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I INTRODUCTION 

In the last decade, the term òwater-energy nexusó gained popularity in the 

international research field  [1]ð[3]. Despite there is no official definition, this term 

underlines the relevant link s existing between energy and water sectors. 

Historically, in 1994 Peter Henry Gleick analyzed for the first time the connections 

existing between these two fields [4]. Indeed, the entire energy sector depends on the 

availability of water  in different ways . Starting from the raw energy sources, water is 

required  to extract fossil fuels and to irrigate the feedstock crops used as biomass. Water 

is also utilized  as processing fluid, for example to refine and transport the fossil fuels , or 

in other industrial processes to transform  foods and other materials.  

Water is adopted as energy carrier, for example in the local heating district 

network.  In steam power plants, water is used as working fluid and cooling energy 

carrier. Finally, in hydropower plants water is used as energy source, converting its 

potential energy into electrical energy.  

At the same time, water needs several treatments requiring huge amount s of 

energy in order to make it usable for  industrial applications  or for drinking purpose s. 

Indeed, energy is required to transport water from a r egion to another one or to remove 

bacteria, sediments, salts and other undesired substances [4]. Among these processes, 

desalination is undoubtedly the most energy consuming treatment required to obtain 

freshwater [5]. 

It is remarkable that energy and water sectors do not form a closed loop, however 

the several examples above reported highlight the strong relations existing between 

these two sectors. Consequently, the increasing of the energy demand corresponds to a 

grow th in water consumption and vice versa.  

The water-energy nexus is also considered in the international developing plan s. 

As an example, in 2014 the US Department of Energy published the official report òThe 

Water-Energy Nexus: Challenge and Opportunitiesó, resuming firstly the several 

relations existing between these two fields, then listing  the potential consequences from 

the climate change, and finally reporting the  possible solutions to limit the effects [3]. 

Due to the population and econom y growth in many regions of the world , the 

water and energy demands are currently increasing, representing a relevant problem to 

deal with.  

In order to assure a sustainable development, water and energy demand must be 

managed properly. In fact, both topics are considered in the 2030 Agenda for Sustainable 

Development, emitted by the General Assembly in September 2015 [6]. 

In detail, the Agenda considers 17 Sustainable Development Goals. Among these, 

the goal 6 is òEnsure availability and sustainable management of water and sanitation 

for alló and the goal 7 is òEnsure access to affordable, reliable, sustainable and modern 

energy for alló [6]. 
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Focusing on the energy sector, the ratification of the Kyoto Protocol (2005) and the 

following Paris Agreement (2015) represented two important milestones in the hard 

endeavor of the global warming containment  [7], [8].  

The main target is the limitation of global warming to òwell below 2 ÁCó, in 

comparison with the preindu strial levels [9]. In particular, the Paris A greement imposed 

a maximum global warming of just 1.5°C as threshold.  With the signature of the 

agreement, 174 Countries (plus the European Union) are now obliged to adopt specific 

energy policies in order to contain the CO2 emissions [7]. 

This international cooperation is due by the fact that the consequences of global 

warming could be dramatic for the mankind: melting of glaciers, increasing of the 

deserts extension, increasing of the sea level, increasing of the probability of extreme 

weather conditions like  hurricanes and storms, water scarcity and limited availability of 

foodstuffs  [10]. 

I.1 Energy statistics  

It is estimated that the energy sector is related to the emission of about two-thirds 

of all anthropogenic greenhouse-gas emissions, with a special relevance of CO2 [11]. 

To limit the effects on the environme nt, recent studies prescribe the applications 

of immediate energy policies in order to achieved the zero net anthropogenic 

greenhouse gas emission before the second half of the 21st century [12], [13]. 

As well known  in literature , there are two main techniques to contain the rate of 

greenhouse gas emission in a sustainable way [14]: 

¶ Abandon inexorably  the use of fossil fuels, promot ing the installation of 
power plants supplied by Renewable Energy Sources (RES); 

¶ Reduce the primary energy demand in final user s, through the adoption of 
more efficient technologies and smart control of the systems, optimizing 
the energy consumption. 

Both approaches are necessary to maximize the benefits from an environmental 

and economic point of view,  since the different targets. Indeed, the adoption of the first 

method reduces the impacts on the environment, not modifying the total energy demand 

but transferring the energy production from fossil fuels to RES. On the contrary, the 

second approach modifies the total energy demand of final users, by the introduction  of 

more efficient and smart technologies. 

As shown in Figure I.1 (left) , in the last three decades the world electricity demand 

has been growing from 11.88 PWh/y  in 1990 to 26.59 PWh/y  in 2018, with an almost 

linear trend [15]. 

The main growing con tribution is related to Asia, wh ose annual electricity  

production has been expanding from 2.25 PWh/y  in 1990 to 12.01 PWh/y  in 2018, so 

almost six times in about 30 years. About the share of energy sources adopted for the 

electricity production, fossil fuels continue to have a dominant role, although natural gas 
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is nowadays preferred to  oil , as shown in Figure I.1 (right)  [16]. It is important to 

underline that each item in the graph has increased in absolute terms in the period 2000-

2017. 

 
Figure I.1 World e lectricity production by regions  and share of energy s ources  

Indeed, as shown in Figure I.2 in the last years new power plants supplied by fossil 

fuels have been installed, however from 2015 the growth of RES has been greater than 

the fossil fuels [16].  

 
Figure I.2 Annual trend of the addition of power generation capacity  

A recent IRENA report highlights the notew orthy expansion of the worldwide 

installed power  capacity from RES: in less than 20 years, it is practically tripled, passing 

from 753.95 GW in 2000 to 2350.76 GW in 2018. Plant supplied by  RES are currently  

concentrated in Asia (1023.5 GW, 43.54%), Europe (536.4 GW, 22.82%), North America 

(366.5 GW, 15.59%) and South America (211.27 GW,  8.99%) [17]. The worl dwide trends 

of the installed pow er capacity and the annual electricity production from RES by region 

are reported in Figure I.3 [17]. 
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Figure I.3 Worldw ide installed power and annual energy  production  from RES. 

Considering the last year, the worldwide installed power by RES is equal to 

2350.76 GW, that is composed by 1292.60 GW (54.99%) from hydropower, 563.73 GW 

(23.98%) from wind, 485.83 GW (20.67%) from solar panels, 115.73 GW (4.92%) from 

biomass and 13.33 GW (0.57%) from geothermal energy. 

Huge investments are required for the energy transition from fossil fuel to RES. In 

detail, Figure I.4 shows the trend of the worldwide investment on the sector of the 

electrical power generation, by using 2018 US dollar constant currency [18]. It is possible 

to observe a progressive increase of the annual expenditure, from 460 billion USD in 

2005 to 775 billion USD in 2018. Focusing on RES, the worldwide investment was equal 

to 120 billion  USD in 2005 and 305 billion USD in 2018 [18]. 

 
Figure I.4 Worldwide investment on the electrical energy sector . 

The diffusion of RES is producing important effects on the corresponding 

technologies [17]: 
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¶ Improv ement of the capacity factor, i.e. the ratio between the annual 
electricity production and the maximal production if the system works at 
rated power in the entire year;  

¶ Reduction of the unitary cost for the installation of power plants ; 

¶ Reduction of the Levelized Cost of Electricity (LCOE), i.e. the minimal 
selling price of the lifetime energy production of a specific technology in 
order to overcome its lifecycle costs (the initial investment, the operative 
and maintenance costs, the decommissioning and the bank interest) [19]. 

 
Figure I.5 World average trend of the capacity factor of RES technologies in 2010 -2017 

Figure I.5 reports the world weighted values of the capacity factor of each RES in 

the period 2010-2017 [17]. The abbreviation CSP is referred to Concentrated Solar Power. 

Figure I.6 shows the trends of the world average price for the installation of a uni tary 

power of each RES technology [17].  

 
Figure I.6 World average trend of the unitary cost for RES installation in 2010 -2017 

Similarly, Figure I.7 reports the corresponding values of the LCOE for each RES 

technology [17]. Finally, Figure I.8 shows the local average values of the LCOE 

considering the available data in the period 2016-2017. All data are available in [17]. 
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Figure I.7 World average trend of the LCOE of RES technologies in 2010 -2017 

 
Figure I.8 Local average value of the LCOE of RES technologies (2016-2017) 

It is remarkable that nowadays a relevant part of RES technologies has a LCOE in 

the same range of the technologies supplied by fossil fuels [17].  

While the capacity factor depends deeply on the availability of the energy sources, 

the unit ary cost to install RES plants is highly  related to the technological development . 

Indeed, it is interesting to observe the significant reduction of the unitary cost to install 

photovoltaic panels. This is essentially due to the technological progress with  a 

consequential benefit also in term of LCOE. 

Hydropower represents a very mature technology. The limited growth of the 

unitary cost and LCOE is essentially due to the fact that nowadays small plants are also 

spreading, that are affected by higher specific costs. The comparison between onshore 

and offshore wind turbines reve als similar results: both technologies show a limited 

increase of the capacity factor and the reduction of the unitary cost and LCOE. Since the 

wind source is stronger and more regular in case of offshore installation, the capacity 

factor is higher in this case than in onshore installation. Otherwise, the unitary cost for 

the installation is higher due to major role of infrastructure in the offshore condition.  
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I.2 Freshwater demand  

As introd uced before, the water demand is related to the energy demand in several 

ways. In this section, some data on the freshwater demand are reported. 

Despite the 71% of Earthõs surface is covered by water with an estimate volume of 

1.386 billion cubic kilometer s, a limited volume ratio is composed by freshwater (about 

2.53%) [20]. Indeed, the most of water comprises the saltwater of seas and oceans 

(96.54%) and brackish1 water (0.93%), as shown in Figure I.9.  

 
Figure I.9 Water distribution on the Earthõs surface 

Furthermore, a limited amount of freshwater can be reasonably used. In fact, about 

68.70% of freshwater is frozen in glaciers and ice caps, about 30.06% is ground water, 

thus only the 1.24% of freshwater is located on the Earthõs surface [20]. Considering this 

amount, only 20.91% is concentrated in lakes, 2.64% in swamps and 0.49% in rivers, for 

a total of 104590 cubic kilometers  (0.0075% of the water volume  on the Earthõs surface) 

[20]. 

As well known, according to the hydrological cycle, water is subjected to a 

continuous process of evaporation and condensation, promoted by the solar radiation.  

It is estimated that on the Earthõs surface the total rainfalls achieve the value of 505 

thousand cubic kilometers  per year.  

However , rainfalls are irregular ly distributed  around the world, as shown in 

Figure I.10 [21]. Several regions, as South America, Middle Africa, India, Indonesia, have 

high values of rainfalls, over one meter per year. In other areas, like  west part of North 

America, Middle  East, Australia, north part of Asia, rainfalls are limited, with value 

between 100 and 500 mm/y. Finally, other regions, like  North Africa, are characterized 

by an extreme water scarcity (rainfall s lower than 100 mm/y).  

 
1 Brackish water is characterized by a limited salinity, from 0.5 to 30 grams of salts per litre. 
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Figure I.10 Annual rainfall distribution on the Earthõs surface 

At the same time, it is interesting to analyze also the population distribution  

around the world . As shown in Figure I.11, the population is mainly conc entrated in 

temperate areas and along the coastline. The comparison with Figure I.10 reveals that 

population is distributed in areas with a medium water availability (500 -1500 mm/y).  

 

 
Figure I.11 Population distribution on the Earthõs surface 

It should be reminded that the population will increase furthermore in the next 

future, achieving 9.7 billion people by 2050. In developing countries, t owns will gain 

populatio n with a growing r ate of 70 million people more each year [22]. 

About 2.8 billion people will stay in regions affected by water scarcity at least for 

one month per year; about 1.2 billion will live in areas with severe difficulties to have 

the access to clean water [23]. To feed the even increasing population, the water demand 

in agricultural production will gro wth of 60% [22]. 

Based on the water consumption trend in the past century, the manufacturing and 

household sectors will increase their water demand by 400% and 130%, respectively, 

between now and 2050 [24]. The main contribution will due to emerging economies and 

developing countries [25].  

Furthermore, over 1.3 billion people worldwide still lack the access to the electrical 

energy supply; most of them are located in sub-Saharan Africa or East-Asia [26]. The 
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access to water reserves could produce conflicts and political instability in several 

countries [27]. 

Moreover, the water demand is increased by the cultivation of biomass, used for 

energy purpose. This is the case of Latin American countries, where ethanol is produced 

by the fermentation of sugarcane to reduce the fossil fuel consumption  for the 

transport ation sector [28]. This approach could have serious local consequences. The 

cultivation of  biomass generates a competition with the local production of foodstuffs, 

reducing the territories reserved to this purpose and consequently increasing the price 

of foods.  

From an environmental point of view, the biomass cultivation reduces the local 

biod iversity.  Deforestation could  be also a consequence of the biomass cultivation. 

Finally , the adoption of chemical fertilizers to improve their growth  rate introduces the 

risk of gro und water pollution, aggravating the problem of freshwater availability [29].  

To overcome this problem, a solution is represented by desalination, an industrial  

process able to obtain freshwater from saltwater  and brackish [30]. 

The state of art on the current t echnologies and new research areas is reported in 

the next chapter. 

I.3 Research topics 

Considering the water -energy nexus introduced above, this thesis investigates the 

possibility to produc e electrical energy from sea wave in order to supply desalination 

plants or a generic electrical load in small islands. 

While the desalination sector is full of technologies well developed and 

commercially mature, the  exploitation of sea wave as energy source is quite back. It is 

relevant to underlin e that when the Ph.D. research project started, most of desalination 

plants in small Italian islands were based on thermally driven technologies [31]. In the 

meantime, these plants have been replaced by Reverse Osmosis units (see Table V.2 in 

Chapter V), that represent the current Best Available Technology (BAT) for desalination. 

Therefore, the application of BAT in small islands is already impl emented, as shown in 

the case studies [32]ð[34]. 

Thence, the introduction of RES is the remaining frontier to increase the energy 

sustainability in small islands. The research behind this thesis comprises several 

elements, among which there are: 

¶ Review of the state of art of desalination technologies in order to find the 
BAT; 

¶ Review of the state of art of sea wave energy exploitation ; 

¶ Proposal of a wave energy converter; 

¶ Designing of an innovative  power take off, i.e. the main component of the 
wave energy converter; 
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¶ Realization of lumped -parameters models to estimate the electrical energy 
production of the wave energy converters in different sea wave climate 
conditions ; 

¶ Evaluation of the monthly and annual electrical production of the system ; 

¶ Analysis of specific case studies, focusing on the small islands in the 
Mediterranean Sea; 

¶ Proposal of mathematical model in order to size an energy mix based on 
sea wave and other RES, such as solar and wind.  

This work represents a personal advancement of the research started with the 

Master Decree thesis, entitled òImprovement of the Energy Performance of an 

Innovative Sea Wave Electrical Energy Generatoró (written in Italian with the title 

òOttimizzazione delle Performances Energetiche di un Innovativo Gene ratore di Energia 

Elettrica da Moto Ondosoó). 

Since the topic of this thesis is quite huge, the analysis of the state of art for 

desalination has been finalized to identify the BAT , as reported in Chapter II.  

Chapter III addresses the topic of sea wave ut ilization as energy source. First, the 

phenomenon is described, introducing the main parameters used to evaluate this source. 

The state of art of the technologies for its exploitation are consequently reported.  

Chapter IV reports the design process of a wave energy converter, with an 

attention on the power take off. Starting from the prototype investigated in the Master 

Decree Thesis,  the chapter considers few changes required to improve the power output, 

the limitation of undesired  phenomena (mainly th e cogging force), the evaluation of the 

energy performance and the development of a lumped -parameters model to estimate 

the electrical energy production under specific sea wave condition s. 

Finally, Chapter V reports some energy scenarios, considering small islands. As 

below reported, in several small islands equipped with desalination plants the BAT has 

been already implemented, in the recent installation of reverse osmosis units to contain 

the energy consumptions. 

Thus, the case studies investigate the possibility to supply a part of the local loads, 

by using sea wave energy and, eventually , other energy sources (mainly wind and solar).  

In this way, desalination represents a generic electrical load. Simplified 

mathematical models are introduced in order to evaluate the monthly and annual energy 

production  from each energy source. The stability of the electrical grid is also evaluated, 

considering the case of a high penetration of Renewable Energy Sources (RES) in a small 

standalone electrical grid.  

Finally, the  possibility to manage the scheduling of desalination plant is 

considered in order to improve the energy efficiency in the power generation. This 

approach could be extended in the next futur e to enhance the grid stability in case of a 

significant contribut ion from RES. 
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II DESALINATION 

To overcome the ever increasing freshwater demand related to the growth of 

population  and welfare, in the end 1950s first  desalination plants were installed  [35], 

[36]. 

First technologies were based on the thermal supply, as the low cost of fossil fuels 

(3 $ for one barrel of oil).  

As the progressive growth of the energy cost, two lines of research have been 

pursed, in order to minimize the total cost for the water treatment [35]: 

¶ Increase the energy efficiency of commercial technologies; 

¶ Investigation and proposal of new solutions.  

For example, in the first case the number of stages in the multistage flash 

distillation has been progressively increased from 8-12 to 20 [37], [38]. As regards the 

proposal of innovative solutions, the introduction of semipermeable membran es 

represents a radical change in the desalination sector. In fact, nowadays the reversal 

osmosis is the most used technology for this purpose [39]. 

The term òdesalinationó is referred to the technological process to extract 

freshwater from brackish or saltwater. Sea water is often the raw water source to supply 

this process. Historically, the idea behind the desalination  process was introduced by 

the Royal Navy (United Kingdom's naval warfare force) in the end of 18 th century with 

the purpose to increase the navigation autonomy without stor ing more water on the 

ships [40]. 

As in that period ships were equipped with s team engines, the first desalination 

technology was the single flash distillation, that was improved in the following years 

into the more efficient Multi -Effect Flash distillation (MEF).  

The first type of desalination unit was realized by the G. & J. Weir in 1885 at 

Glasgow (Scotland) [41]. This company, converted into Weir Westgarth, had practically 

the monopoly as desalination unit builder until Wor ld War II.  

In the following years, desalination plants for civil purpose had been installed 

around the world. During 1907, a Dutch company inst alled the first desalination plant 

in the Arabian Gulf countries i n the city of Jeddah [42]. By the order of King Abdulaziz 

Al Saud, the same plant was replaced in 1928, installing two units produced by the Weir 

Westgarth with an installed capacity of 135 m 3/day  [42]. 

In 1953 other desalination plants were installed in Qatar and Kuwait. In detail, 5 

units were installed in Qatar, with a total capacity equal to 682 m 3/d ay and 10 units in 

Kuwait, with a total capacity of 4545.5 m 3/ day. In 1955 other 10 units were installed in 

Shuwaikh (Kuwait), h aving the same size [42]. From this moment on, desalination plants 

had been expanded around the world, with the bo rn of many companies as Krupp in 

Germany, Westinghouse in USA, SIR (Società Italiana Resine) in Italy [40]. 
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The other mainstream technique is the Reversal Osmosis (RO), based on 

semipermeable membranes. The physical osmosis phenomenon was observed the first 

time in 1748 by Jean-Antoine Nollet, without any application for about two centuries 

[43].  

In USA f irst studies were started by the researchers Sidney Loeb and Srinivasa 

Sourirajan in 1956 at the Unive rsity of California and the University of Florida , 

respectively. The first membrane was realized in 1959 while the first pilot plant was 

installed  in 1965, with a capacity of 19 m3/day [40]. 

An improvement of this techni que was introduced by the asymmetric membrane 

that shows a different porosity moving from a face to the other one, allowing a greater 

water flux through the membrane [43]. 

The slow diffusion of reversal osmosis was initially due to the high electricity 

consumption to produce freshwater in comparison with other techniques and the 

limited life of semipermeable membrane s [40]. First application was related to brackish 

water, due to its lower osmotic pressure in comparison with sea water . 

The first desalination plant, based on reversal osmosis, for municipality was 

realized in 1977 in USA, with an installed capacity of 11350 m3/day. In the same area, in 

1985 another big desalination plant was realized, having an installed capacity equal to 

56800 m3/day [43]. 

The great technological progresses occurred in the reversal osmosis process, 

thanks to the increase of the membrane lifetime and the adding of energy recover devices 

to reduce the energy requirement for the process. So, nowadays the reversal osmosis is 

applied to sea water and is economic competitive with the other techno logies. This 

improvement was realized during the 1990s, thanks to the introduction of an energy 

recovery system, based on the introduction  of hydro turbines or similar systems before 

the returning of brackish water to the sea [40]. 

Currently, the Reversal Osmosis (RO) is the most spread technology, followed by 

the Multi -Stages Flash (MSF) desalination and Multi -Effect Distillation (MED). 

According  to statistics, in the last year the total installed capacity was based essentially 

on three technologies: RO (68.7%), MSF (17.6%), MED (6.9%). The other technologies had 

a marginal role (6.8%) [44]. Desalination plants are installed around the world but are 

mainly con centrated in Middle East and North Africa (47.5% of the worl d capacity). The 

main raw water source is represented by sea water (70.5%  of the world capacity) [44]. 

Several technologies are currently under investigation, with the goal to reduce the 

energy demand for the freshwater production.  

After this brief history  review, i n the following section, the state of art of 

desalinating technologies is reported, describing the working principles . Finally, the 

chapter reports some technical statistics, among which the specific energy demand, the 

world installed capacity  and the development status. 
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II.1 State of art 

Today, desalination can be realized using several technologies. In general, a 

desalination plant includes  several processes to obtain freshwater, among which the 

desalination unit  is the most energy expensive component. A desalination plant 

normally includes [38]: 

¶ Intake, composed by pumps and pipes to take water from the source (sea 
or brackish water); 

¶ Pre-treatment, consisting in a filtration of raw water to remove solid 
components and adding of chemical substances to reduce the salts 
precipitation and the corrosion inside the desali nation unit;  

¶ Desalination, where freshwater is extracted from saltwater; 

¶ Post-treatment, to correct pH  by adding selected salts to meet the 
requirements of the final uses. 

As introduced before, the desalination process represents the most energy 

consuming water treatment, for this reason it is analyzed in this section wi th some 

details. 

Before analyzing  the specific solutions, a classification is required. Alkaisi  

suggested three main categories [45]: Evaporation & Condensation , Filtration and 

Crystallization.  

The following  Figure II .1 shows the classification proposed by Alkaisi, integrating 

also the new technologies under investigation.  

 
Figure II.1 Classification of desalination technologies by  working principle  
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Evaporation & Condensation technologies are the first desalination techniques to 

be introduced and used for civil freshwater production. The idea is th at of providing  

energy to seawater in order to produce a vapor and then condensate it. This energy can 

be given by using a thermal process, i.e. heat supply, or through  a mechanical process. 

In the first case, the most common technologies are Multi-Effect Distillation (MED) , 

Multi -Stage Flash (MSF) and Thermal Vapor Compression (TVC) . Currently other 

solution s are under investigation, among these we can find few new solutions, supplied 

by solar radiation : Solar Still Distillation (S SD), Solar Chimney (SC) and Humidification -

Dehumidification (HDH) d esalination . 

Regarding to the mechanical processes to produce freshwater through the 

evaporation and condensation of sea water, the main technique is the Mechanical Vapor 

Compression (MVC)  [46]. 

In case of Filtratio n technologies, all solutions are essentially  based on 

semipermeable membrane, i.e. a layer that show a different attitude to be crossed 

according to sizes or nature of molecules. The only exception is Ions Exchange Resins 

(IXR), where natural or artificia l materials are used to capture the dissolved ions, in a 

chemical way [47].  

In this context the Reversal Osmosis (RO) is the most used technology for 

desalination. The Electro-Dialysis (ED) and Ion Exchange Resin (IXR) are used to 

produce water with a very limited concentration of salts. Other techniques, as Mem brane 

Distillation (MD), Forward Osmosis (FO) , Nano Filtration (NF ) and Capacitive 

Deionization (CDI)  are in developing step [48]. 

Finally,  the Crystallization  category comprises techniques that extract freshwater 

producing ice as intermediate prod uct. As example, the main techniques are Secondary 

Refrigerant Freezing (SRF), Hydration  (HY) and Vacuum Freezing (VF) desalination. All 

these approaches are under inv estigation [49]. 

 
Figure II.2 Classification of desalination technologies by main energy input  
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Another useful classification can be realized, by considering the kind of energy 

mainly re quired to run the process, as shown in Figure II .2. This aspect is important in 

order to select renewable energy sources to supply the desalination process. In detail, 

four  kinds  of energy are considered: 

¶ Thermal energy 

¶ Mechanical energy 

¶ Electrical energy 

¶ Chemical energy 

The first category could be supplied by solar thermal or geothermal energy 

sources. It comprises the following technologies: MSF, MED, TVC, FO, MD, SC, HDH 

and SSD. In particular, the last three approaches are designed in order to exploit directly 

the solar radiation.  

The group of technologies requiring a Mechanical Energy input comprises MVC, 

RO, NF, SRF, HY. All these techniques are characterized by the presence of pumps and 

compressors, that requires the major part  of the total energy demand for the process. 

The last two categories have limited examples. The Electro-Dialysis and Capacitive 

Deionization desalination require the generation of an electric field, between two 

electrodes, separated by an anion membrane and a cation membrane (selective 

membranes that allow to  be crossed by positive and negative ions, respectively). In this 

case, electricity is the only way to supply the process.  

As regards the Ions Exchange Resin, the working principle is the chemical 

replacement of positive and negative ions.  

It is important to underline that mechanical energy and electricity can be easily 

converted in both direct ions, with high efficiency. For this reason, the technologies that 

require a mechanical energy input, th rough pumps or compressors, can be easily 

supplied by electricity  by using common electrical motors. Similarly, mechanical energy 

can be converted by alternators into electricity in order to supply the desalination 

processes that require electrical energy as input. 

Thermal energy is a different case, because it can be easily obtained from 

electricity, through Joule Effect or Heat Pump s. The conversion from thermal energy into 

mechanical or electrical energy is obtained by using thermal machines or plants, affected 

by a low energy efficiency in comparison with the previous case s, for  thermodynamic 

and technical reasons. 

It is important to underline that the rmal sources can be successfully  adopted to 

produce electricity, in specific conditions . For example, in case of high temperature 

geothermal source, a power plant can be realized.  

Thus, in order to supply desalination process with renewable energy sources, it is 

convenient to distinguis h the energy sources that can be used to produc e electricity (or 

mechanical energy) from th ose producing thermal energy. 
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With this goal, the renewable energy sources can be sorted in the following 

categories, according to the usual energy output that can be produced: 

¶ Electricity producers , such as wind, hydro, tidal, sea wave  

¶ Thermal  and electrical energy producers , such as solar, geotherm, 
biomass. The energy output is usually selected according to the features of 
the local energy resource.  

 
Figure II.3 Possible coupling between desal ination technologies and RES 

In the following paragraphs, each technology is analyzed in detail , describing the 

entire process and reporting the state of art. 

Multi -Effects Distillation (MED)  

The first  MED plant was realized in Kuwait in 1950s, using a tri ple effect 

submerged tube evaporator. Despite it was the first technology for desalination  to be 

introduced , MED did not spread because it is particularly affected by the scaling 

problem on the pipes in comparison with other thermally supplied desalination 

technologies [50]. However, from 1980s several researches have been realized on MED, 

investigating  lower temp eratures to reduce the scaling and the corrosion of pip es [51]. 

MED is also currently used in food industri es to extract juice from sugarcane, and to 

produce salts from seawater [52]. 

MED units  can be arranged in several configurations, considering the shape of heat 

exchangers or the brine flow direction regarding the vapor direction.  The effects can be 

assembled in one line or in two parallel lines, working with different pressure in order 

to optimize the heat recovery [50]. According to the Top Brin e Temperature (TBT), MED 

can be classified as Low Temperature (below 90°C) or High Temperature (over 90°C). 
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To reduce the energy costs, steam is usually spilled from a steam turbine inside a 

power plant or recovered from a waste energy source in industrial  processes [51]. As the 

primary steam is not in direct contact with saline water, the co ndensate inside the 

evaporator is normally recycled to the boiler for reuse [51].  

The maximal temperature of brine is limited t o 120°C by the calcium sulphate 

scaling while the minimal is related to the available temperature in the sea  wave. Figure 

II .4 shows the diagram of a MED plant with horizontal tube s [51], [53], [54].  

 

Figure II.4 Scheme of a Multi -Effect Distillation unit  

In general, this plant is composed by a steam supply, several effects, heat recovery 

exchangers, a condenser and a venting system [50].  

In detail, the saline water can be split in two line s, in order to recover the thermal 

energy of freshwater and brine produced by the system, as depicted in Figure II .4. After 

this step, saline water is used as cooling fluid  for the condenser, then preheated by using 

heat recovery exchangers, that are supplied by the steam produced in each effect 

chamber [37]. 

The preheated water is sprayed in the first chamber on the evaporator surface, 

producing a thin film to promo te the rapid boiling and the evaporation thanks to the low 

pressure inside the chamber and the external thermal energy supply [51]. 

The vapor produced inside this chamber is transferred by pipes i n the following 

chamber. As the pressure inside the second chamber is lower than the first one, the 

boiling tem perature is also lower. In this way, it is possible to condensate the vapor 

produced in the first chamber inside the pipes and at the same time produce other vapor 

inside the second chamber [55]. 

This process is repeated in the subsequent chambers in the same way, using the 

steam generated in the previous flash chamber to produce other vapor at lower pressure. 

In the last chamber, the vapor is finally condensed inside the condenser, cooled by the 

saline feedwater. 
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The brine produced in the previous chambers is usually transferred inside the 

subsequent chambers, in order to force the extraction of other feedwater, thanks to the 

lower pressure inside them [51]. 

The pressure inside chambers is kept below the atmospheric condition , using a 

dedicate vacuum system. The energy efficiency of MED unit s depends on the number of 

effects, normally ranging between  4 and 21 [52].  

MED units are used to produce freshwater with a flowrate ranging from 2000 to 

20000 m3/d ay. To improv e the energy efficiency, MED can be coupled with a Thermal 

or Mechanical Vapor Compression unit  [55]. The biggest desalination plants are 

concentrated in China and Middle East [56]. 

Multi -Stages Flash (MSF) 

The first MSF plant was realized in 1950s in Scotland and after few years it became 

the most used desalination technology [52]. MSF is commonly  used also on ships to 

produce freshwater fr om seawater and along the coastline in several parts of the world, 

like USA, Middle East and Korea [57]. 

MSF process shows some similitudes with MED , previous ly  described. In fact, an 

initial heat supply is also required , using steam spilled from a power plant, and the 

decreasing pressure is used to force the vapor production [37]. Electricity is required  to 

run the several pumps distributed along the desalination plant [58]. 

Figure II .5 shows the diagram of a once-through MSF unit  [51], [53], [54]. The plant 

can be conceptually divided in two sections: the first is the brine heater section, where 

the feedwater receives heat from an external supply, the latter one is the heat recovery 

section, where the thermal energy is recovered to preheat the feedwater [38]. 

 
Figure II.5 Scheme of a Multi -Flash Stages desalination unit  

Focusing the attention on the picture above reported, the saline feedwater is firstly 

used as cooling water for the condenser and then as raw source to produce freshwater.  

The saline water increases progressively its temperature, flowing inside the pipes, 

forming  the heat exchangers inside the flash stages. To start the process, the saline water 

is heated inside the brine heater, by using steam usually spilled from a power plant. This 
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steam condenses inside the brine heater (outside the tube bundle), so it can be reused in 

the steam power plant [52]. 

As the saline feedwater flows inside pipes in the brine heater and in the flash 

stages, the maintenance operations to remove the scaling are simpler than in MED  [51]. 

For this reason, MSF is the most spread thermally driven  desalination technology , 

representing the 17.6% of the total installed desalination capacity in the world  [44]. 

After the initial heating, saline water is laminated inside the first  flash stage. The 

vapor produced inside the chamber condenses thanks to the heat removal by the saline 

feedwater inside the heat exchanger. The brine collected in the lower part of the chamber 

is laminated in the subsequent chambers, where the internal pressure is reduced linearly 

from the first stage to the terminal one [57]. The vacuum is obtained by the utilization of 

steam ejectors, supplied by high pressure steam (as shown in Figure II .5), or using 

vacuum pumps [38].  

Thanks to the pressure drop, the introduction of heated saline water produces the 

òflashing effectó, for which the saline water  boils rapidly inside the chamber, producing 

vapor [52].  

To maximize the energy efficiency of the system, MSF unit are typically comp osed 

by several flash stages, with a total number ranging from 15 to 25 stages (greater values 

are related to bigger MSF plants). This technology is able to satisfy a freshwater demand 

of about 4000 to 57000 m3/d, requiring heat at 90°-110°C [51]. 

 
Figure II.6 Scheme of a more efficient Multi -Flash Stages desalination unit  

In more recent plants, few changes are introduced. Instead of the condenser, a heat 

rejection section is inserted, that is composed by two or three flash stages (see Figure 

II .6). In detail, sea water is used as cooling fluid in this section. After this step, a part of 

seawater is rejected, the other part is mixed with a part of brine extracted by the last flash 

stage. This salt solution is used in the main section of the desalination unit, in the same 

way shown in the previous diagram. Thi s technique is applied to increase the energy 

efficiency in big desalination plants, composed by 19-40 flash stages and 2-3 heat 

rejection stages [38], [58]. 
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In the last two decades, the reliability of the system has been improved thanks to 

the a scaling control  (adding substances to limit the phenomenon), the introduction of 

automation and control systems and the choice of better materials for the realization of 

the desalination unit s [51]. 

Similarly to MED, the MSF desalination is spread where the thermal energy cost is 

low, like in Saudi  Arabia, United Arab Emirates and Kuwait  [52]. 

Vapor Compression (VC)  

Vapor Compression is a common technique used in desalination sector, based on 

the liquid -vapor phase transition.  

 
Figure II.7 Scheme of a simple Mechanical Vapor Compression desalinati on unit  

To clarify the process, Figure II .7 is considered, reporting th e case of a Mechanical 

Vapor Compression (MVC) unit.  

A vapor compressor is used to extract vapor produced inside the chamber. Due to 

the compression, the vapor increases its temperature and pressure. As the rising of the 

temperature and by using a heat exchanger, the pressurized vapor can transfer heat to 

the saline water, inside the chamber and produc e other vapor.  

To minimize the energy consumpt ion of the process, a heat recovery exchanger is 

used to transfer heat from the brine discharge and the condensed feedwater to the saline 

feedwater [58]. 

After the pre heating, the saline water is mixed with a brine recirculation flow. This 

solution is sprayed externally on the main heat exchanger inside the desalination un it.  

MCV requires essentially electricity to run the process; therefore, small stand-alone 

desalination unit can be realized to satisfy a freshwater demand ranging from 100 to 

3000 m3/day.  

The same approach is adopted in the Thermal Vapor Compression (TVC) unit, 

reported in Figure II .8. 
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Figure II.8 Scheme of a simple Thermal Vapor Compr ession desalinati on unit  

The only significative difference is related to the way used to increase the vapor 

pressure. In TVC a thermal compressor is adopted, that is supplied by high pressure 

steam, normally spilled from a power plant.  

TVC requires thermal and electrical energy. The first one is used for the thermal 

compression, the latter one for the circulation pumps. TVC is some times assembled with 

MED unit, realizing a hybrid system defined as MED -TVC desalination plant, as shown 

in Figure II .9.  

 
Figure II.9 Scheme of a T VC a nd M ED unit 

The comparison of the picture, reported  above, and the MED diagram shows few 

differences. The steam supply is used to produce the vacuum inside the condenser and 

the last effect of MED unit. The contaminated steam is condensed inside the first effect 

and added to the freshwater output [59]. This configuration is used to satisfy significant 

freshwater demand, between 10000 and 30000 m3/day [38]. 
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Reverse Osmosis (RO) 

RO is a desalination technology based on semipermeable membranes, that are 

specific layers allow ing the passage only to selected molecules.  

In nature, if two solutions wi th different concentrations of solutes are separated by 

a semipermeable membrane, the solvent flows spontaneously from the more diluted 

solution to the more concentrated one, in order to balance the energy potential of both 

solutions, as shown in Figure II .10 (see case a). This flow can be progressively reduced 

if an increasing external pressure gradient Ўὴ is applied to the semipermeable membrane 

(see case b) [60]. 

The exact value able to stop the solvent flow is defined as Osmotic Pressure Ўὴ  

(see case c). If the external pressure gradient is greater than the osmotic pressure, the 

solvent flows is inverted, so the solvent can be extracted from the concentrated solution 

(see case d) [60]. 

 
Figure II.10 Osmosis ph enomenon  

For each solution the absolute osmotic pressure ὴ  can be defined according to 

the vanõt Hoffõs equation [60], [61] 2: 

ὴ ―ὧὙ† II.1 

 
2 In chemistry, the amount ʅὧ is called ònormalityó, indicating the number of equivalents 

in a unitary volu me. The equivalent represents the amount of a specific substance able to react 
with (or supply) one mole of hydrogen (H +) in an acid-base reaction or react with (or supply) a 
mole of electrons in a redox reaction. 
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¶ ― is the dimensionless vanõt Hoff index (called also number of osmotically 
active particles), given by the relation  ― ρ ‭’ ρ, where ‭ is the 
degree of dissociation representing the ratio of how many original solute 
molecules are dissociated, and ’ the number of ions formed by the 
molecule dissociation (stoichiometric coefficient of dissociation reaction) . 
As an example, in the case of sodium chloride (NaCl), ‭ ρ, ’ ς, 
consequently ― ς; 

¶ ὧ is the molar concentration of solute; 

¶ Ὑ is the ideal gas constant equal to ψȢσρττρ ὐ ὑ άέὰ ; 

¶ † is the absolute temperature of the solution. 

As the salt concentration is negligible  in the freshwater and consequently its 

osmotic pressure, the minimal pressure required to stop the solvent flow  is equal to the 

osmotic pressure of saline water. For seawater, the salt concentration ranges between 

πȟυρ πȟφψ άέὰ ὒ  [60]. Thus, considering an environmental temperature equal to 

25°C, the osmotic pressure according to the vanõt Hoffõs equation ranges between ςυ

σσ ὦὥὶ. Greater values can be measured, as in the extreme case of Dead Sea, where the 

osmotic pressure is equal to ςωπ ὦὥὶ [60]. 

Figure II .11 visualizes the osmosis phenomenon: until the external pressure 

gradient is lower than the osmotic pressure, the solvent flows from the more diluted 

solution to the more concentrated one. In this work ing region, it is  also possible to extract 

energy from the mixing of two solutions having different concentr ations. This approach 

can be used in the estuary of the rivers. The exploitation of the saline gradient energy 

source is currently under development  [62]. 

 
Figure II.11 Solvent flow as function of the external pressure gradient  

The case without an external pressure gradient is identified as òForward 

Osmosisó, which condition is used in the other osmosis desalination technique, analyzed 

in the following subsection.  

Appl ying an external pressure gradient greater than the osmotic pressure, 

freshwater is extracted from saltwater. For desalination purpose, an external pressure 
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between 15 and 25 bar is normally applied  for brackish, between  54 and 80 for seawater 

[51], [63].  

Thus, according to the values reported above, the RO requires essentially electrical 

(or mechanical) energy to run the pumps to increase significantly the seawater pressure, 

before the semipermeable membrane. A simple diagram of a RO desalination unit is 

depicted in Figure II .12 [32]. 

 
Figure II.12 Diagram of a simple Reverse Osmosis Desalination unit  

Seawater, after a pre-treatment to remove solid particles, is pressurized by a High  

Pressure Pump (HPP) in order to supply the RO desalination unit  [64]. 

In desalination application, the Recovery Ratio (RR) is defined as the ratio between 

the freshwater flow and the saline feedwater flow [44]. 

ὙὙ
ὗ

ὗ
 II .2 

Considering the working condition, RR assumes values between 35% and 50%, so 

practically only half (or lower than)  seawater flow becomes freshwater and the 

remaining part is expelled as brine. To increase the freshwater extraction, the pressure 

before the semipermeable membrane should be increased, but there are several technical 

constrains, related essentially to the mechanical resistance of the membrane. As 

semipermeable membranes are not perfect, a limited amount of salts can be found in th e 

freshwater outpu t [51]. 

The brine flow has a high energy potential, as its pressure is practically the same 

of the saline input water. In fact, the pressure drop inside the brine circuit is about 2 ð 3 

bar [32]. 

To reduce the total energy consumption for desalination, since the 1970s several 

researches have been realized. In addition to the improve ment of membrane properties, 

the main goal was the energy recovery from the brine flow, by the introduc tion of  an 

Energy Recovering Device (ERD). The solutions can be classified as [65]: 

¶ Centrifugal device  

¶ Isobaric device 

In the first case, two technologies have been proposed. The first, introduced in 

1980s, is the installation of a hydro turbine (Pelton) in order to recover the energy of 

brine flow and transfer it to the main HP P. To complete the energy demand of the pump, 
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an electrical motor is used. The pressure increase is realized by the main HPP to the 

entire saline feedwater flow . This solution is depicted in Figure II .13 [32]. 

 
Figure II.13 Scheme  of a RO unit with a Pelton Turbine  

Pelton turbines are normally used in hydropower to exploit high head, between 

300 m and 1000 m. Of course, only a part of the available energy of brine flow  (about 

70%) is transferred to the saline feedwater, as the double energy conversion (from the 

fluid to the mechanical shaft and then to the fluid)  [66]. 

In the end of 1980s, another centrifugal ERD solution was i ntroduced , represented 

by the turbocharger ERD. The working principle of this system is shown in Figure II .14.  

 
Figure II.14 Scheme  of a RO unit with a Turbocharger  

In detail, the saline water is pressurized in two steps: the first one is entrusted to 

an HPP, driven by an electrical motor, the latter one is realized by a turbocharger device, 

that is composed by a hydro turbine and a pump, directly coupled.  This solution shows 

a greater energy efficiency, in comparison with the previous one, as the rotary speed of 

turbocharger can be modulated independently by the HPP [67]. 

To improve the energy efficiency also in part-load, limiting the adoption of passive 

regulating  systems, a Dual Turbine Systems has been proposed. 

 
Figure II.15 Scheme  of a RO unit with a Dual Turbine System  
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Considering the turbocharger system, shown in Figure II .14, a part of brine flow is 

spilled to run a Pelton turbine in order to reduce the power load of the electrical mo tor 

in the HPP. A scheme of this solution is reported in Figure II .15 [32]. 

 
Figure II.16 Scheme of a RO unit with a HEMI System 

The last centrifugal solution is represented by the HEMI (Hydraulic Energy 

Management Integration) proposed by FEDCO (Fluid Equipment Development 

Company) [68]. In detail, the HEMI solution consists in the adoption  of an electrical 

motor in the turbocharger system, modulating the final pressur e of the saline feedwater 

before the semipermeable membrane. In Figure II .16, the HEMI solution is depicted.  

The Isobaric Devices are recent solutions to transfer energy from the brine flow to 

the saline feedwater flow, without int ermediate energy conversions. The idea is depicted 

in Figure II .17.  

 
Figure II.17 Scheme  of a RO unit with a Pressure Exchanger  

The saline feedwater is divided in two flows: the firs t one is pressurized by the 

main HPP, driven by an electrical motor, the  latter one is pressurized by the ERD. 

The HPP treats a part of the total saline feedwater flow, so this component is 

smaller in comparison with the previous cases, considering the same freshwater flow. 

At the same time, this kind of ERD shows higher energy efficiency, reducing the total 

energy expenditure in the desalination process.  

A commercial solution is the Rotary Pressure Exchanger (RPX), depicted in Figure 

II .18 [69].  
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Figure II.18 Working principle of a Rotary Pressure Exchanger  [69]  

Inside the device, a ceramic matrix is taken in rotation by the brine flow, that enters 

with a tangential speed component. The channels inside the rotati ve matrix are 

alternatively connected to the Brine High -Pressure and the Freshwater High -Pressure 

pipes or to the Feedwater Low-Pressure and the Brine Low -Pressure pipes. In the first 

case, the channel, previously filled by feedwater, is now refilled by br ine, pushing the 

feedwater inside the FHP pipe near at the same high pressure of brine water. In fact, a 

very limited pressure drop is measured, as the rotational motion of the channel matrix. 

Similarly, in the second case, the saline water is pushed by the feedwater, refilling the 

channel with feedwater at low pressure [32]. The process is practically continuous, 

because the high rotary  speed of the matrix and the number of inter nal channels. 

The same idea is applied in another way, by the Dual Work Exchanger Energy 

Recovery (DWEERÊ), proposed by Calder AG (now Flowserve Corporation) [32], [70]. 

The DWEER system is presented in Figure II .19. In detail, the device is composed by two 

cylinders , with two commanded valves (LinX® valve) to control the brine flow, and four 

automatic valves for the saline feedwater flow  [71]. 

 
Figure II.19 Working principle of a Piston -type Work Exchanger  
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According to the position of the LinX valve, the brine flow from the desalination 

unit can be introduced in one p iston or in the other one. As the high pressure of the input 

water, the automatic valve (on the left side of the picture) is opened, transferring the 

saline feedwater to the booster pump. Duri ng this step, the piston is filled with brine 

water. Changing th e position of the LinX valve, now the brine side of the cylinder is 

connected to the brine discharge pipe. As the water from the feedwater pump has a 

greater pressure than the brine discharge, the automatic valve is open, refilling the piston 

with saline w ater. The system is composed by two cylinders, in this way alternatively 

one is refilled by  the saline water (low pressure) and the other one with  the brine water 

(high pressure) [32]. 

Forward Osmosis (FO)  

As introduced in the previous subsection, the Forward Osmosis is referred to the  

natural process, for which solvent flow s from a more diluted solution to a concentrated 

one, if they are put in contact and separated by a semipermeable membrane. 

It is interesting to observe that two solutions  with  different solutes have the same 

osmotic pressure if they have the same equivalent concentration and temperature, as 

introduced by the vanõt Hoff equation (see the Reverse Osmosis subsection). 

Therefore, it is possible to extract freshwater by using a solution of glucose more 

concentrated than the saline water. This approach is applied in the òhydration bagsó, 

that is an emergency kit equipped wit h a semipermeable membrane and containing 

inside sugar. The bag is used to produce an ingestible draw solution  in case of 

emergency, if a water source is available (rivers, seas, puddles, ponds), avoiding also the 

contamination from pathogens or toxins  [72].  

FO can be used also in a continuative process. In 2005, a research team from  the 

Yale University  proposed the utilization of ammonia carbon dioxi de as thermolytic draw 

solute [73]. The freshwater extraction from seawater produces the dilution of the  

ammonia carbon dioxide . These components can be easily recovered, using a low 

temperature distillation. In this way, the main energy input is represented by therm al 

energy. Renewable energy sources could be exploited,  such as solar and geothermal 

energy sources. 

However, this technical solution is not applicable for drinking purpose, because of 

the presence of traces of ammonia in the freshwater [74]. In fact, according to the World 

Health Organization the maximal valu e of ammonia in freshwater for drinking purpose 

should be lower than 1.5 mg/L, but  this condition cannot be achieved by this technology 

[73]. 

Several researchers are investigating alternative draw solutions and more 

performing membranes, in order to use this techniqu e in big desalination plants [55]. In 

order to minimize the energy expenditure to separate the draw solution, different 

techniques are under investigation, as temperature or pH variation, the adoption  of 

electro-magnetic field or light [75]. 



 
 

 
Pag. 33 

 

  

A possible solution has been proposed by Trevi  Systems. The layout of the plant is 

reported in Figure II .20 [76]. 

 
Figure II.20 Scheme  of a Forward Osmosis desalination unit  

In detail, saltwater after a preliminary filtration is introduced into t he Forward 

Osmosis unit. As in the other side of semipermeable membrane the solution is more 

concentrated, freshwater is extracted from saline water, diluting the raw solution. 

Thanks to an external thermal supply, the diluted solution can be separated in two flows: 

the concentrated raw solution, that is sent to the FO unit, and the freshwater flow, that 

is furthermore filtered before the storage [76]. This technology is in development step. 

Nanofiltration (NF)  

Nanofiltration is a membran e filtration  process used to remove dissolved ions or 

organic matter to produce soft  water, i.e. a water with a limited number of ions that are 

responsible of scaling phenomenon (Ca2+, Mg2+é). This technique is conceptually 

similar to the reverse osmosis. The main dif ference is the attitude to remove ions from 

saltwater, as shown in Figure II .21. 

  
Figure II.21 Working principle and scheme  of a nanofiltration unit  

NF is used in several applications as water and wastewater, pharmaceutical and 

food processing [77]. The applications for desalination of seawater are limited , since 
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these semipermeable membranes are more porous, allowing the passage of some 

dissolved solids [51].  

 
Figure II.22 Filtration technologies by required gradi ent pressure and porous size  [63]   

(Elsevier license  n. 4707241281962) 

As shown in Figure II .22, filtration technologies are classified according to the size 

of particles and molecules that are stopped by the membrane [63].  

The prefix òNanoó is related to the pore sizes, ranging from 1 to 10 nanometers, so 

smaller than other filtration techniques (microfiltration and ultrafiltration) but larger 

than in the RO. As consequence, this technology removes mostly divalent ions (e.g., Ca+2 

and Mg +2), with an efficiency between 90% and 98%. The removal of monovalent ions is 

limited (between 60% and 85%) [36]. 

As the soft water produced by the NF process has a greater ions concentration than 

RO, a lower pressure gradient must be applied to the semipermeable membrane 

(between 34 to 48 bar) [36]. As NF requires a lower energy demand than RO, this solution 

is under investigation f or seawater desalination, introducing a dual -stage unit [77]. 

Electro -Dialys is (ED) 

The Electro-Dialysis (ED) is an electrochemical desalination process. This 

technology uses the combination of semipermeable membranes and the generation of an 

electric field to remove the dissolved ions from the solution [78]. The working principle 

is shown in Figure II .23 [51], [52]. 

The electric field is generated by two electrodes, supplied in direct current voltage. 

Each ion has an electric charge (positive or negative). As a consequence of the electric 

field, each ion is affected by an electric force, directly proportional to the amplitude of  

the electric field and the value of the ion charge. The cations (positive ions, as Na+, Ca2+) 

are attracted by the anode, while the anions (negative ions, as Cl-, HCO3-, CO32-) by the 

cathode [78]. 
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Figure II.23 Workin g principle of a n Electro -Dialysis desalinat ion unit  

Anionic and cationic semipermeable membranes are alternatively installed in the 

region between the two electrodes. The first one allows the flow to the anions, the latter 

to cations [51]. In this way, the migration of ions gene rated by the electric field is 

selectively stopped by the semipermeable membranes. As an example, a positive ion 

during its motion  to the anode (on the left in the picture), can cross the cationic 

membrane but not the anionic one. Thus, the electric field causes the motion of positive 

charges to the right side,  while  the anionic membrane stops the motion to the electrode. 

In the same way the negative ions migrate to the cathode but are stopped by the cationic 

membranes. As a result, ions are confined inside the brine channels, removing ions from 

the freshwater channels (see Figure II .23) [52]. 

First ED units were commercially introduced in the early 1970s. As a solution to 

avoid the deposition of salts on membranes, at regular interval the polarity of electrodes 

is inverted for few minutes , changing the motion of the ions inside the unit. The 

feedwater channels work temporarily as brine channels  and vice versa [51]. This 

technology is currently used to pro duce freshwater from brackish  (salinity up t o 2000 

ppm) [42]. 

Capacitive Deionization (CDI)  

Like the electrodialys is reversal, in the Capacitive Deionization (CDI) an electric 

field is produced between two carbon electrodes supplied with direct current  voltage. 

As consequence of the electric field, the d issolved ions are absorbed within the carbon 

micropores of electrodes [79]. To regenerate them, a reverse voltage is applied , releasing 

ions from the electrodes to the saltwater. The co-ion adsorption phenomenon limits the 

efficiency of this technology, i.e. the adsorption of ions by electrodes having the same 

surface charge. To improve the energy efficiency, an anion exchange membrane and a 

cation exchange membrane could be installed on the electrodes, as shown in Figure II .24 

[79]. This solution is defined as Membrane Capacitive Deionization (MCDI)  [80]. 
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Figure II.24 Working principle of a Capacitive  Deionization unit  

According to literature, this technology requires a low er energy consumption for 

the desalination of brackish water and lower maintenance operations than the 

electrodialysis reversal unit s. Despite these advantages, CDI is a process under 

investigation, as the recent introduction in the context of saltwater desa lination [79], [81]. 

Hydration (HY)  

Desalination by Hydration (HY) is based on the production of gas hydrate s, that 

are crystalline solids composed by water (host) and gas molecules (guest) like nitrogen, 

carbon dioxide  and methane. The dissociation of 1 m3 of hydrates can produce 0.8 m3 of 

water and 164 m3 of gas in standard conditions [49]. 

 
Figure II.25 Scheme of Hydration desa lination pl ant  

As the generation of hydrates requires less severe thermodynamic conditions  

(T < 20 °C and P > 30 bar) than other phase transition desalination techniques, the idea 

behind HY desalination is the production of hydrates and then the separatio n into the 
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components (gas and water). A scheme of Hydration plant is reported in Figure II .25 

[49]. 

In detail, after a preliminary refrigeration seawater is mixed inside a reactor with 

a mixture of propane and carbon dioxide. This mixture is transferred inside the 

crystallizer, where hydrates are formed thanks to the lo w temperature and high 

pressure. The hydrate slurry is  separated from  the brine and transferred inside a 

decomposer. Thanks to the heat supply, hydrates are converted into freshwater and gas. 

The last one is recovered to be reused to produce hydrates [49]. 

This technology should require a lower energy expenditure in comparis on with 

MSF and RO, however no commercial plants are available, as the high capital costs [49]. 

Secondary Refrigerant Freezing (SRF) 

The Secondary Refrigerant Freezing (SRF) is a desalination process based on the 

liquid solid phase transition. As the formed ice contains a limited amount of  salts, this 

technique can be used to produce freshwater from seawater. A refrigeran t is used to 

freeze the saline water. The main problem is the removal of the ice produced in the 

process [55]. 

A possible solution is depicted in Figure II .26 [55]. This system is composed by two 

chambers, a reversing heat pump and solenoid valves. The unit works producing 

alternatively ice and freshwater in the tank on the left (L) or in the other one on the right 

(R). 

 
Figure II.26 Scheme of a Secondary Refrigerant Freezing  desalination unit  

In the first  case seawater is introduced in the tank L. The heat pump is used to 

transfer heat from this chamber to the other one. As a consequence of the heat transfer, 

saline water is converted in a slurry of ice and brine inside the t ank L, while in the tank 

R ice already formed in a previous step is melted. Stopping the process, brine is drained 

L R 
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out, by opening the valve in the bottom of the ta nk L while tank R is ref illed with saline 

water. Reverting the heat pump, inside the tank L ice is melted thanks to the heat supply, 

producing fre shwater. In the meantime, inside the tank R other ice is produced and the 

cycle is repeated. This desalination technique is currently under development [55]. 

Membrane Distillation (MD)  

Membrane Distillation (MD) is a desalting process, based on hydrophobic  

membranes. This kind of membranes can be crossed by water as vapor molecules. To 

promote the phase transition liquid vapor, a low temperature thermal supply is 

required.  Solar source has been investigated to supply MD  [55]. 

This technology works at lower temperature than other  thermal -driven phase 

transition technologies (MSF, MED). Similarly, the required pressure is lower than other 

technology based on membrane (RO). 

MD units can be assembled in four configurations, as shown in Figure II .27 [82]. 

The simplest one is the Direct Contact Membrane Distillation (DCMD), where two 

solutions are in direct contact with the hydrophobic membrane. A s the difference of 

pressure between the two solutions, the vapor produced on the hot solution surface is 

able to cross the membrane, going inside the cold solution. This technology is common 

used in desalination and concentration  processes of aqueous solutions in the food 

industry  [83], [84]. 

  
Figure II.27 Possible configurations of a Membrane Distillation uni t 

In the Air Gap Membrane Distillation (AGMD) a layer of stagnant air is added 

between the membrane and the cold solution. The reason is the reduction of the thermal 

energy expenditure , as the air gap increases the thermal resistance between the two 

fluids . However , the adding of the air gap obstacles the mass flow through the 

membrane. This technology can be used in desalination application or to remove volatile 

compound s from an aqueous solution [82], [85]. 
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Another technology is the Sweeping Gas Membrane Distillation  (SGMD), where 

the hydrophobic membrane separates the hot solution from a sweep gas. Like the 

AGMD, the thermal efficiency is higher than the DCMD. The ma ss transfer is promoted 

by the sweep gas, since it is not stationary. As disadvantage a large condenser is 

required. This technique can be used to remove volatile compound from aqueous 

solutions [86]. 

The last technique is the Vacuum Membrane Distillation, where the sweep gas (or 

the air gap) is replaced by the vacuum produced by a pump. The condensation is 

externally realized by the distillation unit. This solution has a high ther mal efficiency 

and is used to separate volatile aqueous solutions [87]. 

Ions Exchange Resin (IXR) 

With the term òion-exchange resinó (IXR) is indicated a variety of organic 

compounds, chemically  treated in order  to react with the ions of a solution,  capturing 

ions from the solution and  releasing other ions from the resin to the solution. In the past 

zeolites were used, i.e. minerals having this characteristic. 

Ions exchange resins are used in industrial and domestic applications , like the soft 

water production , the sugar purification , and the extraction of precious elements, such 

as gold, silver and uranium from mineral ores.   

IXR can be classified according to the functional group  [88]: 

¶ Strongly acid, realized with sulfonic acid groups;  

¶ Strongly basic, based on quaternary amino groups;  

¶ Weakly acidic, realized with carbox ylic acid groups;  

¶ Weakly basic, based on primary, secondary or tertiary amino groups.  

The acid resins (called also cation resins) are designed to capture positive ions 

(Ca2+, Na+, Mg2+, K+, Mn 2+, Fe3+é) and release H+ ions. As a consequence, the hardness 

of water is reduced and the acidity is increased, since the pH is increased by the greater 

concentration of H + ions. The basic resins (called also anion resin) are utiliz ed to capture 

negative ions as Cl-, NO 32-, SO42-, SiO2-, CO32-and release OH- ions. 

 
Figure II.28 Scheme  of a n Ions Exchange Resin  desalination plan t 
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This technology was developed in the end of 1960s [89]. A classical arrangement 

of a desalination plant based on IXR is reported in Figure II .28. 

The saline water flows firstly through the weakly acid  resin and the strongly acid 

resin. After this step, the water acidity is increased. A degasser is required, as 

bicarbonates inside the water react with H + ions, producing carbon dioxide.  

After this st ep, water flows through the weakly basic resin and the strongly basic 

resin, reducing the water acidity. An amphoteric resin (a mix of acid and basic) is 

normally a dded to complete the removal of ions. 

During the normal process, resins are progressively saturated by the ions 

exchange. Thence, a regeneration is periodically required to restore the resins. The 

regeneration uses acid solutions (H2SO4 and HCl) for the acid resins and basic solutions 

(NaOH and NH 4OH) for the basic resins. 

Solar Still Distillatio n (SSD) 

A Solar Still Distillation (SSD) can be realized by using a blackened tank, 

containing saline water  and air [55], [90]. The device is covered with an inclined glass . 

In this way the solar radiation enters the system, increasing the temperature and 

facilitat ing the evaporation of freshwater. The internal humidity condenses on the glass 

surface, as the lower temperatur e of this part. The condensate is collected, obtaining  

freshwater. A possible solution is depicted in Figure II .29 [51], [52]. The condensate is 

characterized by a high quality, with a daily production about 2 -3 lt./m 2. Consequently, 

this system can be used only in small applications.  

 
Figure II.29 Solar Still Distillation unit  

Solar Chimney (SC) 

A Solar Chimney (SC) desalination unit can be assembled in the way shown in 

Figure II .30 [55]. A large solar collector is used to convert the solar radiation into kinetic 

energy of air, thanks to the shape of the chimney, that is realized in a transparent 

material  (glass or plastic). The air flow  inside the system can be used to produce 

electricity, if a small wind turbine is ins talled. The solar collector is composed by several 

small SSD units, in this way the solar source is also used to produce freshwater. This 

technology is under investigation  [55]. 
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Figure II.30 Solar Chimney desalination unit  

Humidification Dehumidificat ion (HDH)  

The Humidification Dehumidification (HDH) sy stem is a recent carrier-gas based 

thermal desalination technique. In detail, freshwater can be obtained by condensing the 

air humidity. The essential components are the humidifier and the dehumidifier.  Lawal 

et al. proposed two possible solutions, adding a heat pump to improve the energy 

efficiency [91]. 

 
Figure II.31 HDH unit using a heat pump with a wate r refrigerated condenser  
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Figure II.32 HDH unit using a heat pump with an air refrigerated condenser  

Both solutions are equipped with three different circuits : air, water, freon. The last 

one is confined inside the pipes and the main components of the heat pump (compressor, 

condenser, lamination valve and evaporator). Air is recirculated  by a fan in a close loop, 

going through two chambers, where the humidification and the dehumidification occur. 

Only the wat er circuit is open, as saline water is the input, whil e brine and freshwater 

are the output s [91]. 

Considering the scheme reported in Figure II .31, saline feedwater is firstly 

refrigerated , by the condenser of the heat pump. The cold saline water is used to promote 

the condensation of air humidity inside the dehumidification cha mber (on the right) , 

where freshwater is produced. During this process, the saline water temperature 

increases. After that, saline feedwater is nebulized inside the humidification chamber 

(on the left), promoting the evaporation of feedwater.  

In the soluti on reported in Figure II .31, the thermal supply from  the condenser is 

transferred to the saline water, after the dehumidifier unit. The alternative solution 

proposed by the same authors is reported in Figure II .32, where the thermal supply from 

the condenser is transferred to the air coming from the humidifier unit  [91]. 

Instead of the forced air circulation, a natural air circulation system has been 

proposed, where the thermal supply is given by a solar panel [55], [92], [93]. In any case, 

HDH desali nation is a technology under investigation.  

II.2 Statistics  on desalination  

As introduced in the previous subchapters, several technologies have been 

proposed for desalination. The research is currently investigating new solutions to 

reduce the energy consumption and improve the environmental sustainability, 

considering renewables as energy source to supply the process. 
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The greatest part of technologies described above are under investigation, so 

limited data are available.  

Considering the commercial technologies for desalination, the trends of installed 

capacity and number of plan ts are reported in Figure II .33 [44]. As introduced above, 

thermal ly  driven desalinat ion plants (MSF and MED) dominated th is sector until 1990s 

[50], [63]. As the freshwater demand is still  growing , new plants are installed. MSF 

continues to grow linearly, while the installed capacity by RO is incr easing very quickly  

[94]. 

 
Figure II.33 Trend of installed capacity and operative desalination plants  [44]   

(Elsevier license  n. 4707250081904) 

A recent journal article reports  statistics on the current big desalination plants 

installed around the world [44], using data from the Global Water Intelligen ce (GWI)  

[95]. In detail, GWI is a database containing information on the  installed desalination 

plants, about their status, operational years, installed capacity, geographic position, 

technology and water sources. 

Considering the desalination technology, the world installed capacity  

(95.37*106 m3/day) is composed by RO (68.7%), MSF (17.6%) MED (6.9%) NF (3.4%) ED 

(2.4%), other (1.0%) [44]. 

Figure II .34 reports graphically the world distribution of desalination plants, 

considering size, technology and the water source used to produce freshwater [44]. 

Most of desalination plants is installed along coastline to adopt sea as water source. 

Indeed, 60.8% of world installed capacity uses sea as water source whereas brackish is 

utilized for 20.6% [44].  

Middle  East and North Africa region is currently equipped with 4826 plants, with 

an installed capacity equal to 45.32 *106 m3/day (47.5% of the world in stalled capacity). 

The remaining desalination plants are distributed in the following way: 3505 plants in 

East Asia and Pacific (18.4% of world installed capacity), 2341 in North America (11.9%), 

2337 in Western Europe (9.2%), 1373 in Latin America and Caribbean (5.7%), 655 in 
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Southern Asia (3.1%), 566 in Eastern Europe and Central Asia (2.4), and 303 in Sub-

Saharan Africa (1.9%) [44]. The main sectors are industry (7757 plants with a capacity of 

28.8*106 m3/day) and municipality (6055 pl ants, 59.39*106 m3/day).  

 
Figure II.34 Desalination plants around the world, by size and technolo gy  [44]   

(Elsevier license  n. 4707250081904) 

Table II .1 shows statistics on the state of art of operative desalination plants [37], 

[44]ð[46], [58], [96]. According to these data, RO is the most adaptable solution to exploi t 

sea and brackish water, with an average capacity ranging from 1,000 (or lower) to 320,000 

m3/day.  About the energy supply, RO requires exclusively  electricity (or mechanical 

energy) to run the pumps in the water circui ts. This feature simplifies the potential 

coupling with renewable energy sources, as demonstrated by several studies [63], [96]ð

[98]. The water cost is lower than other desalination technologies, explaining the quick 

diffusion around the world.  

Table II.1 State of art of commercial desalination technologies  

Technology  
Average 
capacity  

[103 m3/day]  
Input  

Recovery 
Ratio  

Water 
quality  
[ppm]  

Energy consumption  Water 
cost 

[$/m3] 
Electrical 
[kWh/m 3] 

Thermal 
[kJ/kg]  

MED  0.6ð30 SW 0.25 10 1.5-2.5 230-390 0.52-1.5 

TVC  10ð35 SW 0.25 10 1.5-2.5 145-390 0.87-0.95 

MSF 50ð70 SW 0.22 10 4-6 190-390 0.56-1.75 

MVC  0.1ð3 SW  10 6-12 no 2.0-2.6 

SWRO 1ð320 SW 0.42 400-500 3-6 no 0.45-1.72 

BWRO Up to 98 BW 0.65 200-500 1.5-2.5 no 0.26-1.33 

RED Up to 145 BW 0.9 150-500 2.64-5.5 no 0.6-1.05 

Note: SW is the abbreviation of Sea Water; BW brackish water. 

 

To improve the energy efficiency of desalination technologies, the exergy analysis 

has been recently proposed in several researches [99]ð[103]. Introducing the Second 
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Thermodynamic Law, exergy represents the maximal available energy related to a 

system, obtainable if reversible processes are only used to achieve the equilibrium 

condition with the environment (dead state). On the contrary, exergy represents also the 

mini mal energy required by a system to achieve a desired condition, starting from the 

environ mental state and adopting only reversible processes. 

In this optic, the efficiency analysis performed according to the Second 

Thermodynamic Law is a successful tool to suggest solutions to improve the energy 

efficiency of the existing desalination technolo gies. A detail exergy analysis is reported 

in [99], where each component is firstly modelled and then analyzed. 

In the case of desalination plants requiring a mechanical energy input (or 

electricity), t he exergy efficiency is evaluated by Eq. II .3, defining ὡ  as the least work 

of separation required for an infinitesimal recovery ratio (RR , see Eq. II .2.) 

–
ὡ

ὡ

ὡ

ὡ †Ὓ

ὡ

ὡ †Ὓ
 II .3 

ὡ  is the work required by the real desalination plant, that can be expressed as 

sum of the least work, plus the total entropy generation Ὓ  (referred to the Total Dead 

State), multiplied by the absolute environmental temperature †. 

According to the definition of ὡ , this value is achievable if all processes are 

reversible and the freshwater pro duction is infinitesimal. As a real process is designed 

to produce a significant amount of freshwater, the least work demand is introduced 

ὡ . This term has a greater value than ὡ , as it includes the entropy  generation 

associated to the condition RR>0. The remaining entropy generation Ὓ  (related to the 

Restricted Dead State) is associated only to the irreversibility of the adopted technologies 

(finite thermal differences, pressure drops, etc.). 

 
Figure II.35 Least work  as function of recovery ratio  and salinity of feedwater and freshwater  [104]  

(CC BY-NC-SA 3.0) 



 
 

 
Pag. 46 

 

  

The trend of ὡ  is reported in Figure II .35, as function of the recovery ratio and 

the salinity concentration of freshwater and feed water. As introduced before, ὡ  is 

equal to ὡ  if the recovery rat io is equal to zero. In case of sea water (salinity 35 g/kg), 

zero salinity in produced freshwater and environmental temperature fixed to 25°C, 

ὡ  is equal to 2.71 kJ/kg (of freshwater) [99], [104]. 

In case of desalination plants suppl ied by thermal energy, Eq. II .5 can be adopted, 

where ὗ  is the least thermal energy required with an infinitesimal recovery ratio . 

This term depends also on the temperature of the thermal source †, introducing the 

Carnot factor ρ , that represents physically the ratio of heat that can be converted 

into exergy, using a reversible thermal machine. 

ὗ ὡ ρ
†

†
 II .4 

So, the exergy efficiency can be evaluated by Eq. II .5, defini ng ὗ  as the thermal 

requirement for the real plant . 

–
ὗ

ὗ

ὗ

ὗ †Ὓ ρ
†
†

ὗ

ὗ †Ὓ ρ
†
†

 II .5 

Similarly, the term ὗ  is introduced , representing the least thermal input 

requirement, assuming a signif icant freshwater production (RR>0).  

Mistry et al. analyzed the energy performances of developed desalination 

technologies, obtaining the results reported in Figure II .36 (based on data reported in 

[99]). The graph reports the exergy efficiency, according to Eq. II .3 for technologies 

requiring mechanical (or electrical) energy  and Eq. II .5 in case of technologies thermally  

supplied.  

 
Figure II.36 Exergy analysis of several d esal ination technolog ies 
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The authors considered a seawater salinity equal to 4.2% in case of MED and MSF 

units, 3.5% (common seawater) in the other cases. The graph emphasizes the high exergy 

efficiency of RO and the low value of DC -MD ; on the contrary if entr opy generation is 

considered as indicator [99]. 

In the case of MED unit, the high entropy generation is essentially related to the 

finite temperature differences between flu ids. In fact, considering a simple unit with 6 

effects, Mistry et al. demonstrated that the entropy generation is essentially related to 

the effects (56.5%), the feed heaters (12.3%) and the condenser (21.8%). It is significant to 

underline that a signific ant amount of energy is irreversibly wasted as the produced 

brine and freshwater have a higher temperature than the environmen t condition. 

Because of the limited temperature difference between the fluids and the environments, 

the entropy generation is only  the 6.2% [99]. 

MSF unit are also affected by the thermal gradient between fluids. It is evaluated 

that the entropy is mainly generated by feed heaters (73.9%) and brine heater (12.5%), 

where the temperature difference is higher . The temperature disequilibrium between 

produced freshwater and brine affects also MSF, causing an entropy generation equal to 

10% [99]. 

The only solution to improve the exergy efficiency of thermal ly  driven  

desalination processes is the increasing of the sizes or the number of heat exchangers in 

order to reduce the temperature difference between primary and secondary fluids. 

However, this approach is limited by the fact that incre asing the sizes of the heat 

exchangers raises the initial in vestment of the plant that which may not be 

counterbalanced by the economic value of the energy saving [100]. 

The direct contact membrane distillation is a very energy consumin g process. As 

shown in Figure II .36, the exergy efficiency is equal to 1%, with an entropy generation 

equal to 925.4 J/(kg-K). The entropy is essentially generated by four items: pressure drop 

through  the module (34.5%), temperature difference in the heater (26.3%), temperature 

disequilibrium between feedwater, freshwater and brine (22.9%) and temperature 

difference inside the regenerator (16.3%).  

In the case of MVC units, the entropy is essentially generated by the finite 

temperature difference inside the evaporator-condenser (57.2%), the irreversibility of the 

mechanical compressor (28.1%) and the temperature difference in the regenerator 

(10.9%). To improve the exergy efficiency, the main solution is the reduction of the 

temperature difference between the condensing steam and the evaporating brine inside 

the evaporator-compressor. As a consequence, the irreversibility from the heat transfer 

and the mechanical compressor are both reduced, thanks to the reduction of the 

compression work . On the other side, the cost for the desalination unit is increased [46]. 

According to data reported above, the RO unit represents the most efficient 

technology for desalination , if the energy recovery system is adopted. The exergy 

efficiency is equal to 31.9% in the case reported by Mistry et al. [99]. The main 

irreversibility  is associated to the pressure drop between the two sides of the 

semipermeable membrane (54.8%), the irreversibility of the main high -pressure pump 
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(20%) and the chemical disequilibrium (15.9%). To improve further the exergy  efficiency 

of the system, a solution is split ting  the desalination process in two (or more) steps. As 

the osmotic pressure is function of the saline concentration of inlet and outlet fluid, in 

the first step a lower pressure increase is required, reducing significantly the pumping 

work. In the following step, a lower saline water is treated, achieving in the end the same 

final pressure in comparison with the case of a tradition al RO unit  [105]. 

Finally, the HDH unit is essentially af fected by the finite temperature difference 

between fluids.  In particular, entropy is generated by the dehumidi fier (53.6%), the 

humidifier (13.2%), the heater (17.3%) and the temperature disequilibrium of produced 

fluids  with  respect to the environmental condition (15.9%) [99]. It is important to 

underline that this technology is currently under development, so the exergy efficiency 

could be increased in the next future [91]. 

In conclusion, RO unit represents the BAT for desalination, according to t he 

previous statist ics. Furthermore, the possibility to adopt electrical energy as input would 

simplify the cou pling with RES, thanks to the adoption of commercial technologies like 

photovoltaic panels and wind turbines [2], [106]. In this way, it is possible to install small 

desalination units in minor  islands, hopefully  supplied by RES, in order to satisfy the 

freshwater demand in a sustainable way [107], [108]. 

II.3 Publications  on this topic  

Á Viola, V. Franzitta, M. Trapanese, and D. Curto, òNexus Water & Energy: A Case 
Study of Wave Energy Converters (WECs) to Desalination Applications in 
Sicily,ó Int. J. Heat Technol., vol. 34, no. Special Issue 2, pp. S379ðS386, Oct. 2016. 

Á V. Franzitta, D. Curto, D. Milone, and A. Viola, òThe desalination process driven 
by wave energy: A challenge for the future,ó Energies, vol. 9, no. 12, pp. 1ð16, Dec. 
2016. 

Á A. Viola, D. Curto, V. Franzitta, and M. Trapanese, òSea water desalination and 
energy consumption: A case study of wave energy converters (WEC) to 
desalination applications in Sicily,ó in OCEANS 2016 MTS/IEEE Monterey, 2016, 
pp. 1ð5. 

Á V. Franzitta, D. Rao, D. Curto, and A. Viola, òGreening island: renewable 
energies mix to satisfy electrical needs of Pantelleria in Mediterranean Sea,ó in 
OCEANS 2016 MTS/IEEE Monterey, 2016, pp. 1ð6. 

Á V. Franzitta, D. Curto, D. Rao, and D. Milone, òNear zero energy island with sea 
wave energy: The case study of Pantelleria in Mediterranean Sea,ó in OCEANS 
2016 - Shanghai, 2016, pp. 1ð5. 

Á Crainz et al., òFlexibility Services to Minimize the Electricity Production from 
Fossil Fuels. A Case Study in a Mediterranean Small Island,ó Energies, vol. 12, no. 
18, p. 3492, Sep. 2019. 
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III SEA WAVE 

III.1 Marine energy  

Several researches indicate sea wave as a promising renewable energy source for 

the next future, especially for countries having favourable climatic conditions and  a long 

coastline [109]ð[112]. 

Sea wave is only one of the different kinds of energy related to the sea. In general, 

the term òmarine energyó is usually referred to the following energy resources [60], 

[113], [114]: 

¶ Waves, i.e. the sea motion due to the wind interaction with the sea surface;  

¶ Tidal range  (tidal rise and fall), i.e. the local variation of sea level caused 
by the gravitational attraction o f sea water by the celestial bodies (Sun and 
Moon); 

¶ Tidal current , i.e. the water flow produced by the tidal range during the 
process of refilling and emptying of coastal areas; 

¶ Ocean current, i.e. the marine water flow generated by the wind interaction 
and the thermohaline circulation;  

¶ Ocean thermal energy conversion , i.e. the exploitation of the temperature 
difference between superficial water and deep water in the oceans; 

¶ Saline gradient , i.e. the recovering of the chemical energy released during 
the mix ing of freshwater from the rivers  and the saltwater of the oceans. 

As introduced before, this thesis is focused on the exploitation of sea wave energy 

source. Thus, in the following paragraph, some information is reported about the other 

kinds of energy sources associated to the marine environment. 

Tidal range and currents are two phenomena related to the Earth's oceanic tides. 

Because of the Moonõs orbit around the Earth, the orbit of this one around the Sun and 

the Earthõs rotation, a huge amount of sea water flows around the world surface, 

modifying locally the sea level. The effects are locally different due to the irregular 

distributi on of lands around the world. In any case, the tides are a regular phenomenon, 

wh ose effects can be accurately predicted. Thus, tides represent an interesting renewable 

energy source, that can be exploited as tidal stream or tidal range.  

In the first case, a hydro turbine could be installed on seabed to exploit the marine 

current. Several projects have been proposed. For example, SeaGen was the first full 

scale tidal stream generator, developed by the òMarine Current Turbine ó. A device was 

installed in Strangford Narrows (Northern Ireland) and connected to the electrical grid 

in 2008. This system had a rated power of 1.2 MW, producing electricity for 18 - 20 hours 

per day. It was essentially composed by two hydro turbines, each one having a  

two -blades rotor and connected to a submergible section, in order to extract this part 
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from water in case of maintenance operations [115]. This system was removed in 2017. 

Several solutions have been proposed: some of them are under investigation (RITE 

Project [116], Kobold [117]), other ones were stopped after failures or project closure for 

funding reasons (Delta Stream Turbine [118], Oceanflow Energyõs 35kW Evopod unit 

[119], Open Hydro [120]). No commercial technologies are currently available  [121], 

[122]. 

About the exploitation of tidal range, there are location s where the sea level 

changes significantly as an effect of tid es. A well -known example is the power plant 

installed on the estuary of La Rance river (France) in 1966 and still working.  The plant is 

composed by a barrage, 750 m long, where 24 hydro turbines are installed. The rated 

power is 240 MW, producing annually about 500 GWh. In 2011 the Sihwa Lake Tidal 

Power Station (South Korea) was completed, having a rated power of 254 MW and 

producing 552 GWh/y  [123]. 

Other smaller plants are: Annapolis  Royal Generating Station (Canada, 20 MW, 

opened in 1984, producing 50 GWh/y), Jiangxia (China, 3.2 MW, 1985, 6.5 GWh/y), 

Udolmolk (South Korea, 1.5 MW, 2013, 2.4 GWh/y) , Kislaja Guba (Russia, 1.7 MW, 

opened in 1968 and upgraded in 2004, 0.54 GWh/y ) [122].  

The term ocean current is used to underline  the different origin of  this kind of  

marine currents in relation to the tidal currents , previously described . Ocean currents 

are seawater circulations promoted by solar radiation. In fact, the heat irradia ted by sun 

increases the water temperature and consequently reduces the water density.  At the 

same time, the freshwater reversed by rivers into the seas causes a local density variation 

due to the different salinity.  

Since the solar radiation varies with the latitude and considering  the irregular 

distribution of the lands on t he Earthõs surface and the orography of seabed, the 

variation of water density produces water flows that are extended for thousands of 

kilometres. Superficial currents are also created by the wind interactions with the sea 

surface. Summing all these contributions, the thermohaline circulation is generated. The 

Gulf Stream is a famous ocean current (about 100 km wide and 800 m to 1200 m deep) 

that is originated from the Gulf of Mexico an d flows u p the North Pole with a speed of 

about 2.5 m/s [124]. Other famous currents are the Kuroshio Current  (on the west side 

of Pacific Oceans) [125] and the Agulhas Current (on the south-eastern part of Indian 

Ocean, along the coastline of South Africa) [126]. 

Ocean currents are characterized by a high regularity, having a prevailing 

direction (temporary variat ions are also possible) [124]. In any case, in this step no 

commercial devices are available, despite recent investigations  underline the huge 

energy potential [127], [128].  

About the Ocean Thermal Energy Conversion (OTEC), the idea is the installation 

of a thermal machine able to use the superficial sea water as thermal source and the deep 

water as thermal sink [129]. The energy potential is very high , between 30 and 90 PWh, 

considering that about the 15% of the total solar energy is irradiated on the oceans and 

converted into thermal energy [113]. 
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Like other energy sources, favourable places can be found around the world, 

especially in tropical regions where the difference of temperature can exceed 20°C 

between the superficial water  (25°C) and deep water (5°C, 1 km in depth ) [114]. The main 

problem is the low  energy efficiency of this system, also in the best cases. Considering 

the installation of an ideal Carnot h eat engine to exploit the available thermal sources, 

the energy efficiency is no more than 7%. Consequently, introducing the irreversibility 

of a real system, the power plant requires huge dimensions (especially the heat 

exchangers) to obtain a significant power output ; thence the required  investments are 

high . Two layouts for a possible OTEC power plant have been proposed: open cycle and 

closed cycle [113].  

In the first case the warm water from the sea surface is flashed to produce steam, 

and then condensed by using the cold deep water. The main disadvantages are related 

to the operativ e conditions. Indeed, in order to use steam, the entire plant works under 

vacuum, so infiltrations are possible. At the same time, the specific mass of steam is quite 

high (30 ð 100 m3/kg), hence the system requires large pipe for a small power output. 

The main advantage is the production of freshwater from the condenser [129]. 

The latter solution is the closed cycle. The warm superficial water is used to 

evaporate a working fluid, normall y used in the chilling sector such as ammonia, 

propane or chlorofluorocar bon [130]. This vapor is used to run a turbine, then is 

condensed using the deep water as refrigerant [131]. The advantage is that the system 

works under pressure, so the air infiltra tion is avoided. As a disadvantage, huge heat 

exchangers are required. The first small pilot plant was tested in 1930 in Cuba but failed 

to achieve the desired net power output due to the limited availability of the thermal 

source in the testing site. In 1935 another plant (2.2 MW) was proposed, using a floating 

system to produce ice for Rio de Janeiro, but this project failed in numerous attempts to 

install the vertical  long pipe to collect the deep water. After several years, a 210 kW plant 

was installed in Hawaii and operated from 1993 to 1998, demonstrating the feasibility of 

this system [131]. However, the high investment discouraged the installation of full -scale 

plants. A small plant (50 kW) is currently operating in the small island of Kumejima 

(Japan) since 2013 [132]. 

About the saline gradient energy source (called also Osmotic Power), the idea is 

the exploitation of chemical energy released when the freshwater from rivers is mixed 

with saltwater in the sea. 

As introduced in the sub section II.1.d about the RO desalination, two solution s 

having different ions concentrations are characterized by different values of osmotic 

pressure. A solution , proposed in 1937, is the Pressure Retarded Osmosis, where the 

saltwater is pressurized before a semipermeable membrane. As reported in Figure II .11 

(see subsection II.1.d ), if the external pressure gradient is lower than the osmotic 

pressure, water flows from the dil uted solution to the concentrated one. A brackish 

water is consequently produced, having the same pressure of saline water but with a 

greater flow. Using a hydr o turbine is possible to collect more energy than the pumping 

expenditure, producing an electric al output [60]. In 2009 a pilot plant was installed in 
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Norway, having a rated power of 4 kW. Commercia l systems are no currently available, 

in any case research is investigating new possible solutions [133]. 

To conclude this brief introduction o n marine energy sources, some statistics are 

reported in Table III .1 [134]. According to the following data, sea wave represents one of 

the most abundant energy sources related to the marine environment. 

Table III.1 Potential installable capacity and energy production from marine en ergy sources  

 Capacity  
(GW) 

Potential generation  
(TWh/y)  

Marine currents  5000 50000 

Osmotic salinity  20 2000 

OTEC 1000 10000 

Tide  90 800 

Sea wave 1000-9000 8000-80000 

III.2 Definitions  

As introduced in the previous section, sea wave is a form of marine energy due to 

the several forces acting to the water surface, such as the friction  generated by wind , the 

Coriolis force (related to the Earth rotat ion), the celestial bodies attraction (tidal) or other 

unpredictable phenomena as earthquake and volcanic eruptions (tsunami) [135]. In any 

case, to describe this energy source, some definitions are required. 

A regular wave is classically modelled by a sine (or cosine) function of time and 

position , introducing the amplitude ὃ, the wavelength ‗ and the period  Ὕ, reported in 

Eq. III .1. 

ᾀ ὼȟὸ ὃίὭὲ
ς“

Ὕ
ὸ
ς“

‗
ὼ III .1 

In detail, fixing the observing time ὸ, the wavelength ‗ represents the minimal 

distance over which the wave shape is repeated, as shown in Figure III .1.  

 
Figure III.1 Wave parameters  
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Similarly, selecting the observing poi nt ὼ, the period Ὕ represents the minimal 

time required to complete a single oscillation. Both conditions are expressed by the 

relations reported in Eq. III .2, considering ὲ as a generic natural number. 

ᾀ ὼ ὲ‗ȟὸ ᾀ ὼȟὸ  

ᾀ ὼȟὸ ὲὝ ᾀ ὼȟὸ 
III .2 

The rate of propagation (called also phase velocity ) ὺ represents the speed at 

which the wave profile travels and is given by th e ratio ‗ȾὝ.  

The amplitude ὃ represents the measure of the entire oscillating phenomenon in a 

single period. Two definitions are commonly use d: 

¶ Peak amplitude, i.e. the difference between the peak and the Surface Water 
Level (SWL). This definition is c ommonly used in electronic sector; 

¶ Peak to peak, i.e. the difference between the crest (the highest value during 
the oscillation) to the trough ( the lowest one). 

To avoid misunderstanding, in sea wave sector the term òheightó (symbol Ὄ) is 

normally used t o indicate the peak to peak amplitude  (see Figure III .1). 

Eq. III .1 can be used also to introduce other two parameters. The amount ς“ȾὝ is 

called angular frequency and indicated with  the Greek letter Similarly, the amount .‫ 

ς“Ⱦ‗ is the wavenumber and ind icated with Ὧ. Finally, the steepness is a nondimensional 

number given by the ratio ὌȾ‗. 

The parameters above introduced are commonly used to analyze periodic signal, 

also irregular, by introducing the Fourier series. Considering only a time dependent 

function to simplify, a generic period signal can be approximated by Eq. III .3, where ὃ  

is the average value of the signal, ὃȟ and ὃȟ the amplitude  of the harmonics used to 

approximate the input signal.  

ᾀ ὸ ὃ ὃȟίὭὲ
ς“Ὥ

Ὕ
ὸ ὃȟὧέί

ς“Ὥ

Ὕ
ὸ III .3 

The motion of a single particle of fluid durin g sea motion was described by the 

Airy wave equations (published by Sir George Biddel Airy in 1845), representing a linear 

solution to the hydrodynamic equations.  

Ўὼ
ὌὧέίὬὯᾀ Ὠ

ςίὭὲὬὯὨ
ὧέίὯὼ ‫ὸ ‰  

Ўᾀ
ὌίὭὲὬὯᾀ Ὠ

ςίὭὲὬὯὨ
ίὭὲὯὼ ‫ὸ ‰  

III .4 

The particle describes an elliptical motion around the mean position ὼȟᾀ  

according to Eq. III .4, tending to be circular in the surface ᾀ π and practically 

horizontal near to seabed ᾀ Ὠ , as depicted Figure III .2 [136]. 



 
 

 
Pag. 54 

 

  

 
Figure III.2 Particle motion in sea wave  [136]  (Elsevier license  n. 4707201328819)  

Indeed, if the quote ᾀ tends to Ὠ  (seabed), the factor ÃÏÓÈὯᾀ Ὠ  is equal to 

1 while ÓÉÎÈὯᾀ Ὠ  is equal to 0. 

If the water depth Ὠ  tends to Њ, the Eq. III .4 can be simplified in Eq. III .5, 

corresponding to the case of a circular motion. 

Ўὼ
Ὄ

ς
Ὡ ὧέίὯὼ ‫ὸ ‰  

Ўᾀ
Ὄ

ς
Ὡ ίὭὲὯὼ ‫ὸ ‰  

III .5 

However , sea wave phenomenon is an example of random wave, thence a 

statistical approach is normally used.  The following d efinitions are commonl y adopted 

during a measuring campaign in the open sea. The classical approach considers the sea 

wave phenomenon as sum of a large number of sine wave components, each one having 

different amplitude ὃ, period Ὕ, wavelength ‗ and direction ‰ mret ehT .[631] ‮ 

represents the wave phase, considered randomly distributed in the interval πȟς“. 

ᾀ ὼȟώȟὸ ὃίὭὲ
ς“

‗
ὼὧέί‮ ώίὭὲ‮

ς“

Ὕ
ὼ ‰  III .6 

Using a statistical approach, it is possible to introduce a directional variance 

spectrum ίὪȟdetubirtsid si dleif evaw eht ni ygrene eht woh gnitacidni ‮  with respect 

to frequency and direction [136]. 

The directional variance spectrum ίὪȟees) snoitcnuf owt ni desopmoced eb nac ‮ 

III .7): ίὪ represents the total energy at each frequency independently of wave 

direction, while ὈὪȟdetubirtsid si ycneuqerf cificeps a ta ygrene eht woh sesserpxe ‮ 

according to the wave direc tion.  

ίὪȟ‮ ίὪὈὪȟIII ‮ .7 

By the integration over the entire space, the omnidirectional spectrum or 

frequency spectrum is obtained in Eq. III .8: 

ὛὪ ίὪὈὪȟIII ‮Ὠ‮ .8 
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where the directional distribution function ὈὪȟIII snoitidnoc eht seifsitas ‮ .9: 

ὈὪȟ—Ὠ‮ ρ 

ὈὪȟ‮ π       ᶅ —ᶰπȟς“ 

III .9 

The definition of frequency spectrum ὛὪ is fundamental , since several statistical 

parameters used in sea wave analysis are defined on this basis. The n-th order 

momentum  of frequency spectrum ά  is defined by III .10: 

ά ὪὛὪὨὪ III .10 

The Significant Height Ὄ is equal to four times the standard deviation of the 

surface elevation or equivalently as four times the square root of the zeroth -order 

moment of the wave spectrum [137], so: 

Ὄ τά τ ὛὪὨὪ III .11 

In the past, the significant height was traditionally defined as the mean wave 

height of the highest third of the waves [138], according to III .12.  

Ὄ ḙὌȾ
ρ

ὲȾσ
Ὄ

Ⱦ

 III .12 

It is important to underline that the two definitions are practically equivalent as a 

more accurate correlation shows that ὌȾ τȢπρά , so the difference is negligib le 

[137]. 

In literature sometimes other parameters are used to describe the wave height: 

¶ Ὄ ὌȾ  Mean wave, that represents the average value of all measured 

waves in the measuring period;  

¶ ὌȾ  Wave one-tenth that is the mean wave height of the highest tenth of 

the waves; 

¶ Ὄ  Maximum wave  height, that is the maximum value measured in the 
site. It is relevant to design structures that are exposed to sea wave. 

In literature , the average period Ὕ  represents the average value of all waves, 

measured in a fixed interval (as example 30 minutes or 1 hour). A more rigorous 

definition is given by Eq. III .13 [136]: 
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Ὕ
ά

ά

Ὓ᷿ὪὨὪ

Ὢ᷿ὛὪὨὪ
 III .13 

Another common period is the mean wave period Ὕ defined as the square root of 

the zero-order momentum and the second order momentum of frequency spectrum (see 

Eq. III .14): 

Ὕ
ά

ά

Ὓ᷿ὪὨὪ

Ὢ᷿ὛὪὨὪ
 III .14 

It is also possible to define a Peak Period Ὕ corresponding to  the peak of the 

variance density spectrum ὛὪ. 

Finally, the wave energy period Ὕ  is defined as the variance-weighted mean 

period of the one-dimensional period variance density spectrum  ὛὪ [139]. Analytically, 

the energy period is defined by III .15: 

Ὕ
ά

ά

Ὢ᷿ ὛὪὨὪ

Ὓ᷿ὪὨὪ
 III .15 

This parameter is commonly used to evaluate the potential energy production.  As 

Eq. III .15 is quite complex to perform, simplified correlations are available in literature.  

As an example, the Atlas of UK Marine Renewable Energy Resources suggests the 

correlation between the energy period and the average period, expressed by Eq. III .16 

[139]: 

Ὕ ρȢρτ Ὕ III .16 

The energy period can be also evaluated from the peak period Ὕ, according to Eq. 

III .17. The value 0.86 is obtained in the case of Pierson Moskowitz spectrum [110]. This 

value is commonly used in surrounded sea with a limited sur face, like the 

Mediterranean Sea [140]. 

Ὕ πȢψφ Ὕ  III .17 

The Pierson Moskowitz spectrum , above cited, is modelled  by Eq. III .18, where 

‌  e ‍  are two parameters related to the sea state, defined by the significant height 

Ὄ  and the peak period Ὕ(or equivalently the peak frequency Ὢ ρȾὝ) [141], [142]: 

Ὓ Ὢ
‌  

Ὢ
Ὡ Ⱦ  

‌
υ

ρφ
ὌὪ‍

υ

τ
Ὢ 

III .18 
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In the original work, the Pierson Moskowitz spectrum was related to the wind 

speed measured at 19.5 m above the average sea level, using a similar formulation [135]. 

Another common spectrum is the JONSWAP (acronym of Joint North Sea Wave 

Observation Project) spectrum, obtained from Pierson Moskowitz spectrum multipli ed 

by an extra peak enhancement factor ‎ : 

Ὓ Ὢ Ὓ Ὢ‎  

Ὢ‏ Ὡὼὴ
ρ

ς

Ὢ Ὢ

„Ὢ
  

„
πȢπχ    Ὢέὶ Ὢ Ὢ

πȢπω    Ὢέὶ Ὢ Ὢ
 

III .19 

In the JONSWAP distribut ion, all parameters are obtained from the observed sea 

[136]. A qualitative comparison of Pierson spectrum and JONSWAP spectrum is 

reported in Figure III .3, where the x-axes is normalized by the peak frequency and the 

y-axis by the maximum value of the Pierson Moskovitz spectrum. The graph underline s 

the effect produced by extra peak enhancement factor introduced in the JONSWAP 

spectrum, as in the real application all parameters are calculated in order to appr oximate 

the measuring data [135]. 

 
Figure III.3 Qualitive comparison of Pierson Moskovitz and JONSWAP spectra  

Sea waves can be classified in d ifferent ways , considering the parameters above 

defined: 

¶ Introducing the ratio ὨȾ‗ (water depth divided by wavelength)  [141] 

o Shallow water  or long wave  ; 

o Intermediate water ; 

o Deep water or short wave ; 
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¶ Wave period Ὕ [135], [143] 

o Capillary waves (Ὕ πȢρ ί), generated by wind and restored by 
surface tension; 

o Ultra -gravity waved (πȢρ ί Ὕ ρ ί) generated by wind and 
restored by surface tension and gravity; 

o Gravity waves (ρ ί Ὕ σπ ί) generated by wind and restored by 
gravity;  

o Infra -gravity waves (σπ ί Ὕ υ άὭὲ), caused by wind and 
atmospheric pressure gradients and restored by gravity ; 

o Long-period waves (seiches, storm surges, tsunamis, with a period  
υ άὭὲὝ ρς Ὤ), caused by atmospheric pressure gradients and 
earthquake and restored by gravity;  

o Ordinary tidal waves ( ρς Ὤ Ὕ ςτ Ὤ), due to the gravitational 
attraction of celestial bodies (moon and sun) and restored by 
gravity and Coriolis force;  

o Trans-tidal waves (Ὕ ςτ Ὤ), due to storms and gravitational 
attraction and restored by gravity a nd Coriolis force.  

In oceanography, the term òsea stateó is used to indicate the temporary  (about half 

hour)  and local condition of the sea surface (with respect to wind waves and swell) as 

consequence of wind interaction. The World Meteorological Organiza tion (WMO) 

defines the sea states according to the Douglas Sea Scale, reported in Table III .2: 

Table III.2 Sea States Codes based on Douglas Sea Scale  

Code ╗▼ Characteristics 

0 0 Calm (glassy) 

1 <0.1 Calm (rippled)  

2 0.1-0.5 Smooth (wavelets) 

3 0.5-1.25 Slight 

4 1.5-2.5 Moderate 

5 2.5-4 Rough 

6 4-6 Very rough  

7 6-9 High  

8 9-14 Very high  

9 >14 Phenomenal 

 

Analysing  the phenomenon of sea wave propagation, the group velocity ὺ is 

introduced , representing the velocity at which wave energy travels and defined by   

Eq. III .20: 

ὺ
Ὠ‫

ὨὯ
 III .20 
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In general, the phenomenon is influenced by the water depth. In fact, considering 

a finite water depth Ὠ , the wavenumber Ὧ ς“Ⱦ‗ and the angular frequency ‫ ς“ȾὝ 

are related by the dispersion relation, expressed by Eq. III .21. 

‫ ὫὯὸὥὲὬὯὨ  III .21 

It is interesting to observe that in case of deep water (ὨȾ‗ ρȾς), the term 

ÔÁÎÈὯὨ  is close to 1; in the case of shallow water (ὨȾ‗ ρȾςπ) the same term is 

equivalent to ὯὨ  [141]. Thus, in these cases, Eq. III .21 is replaced by Eq. III .22: 

‫
ὫὯ      Ὢέὶ  

Ὠ

‗

ρ

ς
 

ὫὯὨ Ὢέὶ  
Ὠ

‗

ρ

ςπ

       III .22 

Combining the equation s above reported, the velocity group is given by Eq. III .23 

[139]: 

ὺ
ρ

ς
ὺ ρ

ςὯὨ

ίὭὲὬςὯὨ
 III .23 

that can be simplified in two forms, according to the case of shallow water and 

deep water, respectively (see Eq. III .24). 

ὺ
   ὺ     Ὢέὶ 

Ὠ

‗

ρ

ςπ
 

ρ

ς
ὺ  Ὢέὶ  

Ὠ

‗

ρ

ς

 III .24 

With the target to exploit sea wave as a renewable energy source, it is important 

to evaluate the amount of energy associate to the phenomenon.  

It is possible to define the total energy related to sea wave for a unitary  surface Ὁ 

(sum of kinetic and potential energy)  according to Eq. III .25: 

Ὁ
”Ὣ

ψ
Ὄ  III .25 

The value 8 (instead of 2) at the denominator is due to the fact that wave height is 

double the wave amplitude.   

The wave energy flux is defined as the power of a unitary wave front, th at is given 

by Eq. III .26: 

•
”Ὣ

ψ
Ὄὺ III .26 

Eq.s III .25 and III .26 can be applied only for a monochromatic wave spectrum. 

Since the real sea states are represented by a sum of several monochromatic waves, an 

approximat ion is given by Eq.s III .27 and III .28, using the definition of significant height.  
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Ὁ
”Ὣ

ρφ
Ὄ  III .27 

•
”Ὣ

ρφ
Ὄὺ III .28 

The phase velocity for gravity wave is given by Eq. III .29: 

ὺ
‗

Ὕ

Ὣ

Ὧ

Ὣ‗

ς“

ὫὝ

ς“
 III .29 

consequently, in the case of deep water (where ὺ ὺȾς), the wave energy flux is 

finally obtained , according to Eq. III .30: 

•
”Ὣ

φτ“
ὌὝ III .30 

In literature, this equation is universally adopted to estimat e the wave energy 

potential in a specific site, knowing the energy period Ὕ and the significant height Ὄ 

[112], [139], [144], [145]. 

As introduced before, the sea state, identified by the significant height and the 

energy period, represents one of the several possible conditions that can be observed in 

the site. 

A simple way to report data on the measured sea states is the scatter table (see 

Figure III .4), reporting the equivalent hours in which a specific condition ( Ὕ, Ὄ) is 

measured (picture on the left) or the corresponding annual energy availability (picture 

on the right).  
Occurrency [h/y] 

 

Wave energy [kWh/m-y] 

 
Figure III.4 Examples of scatter tables, in the island of Pantelleria (Italy) [146]  

A generic device to exploit the sea wave energy source is affected by an energy 

efficiency, due to the transferring of energy from sea wave to the device (hydraulic 

efficiency – ) and the internal transformation to electricity (electrical efficiency –). 

According to the definition of sea wave flux (power per unitary length of wave front), 

the electricity production from sea wave can be estimated by Eq.  III .31: 
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Ὁ Ὠ
”Ὣ

φτ“
ὌȟὝȟ– ὌȟȟὝȟ– ὌȟȟὝȟ ὸȟ III .31 

where Ὠ is the equivalent diameter of the system that recovers the energy from 

sea wave, Ὄȟ is the i-th class of significant height, Ὕȟ is the j-th class of energy period 

and ὸȟ the number of hours in which the condition ὌȟȟὝȟ  is measured. 

A simplified equation is also adopted in this thesis, if a monthly average wave 

energy flux • ȟ is available: 

Ὁ Ὠ– – • ȟὸ III .32 

assuming an average hydraulic efficiency – , an average electrical efficiency – of 

the system  –ȟ, and indicating with Ὤ the number of hours per month [109]. 

III.3 State of art 

Wave energy represents a ònew entryó in the renewable energy sector, however a 

common opinion suggests that in near future sea wave might have a key role for the 

electrical energy production, due to its huge energy potential [121], [142]. It is also 

evident how this source will be able to exploit areas which are not used nowadays, 

creating important supply chain s and local job opportunities [147]. 

Recent international reports underline that the total theoretical wave energy 

potential is about 30 PWh/year, not evenly distributed throughout the world [121], 

[148]. The red areas in Figure III .5 are defined as hot spots, i.e. regions with high values 

of wave energy potential. Thus, the Southern part of Australia, Africa and America are 

exposed to the highest values of wave energy potential. Other more moderate areas can 

be found in the regions between USA, Canada and Japan in the Pacific Ocean and 

between European Union, Greenland, USA and Canada in the Atlantic Ocean. 

Unfortunately, all these areas are affected by extreme bad weather conditions, due to the 

high level of energy potential, complicating the utilization of this renew able energy 

source [149], [150]. 

In this context, the device able to extract energy from sea wave and produce 

electrical energy or other useful energy output is commonly defined as Wave Energy 

Converters (WEC) [151]. 

Historically, the first patent was registered in France in 1799 by Monsieur Girard 

and his son [151]. After that, many types of WEC have been proposed over time.  

These systems are classified using different criteria like the position with respect 

to the coastline, the typical size, the orientation with  respect to the direction of wave 

propagation or the working principle.  
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Figure III.5 Global wave power GIS map [142]  (Elsevier license  n. 4707211026493) 

As shown in Figure III .6, considering the orientation of the system with respect to 

the direction of wave propagation, it is possible to define  [152]: 

¶ Attenuators , these systems are oriented parallel to the wave direction . 
Since the device has a length of the same order of the wavelength, it adapts 
its shape to the wave profile, extracting energy from  sea wave; 

¶ Point absorbers, these systems work independently of wave direction  due 
to their small sizes in comparison with the wavelength ;  

¶ Terminators , these systems are oriented perpendicular to the direction of 
wave propagation. Sea wave ends on the device, transferring its energy.  

 
Figure III.6 Classification of WEC based on wave direction  

Considering the working principle, the following categories are identified [151]:  

¶ Oscillating water column , in this system sea wave enters inside a chamber 
open to the atmosphere. Inside the chamber, sea wave produc es a vertical 
water oscillation. The air inside the chamber is pressurized and 
depressurized by the water oscillation, p roducing a bidirectional air flow 
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usable to run special wind turbines. The system can be installed on the 
coastline or integrated in a floating device.  

¶ Wave-activated bodies , in this case sea wave produces relative motions on 
the systems, running the energy converters. This kind of system can be 
assembled in several configurations in order to produce a rotation or a 
translation. About the installation, there are floating systems and 
submerged ones. 

¶ Overtopping  devices, in this case, sea water is conveyed in a reservoir , 
using a ramp to convert the kinetic energy of sea wave into potential 
energy. The water is consequently spilled from  the reservoir  and used to 
produce electricity , by using a low head hydro turbine.  

Abou t the distance from the coastline, it is common to define the following regions 

(see Figure III .7): 

¶ Onshore , in this case the system is directly fixed on the mainland, 
simplifying the maintenance and the installation of the device.  

¶ Nearshore, it represents the transition region between the shoreline and 
the effective offshore area. In this zone, sea wave energy starts to be 
dissipated by seabed. In simple term, nearshore region starts where the 
water depth is about half of the wavel ength and ends where the depth is 
one twentieth of wavelength (the same conditions reported in Eq. III .22 in 
the previous subsection). 

¶ Offshore , the region where the sea wave phenomenon is practically not 
influenced by seabed. In this area, waves are strong and regular. 

 
Figure III.7 Classification of WEC based on the distance from the coastline  

In the following subsections, some examples of Wave Energy Converters are 

reported, according to the classification based on the working principle [151]. Finally, a 

focus on the Power Take Off is reported. 

Oscillating Water Column  

Several Oscillating Water Column ( OWC) devices have been proposed in the past. 

According to the position of the system from the coastline, OWC devices can be classified 

as fixed or floating [148]. 
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In the first case, the OWC plant is installed via a fixed structure on the shoreline or 

close to it, or in natural or artificial structures, such as breakwaters and rock cliffs [148]. 

The installation of WEC directly on the  shoreline has several benefits. The 

maintenance operations are simplified, reducing the relative costs. At the same time, the 

costs for the mooring system is minimized. Furthermore, the entire electrical equipment 

for t he energy conversion is installed out of the water [151]. 

As mentioned before, the OWC devices are designed to produce a vertical 

oscillation  of water  inside a chamber in order to produce the alternative compression 

and expansion of the air inside the same chamber. Since the air flow changes continually  

its direction, the traditional horizontal -axis air turbines cannot be adopted. A solution is 

represented by Wells turbine, developed in the mid -1970s by Alan Arthur Wells (in that 

period professor at Queenõs University of Belfast) [151].  

The Wells turbine is a low -pressure air turbine, characterized by the ability  to 

rotate in one direction independent ly  of the air flow direction. The blades are 

characterized by a symmetrical air foil where the plane of the symmetry is the same of 

the plane of rotation and perpendicular to the air flow direction.  As reported in [151], 

the Wells turbine is affected by a low (or negative) tor que in case of small air flow rate; 

significant aerodynamic losses and noise in comparison with other wind turbine s. Thus, 

this turbine requires a greater section to achieve the same power output of other 

turbines. Nevertheless, Wells turbine has been appl ied in several OWC plants. 

  
Figure III.8 Sectional drawing (left) and view  (right)  of the Kværner Brugõs OWC plant [153]  

(Elsevier licen se n. 4707220801868)  

As an example of full -scale OWC system, the KvÞrner Brugõs OWC plant was 

realized at Toftesfallen (Norway) in 1985, with an electrical rated power o f 500 kW [154].  

The lower part was realized in concrete, with a height of 3.5 m above sea level. As 

reported in Figure III .8 [153], this part of the system formed a chamber, communicating 

to the sea under the water level. The upper part (steel tower), achieving the height of 21 

m, was equipped with a self -rectifyin g air turbine, with a rated power of 500 kW. 

Unluckily, this plant was destroyed by a severe storm in the end of 1988 [155]. Despite 
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the proposal to replace the damaged part, the system was decommissioned, keeping 

only the concrete part on the testing site. In its short operative life, the Kværner Brugõs 

OWC plant delivered 29 MWh to the electrical grid [156]. 

In 1991 an OWC system was installed at Vizhinjam (Kerala, India), composed by a 

concrete caisson and installed near to the original breakeven structure. The project 

considered the installation of a Wells turbine coupled with an induction generator (150 

kW) in order to be directly coupled with the electrical grid [155].  

In reality the results were under the expectation : the output power was highly 

variable in the range 0-60 kW in few seconds and the induction motor  frequently was an 

electrical load instead a generator, consuming more energy than it produc ed [157]. The 

plant was inactive for a long period. In 2004 the plant was inv estigated to supply a RO 

desalination plant . This OWC device was finally decommissioned in 2011 [115]. 

  
Figure III.9 Axonometric view (left) and section view (right) of the OWC device at Vizhinjam  [155] .  

Based on the same principle, in 2000 the Islay LIMPET (Land Installed Marine 

Power Energy Transmitter) was installed on the Scottish island of Islay.  This plant was 

realized and operated by Wavegen in cooperation with Queenõs University of Belfast. 

Islay LIMPET was the full -scale version of a previous prototype (75 kW) realized in 1991.  

 
Figure III.10 LIMPET OWC plant installed on the island of Islay (Scotland, UK)  [158]  

(Elsevier licens e n. 4707221496823)  

The envelope of LIMPET was entirely realized in concrete on the shoreline. It was 

equipped with two Wells turbines, each one with a rated power of 250 kW [134], [158]. 
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The plant was decommissioned in 2012 and today only the concreate building remains 

on the shoreline. 

A similar technology was also developed in Portugal, under the supervision of 

Instituto Superior T écnico of Lisbon. In 1999 a full scale (400 kW) OWC plant was 

realized in Pico Island (Azores, Portugal)  [158]. Some problems were due to 

malfunctions of Wells turbine and i ts support. The project was concluded on January 

2018, demonstrating the feasibility of this technology [159].  

 
Figure III.11 Back view of the OWC plant installed on the island of Pico (Azores, Portugal)  [158]  

(Elsevier license  n. 4707221496823)  

 
Figure III.12 OWC plan t installed in the bay of Mutriku (Spain)  [160]  

In 2011, an OWC plant was inaugurated in the bay of Mutriku (Spain) (see Figure 

III .12) [160]. The power plant is 100 m long and has an installed power of 296 kW. It is 

composed by 16 OWC chambers, each one equipped with a Wells turbine. The producer 

indicated a total electricity production equal to 1.6 GWh (updated to the end of June 

2018) [160]. 

An OWC system, called REWEC3 (REsonant Wave Energy Converter), has been 

developed in Italy, by the University of Reggio Calabria. This system is designed to be 

incorporated into a traditional vertical breaker in the harbour. In comparison with other 

OWC devices, the main difference is the U-shape connection between the internal 

chamber and the sea (see Figure III .13 [161]), that is chosen in order to adapt the 
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resonance frequency of the system to sea wave. Thus, it is possible to maximize the 

energy extraction [161]. In the port of Civitavecchia, a full scale plant has been installed, 

composed by 136 chambers and a rated power of 2.5 MW [134]. In 2016 the system, with 

a length of 100 m, produced 500 MWh/y. After the optimization, the designers want to 

achieve an annual production of 800 MWh/y.  

 
Figure III.13 Working principle  of REWEC3 [161] . 

The Yongsoo plant (see Figure III .14) [134] is another fixed OWC system, that was 

recently completed near to Jeju Island (Republic of Korea). The system is installed on 

seabed, at 1 km from the coastline. It is equipped with two horizontal axis impulse 

turbines, connected to different kinds of generat ors (a synchronous generator and an 

induction generator), both with a rated power of 250 kW [134]. The plant has a length of 

37 m and a width of 31 m. 

 
Figure III.14 Back ( left) and perspective view s (right) of OWC plant at Yongsoo [134]  (CC BY 4.0) 

The other family of OWC devices is composed by the floating systems. The 

working principle is the  same. The main difference is related to the structure, where the 

OWC device is installed. Indeed, the most popular solution is represented by the 

adoption of floating buoys, equipped with  chambers used to produce the water 

oscillation.  

One of the first f loating OWC was developed in Japan between 1960s and 1970s by 

the team of Yoshio Masuda. The system, called Backward Bent Duct Buoy (BBDB), is 

composed by a floating buoy, anchored to seabed and equipped with a L-profiled 
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chamber [162]. This one is open in the back to the sea, under the water level while in the 

upper part to the atmosphere, through a Wells turbine , as shown in Figure III .15 [151]. 

 
Figure III.15 Section of Backward Bent Duct Buoy  [151]  (Elsevier licen se n. 4707220104485)  

Some years later, other similar systems were developed. Among these, the best 

known are Sloped Buoy, Spar Buoy and Mighty Whale, reported in Figure III .16 [163]. 

In detail the Sloped buoy is composed by three parallel pipes installed on a floating buoy 

with a tilt angle of 45°. The lower part is open to the sea while the upper part to the 

atmosphere.  

The Spar Buoy is a vertical pipe installed in  a floating buoy, that has a cylindrical 

shape. This aspect improves the energy extraction from sea wave, because the system 

work s independently of wave direction. For this reason, it is classified as Point Absorber.  

   
Figure III.16 Sloped Buoy  (left)  [163] , Spar Buoy  (middle)  [163]  e Mighty Whale  (right)  [164]  

It is interesting to report the case of Mighty Whale, composed by a buoy having a 

shape like a whale (50 m long and 30 m wide), as shown in Figure III .16 [164], [165]. It 

was based on OWC and equipped with three Wells turbines, with a total installed power 

equal to 120 kW [166]. 

Wave-activated bodies  

The category of Wave-Activated Bodies (WAB) comprises several kinds of 

solutions for the sea wave exploitation. These systems are generally composed by two 

or more parts, arranged in order to produce a relative motion and run the energy 

converter [167]. 
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These systems are generally designed for a nearshore or offshore installation , in 

order to exploit the more r egular waves of the open sea, in comparison with the systems 

installed on the coastline. However , the installation far away from the coastline increases 

the number of problems. Indeed, long underwater cables or pipes are required to 

transfer the energy collected by the WEC to the mainland. These devices need also a 

mooring system, strong enough to resist to the extreme weather conditions [168]. 

Since there is a number of WAB, a classification is introduced by considering the 

working principle of the device  as criterium [151]: 

¶ Single body heaving buoys;  

¶ Two-body heaving systems; 

¶ Fully submerged heaving systems; 

¶ Pitching devices; 

¶ Bottom-hinged systems; 

¶ Many -body systems. 

Single Body Heaving Buoys 

The first group includes systems composed essentially by a single floating buoy. 

In case of sea wave, the buoy produces an oscillation that is used by an energy converter 

to produce electricity.  

  
Figure III.17 Norwegian buoy , working principle of Danish buoy  and Swedish buoy  [151]  

(Elsevier license  n. 4707220104485)  

An example was the Norwegian Buoy, shown in Figure III .17 [151], [169], 

composed essentially by a spherical buoy able to move along a metallic strut anchored 

to seabed by a universal joint . The idea was the exploitation of this vertical motion to 

pressurize an air reserve and consequently run an air turbine in a regular way [170]. A 

prototype, having a buoy one meter diameter, was tested in 1983 in the Trondheim Fjord 

(Norway), replacing the air turbi ne with an orifice [151]. In 1990s, a similar device was 

developed in Denmark. Th is system was composed by a buoy fixed to a structure on 

seabed by using a long cable. The relative motion was used to run a piston pump to 

pressurize water and run a hydro turbine (see Figure III .17). An alternative solution 
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(Lysekil Project) was developed at Uppsala University (Sweden), installing a  linear 

generator inside a structure fixed to seabed [151], [169].  

Two-Body Heaving Buoys 

The category òtwo body heaving systemsó was introduced to solve the problem of 

the distance between the floating buoy and the fixed structure on seabed, where the 

energy production occurs. In this case, the WEC is composed by two floating buoys in 

order to produce a relative motion usable to ext ract energy. The shapes of two floaters 

are normally different in order to maximize the relative motion.  

As shown in Figure II I.18 [151], [171], Wavebob is an example of two body h eaving 

system. To improve the relative motion between the two parts of the WEC, the central 

buoy is equipped with a big mass, increasing the inertia and limiting the vertical motion. 

The inferior  buoy is designed to be submerged at depth enough to minimize the 

interference with sea wave. The vertical motion produced by the upper  buoy (body 1) is 

used to run an oil pumping system. A small-scale (1:4) prototype was tested in the 

Galway Bay (Ireland)  [151], [171]. 

  
Figure III.18 Rendering view (left) [151]   and e xternal view  (right) [171]  of Wavebob  

(Elsevier license  n. 4707220104485 and 4707231054751)  

PowerBuoy is another example of two body h eaving system, developed by the 

American company Ocean Power Technologies. As shown in Figure III .19 [169], [172], 

this WEC is composed by a floater, that is free to move up and down according to sea 

wave, and a submerged body, having a disk shape adopted to improve the inertia and 

hydrodynamic resistance of this part and maximize the relative motion between the two 

main parts of the device. The idea is the realization of a wave energy farm, installing 

several devices, each one producing electricity. To minimize the cost of the electrical 

connection with the mainland, a n offshore substation could be realized, as shown in 

Figure III .19. In 2005 a pilot plant (40 kW) was tested in an offshore site, close to Atlantic 

City (New Jersey, USA) [169]. In 2008, another plant of the same size was installed off 

the coast of Santoña (Spain) [151].  
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Figure III.19 Principle of operation  [169]  and external view of PowerBuoy  [172]  

[169]  (CC BY-NC-ND 3.0) 

Fully Submerged Heaving Systems 

About the fully submerged heaving systems, an example is the Archimedes Wave 

Swing, developed in Holland . 

As shown in Figure III .20 [173], the system is composed by two parts: a basement, 

that is anchored to seabed, and a floater. The device works by using the variation of the 

hydrostatic pressure applied to the floater, that push es up and down a linear generator 

installed inside. In 2004, a pilot plant was tested in Portugal [151]. 

 
Figure III.20 Working princ iple of Archimedes Wave Swing [173]  (CC BY-NC-SA 3.0) 

CETO (name inspired by a Greek ocean goddess) is another full submerged device, 

proposed by Carnegie Clean Energy. This system is designed to be installed in the 

nearshore, a few meters below the sea level. The previous version (CETO 5) was 

designed to pump wat er for  a station located on the coast where electricity and 
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freshwater are produced, by using a RO unit [174], [175]. The company is currently 

working on a new device (CETO 6) to produce electricity directly on the WEC.  

  
Figure III.21 CETO external view  [175]  and working principle  [174]  

Pitching Devices 

In the pitching devices, the main motion is a relative rotation ( usually  pitch) 

among the parts. A first example was the Salterõs Duck (called also the nodding Duck), 

developed by the team of Prof. Stephen Salter at the University of Edinburg (UK), 

between 1970s and 1980s. In detail, this device is composed by a floater, having a cam 

shape (see Figure III .22) [176], [177]. As first solution, a hydraul ic pumping system was 

proposed to convert the rotary motion into electricity. As alternative solution, a 

gyroscope system was proposed some years later [177]. 

  
Figure III.22 Salterõs Nodding Duck. Section (left) [177]   and rendering view (right)  [176]  

(Elsevier licen se n. 4707240043865)  

Pelamis was another famous example of pitching devic e [151]. It was developed 

in UK by Scottish company òPelamis Wave Power Ltdó. A first prototype , connected to 

the electrical grid,  was tested in Orkney (Scotland) between 2004 and 2007. In 2008 a 

wave farm with three devices was installed at Aguçadoura (Portugal). Unluckily , the 

wave farm work ed only for two months due to technical failures, causing f inancial 

problems to the company. The intellectual property was transferred to the Scottish 

government in November 2014. This WEC was composed by four cylindrical buoys, 

connected by three Power Conversion Modules (PCM), as depicted in Figure III .23 [178], 

[179].  
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Figure III.23 Working principle  [178]  (CC BY 4.0) and external view of Pelam is [179]  

In detail , the system had a shape like a snake, oriented according to the wave 

direction, achieving a length of 120 m and a rated power of 750 kW. The working 

principle of Pelamis was based on the generation of a relative rotation on the PCM, 

equipped with hinged joints, in order to pump oil at high -pressure into accumulators 

and then run  hydraulic motors coupled with  induction generators.  

Bottom Hinged Systems 

The Bottom Hinged Systems are designed to exploit sea wave in shallow water  

(10 - 15m), where the sea motion is mainly horizontal. An example is Oyster , that is 

illu strated in Figure III .24 [180].  

 
Figure III.24 Working principle of Oyster  [180]  

This device consists essentially in a barrier, made by five cylinders horizontally 

stacked. Since the barrier is fixed by a horizontal hinge, the braking wave produces a 

rotation , activating a high-pressure pump. The pressurized water is conveyed along 

pip es to the coastline, where hydro turbines and alternators are installed to produce 

electricity. Th is kind of WEC was proposed by the team of Professor Trevor Whittaker, 

from the Queenõs University of Belfast. The company Aquamarine Power developed and 

tested two full -scale plants at the European Marine Energy Centreõs Billia Croo test site: 

Oyster 1 (315 kW) and Oyster 2 (800 kW). The second version was connected to grid in 

2012 until 2015, when the company ceased trading [181]. 

AW Energy (a Finnish company)  proposed a similar system called Waveroller  (see 

Figure III .26) [182]. In 2007, a small scale (1:4) prototype was tested in Portugal. 
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Figure III.25 Rendering view of Waveroller  [182]  

A full -scale prototype was installed in Järvenpää (Finland) in 2015, in order to 

optimize the technology. The device is designed to be installed at 0.3 ð 2 km from the 

shoreline, where the sea depth is between 8 and 20 meters. The device has a rated power 

of 350 kW, equipped with a flap 18 m long and 10 m high. The company is currently 

working for new projects in Portugal, Mexico and Southeast Asia  [182]. 

Many-body systems 

Wavestar is an example of many-body systems [151]. The first study on this device 

was started in 2000 by Niels and Keld Hansen in Denmark. A small -scale prototype 

(1:40) was tested in 2004 at the laboratory of Aalborg University. In 2005, a grid 

connected small scale (1:10) pilot plant was installed at Nissum Bredning. Finally, in 2009 

a 1:2 scale prototype was connected to grid in Hanstholm. The plant  was taken down in 

2013 [183]. Like other systems described above, Wavestar uses the relative rotation of 

the buoys to pump oil at high -pressure and runs hydraulic motors [151]. 

The researchers are currently working on the full scale of the device. As shown in 

Figure III .26 [183], [184], Wavestar is composed by 20 buoys (10 m diameter), arranged 

in two lines, and able to extract until 6 MW according to the climatic conditions of the 

North Sea. The system could be also assembled with a star shape, using 60 buoys and 

achieving a total rated power of 18 MW [183], [184]. 

  
Figure III.26 Rendering view of Wavestar  [183], [184]  
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The same working principle  can be applied along the coastline and the breakers of 

the harbours. An example is the EcoWave System, composed by several floaters, which 

rise and fall according to the hydrodynamic interaction with sea wave.   

  
Figure III.27 Eco Wave Systems  (left)  [185]  and Seahorse power take off system (right)  [186]  

Using robust arms, the system pressurizes a fluid to run a generator installed on 

the coastline (see Figure III .27 on the left) [185]. In 2016 a wave farm was opened at 

Gibraltar, located at the southern tip of the Iberian Peninsula. The plant has currently a 

rated power of 100 kW but it  is planned to achieve 5 MW of installed pow er [134]. 

Based on the same approach, the Seahorse system (50 kW) was installed in 2012 at 

the Port of Pecem (Brazil) [134], [186]. The device was developed by the Federal 

University of Rio de Janeiro and is composed by two arms, each one equipped with a 

circular buoy (see Figure III .27 on the right ) [134], [186]. 

Overtopping  device 

In the Overtopping Devices (OD), the exploitation of sea wave is based on the 

conversion of the kinetic energy of water into potential  energy, usable by a low head 

hydro turbine.  

An artificial water reserve should be created at a level superior than the sea level. 

To refill the system, a ramp is required to convey sea wave inside the water reserve. 

Historical ly, the first OD pilot plant was the Tapchan (Tapered Channel Wave Power 

Device), realized at Toftestallen (Norway) in 1985 (see Figure III .28) [151], [187]. The 

collector was carved into a rocky cliff, reali zing an entrance about 60 m wide and lifting 

water up into a reservoir 3 m above sea level and with a surface of 8500 m2. To convert 

the potential energy into electricity, a low-head Kaplan-type hydro turbine  was adopted, 

having a rated power of 350 kW. This plant was damaged by the storm in 1988. The plant 

was decommissioned in 1991. 
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Figure III.28 View ( left ) [187]  and  schematic plan view (left) [151]  of Tapchan  

(Elsevier licen se n. 4707220104485) 

It is also possible to realize an OD for an offshore application. As an example, the 

Wave Dragon was a floating slack moored WEC, developed by the Danish company 

òWave Dragon Apsó. In March 2003 a 20 kW prototype  (scale 1:4.5) was installed and 

tested in the Nissum Bredning fjord until January 2005 [188]. Another pilot plant  (4 MW) 

was installed in 2006 and scrapped in 2011. 

In detail, Wave Dr agon is composed by a floating water reserve, refilled  with  sea 

wave by using two reflectors (see Figure III .29) [151], [189] and a ramp to convert the 

kinetic energy into pot ential energy through the increasing of water level [189]. This kind 

of energy can be used by Kaplan turbines to run permanent magnets rotary generators. 

To work properly, the system should be fixed to seabed by moorings and faced to the 

wave direction [169]. 

   
Figure III.29 View s of the small scale Wave dragon (left)  [151]  and its working principle (right)  [189]  

(Elsevier lic ense n. 4707220104485  and 4707240446626 ) 

The last OD project is called Seawave Slot-Cone Generator, depicted in Figure 

III .30 [134], [190]. This system is designed for an onshore installation.  
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Figure III.30 External view (left)  [134]  and section view (right)  [190]  of Slot-Cone  (CC BY 4.0). 

In detail the system is composed by three chambers, located at different heights. 

Each chamber has an opening, located at the superior point. The system has externally a 

ramp shape, in order to increase the water height and fill the internal chambers . A 

multi stage low-head hydro turbine is adopted to transform the potential energy of water 

inside each chamber into electricity. 

Two pilot plants have been planned for the realization  along the west Norwegian 

coasts [190]. 

Power Take Off  

As reported in the previous paragraphs, there are several technologies under 

investigation for the exploitation of  the wave energy potential.  

 
Figure III.31 Different paths for WEC systems [191]  (CC BY-NC 4.0)  

The main component of a sea wave energy converter is defined as Power Take Off 

(PTO), that is the mechanism used to transfer the mechanical energy of wave to the 

electrical energy generator [191].  
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As suggested by Figure III .31, the energy transmission from buoys to the energy 

generators can be performed  in diffe rent ways, in particular:  

¶ High pressure oil hydraulic systems . In this case, WEC is designed to 
produce a relative motio n among the main components in order to run a 
piston pump to pressurize a fluid (normally oil). From the high -pressure 
tank the fluid is spilled to run a hydraulic motor, coupled with alternators 
in order to produce the electrical energy. This approach is normally 
adopted in the wave-activated buoys WEC. 

¶ Air turbine systems . As described in paragraph III.3.a on OWC systems, 
in this case sea wave enters and leaves a chamber open to sea under the 
water level. The alternative motion  of the wave produces the 
pressurization and the depressurization of the chamber, forcing the air 
flow through an air turbine . The main problem is related to the fact that the 
air flow is bidirectional, so the air turbine must be designed in order to 
rotate in the same direction independently of the air flow. The Wells 
turbine is the most popular solution, coupled with alternator to produces 
electrical energy. 

¶ Low head water turbine systems . As explained in the paragraph III.3.c on 
the overtopping device s, a possible solution to exploit the sea wave energy 
is the recovery of the kinetic energy of the wave, transforming it into 
potential energy. The water of sea wave is conveyed inside a reservoir, 
installed at a quote higher  than the sea level, thanks to the adoption of 
ramps. The potential energy of the water stored in the reserve can be used 
by a low-head water turbine, coupled with alternators, in order to produce 
electrical energy. 

¶ Mechanical motion converting systems . In this case the relative motion  
(linear or rotary) is transformed into a unidirectional rotary motion, in 
order to run alternators to produce electrical energy.  

¶ Direct  electrical producing systems . In this technique, the WEC devices 
are designed to produce a bidi rectional motion directly usable by linear 
generators in order to obtain electrical energy. 

Table III.3 Average values of the energy efficiency of PTO [191] . 

PTO system Efficiency (%)  

Hydraulic  65 

Air  55 

Water 85 

Mechanical  90 

Direct drive  95 

 

As introduced in the first chapter, in this thesis an innovative linear generator is 

designed and proposed as PTO for  a WEC. Indeed, as shown in Table III .3, the adoption 

of direct drive systems could allow the achievement of  high energy efficiency [191]. 

For this reason, in the next chapter a prototype already analyzed in a previous 

research is presented. Geometrical changes are introduced in order to improve the 
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power output and limit disturbing phenomena, l ike the cogging force. The proposal of 

a WEC is also presented. 

A lumped -parameters model is introduced , in order  to realize a preliminary 

energy assessment of the energy production  in different sea wave conditions.  
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IV SOLUTIONS FOR SEA WAVE EXPLOITATION 

In the previous chapters, the current technologies for the utilization of sea as 

energy and water sources have been presented. 

As reported in the introduction, th is work  was focused on the exploitation of sea 

wave as renewable energy source. Desalination represents a possible electrical load that 

can be supplied by sea wave, solving two problems at the same time: the production of 

freshwater in area affected by water scarcity, such as small islands, and the balance of 

the electrical grid. Indeed, desalination plants could be managed in a flexible way and 

supplied by aleatory renewable energy sources, helping the stability control of the local 

electrical grid.  

This chapter shows the proposal of innovative energy converters that could be 

used as Power Take Off in sea wave application in order to produce electricity.  

In detail, the main solution is based on the adoption of linear generators, a machine 

able to produce electricity by using t he mechanical energy introduced in the form of  a 

bidirectional linear moti on. 

As reported in literature, the adoption of linear generation reduces the numbers of 

energy conversion steps to the minimum, increasing the energy efficiency of the entire 

energy conversion chain. At the same time, the limited numbers of components coul d 

increase also the reliability of the wave energy converter [191]. For this reason, the 

development of linear generators is considered. In the end of the chapter, an alternative 

solution is also presented, suggesting the realization of a mechanical motion converter. 

This system transforms a directional linear motion into a u nidirectional rotary motion, 

in order to run a commerc ial multipolar alternator and produce electrical energy.  

The following introduction on linear generators was published in the paper òA 

New Solution for Sea Wave Energy Harvesting, the Proposal of an Ir onless Linear 

Generatoró in Journal of Marine Science and Engineering [192]. 

IV.1 Introduction on  linear generator s 

In electrotechnics the term ògeneratoró is associated to a machine able to convert 

mechanical energy into electrical energy. Classifications are introd uced, considering 

different aspects, like the type of motion (rotary or linear),  type of current (alternative 

current or direct current), way to produce the magnetic field (permanent magnets or 

field coils), number of magnetic poles, presence or absence of synchronization between 

the electrical frequency and the angular speed of the generator (synchronous or 

asynchronous machine) [193]. 

While rotary machines have been well developed from  a long time, linear 

generators still need a significant improvement, because the limited application of these 

systems [194].  
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It is interesting to observe that the rotary machines are designed to work in steady 

state regime at a fixed angular speed (for example 1500 rpm in case of a two pair s pole 

alternator supplying a 50 Hz electrical grid), while linear generators have to work in a 

non-steady condition because of the nature of the inpu t motion. Th e first kind of motion 

is very popular in the energy sector, since most of the energy sources are exploited by 

primary motors that produce a rotary motion, such as wind and hydro turbines, internal 

combustion engines, steam and gas turbines. 

The adoption of rotary machine is also under investigation in sea wave application, 

as shown in the previous chapter. An alternative  solution is represented by the adoption 

of linear generators, having the benefits to limit the number of components required for 

the energy conversion chain. Focusing on the electrical machine, rotary generators and 

motors are composed by a stator (the fixed part) and a rotor (the movable part, that turns 

around the axis). In the same way, linear machines are composed by two parts: the stator 

(fixed) and the translator (the component subjected to a bidirectional linear motion).  

From a conceptual point of view, it is possible to obtain a linear machine, making 

a cut along the axis of the rotary machine and then unrolling the syste m in order to 

obtain a planar configuration, as shown in Figure IV.1. According to the type of cut , it is 

possible to obtain different geometries [193]. 

  
Figure IV.1 Linear machine from a rotary machine  

A detailed classification of linear generators is reported in [195]. About linear 

generators equipped with permanent magnets, the fol lowing topologies can be adopted: 

¶ Considering the shape of the generator 

o Structure of generator 

Á Flat structure (generator having a shape like the example in 
Figure IV.1) vs. tubular structure (stator and translator are 
designed in order to have an axial symmetry, like two 
coaxial cylinders ). 

o Length of translator in comparison with the stator  

Á Long translator (if the translator is longer than the stator)  vs. 
short translator (in the other case). 

o Position of translator in comparison wi th the stator 

Á External translator (if the translator moves in a region outside 
the stator) vs. internal translator (if the translator is installed 
inside the stator region). 
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o Place where the permanent magnets are installed  

Á Stator PM (if magnets are installed on the stator) vs. 
translator PM (if magnets are located on the translator). 

¶ Flux Path 

o Installation of permanent magnets  

Á Radial, axial, Halbach and quasi-Halbach. Considering a 
tubular generator, in the radial scheme, PM are magnetized 
along the radius. Poles are alternated as reported in Figure 
IV.2. In the axial configuration, P M are magnetized along 
the same axis of the translator. In the Halbach scheme, PM 
are magnetized along the axis, but are oriented in order to 
oppose the same poles. To assemble the stator, a 
ferromagnetic material is installed between the magnets. As 
effect, the resulting  magnetic field is oriented in the radial 
direction. Finally, in the quasi -Halbach configuration, axial 
and radial magnets are alternated, in order to minimize the 
magnetic field inside the translator  and maximize outside . 

o Position of winding with respect to the translator motion  

Á Transverse Flux (if the flux path through coils is 
perpendicular in comparison with the translator motion)  vs. 
Longitudinal Flux (if the flux path is parallel).  

¶ Core Type 

o Iron-cored (the stator is realized with a ferromagnetic material)  vs.  
Air -cored (the stator is with a non-magnetic material, equivalent to 
air) 

 
Figure IV.2 Different magnetization schemes  

(a) Radial, (b) Axial, (c) Halbach, (d) Quasi -Halbach  

Finally, in literature another kind of generator is investigated: linear switched 

reluctance generator. In this case, the magnetization is realized by coils, that require a 

control system, function of the translator position  [193]. 
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IV.2 The starting point: t he prototype  of linear generator  

As introduced before, in this thesis the development of a linear permanent magnet 

generator is presented. A small-scale prototype was realized at the University of Palermo 

and partially investigated for my Master Decree Thesis. Thus, in this section it is useful 

to present the features of this machine, in order to better understand the aspects 

investigated during the Ph.D. researches. 

In Figure IV .3 the geometric details of the stator are reported. This part is split in 

two symmetrical blocks,  obtained by overlapping 126 AISI 1008 sheets, achieving a total 

height of 65 mm. Each sheet has a size of 972 mm (length) and 60 mm (width) and is cut 

by laser in order to realize the several holes required to assemble the stator with bolts 

and threaded bars and install the coils. In detail, each block has 8 holes, used to assemble 

the stator, and 39 slots for the installation of 36 coils. 

This machine was originally designed accordin g to the short translator 

configuration. For this reason, it was possible to reduce the width of the first three an d 

the last three slots, where only a single coil takes place. Indeed, as reported in Figure 

IV.3, these slots have a width of 8 mm while the other 30 internal slots are 12 mm wide. 

All teeth have a width of 13.5 mm.  

 
Figure IV.3 Stator details  

 
Figure IV.4 Coils shape  



 
 

 
Pag. 85 

 

  

Coils are realized in enameled copper, 0.5 mm diameter. Each coil is composed by 

375 turns having a rectangular shape (averagely 85x135 mm), for a total mass of 278 g. 

All coils end on  the terminal plat, installed in the upper part of the device, through 

which is possible to adopt different schemes of connection. 

  
Figure IV.5 Terminal plate  

The linear generator is assembled by using also two bakelite sheets, on which four 

lines of bearing are installed, allowing the relative motion between the translator and 

the stator (see Figure IV.6). Overall, t he stator has a mass of 74.5 kg, with a 

parallelepipedal shape having the sizes of 972 mm long, 260 mm high and 160 mm wide. 

  
Figure IV.6 Lateral and front views of the stator  

The other main component is the translator, that consists of a bakelite sheet where 

12 permanent magnets are installed, as shown in Figure IV.7 (left). Indeed, the sheet was 

shaped in order to allow the installation of 40 magnets  (see Figure IV.7 right) . The 

translator has a mass of 7.25 kg in the first case, 13 kg in the latter one. The sheet has the 

following sizes: 1.6 m long, 11 mm wide and 20.5 cm high. 

 
Figure IV.7 Rendering view o f the translator  
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The translator presents a groove along the long edge, in order to slide through the 

bearings mounted on the stator. About the magnets, the main properties are reported in 

Table IV.1 [196]. 

Table IV.1 Main properties of the permanent magnets  

Parameter Value 

Sigle Q-60-30-15-N 

Sizes 60 x 30 x 15 mm 

Pole faces 60 x 30 mm 

Size tolerance ±0.1 mm 

Material  Nd -Fe-B 

Coating Nickel plated (Ni -Cu-Ni)  

Direction of magnetization  Along the shortest size 

Magnetization  N40 

Strength 549 N 

Weight  205.2 g 

Maximal working temperature  80°C 

Curie temperature 310°C 

Residual magnetization Br 1.26 ÷ 1.29 T 

Coercive field strength bHc 860 ÷ 955 kA/m  

Coercive field strength iHc  Ó 955 kA/m  

Energy product  (BxH) max 303 ÷ 318 kJ/m3 

 
 

Finally, it is important to und erline that the PM are installed with a tilt angle of 17° 

clockwise. This value was obtained in the previous study on the minimization of the 

cogging force due to the interaction between teeth, slots and magnets. 

No load volt age simulation  

The geometry of the device was initially implemented during the previous 

research for my Master Decree Thesis. In this section it  is useful to report just the results 

from that simulation s and the following experimental test used to validate  the model. 

The prototype was preliminary simulated on Ansys Maxwell, a specific Finite 

Element Method (FEM) tool for electromagnetic investigation s. 

The generator was initially connected according to the scheme reported in Figure 

IV.8, obtaining six phases for each block of the stator. Each line is equipped with six coils 

series connected. 
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Figure IV.8 Coils connection sc heme in six lines  

In the FEM tool, the no-load voltage trend was simulated  in the case of a linear 

motion applied to the translator, assuming  a constant speed of 1 m/s and a total 

movement of 54.4 cm. This motion corresponds to the maximal distance covered by a 12 

PM translator, keeping all magnets inside the stator region. The simulation was 

performed, collecting data with a timestep of 0.08 s and saving separately the induced 

voltage produced by each coil. In this way, the results from the simulation can be 

arranged in order to obtain the total equivalent voltage  trends, available at the terminals 

of the generator, as sum of the single induced voltages, according to the preferred 

connecting scheme (as example see Figure IV.8). 

 
Figure IV.9 No-load voltage  trends on the stator  block A , at a speed of  1 m/s  
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Figure IV.10 No-load voltage  trends  on the stator block B, at a speed of 1 m/s  

The no-load voltages trends of both stator blocks are reported in Figure IV.9 and 

Figure IV.10. The comparison of the graphs reveals similar values of the corresponding 

lines (example VA1 and VB1). Since in the step between two magnets with the same pole 

there are exactly six coils, for each trend is possible to find another one that is in the 

opposite phase (example VA1 and VA4). 

Since the simulation is realized at a fixed speed, the signals above reported are 

characterized by a frequency given by the following relation, where ὺ is the speed of the 

translator and ‗  the step between two magnets having the same pole. 

Ὢ
ὺ

‗
 IV.1 

In the stator of the prototype ‗ πȢρυσά, thus in the simulation above reported 

the frequency of the voltages is equal to 6.536 Hz. 

The Fourier series was performed in both stator blocks , evaluation the coefficients 

by considering the following relation among the six voltage trends reported in Figure 

IV.9 and Figure IV.10: 

ὠὸ ὃ ὃίὭὲὮ—‫ὸ Ὥ ρ
Ὦ“

σ
 IV.2 

Where ὃ and — are the amplitude and the phase of the j-th harmonic. The angular 

frequency is given by the relation:  

‫ ς“Ὢ IV.3 

The results of the Fourier series are reported in Table IV.2. The calculation was 

performed considering only the data in the interval 0.040 s to 0.054 s in order to remove 

the signal distortions due to:  
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