming biomass into liquid hydrocarbon at low temperatures and high
hydrogen pressures to produce heat or electricity.
Marine energy – all sources of energy that could be harvested from oceans, including wave, tidal, thermal and
salinity.
Nearshore WEC’s – devices located at distances closer than 20 km from the coast, generally at a water depth
between 20 and 50 m.
Net‐zero CO2 emissions – a state where the emissions of CO2 are balanced by the removal of CO2, achieved by
removing CO2 beyond natural processes and/or reducing emissions.
Offshore WEC’s ‐ devices located at distances greater than 20 km from the coast, generally at a water depth
greater than 50 m.
Onshore WECs ‐ devices located on the coastline.
Organic Photovoltaic cell – type of solar energy converter which utilizes organic polymers to produce electricity.
Oscillating Water Column (OWC) – type of wave energy converter transforming difference in pressure, induced
by incoming waves in its chambers, into electricity.
Overtopping devices – type of wave energy converter which captures energy from water contained in two
reservoirs at different potentials.
Oscillating Wave Surge Converters – type of wave energy converter transforming the wave’s kinetic energy into
electricity with pitching flaps.
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Parametric Pendulum –driven harmonic oscillator used as novel concept for wave energy converters by
transforming the pendulum’s motions (induced by incoming pseudo‐harmonic waves motion) into electricity.
Photovoltaic Cells (PV) – solar energy convertors, which captures sunlight to produce electricity, by detaching
electrons from a semiconducting material and creating a current.
Point Absorber converters – type of wave energy converter, which utilizes the change in device components
position induced by waves, into electricity.
Power Take Off (PTO) system – a system that extracts power from an energy source.
Pressure Differential converters – type of wave energy converter which transforms pressure variation, induced
by incoming waves, to electricity.
Pumped storage – type of hydropower technology (similar to dams) that pumps water to the highest potential
after water being released.
Pyrolisis process – process organic mass degradation in absence of oxygen to produce liquid fuels, used in some
biomass energy conversion.
Reliability of technology – the probability that the technology used to generate electricity from an energy source
is available when there is a demand.
Rotors – type of wave energy converter which converts rotational motions induced by waves into the device
into electricity.
Savonious Wind Turbine – vertical axis wind turbine which transforms the drag force, induced by wind on its
aerofoils, to electricity.
Solar energy – energy contain in the light which will be converted into electricity.
Storage hydropower/ Dams – type of hydropower conversion technology which transforms the potential energy
contained in water at higher potential into electricity. Dams are usually big structures containing the river’s
water at high potentials for its later release.
Terminators – wave energy converters that transform components collisions within a device, induced by waves,
into electricity.
Theoretical wave power – total amount of energy contained in sea waves usually measured in Kw/m.
Thin‐film technology – technology using materials with a width between nanometres to 100 micrometres.
Tidal energy (TE) – energy contained in tides motions.
Vertical Axis Wind Turbine (VAWT) – wind turbines whose rotational blade axis is perpendicular to the ground.
Vibrational energy (VE) – energy contained in ambient vibrations.
Vibration Energy Harvesting (VEH) – the concept of converting ambient vibrations into electricity for small power
outputs.
Wave energy (WE) – energy contained in ocean waves.
Wave Energy Converter (WEC) – a device for converting ocean wave energy into electricity.
WEC large‐scale projects –installed capacity generally greater than 2MW connected to the power grid system
for electricity distribution. Projects in a commercial stage with a duration greater than 24 months.
WEC mid‐scale projects –installed capacity range from about 500 kW up to 2 MW, usually pre‐commercial stage
projects with a duration from 6 to 24 months.
WEC small‐scale projects – installed capacity range from about 16 kW up to 500 kW [44, 63], usually in an early
stage of development (prototypes). Small budgets assigned and with a duration of approximately 6 months.
Wind energy – is the kinetic energy contained in wind’s motion.
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Appendix B: Wave energy harvesting devices in the EU.[67, 172, 254‐341]. A selection of wave energy converters developed in Europe classified by country, type of energy harvested, development status, type
of device and location; the table presents their major characteristics as the maximum power energy capacity installed (capacity installed), date of deployment, research or test and type of device. The table is
organized by: i) Country of deployment or research in alphabetical order. ii) Current development status: green colour represents a current operational status, red represents a not working status, orange represents
research stage and white an unknown status. iii) Type of energy harvested: wave energy (WE), tidal energy (TE) and wind energy (WdE). iv) Device location: Offshore (OFS), Onshore (ONS) and Nearshore (NS).
Operator

Site name

Energy

Installed
capacity

Laminaria

Laminaria

WE

200kW

FlanSea & Ghent
University

FlanSea

WE

80kW

Wave Dragon

Wave Dragon

WE

WaveStar Energy
SeWave &
Wavege
Danish Wave
Power (DWP)

Wavestar

Dexa wave A/S

Development
status
Research and
development

Country

Area

Operational

Type of device

Location

Belgium

Oostende, Ghent University

Tested in site (2014)

Attenuator

OFS

‐

Belgium

Port of Ostend

Installed (2010)

Point Absorber

OFS

4MW

Decommissioned

Denmark

Nissum Bredning

Overtopping

NS

WE

6 MW

Denmark

Nissum Bredning

Terminator

OFS

Tunneled WEC

WE

‐

Denmark

Faroe Islands

2003

OWC

NS

Float Pump

WE

140kW

Denmark

Hanstholm

1988

‐

OFS

DexaWave

WE

‐

Denmark

Venø Bugt

‐

Attenuator

OFS

Poseidon

WE/WdE

50 kW
(WE)

Denmark

Lolland

Installed (2008)

Attenuator

OFS

LEANCON

WE

1.7MW

Decommissioned
Not
commercialized
Decommissioned
(1996)
Decommissioned
(2009)
Decommissioned
(2014)
Decommissioned
(2015)

First test in 2003, installed in
2006 and decommissioned in
2010
Launched (2005)

Denmark

Aalborg

Installed (2015)

OWC

NS

WavePlane

WE

200kW

Completed

Denmark

Greater Copenhagen

2012

Overtopping

NS

Wavepiston Aps

Wavepiston

WE

250kW

Completed

Denmark

Sea of Frederikshawn

Attenuator

OFS

NEMOS Wave
Energy Converter

NEMOS

WE

‐

Completed

Denmark

Nissum Bredning (Test site)

Other

OFS

Crestwing

Crestwing

WE

1MW

Denmark

Harbor in Sæby

Terminator

OFS

WE

0.3kW

Denmark

‐

2017

Point absorber

OFS

WE

‐

Research and
development

Denmark

Aalborg

Since 2007 and tested in
2012

Other

OFS

KNSWING

WE

‐

Research and
development

Denmark

Aalborg

Tank tested (2012)

Attenuator

OFS

LOPF Buoy

WE

5kW

‐

Denmark

Nissum Bredning

‐

‐

NS

Floating Power
Plant
LEANCON Wave
Energy
WavePlane
Production

Resen Waves
Intentium AS
KN Ocean Energy
Science &
Development
RESEN Waves

Smart Power
Buoy
Intentium
Offshore Wave
Energy Convertor

Research and
development
Research and
development
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Installed (2013) and
redeployed (2017)
Full operational testing
(2017)
Installed (2018) and
reinstalled for testing (2020)

Wello Oy

Penguin

WE

0.5–1
MW

‐

Finland

Tallin Waters

2017

Sabella SAS

Sabella D10

TE

1MW

Operational

France

Fromveur Passage

Connected (2015)

Horizontal axis
turbine

NS

Electricite de
France
Electricite de
France/Alstom
Power
HACE
Ecole Centrale de
Nantes

Arcouest Open‐
Center Turbine

TE

8MW

Operational

France

Painpol‐Brehat tidal farm

2016

Turbine

OFS

La Rance

TE

240MW

Operational

France

La Range

1967

Turbine

ONS

HACE

WE

0.5MW

France

Port of La Rochelle

2018

OWC

NS

SEAREV

WE

0.5MW

France

Nantes

Proposed (2002)

‐

‐

Hydrocap energy

SEACAP

WE

‐

France

‐

2013

Point absorber

OFS

AW‐Energy
EDP, Engie
Fabricom, Wedge
Global &
Corpower
Hydrocap Energy
SAS
Aquafile sarl
Hydro Gen
Brandl Motor
SINN Power
GmbH | Wave
Energy
Finavera Wind
Energy &
Sea Energies Ltd

Waveroller 350

WE

1MW

Operational
Research and
development
Research and
development
In‐Planning

France

South Brittany

‐

OWC

NS

SEA‐TITAN

WE

‐

Research and
development
(2021)

France, Spain,
Belgium,Portugal,
Italy, UK,

‐

2018

‐

OFS

Seacap

WE

‐

‐

France

Rouen

‐

Point absorber

OFS

Hydro‐Gen 10

WE

‐

Completed

France

Brouennou

‐

OWC

‐

Brandl Generator

WE

1MW

‐

Germany

‐

‐

Point absorber

OFS

SINN Power WEC

WE

0.75MW

Operational

Greece

Heraklion

2015

Other

NS

AquaBuOY

WE

2.5MW

Commercialized

Ireland & Canada

Dublin

2003

Point absorber

OFS

SEWEC

WE

Ireland

‐

2013

OWC

‐

Wavebob

Wavebob

WE

‐

Ireland

Galway Bay

1999

‐

OFS

Ocean Energy Ltd
Hydam
Technology
Limited
Blue Power
Energy Ltd
Seapower Ltd.

OEBuoy

WE

1.25MW

Never deployed
Company closure
(2013)
Completed

Ireland

Spiddal

Installed (2011)

OWC

OFS

McCabe Wave

WE

400kW

Completed

Ireland

Kilbaha

First deployment in 1996

‐

OFS

Blue Power Take
Off (PTOU)
Sea Power

WE

20kW

40 South Energy

H24‐50

WE/TE

40 South Energy

R115/150 kW

WE

OFS

Research and
development
‐

Ireland

University of Cork

Prototype tested (2013)

Point absorber

‐

Ireland

‐

2008

Attenuator

OFS/NS

50kW

Operational

Italy

Marina di Pisa

2015

Other

NS

150kW

Completed

Italy

Pisa

Tested (2010)

Attenuator

OFS

WE
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Waves for Energy
& Politecnico di
Torino
University of
Naples
Bosch,Poly‐ WEC

ISWEC

WE

100kW

Completed

Italy

Island of Pantelleria

Installed (2015)

Oceans Kite

TE

100kW

Completed

Italy

Venice Lagoon

‐

Poly‐OWCG

WE

181kW

Prototype

Italy

‐

2012

Wavenergy.it

REWEC3

WE

2.7MW

‐

Italy

Port of Civitavecchia

2012

40 South Energy

R1300

WE

2MW

‐

Italy

Lavagna

Commercialized (2014)

Dexa wave A/S

DexaWave
Wave
Rotor/Oceanmill

WE

1 MW

Malta

Marsascala

TE

30kW

Operational
Pre‐commercial
stage

Netherlands

Tocardo
International BV

Tocardo T2

TE

2.5 MW

Norwave AS

TAPCHAN

WE

350kW

Waves 4 Power

WaveEL

WE

0.2MW

Aker solutions

Aker WEC

WE

HS300

TE

300kW

HS100

TE

Morild

IHC Tidal Energy

Hammerfest
Strom AS
Hammerfest
Strom AS
Hydra Energy
Technology SA
Straum
SEEWEC
Consortium
Kvaerner Brug’s
& Norwegian
University of
Science and
Technology
(NTNU)
Norwegian
University of
Science and
Technology
Pontoon Power

Pendulum
Horizontal axis
turbine
OWC

OFS
OFS
OFS

OWC
Pressure
differential

ONS
OFS

Installed in 2011

Attenuator

OFS

Westerschelde

Tested in 2012

Turbine

OFS

Netherlands

Oosterchelde

Research started in 2008

Horizontal axis
turbine

NS

Norway

Bergen

Installed in 1985

Overtopping

ONS

Norway

Ålesund

Installed in 2016

Point Absorber

OFS

Norway

Oslofjord

Prototype tested (2012)

Attenuator

‐

Completed

Norway

Kvalsund

Installed (2003 and 2009)

4.5MW

Completed

Norway

Kvalsund

2016

TE

‐

Completed

Norway

Kvalsundet

‐

Turbine

‐

Hydratidal TM

TE

‐

Completed

Norway

Lofotem

‐

Turbine

OFS/NS

FO3‐B1

WE

‐

Completed

Norway

MET Center Karmoy

‐

Point absorber

OFS

Multiresonant
OWC

WE

500kW

Not
commercialized

Norway

Bergen

1987

OWC

OFS

ConWEC

WE

300kW

Research and
development

Norway

Trondheim

1988

OWC

NS

Pontoon Power
Convertor

WE

15–20
MW

Research and
development

Norway

MARINTEK

2010

‐

OFS

Operational
Decommissioned
(1991)
Abandoned
(2017)
Decommissioned
(2012)

50

Horizontal axis
turbine
Horizontal axis
turbine

NS
NS

Ocean Wave and
Wind Energy
(OWWE)

Wave Power Rig

WE

‐

Havkraft

H‐WEC

WE

200kW

WaveEnergy
Pico Plant EU
Consortium

SSG

WE

163kW

Research and
development
‐

Pico OWC

WE

400kW

AWS

WE

Breakwater
Finavera
Renewables
Ocean Energy

Norway

Teknisk Ukeblad

First development in 1979

Overtopping

OFS

Norway

Geo Barents vessel

Installed in 2014

OWC

‐

Norway

Svaaheia site

2004

Overtopping

ONS

Abandoned

Portugal

Island of Pico/Azores

Closed in 2018

OWC

‐

2MW

Decommissioned

Portugal

Aguçadoura

Installed in 2004

Submerged
pressure
differential

OFS

WE

0.5MW

Abandoned
(2008)

Portugal

Foz do Douro

2007

OWC

NS

AquaBuoy

WE

2MW

Decommissioned

Portugal

Figueira da Foz

‐

Point absorber

NS

Martifer Energy

Flow

WE

1.5‐2 MW

Portugal

Lisbon

‐

Point absorber

NS

University of
Porto

CECO

WE

‐

Portugal

Porto

2015

Point absorber

OFS

AW Energy

Wave Roller

WE

100‐300
kW

‐

Portugal

Almagreira beach

Installed in 2012

Oscillating wave
surge converters

NS

Symphony

WE

‐

‐

Portugal

Sines

2018

Point absorber

OFS

Tveter

WE

3.6

Operational

Spain

Gran Canaria (PLOCAN)

2018

Wavegen

Mutriku

WE

296kW

Spain

Bay of Biscay

Installed in 2011

Overtopping

OFS

Opera
Ocean Power
Technologies &
Iberdrola
Wedge Global
Oceantec
Energias Marinas
SL
Sendekia
Ingenieria
Norvento,
Pelamis Wave
Prior
Langlee Wave
Power

MARMOK‐A‐5

WE

30kW

Spain

Bay of Biscay

Installed 2016

‐

OFS

Power Buoy

WE

1.39MW

Abandoned
(2013)

Spain

Santona

Installed in 2008

Point absorber

OFS

UNDIGEN

WE

200kW

Decommissioned

Spain

Las Palmas

2014

Point absorber

OFS

Oceantec

WE

10kW

Never
commercialized

Spain

Cala Murgita

Tested (2008)

Attenuator

OFS

SDK Wave
Turbine

WE

‐

Never deployed

Spain

‐

Tank testing (2013)

OWC

OFS

Pelamis

WE

2.25MW

Suspended

Spain

O Pieiro

‐

Attenuator

NS

Langee Robusto

WE

132kW

Research and
development

Spain

Tenerife

Installed in 2013

OWC

OFS

AWS Ocean
Energy

Symphony Wave
Power
Tveter Power
Norway

Concept

Research and
development
Research and
development

Not operating
(2018)
Abandoned 2019
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OFS

University of
Santiago de
Compostela
BioPower
Systems
Oceantec
Energías Marinas
Wedge Global
Abengoa
Seapower
PIPO Systems
Consortium Life
Demo wave
Project
Seabased AB
Uppsala
University
Vigor Wave
Energy AB
Ocean Harvesting
Technology
Ocean Harvesting
Technologies
CorPower Ocean
AB

WaveCat

WE

‐

Research and
development

Spain

Santiago de Compostela

2013

Overtopping

OFS

BioWAVETM

WE

250kW

Pre‐commercial

Spain

Santander

2011

Point absorber

OFS

Oceantec WEC

WE

20MW

‐

Spain

Armintza

Started construction (2016)

OWC

OFS

Seatitan

WE

‐

‐

Spain

Gran Canaria

‐

‐

‐

Organo

WE

‐

Spain

‐

Point absorber

‐

APC‐PISYS

WE

‐

‐

Spain

Taliarte.

2012

Point absorber

OFS

Gelula

WE

25kW

Installed

Spain

Punta Langosteira

2018

‐

OFS

Seabased

WE

1MW

Commercialized

Sweden

Sotenäs

Commercialized since 2008

Point absorber

OFS

Lysekil Project

WE

0.3‐1 MW

Operating (2035)

Sweden

Lysekil

Project start in 2006

‐

OFS

Vigor WEC

WE

12MW

Sweden

‐

Installed in 2014

‐

OFS

InfinityWEC

WE

500kW

Sweden

West coast

2017

Point absorber

OFS

Ocean Harvester

WE

25kW

Sweden

Karlskrona

2010

Point absorber

OFS

C4, C5

WE

‐

Sweden

‐

Prototype (2020)

Oscillating wave
surge converter

OFS

IPS Buoy

Interproject
Service AB (IPS)
and Technocean

WE

5–10 MW

Not
commercialized

Sweden

‐

‐

OWC

OFS

Eco Wave Power

Wave Clapper

WE

100kW
(each
module)

Operational

UK

Gibraltar

Installed in 2016

OWC

ONS

Research and
development
Research and
development
Research and
development
Research and
development
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Appendix C: Marine energy harvesting devices in the UK [179, 342‐356]. A selection of wave energy converters developed in UK classified by type of energy harvested, development status, country, type of device
and location; the table presents their major characteristics as the maximum power energy capacity installed (capacity installed), date of deployment, research or test, planning authority involved and type of
device. The table is organized by: (i) Current development status: green colour represents a current operational status, red represents a not working status and orange represents research stage. (ii) Type of energy
harvested: wave energy (WE) and tidal energy (TE). (iii) Country: Scotland, England, Wales and Northern Ireland. (iv) Planning Authority, where DECC (S36) is the Department of Energy & Climate Change.
Operator

Site name

Energy

Installed
capacity
(MW)

Development status

County

Country

Planning authority

Operational

Type of
device

Scotrenewables

SR‐2000 (FoW ‐ EMEC)

WE

2.0

Operational

Orkney Islands

Scotland

Scottish Government

14/04/2017

Overtopping

TE

6.0

Operational

Orkney Islands

Scotland

Scottish Government

20/02/2017

Tidal turbine

WE

1.0

Operational

Orkney Islands

Scotland

Scottish Government

27/05/2008

Terminator

Wave Hub

Inner Sound Phase 1A
(MeyGen)
Wello Penguin Device (Billia
Croo ‐ EMEC)
Hayle Wave Hub (Test Site)

WE

23.0

Operational

Offshore

England

DECC (S36)

01/09/2010

‐

Magallanes Renovables

Magallanes (FoW ‐ EMEC)

TE

2.0

Operational

Orkney Islands

Scotland

Scottish Government

05/03/2019

Tidal turbine

Nova Innovation

Shetland Tidal Array

TE

0.5

Operational

Shetland

Scotland

Marine Scotland

24/06/2019

Tidal turbine

Wave Clapper

‐

WE

0.5

Operational

‐

UK

‐

2016

OWC

EMEC Ltd

EMEC CorPower Ocean

WE

0.05

Operational

Orkney Islands

Scotland

‐

‐

OWSC

Atlantis Resources
Wello

Pulse Tidal

Lynmouth Tidal Demo

TE

1.2

Planning Permission Granted

Offshore

England

Crown Estate

01/10/2011

‐

Godshill Park Developments
DCNS OpenHydro/SSE
Renewables
The Islay Energy Trust/ Atlantis

Wootton Bridge
Brims Tidal Array (Cantick
Head)
Sound of Islay

TE

2.0

Offshore

England

DECC (S36)

19/01/2009

Tidal turbine

TE

200.0

Orkney Islands

Scotland

Marine Scotland

20/05/2016

‐

TE

10.0

Planning Permission Granted
Planning Application
Submitted
Planning Permission Granted

Offshore

Scotland

25/07/2010

‐

Tidal Lagoon Power

Swansea Bay Tidal Lagoon

TE

320.0

Planning Permission Granted

Offshore

Wales

06/03/2014

‐

Nautricity

Mull of Kintyre

TE

3.0

Planning Permission Granted

Offshore

Scotland

Scottish Government
The Planning
Inspectorate ‐
National
Infrastructure
Scottish Government

‐

‐

DP Marine Energy

West Islay Tidal Array
Inner Sound Phase 1B/1C
(MeyGen)
Shetland Tidal Array
(extension)
EMEC Harris Demonstration
Zone

TE

30.0

Planning Permission Granted

Offshore

Scotland

Marine Scotland

10/10/2013

Tidal turbine

TE

80.0

Planning Permission Granted

Orkney Islands

Scotland

Scottish Government

19/07/2012

‐

TE

1.4

Planning Permission Granted

Shetland

Scotland

Marine Scotland

01/02/2018

Tidal turbine

WE

‐

Operating

Western Isles

Scotland

‐

07/08/2014

‐

TE

1.0

Decommissioned

Offshore

Scotland

Scottish Government

01/07/2010

Tidal turbine

Atlantis Resources
Nova Innovation
EMEC

Atlantic Resource

AR‐1000 (FoW ‐ EMEC)
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‐

WestWave

WE

3.0

Planning Application
Withdrawn

Offshore

England

DECC (S36)

‐

Rolls Royce TGL

TGL (FoW ‐ EMEC)

TE

1.0

Decommissioned

Offshore

Scotland

Scottish Government

‐

Tidal turbine

Voith Hydro

Voith (FoW ‐ EMEC)

TE

1.0

Decommissioned

Offshore

Scotland

Scottish Government

01/07/2010

‐

Kawasaki

Kawasaki (FoW ‐ EMEC)

TE

1.0

Decommissioned

Offshore

OWC

SeaGen Tidal Farm

TE

1.2

Decommissioned

Offshore

Scottish Government
Northern Ireland
Planning Service

01/01/2010

Marine Current Turbines (MCT)

Scotland
Northern
Ireland

01/11/2003

Tidal turbine

TE

2.0

Abandoned

Orkney Islands

Scotland

Scottish Government

01/06/2016

Tidal turbine

TE

1.0

Decommissioned

Offshore

Scotland

Scottish Government

‐

Tidal turbine

TE

10.0

Abandoned

Offshore

Wales

DECC (S36)

24/03/2011

Tidal turbine

WE

1.0

Decommissioned

Orkney Islands

Scotland

Scottish Government

‐

‐

WE

4.0

Abandoned

Offshore

Scotland

Scottish Government

21/04/2008

‐

TE

2.5

Abandoned

Orkney Islands

Scotland

Marine Scotland

15/09/2016

‐

Brough Head

WE

200.0

Decommissioned

Orkney Islands

Scotland

‐

10/28/2015

West Orkney Middle South
Phase 1

WE

40.0

Decommissioned

Orkney Islands

Scotland

‐

12/03/2016

EMEC Aquamarine Power

WE

0.8

Completed

Orkney Islands

Scotland

‐

10/28/2015

WE

0.8

Decommissioned

Orkney Islands

Scotland

‐

12/01/2014

WE

0.8

Decommissioned

Orkney Islands

Scotland

‐

03/15/2016

West Orkney Middle

WE

10.0

Decommissioned

Orkney Islands

Scotland

‐

‐

North West Lewis

WE

40.0

Decommissioned

Western Isles

Scotland

‐

10/28/2015

‐

Bernera

WE

10.0

Decommissioned

Western Isles

Scotland

‐

11/21/2014

OWSC

Tocardo (EMEC)
Hamerfest Strom/SPR
Marine Current Turbines (MCT)
/ NPower
Seatricity
Voith Hydro Ocean Current
Technologies
OpenHydro
Aquamarine Power &
Renewables
E.ON Climate & Renewables UK
Ltd
Aquamarine Power &
Renewables
European Marine Energy
Centre
Orkney Islands Council
E.ON Climate & Renewables UK
Ltd
Aquamarine Power
Pelamis Wave Power Ltd

The Fall of Warness Tidal
Scheme, (FoW ‐ EMEC)
Hammerfest (FoW ‐ EMEC)
SeaGen Wales Tidal Farm
Seatricity Turbine (Billia Croo
‐ EMEC)
Siadar Wave Energy
Generating Scheme
Open Centre Turbines (FoW ‐
EMEC)

EMEC ScottishPower
Renewables Pelamis
EMEC Pelamis Wave Power
P2
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‐
‐
‐
OWSC
Attenuator
Attenuator

Appendix D: Marine energy harvesting devices in Australia [177, 181, 357‐359]. A selection of wave energy converters developed in Australia classified by type of energy harvested, development status, type of
device and location; the table presents their major characteristics as the maximum power energy capacity installed in MW (capacity installed), dates of deployment, research or test, planning authority involved
and type of device. The table is organized by: i) Current development status: green colour represents a current operational status, red represents a not working status and orange represents research stage. ii)
Type of energy harvested: wave energy (WE) and tidal energy (TE). iii) Region of deployment, testing or research. iv) Planning authority where AG stands for Australian Government.
Operator

Site Name

Technology
Type

Installed
Capacity
(MW)

Development
Status

Address

Region

Planning
Authority

Planning Application
Submitted

Operational

BioPower Systems Pty Ltd

bioWAVE Ocean Pilot at Port
Fairy

WE

0.25

Operational

Port Fairy

Victoria

AG

‐

Jun. 2012

Bombora Wave Power

Bombora Wave Power

WE

‐

Project under
development

Perth

Western Australia

AG

Bombora Wave Power

Dec.2015

Towards an Australian
capability in arrays of ocean
wave‐power machines

‐

‐

Project under
development

Melbourne

‐

AG

‐

Aug.2014

‐

WE

1.50

Abandonment

Western Australia

AG

Carnegie Wave Energy

1.00

Abandonment

South Australia

AG

‐

‐

62.50

Abandonment

Portland

Victoria

AG

‐

Jun. 2012
Jun. 2012‐
Jun. 2014
Sept. 2010‐
Aug.2014

OWC

WE

Albany
Port
Macdonnell

Swinburne University of
Technology, Centre for
Ocean Engineering,
Science and Technology
Carnegie Wave Energy
Oceanlinx
Victorian Wave Partners
Pty Ltd

Carnegie CETO 6 technology
Oceanlinx 1MW Commercial
Wave Energy Demonstrator
Victorian Wave Partners
Wave Power Station
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Type of
Device
Pressure
differential
Pressure
differential

OWC
‐

5.
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