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Abstract 
This master thesis offers global vision on marine energy and presents its possible future. Its purpose 
is to fully analyze the technologies in order to imagine the future role of the different energy sources. 

Every marine energy source presents advantages and disadvantages. For example, they are not at 
the same stage of maturity. Tidal range power is  fully  mature  but  the  limited  number  of  sites  
available, combined with the large environmental impacts and investment costs limit its 
development. The idea of artificial lagoons that will be offshore tidal range plant could create a new 
interest for this technology. But for the moment, no plant of this type has been constructed yet. Tidal 
stream power is the next mature technology of marine energy after tidal range. Its development will 
require public subsidies but is supposed to be commercial in 2015. Systems are already in 
demonstration in several countries (UK, France and Canada). Wave power is less mature but it will  
benefit from the development of tidal stream power and will probably be commercial in 2020. Some 
systems are also in demonstration but challenges seem greater in wave power than in tidal power. 
Wave power conversion systems have to extract energy from the waves, even the largest ones, but 
at the same time resist to them. Contrary to tidal stream which has a predictable resource, waves are 
way less predictable and systems will have to be able to resist and valorize waves. OTEC (Ocean 
Thermal Energy Conversion) has been studied for years but it is still not mature. Its development for 
electricity production needs technology research to develop cheaper and more compact systems 
(heat exchangers, pipes…). Air conditioning applications are developing and also require the use of 
pipes and heat exchangers. Advances in this utilization could maybe help the development of OTEC 
systems for electricity production. Osmosis is the less mature and the most challenging technology. A 
technological breakthrough in the membrane could allow a rapid development. This breakthrough 
will  probably  come from other  sectors  so  it  is  important  for  the industries  to  get  ready in  order  to  
develop the system as soon as this technological improvement will be made. 

Marine energies will  count in the energy mix in the coming years. The large increase of the energy 
consumption and the need for clean and sustainable energy make this energy source even more 
attractive. Nevertheless, for a rapid and sustainable development of marine energies, environmental 
issues and occupation conflicts with for example fishing, tourism or traffic need to be solved, and 
significant technological developments have to be achieved.  
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1. Introduction 
The world is facing increasing energy challenges. The energy demand has grown really fast. The 
following graph, from the IEA (IEA, 2011), presents the evolution of the total primary energy for the 
past 40 years, between 1971 and 2009. 

 

 

Figure 1 Presentation of the global primary energy demand evolution 

The primary energy demand has doubled in 40 years and is expected to double again until 2050. This 
has three main explanations: the rapid increase of the world population, the development of large 
emerging countries and the necessity of energy access even for the poorest people. The increasing 
carbon emissions have led to several concerns and measures have been set to limit climate change 
and other environmental issues. The consequences are the development of new energy strategies. 
For years, people have just increased their energy production to fulfill the demand. Now they are 
trying  to  improve  the  energy  efficiency.  The  need  for  clean,  safe  and  sustainable  energy  has  to  
become  a  priority.  Fossil  fuels  have  been  for  many  years  and  are  still  the  most  important  type  of  
energy. Nevertheless, they have finite resources and emit greenhouse gases.  

In  this  context,  all  the  different  energy  sources  that  exist  will  need  to  be  explored  in  order  to  
understand their possible contribution to the future energy mix. In the past years, the increases of 
public supports for sustainable and clean energy production have allowed the development of 
renewable energies. Those energies that seemed too expensive few years ago are becoming more 
and more interesting in the present context. Nevertheless, most of the time, they still rely on public 
incentives. 
Marine energy has an important potential. Part of this energy could be used to increase the energy 
mix. Unfortunately, it is not yet developed and still needs research. According to the following 
graphs, in 2009, marine energy only represented 0,005 % of the global electricity generation. This 
was essentially tidal barrage. Nevertheless, the same year, 4 % of the global research and 
development spending were invested in marine energy. 

Mtoe 
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Those values presuppose that marine energy could play a role in the energy production in the 
following years. Moreover, marine environment presents some challenges for the installation and 
development of offshore projects like power evacuation, grid connection or foundations. To compete 
with the present energy prices, research and public supports in marine energy has to continue since, 
for the moment, no type of marine energy is economically viable.  

The different sources of marine energy present various advantages. Some are predictable, other are 
continuous. Some are very site specific, other are well spread around the world.  

In this master thesis, the objective is to understand the world of marine energies in order to be able 
to find out what will be the future of all those different energies in the coming years. The method 
was to first understand the different sources of energy that are present in the sea: tides, wind, 
temperature gradient and salinity. Them I identified the different ways of valorizing those sources to 
produce electricity. After getting a good understanding of those different energies (tidal range 
power, tidal stream power, wave power, thermal energy and osmosis), I identified the start-up and 
companies that are involved in marine energy development and tried to analyze them by doing some 
research on their systems, their maturity and their projects. This allows me to imagine a first scenario 
for the development of marine energies in the coming years, identifying the most mature 
technologies, their limitations, and their advantages. To confirm my point of view, I went to different 
conferences in Paris (‘Clean Tuesday on Marine Energy’ in September 2011 and ‘Panorama 2012’ of 
the French Institute  of  Oil  –IFP Energies  Nouvelles-  in  January  2012)  on marine energies  and I  met  
some French actors of the sector. I met Yann-Hervé de Roeck who is working for the Ifremer, the 
French institute on oceans and seas. He is right now creating a French institute on marine energies in 
order to valorize the potential of the French coasts and allow France to be one of the major players 
in  marine  energies  in  the  coming  years.  I  also  met  people  from  two  French  companies  that  are  
getting  more  and  more  involved  in  marine  energies.  I  first  met  Frédéric  Le  Lidec  from  DCNS,  the  
French leader in army boats that has decided since 2008 to enter in the marine energies. They have 
the aim of  being a  major  player  in  the next  few years,  investing in  Open Hydro.  I  also  met  Virginie  
Augonnet from Alstom, which is developing its own tidal current turbine after signing an agreement 
with Clean Current Power Systems Incorporated for the exclusive worldwide license for ocean and 

Figure 3 Global R&D spending share in 2009 
(Bloomberg, 2011) 

Figure 2 Global electricity generation share in 2009 (IEA, 
2011) 
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tidal stream applications for Clean Current’s patented technology. Those interviews allow me to have 
a better understanding of the present situation in marine energy around the world and of the future 
of it.  

In this report, the objective is to give a good understanding of the marine and a vision of what the 
future  will  be  for  those  different  technologies.  The  method  of  attack  is  to  first  present  and  
understand the different sources of marine energy, going from the most to the less mature. For each 
source, we describe the available power, the resource potential, the different systems that have 
been developed to transform marine energy into electricity, presenting also some examples of real 
systems, the actuality and the future of this type of energy. Then we will discuss the technological 
limitations that are common to all systems in marine energy. We will conclude by a possible roadmap 
for the coming years that our research have permit to draw and a comparison of all marine energies. 
Offshore wind and marine biomass are not presented in this study. They are all considered as part of 
other renewable energy sources: wind power and biomass respectively.  

2. Tidal range 
Tidal range is the only mature marine energy.  It utilizes the rise and fall of the sea level generated by 
tides.  

2.1. Tidal generation 
Tides are created by the mutual gravitational attraction of the Sun and the Moon with the Earth. This 
produces changes in height of the sea level.  

The Moon rotates around the Earth. This attracts water masses and causes high and low tides due to 
the different intensity of the attraction. The following figure represents this phenomenon.  

 
 
 

 
 
The Sun also attracts water masses. According to relative positions of those stars and Earth, effects 
can be added (“spring tides”) or subtracted (“neap tides”). During spring tides, the Sun, Earth and 
Moon are aligned and so produce tides of maximum ranges.  
 During neap tides, the directions Earth-Moon and Earth-Sun are perpendicular and the ranges of 
tides are smaller. This explains the difference in height in tides during the year. 

 

High tide Low tide 

Moon 
Earth 

Figure 4 Illustration of high and low tides 

Figure 5 Neap and spring tides 
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The characteristics of the tides depend on the position on Earth and the size of the water surface. 
Large lakes can have small tides (some centimeters) for example.  

2.2. Tidal range power 
We  can  make  the  following  schematic  representation  of  a  tidal  range  power  plant.  Sea  water  is  
trapped at a certain level (high tide level) and is released through a turbine at a lower level 
corresponding to the low tide level. 

 
Figure 6 Tidal range power 

The average power produced during a tide period is: 

=    
 

 [ ]                                                                           (1) 

with  : the water density [kg/m3], A: the surface area [m²], R: the range [m], g : Earth’s gravity [m/s²] 
and ∶ the tide period [s]. 

This formula shows us that, to increase the power production, one can either increase the range R or 
increase the surface area A of the barrage. Barrages and tidal range have to be large enough. 

2.3. Resource potential 
To valorize tidal range, a bay or an estuary is artificially closed with a dam. This site needs to have an 
important tidal range. The sea level variations during ebbs and floods are used to operate low-head 
hydraulic turbines and so produce electricity. The working process is similar to that of hydraulic dams 
except that this time water is not captured in a river but in the sea due to tidal movements. 

The  world  potential  for  this  technology  is  estimated  to  be  between  200  and  400  TWh/year.  If  we  
install  160 GW, according to the fact that the capacity factor is around 2000 hours per year (which 
means that the power produced by the plant over the year is equivalent to the power produced by 
the plant in 2000 hours if it operates at its maximum load) a production of 380 TWh/year is expected. 
(Paillard, Lacroix, & Lamblin, 2009)  

The following map shows the mean daily tidal range over the world. 
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Figure 7 Mean daily tidal range (Electrical power reseach institute, 2005) 

Areas with important sea level difference between high and low tides are of great interest since the 
power production is proportional to the square of the range. Nevertheless, as presented previously, 
a specific topography is required to allow the construction of a dam at a reasonable cost. A limited 
number of interesting sites exist around the world for the development of this technology. To 
increase the potential of this source of energy, one company, Tidal Electric, is investigating the 
possible development of artificial lagoons, placed near shore.  

2.4. Electricity production 
This technology uses the potential energy of water. Turbines can be used during high and low tides to 
produce  electricity.  The  first  way  is  to  fill  the  pool  during  high  tides.  When  the  sea  level  is  low,  
turbines start producing while emptying the pool. The important difference between the pool level 
and the sea level is used to run the turbines and produce power. 

 

Figure 8 Electricity production during low tides 

On the opposite, we can keep the water level in the pool low during high tides. When the tides are 
high  and  so  the  sea  level  is  high,  turbines  are  used.  The  pool  is  kept  empty  while  the  sea  level  is  
getting  higher  during flood tide.  When the sea level  gets  to  its  maximum at  high tides,  the pool  is  
filled, using the high difference between the sea and the pool to run turbines and produce electricity.  
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Figure 9 Electricity production during high tides 

Those systems are not cost-effective. The installation costs are really high. Systems where turbines 
can be used both during high tides and low tides are preferred, as it is the case in the French tidal 
range power plant of La Rance.  

In the graph on the right, we can see that using turbines that can operate both ways increases the 
number of electricity production phases. On the graph on the left, we produce electricity twice a day 
(from midnight  to  5  am and from 12 am to 5  pm in  the case presented).  When using a  tidal  range 
plant like the one of La Rance in France, the graph on the right shows that we produce four times a 
day (from midnight to 5 am, from 6.30 am to 8.30 am, from 12 am to 5 pm and from 6.30 pm to 9 pm 
in the case presented). 

2.5. Possible improvements 
In this part, we present three possible improvements. 

2.5.1. Pumping water 
To increase the power production, we can either increase the pool volume or increase the range 
according to the formula (1). Once a barrage is built, we can’t change easily the pool area anymore. 
Nevertheless, we can artificially increase the range by pumping sea water. When the sea is at its 
highest level, at the end of high tide, a pumping system can allow increasing the elevation of the 
water in the pool a bit more by pumping some water from the sea. We use a bit of energy to pump 
the water. But when it will be released, it will produce more energy because the sea level will be 
lower and the pool level higher, so the difference between the two will be important and allow a 

Figure 10 Basic operation of a tidal range plant. On the left: production during low tides only. On the right: production 
during high and low tides (inspired by (Dolivet, Duvernay, & Olivry)) 
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large  power  production.  If  we  pump  ‘a’  meters  of  water  with  the  sea  and  pool  levels  are  at  ‘b’  
meters, we take advantage of (a+b) height release.  

 

Figure 11 Pumping to fill a bit more the pool 

2.5.2. Multiple pools 
Another improvement is to use multiple pools. Pool 1 is filled as previously in the case with only one 
pool.  Pool  2  is  used  to  produce  power  whenever  it  is  required  by  emptying  pool  1  in  pool  2.  The  
power production is not increased but the system offers more flexibility and peak power generation. 
It reduces the intermittence of the production, allowing us to use the different pools to produce 
electricity not only during high and low tides.  

 

Figure 12 Multiple pools 

2.5.3. Artificial lagoon 
As presented in paragraph 2.3, an important limitation to the development of this technology is the 
necessity of the construction of a closing sea wall. A solution has been found to reduce it. People can 
build artificial lagoons offshore and so use tidal range power without requiring a specific costal site.  

  

Figure 13 Artificial lagoon (Aquaret, 2008) 

2.6. Maturity 
Tidal range is mature and several sites around the world are in operation for years. The first one was 
constructed in  France in  1966 and is  still  in  operation (La  Rance,  240 MW).  It  was  the biggest  tidal  
range power plant around the world until 2011 when South Corea built a 254 MW power plant. 

The following table presents the different tidal barrages constructed around the world and also the 
future project of the tidal range plant of Ganghwa in South Korea. 
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Location Country  Date  Capacity  
la Rance  France  1966  240 MW  

Kislaya Guba  Russia  1968  0.4 MW  
Jingxia  China  1980  3.2 MW  

Xingfuyang  China  1980  1.3 MW  
Small ones  China  1980  6.5 MW  
Annapolis  Canada  1984  20 MW  

Sihwa  South Korea  2011  254 MW  
Ganghwa  South Korea  Future  810 MW  

Figure 14 Tidal range plants around the world 

There is no technological limitation to the development of this technology since it uses well known 
elements like low head turbines. Nevertheless, its deployment is limited due to not well known 
environmental impacts like the effects on marine life, water quality, changes in flow and 
sedimentation, limited number of possible locations and also large investment costs. The investment 
costs are around 5 000 and 5 500 $/kW with a total production cost of 300 $/MWh (IEA, 2010). This 
value is way higher than the production cost of wind power (66 $/MWh) (CEA, 2005) or the one of 
nuclear power (42 €/MWh with the law NOME in France).The large quantity of materials needed for 
the construction of the barrage increases the price of this type of marine energy (Rourke, Boyle, & 
Reynolds, Tidal energy update 2009, 2010). Those costs allow us to understand the limited 
deployment of this technology.  

2.7. Discussion 
Tidal range barrage presents various advantages. First it is predictable. Since tides are produced by 
gravitational attraction on Earth, the resource for a specific site can be estimated accurately. 
Moreover, this technology is a well-known and fully mature. It uses low head turbines and civil 
constructions and hence does not require any research and development for the technology itself. 
For a barrage construction, research will of course be necessary to evaluate the potential and the 
feasibility of the project.  

Despite the different advantages presented, today, South Korea is the only country that is developing 
tidal range projects. They are currently studying six possible tidal barrages totalizing more than 3,5 
GW (Yekang Ko, 2011).  

The limited interest for this technology has three explanations: the important investment costs, the 
environmental impacts and the low number of suitable sites. Those issues seem difficult to solve. 
Since the technology is well-known, technological improvements seem unlikely to happen. We can’t 
expect, as it is the case for other technologies, an important reduction of the costs due to a better 
understanding of the system. The environmental impacts are always difficult to estimate. Tidal 
lagoons, presented previously, could be a solution to the limited number of sites suitable for tidal 
barrage constructions. By putting the barrage offshore, a specific coastal topography is not necessary 
anymore. Only important tides are needed.  

Despite a mature technology, the aforementioned limit its development.  
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3. Currents 

3.1. Current generation 
Two types of currents exist: the oceanic ones and the tidal ones. 

3.1.1. Oceanic currents 
Solar radiations on Earth surface are uneven. Equatorial areas receive more solar energy than polar 
ones. This imbalance creates atmospheric (winds) and oceanic (currents) movements to equilibrate 
the temperatures. Those motions are also influenced by the Earth’s rotation.  

We can distinguish two different types of oceanic currents: surface currents and deep currents.   

3.1.1.1. Surface currents 
Winds, when blowing at the sea and ocean surfaces, drive surface water. This effect affects the water 
surface layer approximately 800 meter deep. Those currents vary with seasons, especially in 
equatorial areas. They can be as fast as 3 meters per second. The Gulf Stream speeds reach for 
example around 2.5 m/s.  

The following map represents the most important surface oceanic currents around the world.  

Figure 15 Oceanic currents (Pidwirny, 2009) 



Harvesting energy from the sea 

Mathilde Leclercq (860825-A180)  
 

  Page 
15 

 
  

3.1.1.2. Deep currents 
Deeper waters (> 800m deep) are not affected by wind. Vertical movements are created by 
differences of density between water layers. The colder and the more salted water is, the denser it 
gets. In high latitudes, sea water, which is getting saltier and colder, dives due to its increasing 
density. Around the Tropics, the water gets warmer and rises back to the surface. At the surface, the 
water will get colder, denser and more salted and will dive again and so on. This phenomenon is 
called the thermohaline circulation. It allows the transport of heat from the Equator to the Poles. It 
takes  around  1  000  years  for  a  water  molecule  to  make  the  entire  loop.  Those  currents  are  really  
slow (only a few millimeters per second) but they are regular. The following map presents the 
thermohaline circulation. 

 

Figure 16 Thermohaline circulation (eduscol, 2011) 

The following scheme represents the global oceanic circulation, with deep and surface currents. The 
water dives at the poles and rises at warmer latitudes.  

 

Figure 17 Global oceanic circulation (Atelier Scientifique et Technique ) 

3.1.2. Tidal currents 
As presented previously, tides are created by the gravitational attraction of the Sun and the Moon 
with the Earth which produces changes in height of the sea level. These movements of water create 
tidal currents. Tidal current speeds also depend on the topographic configuration of the site. For 
example, in an estuary or in a bay, the topography acts like a Venturi and tidal streams will be more 
important. 
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The following map presents the current speeds on the North West coast of France. Between the 
Hague cape and Aurigny island, large tidal currents exist due to the natural ‘Venturi effect’ that 
concentrates the water mass and accelerates it.  

 

Figure 18 Tidal current speed along the North West French coast (FEVRE, 2011) 

3.2. Current power 
Energy resource from water current is similar to wind except that the fluid is not air but water. The 
kinetic energy of the fluid can be converted into electricity by using turbines.  
The power of a stream of water is: 

=    A ν  [W] 

with : the water density [kg/m3], A: the cross-sectional area of the rotor [m²] and ν : the 
unperturbed fluid velocity [m/s], which is considered to be the same on the entire cross-sectional 
area. (Bahaj, 2011) 

As  sea  water  density  is  approximately  800  times  higher  than  air  density,  the  power  density  in  sea  

water =   ν  is higher than in air. To produce the same energy, blades can be smaller. As the 

power is also proportional to the cube of the fluid velocity, important currents are necessary. 

The fluid energy can’t be entirely transformed. For horizontal axis turbine, the theoretical limit is the 
Betz limit which is equal to 59 %. In wind power technology, the best designs can extract 40 to 50 % 
of the fluid energy. (Bahaj, 2011)  

To demonstrate this limit, Betz did the following calculations with basic assumptions. The fluid is 
considered homogenous, incompressible and the fluid flow is supposed at a steady state. There is no 
friction.  The flow and the forces  are  uniform over  the disc  area described by the rotor.  The flow is  
supposed uni-dimensional which means that there is no wake behind the disc. Moreover, we will 
make the calculations for an ideal actuator disc which means that the rotor has an infinite number of 
blades.  
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Figure 19 Representation of the situation at the rotor 

We consider different points in the stream flow. The first one (1) is situated far upstream from the 
rotor and the last one (4) is far downstream. The two other ones are really close to the rotor: one (2) 
just in front of the rotor, the other one (3) just after the rotor. We assume that the distance between 
the point (2) and the point (3) is infinitesimal.  

Figure 20 represents the velocity and the pressure over the rotor. The fluid velocity reduces gradually 
before and after the rotor and a pressure difference builds up across it. Since point (2) and point (3) 
are really close to each other, the fluid velocity right across the conversion device does not change 
and v2= v3. Since point (1) and point (4) are both far away from the rotor, the pressure at those points 
are equal to the static pressure of the undisturbed fluid p1= p4 =p atmosphere. 

Using the force exerted by the fluid on the conversion device and the conservation of the linear 
momentum, this force is: 

=  ( − ) = ̇ ( − )  with the mass flow over the device ̇ =    

which gives us: 

 ( − ) = ( −  ) 

Moreover, since no work is done between point (1) and point (2) and between point (3) and point 
(4), we can apply Bernoulli equation which gives us: 
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The power extracted from the fluid by the energy conversion device is: 

= . =
1
2

   ( − ) .
1
2

 ( + ) 

We introduce a new parameter x which is equaled to  . 

=  
1
4

   (1 − )(1 +  ) =   
1
2

 (1 − )(1 +  ) 

with =     the total power in the flow.  

The Betz limit is the maximum of this equation:  

=  
16
27

≅ 0.59   

Which  is  the  theoretical  maximum  power  that  we  can  expect  to  extract  from  a  fluid  flow  by  an  
horizontal axis rotor.  

For a vertical axis turbine, the power coefficient  C  =   is even smaller. For a drag turbine with flat 

plates,  the maximum is  16%.  In  the case of  a  drag turbine with cups  (like  an anemometer  used to  
evaluate the wind speed), it is only 8%. A Savorius turbine will have a maximum power coefficient of 
20%. (Petrov, 2011) 

3.3. Potential 
As oceanic currents are very slow, devices are most of the time design to harness the power from the 
tidal currents. Those currents can be locally important, especially in specific areas of flow 
concentration as capes or estuaries. For example, in France in the Raz Blanchard, stream speed can 
be up to 6.2 m/s.  

The problem of this resource is that it is intermittent. The tidal power generation is not in phase with 
demand. As the principal lunar period is 12 hours and 25 minutes, it is not in perfect phase with the 
length of a day (24h). The variations due to the influences of Sun and Moon produce changes in 
power production.  

The following map presents the sites with interesting potential for current power developments.  

 

Figure 20 Tidal stream potential (Scotrenewables) 

Sites with important tidal currents 

http://www.scotrenewables.com/images/stories/tidal-resource-global/tidal-currents.jpg


Harvesting energy from the sea 

Mathilde Leclercq (860825-A180)  
 

  Page 
19 

 
  

The  world  potential  for  this  technology  is  estimated  to  be  between  400  and  800  TWh  per  year.  
European Union has an important potential of 48 TWh per year. United Kingdom and France have 
the most important potentials with respectively 75 and 20 per cent of the European Union resource. 
(Paillard, Lacroix, & Lamblin, 2009)  

This resource is very interesting because it is completely predictable even if it is intermittent.  

3.4. The different technologies 
The main devices are turbines. Technologies similar to wind power ones are used. Turbines are 
situated under the sea level and in the tidal streams. They transform kinetic energy from the currents 
into  electricity.  They  work  almost  the  same  way  as  conventional  wind  turbines.  Those  devices  are  
presented here because they can be used for tidal current applications. Nevertheless, some designs 
are also made for river applications. In rivers, the power capacity of the machines is smaller (some 
kW) whereas for marine applications, manufacturers are trying to have systems with power capacity 
of several MW. They have some differences as the water density (sea water is denser), the flow 
direction  (only  one  direction  in  a  river)…  (Khan,  Bhuyan,  &  Quaicoe,  2009)  Some  systems  will  
probably not developed for marine applications because the number of sites is limited, but we can 
imagine that they could develop for other use like electricity production in rivers.  

The different technologies can be fixed or floating. If they are fixed, since the most important 
resource is situated near the surface, systems can be either situated near the seabed or near the 
surface. Nevertheless, for tidal application, lots of systems are bottom fixed in order to reduce the 
impact on the other marine activities. It is also easier to put the turbines on the seabed because of 
the extreme conditions that can affect areas with important tidal stream potential. Those different 
configurations allow different positions for the generator which can be fully submerged or floating at 
the surface. (Khan, Bhuyan, & Quaicoe, 2009) 

3.4.1. Horizontal axis turbine 
The horizontal axis turbine is the most common type and the most proven technology. 52 companies 
(58 % of the tidal power devices) are developing this type of turbines. As wind power turbines, they 
are composed of a rotor and a stator whose relative movements allow power generation. Different 
turbines  exist.  They  can  be  ducted  (like  Open  Hydro)  or  not,  have  several  rotors  on  the  same  
structure (like Marine Current)… The ducted systems use the Venturi effect, by concentrating the 
flow. This increases the flow velocity around the rotor. 

 

Figure 21 Horizontal axis turbines (not ducted on the left, ducted on the right) (Aquaret, 2008) 

One example of this technology is the Open Hydro turbine. It has open center rotor and stator. The 
stator is located around the rotor and houses the generator system components. It uses a duct. By 
passing through it, the flow is concentrated and consequently the performance is improved. It is 
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situated on the seabed which makes the maintenance more difficult but can allow boat traffic if the 
water depth is important enough. Moreover it has no visual impact. This technology is developed by 
an Irish company created in 2005. It has strong partners like SSE (Scottish Southern Energy), DCNS, 
EDF,  Bord Gais  Energy,  Nova Scotia… They are  at  their  demonstration stage.  Since 2006,  one small  
turbine of 250 kW and a 6 meter diameter is installed and grid connected in Scotland at the EMEC 
(European Marine Energy Center). In 2009, they tested their 1 MW turbine in Canada but the 
currents were too important and the system was not robust enough for that. After some 
improvements, they are testing this 1 MW turbine again but in France. 3 other turbines should be 
added in the next years. Other projects are under development in Pentland Firth (Scotland) (a 
200MW farm) and in Alderney, a British island near the French coast.  

 

Figure 22 Open Hydro turbine 

3.4.2. Vertical axis turbine 
Vertical  axis  turbines  are  also  developed.  14  companies  (15  %  of  the  tidal  power  devices)  are  
developing this type of turbines. They are similar to vertical axis wind turbine. They can also be 
ducted, as horizontal axis turbines. Nevertheless, the duct will have a rectangular shape, which 
creates an asymmetry and makes the system less robust (Khan, Bhuyan, & Quaicoe, 2009). 

Advantage of this technology compared to horizontal axis turbine is that the blades can be really 
simple, the generator can be either put on the seabed or on top on the device, near the surface but 
they have a lower efficiency and poor starting performances. (Khan, Bhuyan, & Quaicoe, 2009) 

 

Figure 23 Cross-axis turbines (Aquaret, 2008) 

One example of this type of turbine is the Blue Davis Hydro Turbine developed by Blue Energy 
Canada  Inc  since  2010.   It  is  a  four-bladed  vertical  axis  turbine.  The  rotor  is  mounted  in  a  caisson  
which acts like a Venturi by directing the water flow through the turbine. The caisson also houses the 
rotor, and supports the generator and electronic controls in a dry room above the water line. The 
turbines are designed to be fixed in an array named tidal fence or tidal bridge. They have a pilot of 
20-25  kW  tested  in  Canada  and  are  designing  a  farm  of  1  MW  for  a  demonstration  project  in  
Scotland.  
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Figure 24 Blue Davis Hydro Turbine 

3.4.3. Oscillating hydrofoil 
The hydrofoil moves vertically (or horizontally) due to lift forces created by the tidal stream flowing 
out  either  side.  The  motion  of  the  oscillating  arm  can  be  used  to  drive  a  hydraulic  system.  Only  5  
companies (6 % of the tidal power devices) are developing this type of system. 

 

Figure 25 Oscillating hydrofoil (Aquaret, 2008) 

One  example  is  Pulse  Tidal,  designed  by  a  British  company  created  in  2007.  The  motions  of  the  
hydrofoil drive a hydraulic circuit. Its advantage is that the blades are horizontal and consequently 
their length is not limited by the water depth. Since 2009, a 100kW prototype is tested in the mouth 
of  the  River  Humber  in  UK.  They  are  currently  building  a  1,2  MW  commercial  scale  but  its  
deployment is not expected before 2013.  

 

Figure 26 Pulse Tidal 

3.4.4. Other designs 
Other  systems  are  developed  (21  %  of  the  tidal  power  devices)  but  they  are  less  mature  than  
horizontal axis turbines. For example Flumill, a Norwegian company, is developing a system called 
Flumill Power Tower. It consists of two huge “screws” that can work with very low current speeds. It 
could be interesting for oceanic current applications. Minesto, a Swedish company, is developing 
Deep Green Technology. The system can also operate at very low velocity. It consists of a wing and a 
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turbine anchored to the seabed. It optimizes its energy conversion by adapting its trajectory. Using 
the addition of the kite velocity and the flow velocity, the power produced is increased.  

 

Figure 27 Flumill's system on the left and Minesto's one on the right 

3.4 Maturity 
Tidal current is almost mature and several systems of horizontal axis turbines are in demonstration. 
The nominal capacity of the demonstration systems is around 1MW per turbine. For the moment, it 
is not commercially viable (Rourke, Boyle, & Reynolds, 2010). Commercialization is expected in 2015.  

Today, major designs are developed or co-developed with important equipment manufacturers like 
DCNS, Alstom, Siemens, Saab and Rolls Royce. The technological leads are made by OpenHydro 
(installation of 4 tidal turbines in Paimpol in France for EDF), Marine Current turbines and Alstom.  

Europe is leading the development of this technology, followed by America. The two leaders are the 
UK, with 32 companies designing current conversion systems, and the USA with 25 companies. The 
following graphs represent respectively the repartition of the companies per continent and the major 
countries involved. Values have been calculated from the data base we have realized during this 
master thesis. 

Figure 28 Marine Current Turbines system (Seagen, 1,2 
MW) is tested and grid connected since 2008 in Ireland. 
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Figure 29 Repartitions of the companies involved in tidal stream development 

3.5. Discussion 
Compared to other sources of renewable energy, the tidal current power presents the advantage of 
being predictable, as tidal barrage. 

Tidal turbines are made of equipments which are similar to the ones used for wind power. This 
technological proximity has fastened the development of horizontal axis tidal turbine. The interest 
for vertical axis turbines in marine applications is smaller than for horizontal axis turbines probably 
because vertical axis turbines have presented some limitations for wind power production. 
Nevertheless, differences between wind power and tidal current power are numerous and the fail of 
vertical axis wind turbines doesn’t necessary imply the failure of marine current turbines of this type. 

As offshore wind power, structures are fixed on the seabed (pile or gravity base) today but floating 
structures, such as the system developed by Scotrenewables and partly financed by Total, will allow a 
deployment further away from the coasts in the near term.  

Life cycle analysis as well as energy payback time are not expressed. Those types of analysis could be 
an obstacle to the development of this technology. Moreover, abrasion and corrosion will be higher 
than in other systems since sand is transported by currents.  

Horizontal axis turbines are leading the tidal current development with 58 % of the current 
conversion systems of this type. This technology is proven and important actors like Alstom are 
already involved. After offshore wind, it will be the next mature technology.  

4. Waves 

4.1. Waves generation 
The complex phenomenon of sea wave is still under active research.  Wave formation is not a fully 
understood phenomenon nowadays.  

A sea wave is a mechanical wave which propagates at the interface of two fluids, water and air. 
When wind is blowing over a water surface, it creates agitation which results in waves, also called 
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“wind sea”. Then waves propagate. During propagation, waves are not called “wind sea” anymore 
but “swell”. Near shore, waves are influenced by the seabed. Frictions with the seabed reduce the 
wave energy. Wave shape will change, first symmetrically and then the front will become steeper. 
When depth and wave height will be almost the same, the wave will break. The following drawing 
represents this evolution.  

 

Figure 30 Wave generation and propagation (Energies2demain) 

The amplitude of the waves will depend on the wind characteristics (speed, duration and size of the 
surface it blows over, also called fetch). Because of the propagation, waves are estimable over a 
certain period by analyzing the wind: if we can estimate the winds, we can also estimate the waves. 
The most valuable waves are created by strong winds and have travelled over long distances. That is 
the reason why waves are important on the European western coasts. (Aquaret, 2008) 

4.2. Wave power 
Airy wave theory gives a first approximation of water particle motion in waves. This model describes 
the particle motions in deep water, where the mean depth of the sea bed D is superior to the half of 
the wavelength λ. Since, as presented previously, waves loose energy by friction on the seabed, most 
wave power systems are created to produce electricity using deep water waves. According to this, 
the Airy approximation is a good start to understand wave power. 

  

Several hypotheses are made: the fluid layer has a uniform mean depth and the fluid flow is inviscid 
(no resistance to shear stress), incompressible and irrotational. In this case, each particle has a 
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circular motion. The amplitude of wave particle motions decreases exponentially with depth. Its 
radius is given by the following formula: 

=      [m] 

with  a=  H/2:  the  amplitude  of  the  waves  [m],  z:  the  mean  position  below  the  surface  [m]  and  k  =  
2π/λ: the wave number [m-1].  

For this type of wave, the total wave energy per unit width per unit length of wave front is:  

= + = 
1
8

   [J/m²] 

with  : the sea water density [kg/m3], H: the difference between low and high positions [m] and g : 
Earth’s gravity [m/s²].  

According to this equation, the energy is more important at the surface and decreases with depth. 

So the power per unit width of wave front is: 

′ =  
1

32
  (  ) [W/m] 

with T: the wave period [s].  

The  wave  period  is  typically  around  5  to  10  seconds  (Twidell  &  Weir,  2006),  which  gives  us  a  
wavelength of 40 to 160 meters with ≈ 0,8 √ . According to that, the minimum depth in order to 
be in the Airy approximation is 20 to 80 meters and the corresponding wave number is between 
0.039 and 0.157 m-1. 

In  practice,  waves  are  not  a  single  sine  signal,  but  are  irregular  with  varying  period,  direction  and  
amplitude. In this case, the power per unit width of wave front is: 

= 
1

64
  (  ) = 491    [W/m] 

with Hs the significant wave height, which is the average height of the highest one-third of all the 
waves measured [m] and Te the energy period which is the period of the dominant oscillations [s]. 
(Twidell & Weir, 2006) 

As presented, the wave power is most of the time expressed per unit of length, along the wave crest 
or along the shoreline direction.  

4.3. Potential 
As presented before, waves are irregular in amplitude, phase and direction, and have a low 
frequency compared to the electrical generator’s needs. Moreover extreme winds can create huge 
waves that can damage the power extracting device. The most important power is generally available 
at an important distance from shore. Nevertheless this has other issues as maintenance and fixation 
difficulties. For practical reasons, protected and near shore areas are preferred for the moment. But 
progress in wave power could allow a deployment further from shore, in more powerful areas. 
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The world potential of wave power that is technically exploitable is estimated to be between 500 and 
4000 TWh/year. Wave power is generally given in kW/meter of wave front. The Horn cape presents 
the world maximum power available which is about 100 kW/meter of wave front. (Paillard, Lacroix, & 
Lamblin, 2009)  

The following map presents this potential around the coasts. An interesting location for wave power 
has a power between 20 and 70 KW/m of wave front. (Falcao, 2010) 

 

Figure 31 World wave power availability (Ocean Navitas) 

The resource is principally distributed along the coastlines at extreme latitudes as in UK, Iceland, 
France, Norway, Chile, South Africa, Australia and New Zealand. 

The wave resource is not well estimated and several systems are developed to improve the quality of 
the estimation of the resource and of the predictions. (Arinaga & Cheung, 2012) 

4.4. The different technologies 
Wave power devices concepts are numerous. They are at different stages of maturity but none 
seems better than the others for the moment. They all use the wave oscillations to produce the same 
final product: electricity. Numerous power take-off systems exist but the most common are air 
turbines, water turbines, high pressure oil driven hydraulic motors and linear generators. They all 
have to deal with the variability of waves. Due to the variation in the resource available during the 
time, most systems possess a control and/or a storage instrumentation to reduce this drawback, like 
a flywheel effect in air turbines, water reservoirs or gas accumulators in high-pressure hydraulic 
circuits. (Letcher, 2008) (Falcao, 2010) (IEA-OES; Powertech, 2009) 

To understand how they work, we can separate them into six different types. Nevertheless, other 
designs exist that can’t be classified. All different systems presented after are developed by several 
companies. Each one has designed its own way of producing electricity. For example, some will put 
their  generator  onshore  or  above  sea  level,  others  are  immerged.  Some  will  develop  an  offshore  
system, others an onshore one.  

4.4.1. Point absorber 
Numerous different  conversion systems of  this  type exist.  56 companies  (40 % of  the wave power 
devices) are developing this type of systems. A point absorber is a floating device near (more rarely) 
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or  at  the sea surface.  It  absorbs  wave energy from all  the directions.  It  moves in  all  the directions  
following the motions of the water particle in the waves. In this device type, short-term storage can 
be made using hydraulic accumulator pressure. (Letcher, 2008) 

 

Figure 32 Point absorber (Aquaret, 2008) 

As they are offshore systems, they exploit the depth water waves that are the most powerful ones 
(more than 40m). They can harvest more resource but the environment is harsher which causes 
mooring, transportation, installation and maintenance problems. They also need longer electric 
cables. (Falcao, 2010) 

This system can be separated into two categories: the systems with one oscillating body which 
relative movement compared to the sea bed are valorized; or the systems with two oscillating bodies 
and which movements of one body compared to the other are valorized. (Falcao, 2010) 

One example of a two-body system is the Power Buoy developed by Ocean Power Technologies, a UK 
and  US  company  created  in  1994.   Their  system  is  floating  at  the  surface.  The  movements  of  the  
floating buoy at the surface compared to the spar are used to run a piston and produce electricity 
with a generator located in the spar. The electricity is then transmitted to a submerged substation to 
increase the voltage before transmission to shore. After a failure in Spain, in 2008, they have 
installed a 40 kW prototype in Hawaii which is connected to the grid and is still in operation. In 2011, 
they deploy in Scotland their Power Buoy 150 (PB 150) of 150 kW. They have different deployment 
projects for the PB 150 and are doing research on the next generation, the PB 500.  

 

Figure 33 Power Buoy 

4.4.2. Attenuator 
The attenuator is probably the first system that comes to mind when people think about wave power 
because  of  the  media  coverage  of  the  Pelamis  system.  30  companies  (21  %  of  the  wave  power  
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devices) are developing this type of systems. The attenuator is a floating device. It is parallel to the 
direction  of  the  waves.  Wave  power  can  be  converted  into  electricity  by  exploiting  the  relative  
movements of one part compared to the others. 

 

Figure 34 Attenuator (Aquaret, 2008) 

The Pelamis is developed by Pelamis Wave Power, a British company created in 1998 and supported 
by important players like Carbon Trust or E-On. To produce smoother electricity, a storage system of 
pressurized oil is used. The first deployment in open water of the Pelamis in 2008 in Portugal was a 
failure due to various technical and financial issues. Nevertheless, after improvements on the system, 
they  deploy  a  new  750  kW  Pelamis  at  the  EMEC  in  Scotland.  This  one  is  under  tests  since  then.  
Another unit of the same size has been deployed also at the EMEC in 2011. Several other projects are 
under development.  

 

Figure 35 Pelamis 

4.4.3. Oscillating water column 
19 companies (13 % of the wave power devices) are developing this type of systems. An oscillating 
water column is a hollow structure partially submerged. It has two openings: one below sea level, the 
other at the top of the structure. Waves cause a vertical movement of the water column, which in 
turn compresses and decompresses the air column. This air can circulate to and from atmosphere 
through a turbine used to produce electricity. 

Most of the time, the turbine blades motion is independent of the air flow direction (from inside to 
outside or the opposite). One advantage of this technology is that moving parts are emerged and so 
corrosion issues are limited. Another advantage is that the air speed near the turbine is increased by 
reducing the section of the channel, using a Venturi effect. This allows the use of the slow wave 
motions to run a high speed turbine without any complex equipment. Every wave frequency has its 
own best cavity shape. To improve the efficiency of this device, the system can have multiple cavities 
or sensors which collect information and allow changes in the cavity shape or pitch the turbine 
blades. The design and the civil work for this system are critical and can have great influence on the 
energy production. This system can be onshore, near shore or floating and offshore. It can also be 
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integrated into a breakwater which presents the advantages of reducing the costs for civil 
engineering constructions, operation and maintenance. (Falcao, 2010) 

 

Figure 36 Oscillating water column (Aquaret, 2008) 

One example is the Wavegen developed by Voith Hydro, a joint venture between Voith and Siemens 
created in 1990. Since 2000, they are operating a shore-line wave power station Limpet in Scotland. 
Its capacity is 2 x 250 kW and it is connected to the grid. In 2011, they have installed a breakwater 
wave  power  station  of  a  capacity  of  330  kW  in  Spain.  They  also  have  a  future  project  of  4MW  in  
Spain. 

 

Figure 37 Wavegen 

4.4.4. Oscillating wave surge converter 
10  companies  (7  %  of  the  wave  power  devices)  are  developing  this  type  of  systems.  An  oscillating  
wave  surge  converter  is  a  structure  with  a  moving  arm  which  is  attached  to  the  seabed.  This  arm  
oscillates as a pendulum because of wave movements.  

 

Figure 38 Oscillating Wave Surge Converter (Aquaret, 2008) 

The  most  known  system  of  this  type  is  the  Oyster,  developed  by  Aquamarine  Power,  a  British  
company created in 2005. The system is for the moment designed to be placed on a 10 to 15 meter 
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deep sea bed and is almost submerged. The movements of the arm drive two hydraulic pistons. They 
send pressurized water onshore. There, a turbine uses this pressurized water to produce electricity. 
In 2011, they deploy one Oyster 800 (800 kW) in Scotland at the EMEC. Two further Oyster 800 are 
supposed to be installed at the EMEC in 2012 and 2013. Other projects are studied in Scotland, 
Ireland or USA.  

 

Figure 39 Oyster system 

4.4.5. Overtopping/Terminator device 
9 companies (6 % of the wave power devices) are developing this type of systems. Water from waves 
is captured in a reservoir situated above sea level. Captured water then passes through low-head 
turbines which generate electricity. This type of system can be onshore or offshore. Onshore, the 
system can be fixed. Offshore, it can have a variable height. As water is stored, this system can allow 
a smooth power production.  

 

Figure 40 Overtopping/ Terminator device (Aquaret, 2008) 

One example of offshore system of this type is Wave Dragon. It is a moored floating structure that 
has incurved collector arms to concentrate waves. Water is raised and stored above the sea level and 
its potential energy is transformed into electricity by running low-head turbines. The floating height 
is controlled to optimize the available head. A 4 MW prototype has been deployed in Denmark in 
2003 and is grid connected. Other projects are under development.  

 

Figure 41 Wave Dragon 
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4.4.6. Other designs 
Other  systems  exist  that  develop  different  way  of  harnessing  power  from  the  waves  (13  %  of  the  
wave  power  devices).  For  example,  Checkmate  Seanergy,  a  company  from  UK,  develops  a  system  
called Anaconda. It works on the blood circulation principle. Just as blood can circulate into our vein 
by the impulsion of the heart, water can flow into the rubber tube of the Anaconda using the 
impulsions of the waves. A bulge wave travels inside the tube. Outside wave exerts a pressure on the 
tube,  on the bulge wave,  that  increases  with  the size  of  the bulge.  At  the end of  the Anaconda,  a  
turbine uses this bulge wave to produce power. 

4.5. Maturity 
Wave energy technology is less mature than tidal current power. Few systems are in demonstration 
like Oyster 800, the oscillating wave surge converter developed by Aquamarine. Wave power 
industrial development will follow the one of tidal stream power and is not awaited before 2020.  

Like tidal stream power, Europe is dominating the development of this technology, followed by 
America. The two leaders are the USA, with 37 companies designing wave conversion systems, and 
the UK with 26 companies. The following graphs represent respectively the repartition of the 
companies per continent and the major countries involved.  

 

Figure 43 Repartitions of the companies involved in wave power development 

These wave power technologies are developed by numerous small companies sponsored by giant 
international industrialists like ABB, Alstom, SSE, E-ON, Siemens, Abengoa, Vattenfall, DCNS or EDF.  
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Figure 42 Illustration of the Anaconda 
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4.6. Discussion 
Wave power is attracting because it has an important potential. As offshore wind power, the 
potential  is  even more important  far  from shore.   The development of  this  technology could allow 
the deployment of some systems further from shore and wave power could play an important role in 
the future energy mix. 

Today, multiple technological options are investigated. Nevertheless, none have shown consensual 
superiority yet as opposed to tidal stream power where horizontal axis turbine is dominating the 
market.  

Some technological issues limit the development of those systems. Compared to tidal streams that 
are highly predictable, waves can be irregular over time. They have various amplitudes, frequencies 
and directions even at the same location. This makes the generation of continuous power for the grid 
more difficult. As presented before, various solutions are used to buffer the oscillations like 
compressed air, water or fluid storage. 

Another  limiting  aspect  is  the  life  time  of  those  systems.  To  convert  a  large  quantity  of  energy,  
systems have to be installed in areas with important resource, so with important waves and far from 
shore. Installation and maintenance will be even more challenging.  

Floating systems, like point absorbers and attenuators, are transforming their movement into 
electricity. They need to resist important waves and at the same time they have to exploit those large 
waves to produce power. The issue is to resist and valorize strong waves at the same time.  

In the coming years, the technological race for wave energy will focus on a reduced number of 
equipments and hence hopefully allow its commercialization. 

5. Thermal gradient 
 Oceans and seas are huge solar energy receivers. Surface waters are warmer than deep waters. In 
the Torrid Zone, the temperature difference between the surface and water at one kilometer depth 
is over 20°C. It is possible to exploit this temperature difference in a thermodynamic cycle to produce 
electricity.  

 
 

5.1. Thermal gradient power 
Using a thermodynamic cycle, the power given up by the working fluid in an ideal system is: 

Figure 44 Schematic representation of the thermodynamic cycle 



Harvesting energy from the sea 

Mathilde Leclercq (860825-A180)  
 

  Page 
33 

 
  

=     ∆  [ ] 

with c : the specific heat capacity [J/kg.K], Q : the flow rate [m3/s], ∆ =  −  : the temperature 

difference [K] and   : the density of the working fluid [kg/m3].  

5.2. Potential 
The main problem of ocean thermal energy conversion is that the efficiency is low because of the 
small temperature difference. For example, we can calculate the theoretical maximum efficiency, 
which is the Carnot efficiency: 

= 1 −   

If we consider   = 5 °C = 278 K and  = 25 °C = 298 K, the Carnot efficiency is 6.7 % and the 
real efficiency stands between 2 and 3 % (Twidell & Weir, 2006), which is very low compared to the 
efficiency of 40 % of a gas turbine.  

For good sites (ΔT = 20 °C), with an efficiency of 3 %, to produce 1 MW, we will need a flow of 1430 
t/hour according to the following calculations: 

=
  ∆  

=  
1. 10

10 . 4,2. 10 . 20.0,03 
= 0.4 = 1430 /ℎ 

This system requires important flow as well as large and expensive constructions to convey huge 
water quantities. Another drawback is that when deep cold water reaches the surface, part of the 
dilute CO2 is released. If 50 % of this CO2 evaporates, we emit 0.1 kg/kWe, which is still better than 
the 0.8 kg/kWe emitted by fossil fuels in electricity production. (Twidell & Weir, 2006) 

Moreover, the temperature difference between surface and deep waters varies along the year. This 
variation  is  less  important  in  the  region  between  the  Tropics.  This  region  is  moreover  the  area  of  
interest for the development of this technology because a minimum of 22°C temperature difference 
is necessary to produce power with a reasonable efficiency. 

 

Figure 45 Temperature difference between surface water and water at 1 km depth 

The most important potential is located around the Equator (Africa (from Sierra Leone to Congo), 
Indonesia, and America Latina (from Brazil to Venezuela)). The world exploitable potential is 
estimated to be around 10 000 TWh/y (Thermal Energy). Nevertheless, actual production costs 
reduce the interest of this technology to insular areas.  
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5.3. Electricity production 
Three thermodynamic cycles can be used for electricity production in OTEC (Ocean Thermal Energy 
Conversion) applications. 

5.3.1. Closed-cycle 

 

 

In a closed-cycle, a working fluid with a low boiling point is used. This fluid is heated by the warm sea 
water from the surface. The working fluid can typically be ammonia. The fluid vapor is used to run a 
turbine and so generate electricity. The cold water of the seabed is used to condense the vapor, 
which is then cycled back. 

5.3.2. Open-cycle 

 

 
In an open-cycle, the warm seawater from the surface is directly pumped into a vacuum chamber. 
There it is “flash-evaporated”. The saturated seawater, when entering in the vacuum chamber, 
undergoes a pressure reduction. Part of the seawater immediately “flashes” into water vapor. The 
part that remains liquid is not used after. As water molecules are more volatile than salt, the vapor 
resulting from the flash-evaporation is desalinated. This vapor enters the turbine and produces 
electricity. The exiting vapor is then condensed by using the cold water from the seabed. Desalinated 
water is produced. 

Figure 47 Schematic representation of an open-cycle 

Figure 46 Schematic representation of a closed-cycle 
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5.3.3. Hybrid-cycle 

 

 

The hybrid-cycle combines the benefits of the two previous ones: it produces desalinated water and 
uses another fluid than water to run the turbine. The evaporator is separated into two parts: the 
flash evaporator and the “normal” evaporator. The flash evaporator is used, as in the open-cycle, to 
produce hot desalinated water vapor from the warm seawater. In the open-cycle, this warm water 
vapor is used directly in the turbine. In this cycle, this vapor is used to heat the working fluid. As in 
the closed-cycle, this working fluid must have a low boiling point. The fluid vapor runs the turbine to 
produce electricity. It is then condensed by the cold seawater to be cycled back as in the closed-
cycle.  

5.4. Other utilizations 
As described previously, the ocean temperature gradient can be used to produce electricity. When 
using an open or a hybrid cycle, desalinated water can also be produced. This water is fresh enough 
for municipal and agricultural uses (Pelc & M.Fujita, 2002).  

Deep water can have a lot of different applications. The cold deep water contains lots of nutrients 
which are useful for fish nutrition and also increase surface photosynthesis of phytoplankton. This 
can be particularly attractive for marine farming. The cold water can also be used for air conditioning 
or to cool engineering plants. (Twidell & Weir, 2006) 

This last application, named SWAC (Sea Water Air Conditioning) has been used for several years. 
Stockholm city is using cold sea water for its district cooling system since 1995. Since 2006, the hotel 
International in Bora-Bora is also using this technology. It allows, according to them, to realize 90 % 
of economies compared to a conventional air conditioning system. A polyethylene pipe of 400 mm 
diameter  and  2300  m  length  sinks  to  900  m  depth  where  water  is  cold  enough  for  the  air  
conditioning system. Cold sea water is pumped and used to cool the refrigeration fluid. (Wary)  

5.5. Maturity 
The history of this technology is quite complicated and this makes the present situation not clear. In 
1881,  a  French  physicist,  Mr  D’Arsonval,  creates  the  OTEC  concept  of  using  the  thermal  energy  
present between surface seawater and deep seawater. Since then, several projects have been done 
like  an  open-cycle  OTEC  plant  of  210  kW,  operated  at  NELHA  (Natural  Energy  Laboratory  Hawaii  
Authority) between 1993 and 1998. New heat cycles, like the Kalina one in 1985 and the Uehara one 
in 1994, have permitted to increase the conversion efficiency to optimize the low thermal head 
between deep and surface water (Kobayashi, Jitsuhara, & Uehara). Nevertheless, OTEC is still not 

Figure 48 Schematic representation of a hybrid-cycle 



Harvesting energy from the sea 

Mathilde Leclercq (860825-A180)  
 

  Page 
36 

 
  

commercial. This system is less mature than wave power. It commercialization is not awaited before 
at least 2025. 

Nowadays, DCNS is also working on this subject and plans to build an OTEC plant in the French West 
Indies.  Several projects of SWAC utilizations are also studied. 

5.6. Discussion 
This technology presents different advantages: it has a great potential, the resource is available over 
a  relatively  large  area,  it  is  a  continuous  source  of  energy  and  it  is  supposed  to  have  low  
environmental impacts. Nevertheless, low efficiency and large investment costs due to important 
water volumes needed limit its development for electricity production. 

To  reduce  the  investment  costs  per  MW  installed,  systems  have  to  be  large  enough.  This  leads  to  
investigations for offshore installations since places along the shore are limited. However, 
constructions of large offshore structures and connections to the grid increase even more the 
installation costs. It is necessary to test and find low cost heat exchangers and pipes and to develop 
more compact systems. Another way to reduce those costs, co-generation, that has already proven 
its benefits in other sectors, could be a solution. For example, as presented before, systems can 
produce electricity and fresh water, or use the nutriments contained in deep waters for fish 
nutrition. Nevertheless co-valorization is quite expensive and the benefits compared to the 
investments are not well evaluated for the moment.  

Moreover, regions with important ocean thermal energy resource also have important solar resource 
for example. Electricity generation will probably be done by another way in those areas. 
Nevertheless,  direct  use  of  deep  cold  water  for  air  conditioning  seems  easier  to  develop  than  
electricity generation.  

For electricity production, those systems could probably get developed in areas where electricity is 
really expensive and where other production ways are limited. 

6. Osmosis 

6.1. Principle 
When two solutions of the same solvent, but with different solute concentrations, are separated by a 
selectively permeable membrane (permeable to the solvent or the solute), solute concentrations will 
tend to be equal (either by solute or solvent migration).  

In the case of fresh and salted water, the liquids are separated by a semi-permeable membrane 
which  is  only  permeable  to  water.  Fresh  water  goes  through  the  membrane  from  the  less-
concentrated to the more-concentrated solution until the two solutions have the same 
concentration. 

http://upload.wikimedia.org/wikipedia/commons/0/07/Osmose_fr.svg
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Figure 49 Osmosis principle 

Both solutions, the dilute and the concentrated, have an osmotic pressure. The osmotic pressure   
of a solution is given by the Van’t Hoff equation: 

. = −  ln (1 −  ) 

with  the osmotic pressure [Pa], V the molar volume [m3/mol],  the solute molar fraction,  the 
solvent activity coefficient, R the gas constant and T the absolute temperature [K].  

For a very dilute solution such as fresh water and even sea water,  is around zero and  around 
one.  This can be approximated to:  

=  

with c the solute concentration [mol/m3].  

In our case, the two solutions are fresh and sea water. For both solutions, we can use the previous 
equation. It gives us : 

∆ =  −  

As  the concentration of  salt  is  really  low in  fresh water  (less  than 1  g/kg of  water),  we neglect  the 
osmotic pressure of this solution. According to that, we deduce:  

∆ = = + = (  + ) = 2   

The salt concentration of sea water is approximately 35 g/L of NaCl. At 20°C, the theoretical osmotic 
pressure is about 29 bars. This represents a water column of approximately Δh = 290 m.  

6.2. Potential 
The theoretical world potential is estimated to be 2000 TWh/year. The resource is located in large 
estuaries which limits the number of possible locations. 

        solvent-permeable membrane 

solvent 

solutes 
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6.3. The different technologies 

6.3.1. The pressure retarded osmosis: PRO 

6.3.1.1. Description 

 

Figure 50 Schematic representation of a PRO plant 

A PRO plant uses osmosis. Basically, it uses two water flows: one of fresh water and one of sea water. 
The fresh water stays at the atmospheric pressure P0 and the salted water is maintained at P1, which 
is  around  10  to  15  bars  (Gerstandt,  Peinemann,  Skilhagen,  Thorsen,  &  Holt,  2007).  80-90  %  of  the  
fresh water goes through the membrane due to osmosis into the pressurized sea water (Skilhagen, 
Dugstad, & Aaberg, 2008). Salinity (S) of the salted high pressure water is reduced (from S1 to S2) but 
its  volumetric  flow is  increased,  getting  from Qs to  Qb =  Qs +  (80-90% Qf).  Part  of  this  pressurized 
flow  (1/3  Qb  =  80-90  %  Qf)  is  used  to  run  a  turbine.  High  pressure  P1 is necessary to produce 
electricity. The other part of the pressurized salted water (2/3 Qb = Qs) goes through a pressure 
exchanger,  which  recycles  the  pressure.  This  allows  us  to  get  a  high  pressure  high  salinity  flow  
entering the membrane module.  With a  sea water  pressure of  15 bars  and 90% of  the fresh water  
passing through the membrane, the turbine produces approximately 1MW for a fresh water flow of 1 
m3/s, assuming an efficiency of 80%. 

In the membrane module, two phenomena are opposed: the salinity difference which creates an 
osmotic pressure  ∆  and the hydrostatic pressure difference ∆ = − . 

 
Figure 51 Pressure next to the membrane 
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The osmotic pressure ∆  has to be higher than the hydrostatic pressure difference ∆  to make the 
fresh water going through the membrane. If we increase the pressure P1 of the salted water, we 
increase the power that can produce the turbine but at the same time, we reduce the difference 
between the osmotic and the hydrostatic pressure and so reduce the flux Qb going through the 
membrane. Conciliation on the pressure of the sea water has to be found between high pressure 

needed for the turbine and low pressure needed to increase Qb. The optimum is ∆ =
∆  

. (Achilli, 

Cath & Childress, 2009) 

6.3.1.2. Key parameters of this technology 
The membrane is the determinant part of the system. All other elements (pipes, pressure exchanger, 
turbine…) are well known.  

The membrane is composed of two layers: a non-porous layer, the membrane skin and a porous 
support which is used to support the membrane skin. The membrane needs a high permeability to 
water  but  impermeability  to  salt.  The  structure  of  the  porous  layout  is  important  to  minimize  the  
accumulation of salt in it. This accumulation lowers the membrane performance by reducing the 
osmotic pressure from ∆  to ∆  . 

 
Figure 52 Reduction of the osmotic pressure (Post, et al., 2007) 

The different membranes tested for this use are inspired from the membranes used in reverse 
osmosis to produce desalinated water, thin-film composite (TFC) membranes and cellulose acetate 
asymmetric membranes. (Gerstandt, Peinemann, Skilhagen, Thorsen, & Holt, 2007) 

6.3.2. The reverse electro dialysis: RED 
Fresh and sea water are separated by ionic selective membranes of two different types. Some are 
cation exchange membranes, others are anion permeable. They are organized in an alternating 
pattern between the anode and the cathode. Spaces between the membranes are alternatively filled 
with sea and fresh water. Salinity difference creates a chemical potential difference over the 
membranes,  which  creates  the  movement  of  ions.  The  electric  potential  is  the  sum  of  all  the  
potential differences over all the membranes. Saline ions (Cl- and Na+) travel through the 
membranes and create electric current. Anions (Cl-) are attracted by the anode where they do an 
oxidation and cations (Na+) do a reduction at the cathode in order to maintain the electro-neutrality 
of the solution. This causes the transport of electrons in an external electric circuit from the anode to 
the cathode. (Post, et al., 2007) 



Harvesting energy from the sea 

Mathilde Leclercq (860825-A180)  
 

  Page 
40 

 
  

 
Figure 53 Schematic representation of the RED principle 

6.3.3. The vapor pressure difference utilization: VPDU 
This system works on the same principle as the PRO technology. Nevertheless, instead of using 
liquids, it takes advantage of the pressure difference between salted and fresh water vapors to 
generate electricity.  

6.4. Maturity 
Even if the potential of this technology is quite important, technological limitations reduce its 
interest. The resource is localized which limits even more the interest for electricity production via 
osmosis. Those technologies are too expensive and not mature for the moment. Research on 
membrane is needed for a possible future commercialization. 

Only three companies are developing this kind of technology. Statkraft, an important Norwegian 
company, is leading the research of the PRO development. In 2009, they install the first prototype (2-
4 kW of power with a power density of the membrane of 1 W/m²) in Tofte in Norway. Redstack and 
Wetsus, two Dutch companies, are leading the RED development but don’t have any prototype for 
the moment.  

The commercialization is not awaited before 2025, even if Statkraft is very optimistic for the 
development of the PRO technology. 

6.5. Discussion 
This source of energy is interesting since it is continuous and has a large potential. Nevertheless, it is 
localized and technological limitations are too important for the moment. It is the most challenging 
technology since a technological breakthrough is necessary to start a commercial development. The 
membrane size and performances have to improve. Moreover, as stated previously, the resource is 
localized in large estuaries. In those areas, water quality is poor. Particles are in suspension and 
membranes will require being easily washed.  

Membranes are a technological issue in other areas like in reverse osmosis, fresh water production 
and filtration. Those applications are more developed than osmosis for electricity production. This 
allows us to think that the improvement in membrane will come from another business and 
electricity production will benefit from those advances.  
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7. Limitations to marine development 
Beside the costs of systems that convert marine energy into electricity, other limitations exist for the 
development of this type of offshore structures. 

7.1. Offshore environment 
The issues linked with offshore environment can be separated into three categories: the difficulties 
for installation, the ones for maintenance and the resistance to a harsh environment.  

Offshore installation is difficult due to problematic access to marine environment, especially in areas 
with important winds, currents or waves. Moreover specific equipments are required for this type of 
operations. Those equipments like specific boats for the transport of the system or for transporting 
or installing the cables, are in limited number and quite expensive to rent. Meteorological conditions 
can also have an important influence on the installation process. They can delay the installation and 
consequently generate over costs. To avoid it, the development of reliable systems with easy and 
quick installation is required. 

Offshore maintenance has similar issues than offshore installation, like difficulties to access the area, 
requirement of specific equipments… Beside those problems, maintenance is also harder for offshore 
structures than for onshore. For a submerged system, offshore maintenance requires either divers or 
submersible robots or systems that can be brought onshore. For those reasons, marine energy 
conversion systems have to be highly reliable. Maintenance has to be easy by using modular systems 
or ones that can be brought back onshore for reparation.  

Areas with important resource are also areas with harsh environment. Marine energy conversion 
systems have to resist to the storms, large waves or important currents. Previous unfortunate 
histories like the fail of the installation of the Pelamis in Portugal in 2008 or the lost of the blades of 
the Open Hydro turbine installed in Fundy Bay in Canada in 2009 are examples that remind us the 
offshore difficulties. Tests in tanks allow first estimations on a system but can’t replace tests in real 
conditions. Moreover, anticorrosion and watertight systems are required. 

Systems have to be tested before offshore deployment, have to be highly reliable and easily 
transportable to limit installation, operation and maintenance costs.  

7.2. Structures 
Different types of foundations are developed for marine energy conversion systems. They can be 
separated into seabed fixed ones and floating ones.  

The seabed fixed ones are the most used for tidal stream and offshore wind power systems. We can 
distinguish two different ones: the gravity base structures that lie on the seabed and remain at their 
position due to their weigh, and the piled structures that are fixed on a pile which is driven into the 
seabed.  
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Figure 54 Examples of seabed fixed structures 

Fixed structures are cheaper, better known than floating ones and are suitable for low depth. Since 
for the moment, marine energy is produced near shore, those systems are perfectly adapted. 
Nevertheless, their installations require preparation of the seabed or drilling which affect marine life 
and can have some environmental impacts. Their decommissioning is also problematic since during 
their operation life time those structures will probably create a new ecosystem. Another 
disadvantage is that the use of those structures is limited by water depth.  

Floating structures are at or below the surface and anchored to the seabed. They are not fully mature 
yet. They have less impacts on the marine environment during their installation, operation and 
decommissioning. Their future development could allow a deployment further from shore, allowing 
by the same way to increase the potential of marine energy. 

 

Figure 55 Example of floating structure 

7.3. Power evacuation and grid connection 
The development of offshore energy production causes two problems: the evacuation of the 
produced power and the grid connection. Injection in the grid of power produced by marine systems 
affects the voltage quality since this production is not fully sinusoidal and presents some 
irregularities. Utilities have requirements on the voltage quality and can limit the penetration of 
marine power in the grid. The grid has to be strong enough, which means with an impedance small 
enough, to allow some small disturbances in the power production without affecting too much the 
power quality.  

Power evacuation from offshore is also difficult since cables are quite expensive and require to be 
buried. This burying is expensive since specific boats and equipments are needed. Moreover, the 
dismantlement could have large environmental impacts. Leaving the cables de-electrified after their 
use could be less harmful but did not seem an acceptable solution as well.  

For electricity transportation, two possibilities exist: the current can be alternative (AC) or direct 
(DC). Alternative current presents the advantage of allowing an easier voltage increase for 
transmission using transformers. While keeping the same power value P, an increase of voltage 
creates a drop in intensity and consequently a diminution even more important of Joule losses. For 
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the moment alternative current is used for offshore power evacuation since it is cheaper for 
distances lower than 50 kilometers. Nevertheless, direct current (DC) seems to be the future 
transmission system. It needs fewer cables, has no induction losses but requires power electronic to 
increase/decrease the voltage. Those power electronics are too expensive for the moment which 
makes those DC transmissions viable for long distance only (superior to 50 km offshore). They are 
supposed to become cheaper in the next years since semiconductor price is willing to decrease. 
Moreover, DC allows a better control of the power quality. 

HVAC (High Voltage Alternative Current) is the cheapest and the most used transmission solution for 
distances inferior to 50 km for the moment. In the future, the expected cost reduction and the 
increasing need of power control will probably make HVDC (High Voltage Direct Current) the best 
suitable solution.    

To reduce the connection problem to the grid, especially the intermittence of the power production, 
storages  can  be  developed  as  well  as  tools  to  evaluate  the  production.  It  could  lead  to  a  better  
prevision and management of the resource. 

7.4. Occupation of the oceans 
A major issue in the development of offshore structures is the share of the marine space. All the 
regions with important marine energy potential can be used for marine energy production. Some 
areas are major marine traffic roads, others are fishing regions, some are protected, and others have 
intense touristic activities… 

All those parameters have to enter in the discussion when people are thinking of developing a type 
of marine energy. 

Countries want to increase the size of their marine area. Laws will be required to regulate the access 
to marine resources. 

8. Comparison and roadmap of the different marine energies 
In the previous parts, we presented the different marine energies separately. In this section, we will 
summarize what we have seen and compare the marine energies.  

8.1. The different marine energies 
As we explained,  all  the marine energies  don’t  have the same source.  They are  all  produced in  the 
sea but they don’t use the same source of energy in it. The following graph presents the different 
sources of energy and the different marine energies that can be exploited.  

The first source is tides. They produced two types of energy: tidal range and tidal current. The second 
one is wind which can be exploited directly by putting wind turbines offshore and indirectly by 
exploiting wave power. The third one is the thermal gradient which can be used in ocean thermal 
energy conversion. The last one is salinity which is used  in the process of osmosis. 



Harvesting energy from the sea 

Mathilde Leclercq (860825-A180)  
 

  Page 
44 

 
  

 
Figure 56 The different marine energies and their sources 

8.2. Marine energy resources 
Previously, we have presented the exploitable potential of the different marine energy sources. 
Those values have been evaluated from a benchmark on different sources (Paillard, Lacroix, & 
Lamblin, 2009; Benoit, 2010; IEA - OES, 2007; Gauthier, 2005; World Energy Council, 1994; Carbon 
Trust, 2006; Statkraft). The following graph presents an estimation of the exploitable potential of the 
different marine energies.  

Large uncertainty exists on the value of the potentials, especially for wave power. When looking at 
those values, we have to keep in mind that those potentials consider that governments or other 
organizations are financing marine energy development. Right now, no technology, except tidal 
range, is economical without any subsidies.  

 

Figure 57 Estimated exploitable marine energy potential, with their uncertainty 
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To compare the different marine energy sources, the exploitable potentials are not the only 
parameters that should be analyzed. The location is also a key parameter. A high potential in areas 
that are not willing to develop those energies is not interesting. 

All the resources of marine energy are not situated in the same areas. The following map represents 
the interesting areas for the different marine energies. The osmosis locations are not represented on 
this map. As stated previously, potential of osmosis is located in large estuaries. Nevertheless, 
studies on osmotic power are focusing on the improvements of the power generation more than on 
the locations and the representation on a map of the different estuaries around the world has not 
seem relevant compared to the maturity of osmosis for electricity generation.  

 
Figure 58 Interesting locations around the world 

The OTEC (Ocean Thermal Energy Conversion) resource is situated between the Tropics, in areas with 
large temperature difference between the surface water and the deep water (> 22°C). As presented 
in the OTEC part, OTEC electricity production is expensive and its development will be easier in 
regions with high electricity price as it is the case in islands. Several islands are situated in areas with 
interesting OTEC potential as Caribbean or Indonesia for example. SWAC (Sea Water Air 
Conditioning) will probably develop in those areas but it still requires financial supports. 

In high and low latitudes, the wave power resource is important. This is the direct consequence of 
the large winds blowing over those regions. For the moment, the available resource is located near 
shore. The development of the technology and of offshore electricity connection could allow a 
deployment further from shore, where the resource is even more important.  

Tidal resource is more localized. Tidal barrage possible locations are spots situated where the 
topography could allow the construction of a barrage. The development of offshore tidal barrage also 
named artificial lagoons presented previously could increase the number of possible locations and 
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allow a larger deployment. Tidal stream resource is also localized but less than tidal range one. For 
the moment, it is also localized near shore since the structures are fixed. 

A good location for the installation of a marine energy system is a place with an important resource, 
where the system will have a low environmental impact, where there is no conflict for the use of the 
area and where installation, maintenance and grid connection costs will be limited.  

8.3. Comparison and roadmap 
To further compare the different marine energy sources, we have to take into account other 
parameters. The following table proposes such a comparison (Statkraft; Paillard, Lacroix, & Lamblin, 
2009; Ifremer, 2011; IEA-Energy Technology Network, 2010). The criteria list is not exhaustive.  

 
Figure 59 Comparison of the different marine energy sources (Statkraft; Paillard, Lacroix, & Lamblin, 2009; Ifremer, 2011; 

IEA-Energy Technology Network, 2010) 

As stated before, tidal range is the most developed technology. It is fully mature but its future 
development will probably not be really large because of the important investment costs, the 
environmental impacts, the limited potential exploitable and the limited number of sites available.  

Tidal stream power and wave power are supposed to be the next mature technologies. Pilots and 
even demonstration units are already tested. They have the same scheme of development: they are 
small units that will be put together to create larger farms. This is similar to wind power. The fact of 
putting  units  together  allows  a  better  reliability,  since  the  failure  of  one  small  capacity  unit  is  less  
problematic than the failure of a larger one.  Tidal stream is more mature that is why we suppose it 
will be commercial (with subsidies) before wave power, probably in 2015. Wave power, even if it is 
less mature, will  develop because it has an interesting potential.  Wave power will  benefit from the 
experience and progress  of  tidal  stream power to  develop.  As  stated in  (Mueller  & Wallace,  2008),  
marine energy development is 10 to 15 years behind the wind industry in terms of development. 
Nevertheless, the offshore wind development will lead the way for the rapid growth of tidal stream 
power and wave power in the coming years.  

In  the  following  figure,  we  have  tried  to  summarize  this  table.  We  can  identify  two  “groups”  of  
marine energies: the ones which will develop due to their potential, their expected prices and their 
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present maturity are offshore wind, tidal stream and wave powers; and the ones that will not have 
the same large development due to their costs and the possible locations for them are tidal range, 
osmosis and thermal powers.  Thermal power presents the advantage of being a continuous source 
of energy and so will develop in areas where electricity price is high like in tropical islands. 

 

Figure 60 Maturity, costs and potential of marine energy 

The following figure presents the roadmap this study has permitted to draw for marine energy 
development. Values are collected from (Esteban & Leary, 2012; Aquaret, 2008; Carbon Trust, 2006; 
Indicta, 2011; Ernst & Young, 2011). 

 

Figure 61 Possible marine energy roadmap 

As stated previously marine energy development will face different challenges before being fully 
commercial as the importance of being able to predict the amount of energy that will be produced, 
predict the weather, the necessity of quick and easy installation, maintenance and decommissioning, 
a high reliability, the sea occupation, the grid connection… But we can expect that offshore wind 
development will solve some of those issues and allow a rapid growth in marine energy. 

If we have a look at the situation until 2050, we will probably see a different scenario. According to 
the limited number of sites and the limited resource for tidal stream power, the development of this 
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technology will  probably  decrease after  2030,  if  all  the very  good “spots”  are  exploited.  This  could 
open the way to the development of smaller systems suitable for areas with less potential. Wave 
power development will be a constant increase in installed capacity since the resource is way more 
important  if  we  manage  to  go  further  from  shore.  The  future  of  those  different  energies  is  really  
uncertain. It will depend a lot on government will and subsidies. 

Conclusion 
The oceans and seas represent a huge source of energy. In the coming years, only a small part could 
be used for electricity production due to important costs linked to its utilization. The development of 
marine energies will require a significant technological development. Now that marine energy 
conversion is well understood, the structures will need to prove their efficiency, their reliability and 
their easy maintenance. Life cycle analysis will be necessary to understand the real impacts of those 
structures and a good estimation of their energy production. Is their energy production largely 
superior to the energy necessary for their manufacturing, installation, maintenance and 
decommissioning? Do we have a good understanding of the resource available? How can we 
evaluate the impact of the development of marine energy conversion systems? What are the 
environmental and biological impacts? How can we solve conflict on the occupation of the area? 
Those questions need to be solved and a strong political investment is required for a rapid and 
sustainable development of marine energies.  

Large utilities are already involved. For example, EDF, the French leader in electricity production, has 
already chosen its partners. They have agreements with Carnegie for wave power and with Open 
Hydro for tidal stream. EDF Energy, its subsidiary in UK, has also a partnership with Marine Current 
Turbines. Those partnerships made by technological developers with large and powerful utilities will 
help and support their development by giving the marine power manufacturer the financing support 
they need. On the other hand, they are also beneficial for the utilities, allowing them to enter the 
marine energy development. With the large number of systems that is developed, finding a partner 
with a reliable technology is essential.  

In the coming years, the increase of the world energy demand will require energy production from all 
possible sources. I am convinced that marine energy will play a role in the energy mix in the future.  
Nevertheless, this type of energy will develop first in regions where electricity price is high like in 
islands for example. The recent agreement of December 2011 between the EMEC (European Marine 
Energy Centre) and the OUC (Ocean University of China) for the development of a wave test center in 
China is one more proof that marine energy is not just fiction but will be a reality. Nevertheless, lots 
of work is still needed.  
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