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The fresh water situation on Earth is dire, and due to accelerating population growth 

there will be even less water for each person. At the same time fossil fuels are 

diminishing rapidly. Therefore there is a need for non-polluting fresh water 

production. The purpose of this thesis is to study the feasibility of wave powered 

desalination: what areas would be potential for wave powered desalination and how 

much the produced water would cost. 

 

The wave powered desalination system examined in this thesis is called AaltoRO and 

essentially it encompasses of a Wave Energy Convertor (WEC) and of a Reverse 

Osmosis (RO) facility. The WEC pressurizes the seawater directly to a suitable 

pressure, which is fed via a medium pressure pipeline to the onshore RO facility where 

fresh water is produced. 

 

By examining the world based on three parameters: the wave power resource, the need 

for fresh water and the price of electricity, six areas are defined as potential for the 

AaltoRO system. These areas are Australia, the Canary Islands, Chile, Hawaii, South 

Africa and the western parts of the United States. 

 

The feasibility of AaltoRO is examined by first modelling the optimum configuration of 

the system according to the current best practices. Second, the optimum pressure level 

was determined and found out to be 45 bar. Third, the fresh water production is 

calculated on four areas, with different wave power resources. Fourth, the capital and 

operational expenses of the system are estimated and the cost of water calculated with 

the annuity method. 

 

The minimum cost of water is 0,6 €/m³ with a daily production of 3700 m³/day on 

Site 4, which has a wave power resource of 38 kW/m. The highest minimum cost of 

water was 1,5 €/m³ with a daily production of 570 m³/day on Site 2 (9,5 kW/m). It 

was demonstrated that the wave power resource is inversely proportional to the cost of 

water and that the cost of water from AaltoRO is on the same level as with other 

research projects (0,56 €/m³) and real life plants (0,49 €/m³). Thus, AaltoRO is 

feasible. One AaltoRO system could produce enough fresh water e.g. for 7500 

Australians, 21 150 Peruvians, 750 000 Mozambiques or irrigational water for 139 

hectares. 
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Maailman makean veden tilanne on uhkaava, ja kiihtyvä väestönkasvu kiristää 

tilannetta entisestään. Tulevaisuudessa vettä riittää ihmisille yhä vähemmän. Samaan 

aikaan fossiiliset polttoaineet hupenevat nopeasti. Näin ollen saastuttamattomille veden 

tuotantotekniikoille on suuri kysyntä. Tämän diplomityön tarkoitus on tutkia 

aaltovoimalla toimivan suolanpoistojärjestelmän kannattavuutta: millä alueilla 

järjestelmä olisi kannattava ja kuinka paljon tuotettu vesi maksaisi. 
 

Työssä tutkitaan aaltovoimalla toimivaa suolanpoistojärjestelmää, AaltoRO:ta. Sen 

pääkomponentit ovat aaltovoimala ja käänteisosmoosilaitos. Aaltovoimala paineistaa 

meriveden haluttuun paineeseen asti, jonka jälkeen paineistettu merivesi siirretään 

keskipaineputkistoa pitkin mantereelle, jossa käänteisosmooslaitoksessa erotetaan 

makea vesi merivedestä. 
 

Maailman alueita tutkittiin kolmen tekijän pohjalta: aaltovoimaresurssi, makean veden 

tarve ja sähkön hinta. Kuusi aluetta todetaan sopivan AaltoRO:lle. Nämä alueet ovat 

Australia, Kanarian saaret, Chile, Hawaiji, Etelä-Afrikka ja Yhdysvaltain länsiosat. 
 

AaltoRO:n kannattavuutta tutkitaan muodostamalla järjestelmästä optimaalisin versio 

nykyistä huipputekniikkaa soveltamalla. Tuotannon kannalta paras painetaso lasketaan  

ja sen todetaan olevan 45 bar. Järjestelmän tuottama vesi määritetään neljällä 

aaltoteholtaan erilaisella alueella. Investointi- ja käyttökustannukset arvioidaan ja 

tuotetun veden hinta määritellään annuiteettimenetelmää soveltaen. 
 

Veden minimikustannus on 0,6 €/m³, kun tuotanto on 3700 m³/päivä alueella 4, jonka 

aaltoteho on 38 kW/m. Suurin veden minimikustannus on 1,5 €/m³, kun tuotanto on 

570 m³/päivä alueella 2 (9,5 kW/m). Aaltoteho ja tuotetun veden hinta todetaan olevan 

käänteisesti verrannolliset. Lisäksi AaltoRO:lla tuotetun veden hinta todetaan olevan 

samalla tasolla kuin muissa tutkimusprojekteissa (0,56 €/m³) tai todellisissa laitoksissa 

(0,49 €/m³). Näin AaltoRO:n voidaan todetan olevan kaupallisesti kannattava. Yksi 

AaltoRO-laitos voi tuottaa riittävästi makeaa vettä 7500 australialaiselle, 21 150 

perulaiselle, 750 000 mozambikilaiselle tai kasteluvettä 139 hehtaarille. 
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1 Introduction 

1.1 Framework 

“Water is essential for all dimensions of life” (World Bank Institute 1999). But how 

much water do we have and is that amount enough? Our planet has roughly 1400 

million km
3
 of water, out of which only less than 10 million km

3
 is easily available as 

fresh water (Gleick 1993). With an increasing population these numbers lead to the 

undeniable conclusion that in the future there will be less water for each person (Mosey 

2009). Moreover, the number of people already suffering from a lack of water is 700 

million, and it has been estimated that in 2025 there will be over 1,8 billion people 

suffering from lack of water (UN-Water 2011). 

The need for fresh water will increase in the future. Our planet has a huge reservoir of 

water in the oceans, but it is saline and thus unsuitable for direct use as drinking water. 

However, there is a way to tap this resource: seawater desalination. In essence, through 

the use of energy, salts are removed from seawater and the resulting product is fresh 

water. 

There are many different ways to desalinate seawater, but they are usually divided into 

two major categories: thermal and membrane. Thermal methods are essentially 

distilling. Seawater goes through a phase change, producing fresh water and salts while 

requiring vast amounts of heat energy. In contrast, membrane methods utilize pressure 

with semi-permeable membranes to separate salts from water. In essence, membrane 

methods take advantage of the different chemical structures of salt and water molecules. 

Natural resources have always been limited and with the current consumption of raw 

materials, humankind would need over 1,5 planet Earth’s to sustain the current pace 

(Global Footprint Network 2012). One type of resource that is diminishing at an 

alarming rate is fossil fuels, which produced in 2008 roughly 85 % of all the used 

energy (EIA 2011). They are non-renewable by character and thus will eventually run 

out. Also, their use releases greenhouse gases to the atmosphere increasing global 

warming. Due to these facts, there is an ever increasing tendency to move to renewable 

ways of energy production. 

In light of the current state of our world, there are two things that are urgently needed. 

Firstly we need energy that does not pollute or run out. Secondly we need a way to 

produce more water, especially in a way that does not require vast amounts of energy 

and is overly expensive. The solution to this dilemma will be topic of this thesis: the 

AaltoRO concept - production of fresh water using desalination powered by the 

renewable energy of the seas. 
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1.2 Concept 

This thesis proposes the AaltoRO concept featuring a Wave Energy Converter (WEC), 

which converts the energy of the waves into hydraulic energy. This energy is then used 

to pressurize seawater which will be delivered to a reverse osmosis (RO) facility where 

salts and fresh water are separated. Hence, a world desperately requiring more fresh 

water will receive it, without having to depend on the diminishing and polluting fossil 

fuels. 

The topics of renewable energy and seawater desalination are not novel ideas. There has 

been plenty of research in both fields separately and also in conjunction with each other. 

Excellent work has been carried out by e.g. Folley, M. and Whittaker, T. (2008, 2009b) 

from Queen’s University in Belfast in relation to a fairly similar concept as the one 

proposed in this thesis.  

However, there still remain many unanswered questions. The objective of this thesis is 

to answer some of those remaining questions especially from the economical point of 

view. First, in what areas would there be demand for the proposed concept. Second, 

what would be the optimum configuration of the concept. Third, what would be the 

price of the produced water in €/m
3
. 

The structure of this thesis is twofold. The first part consists of a literature review and it 

will present wave energy and desalination technologies as well as examine the world on 

the basis of wave resource, need for fresh water and price of electricity. The second part 

is the feasibility study, and it will incorporate the detailed optimum configuration of the 

concept, performance details in various locations and also the calculations resulting in a 

water price of €/m
3
. 
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LITERATURE REVIEW 

2 Ocean Waves  

Waves have interested humanity for ages and when visiting the coast, one is typically 

awestruck by the simple rolling of waves onto shore. Waves and oceans have also been 

important for humanity, first with fishing and shipping, but currently with energy 

production possibilities. The energy content in waves is staggering and the world – 

desperate craving for clean and renewable energy – is soon ready to embrace it. 

This Chapter first introduces waves as a physical phenomenon, describes their 

characteristics and explains how physical laws control their behavior. Secondly the 

numerous different techniques for the utilization of wave power are described. Thirdly 

this Chapter demonstrates the huge energy resource in waves and that wave power 

could – and most likely will – play an important role in the future in supplying 

humanity with renewable energy. 

2.1 Physics of ocean waves 

Waves are a renewable and an abundant source of energy (Folley, Whittaker & Henry 

2007). They can be considered as an indirect form of solar energy, as they are originated 

by wind, which in turn is created by the uneven distribution of solar radiation. The 

interactions of wind and the surface of the water, which result in the formation of 

waves, are complex, but three key factors affecting the size of the wave can be named: 

the wind speed, its duration and the distance over which the wind affects the wave, i.e. 

the fetch (Boyle 2004). 

 
Figure 1. A simple sinusoidal wave. Adapted from (WMO 1998). 

It can be stated that “The surface waves are sets of unbroken sine waves…” (Twidell, 

Weir 2006, p. 402). Even though sine wave is a simple mathematical function, modeling 

actual waves is very difficult task. This is due to the fact that actual waves are a sum of 

nearly infinite sine waves and it is next to impossible to know the composition of each 

individual wave. Figure 1 has an example of a single sine wave with some of its 

common characteristics: 
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 Amplitude a means the difference between the height of the wave and the level 

of calm water. 

 Wave height H is the difference between the crest and the trough of the wave, 

thus H = 2a.  

o Typically a significant wave height    is used to describe a certain sea 

state. It is the average height of the highest third of the waves.  

 Period T means the time that it takes for two wave crests to pass a fixed point. 

 Frequency f is the number of waves passing a certain point in the time of 1 

second, thus f = 1/T. 

 Wavelength λ is the distance of two consecutive crests (or troughs) (WMO 

1998). 

 Velocity v is the speed with which the wave is advancing and follows the law of 

v = λ / T (Boyle 2004). 

 Characterization of waves can be taken to a very sophisticated degree, but the 

level described above is sufficient for the purposes of this thesis.  

The behavior of waves can be predicted with various wave theories, which have been 

developed during the 19
th

 century. Depending on the location and the composition of 

waves, some theories perform better than others, symbolizing that even at present, 

waves are not wholly understood. Even though wave theories themselves go out of the 

scope of this thesis, one of the most important theories deserves to be mentioned: the 

linear wave theory – or according to its developer – Airy’s theory (McCormick 2007). 

Figure 2 demonstrates the effect of two waves combining and the various results that 

can be achieved. 
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Figure 2. How waves interact with each other (Pretor-Pinney 2010). 

Measuring the energy in waves is clearly an important aspect when analyzing wave 

power. The power of waves in deep water is usually described by the equation: 

 
  

      

   
  (1)  

where P is the power of meter per wave (W/m), ρ is density of water, g is the 

acceleration due to gravity, H is the height of the wave and T is the period of the wave 

(Boyle 2004). The calculation of wave energy in shallow waters is much more difficult 

than in deep water. It involves a series of iterations based on the Airy wave theory and 

has to be done separately for each location. A more comprehensive presentation of this 

method can be found from Tucker (1991). 

The movement inside a wave is very different from the movement one sees from the 

outside. To an observer, the wave seems to be progressing at a certain pace, but for a 

single water particle this is not true. Its position hardly moves at all. This is possible as 

water is only the medium through which energy travels, it does not move much itself. 

The movement of water particles can therefore be deduced to being orbital, and at the 

surface they circulate at a radius of the amplitude a of the wave, but with the water 

depth d the radius decreases exponentially.  Figure 3 represents the movement of water 

particles in various depths.  
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Figure 3. Movement of water particles in various depths (top part in deep water, lower part in 

shallow water, where the movement becomes elliptical) (Tucker, Pitt 2001). 

Towards the shore, the depth of the sea decreases and the circular movement of water 

particles becomes increasingly elliptical until it is almost entirely a horizontal 

movement. Waves also start to “feel” the bottom and thus lose energy due to friction 

(WMO 1998). In the end the wave breaks and runs up the beach in a highly turbulent 

manner thus losing its energy (Boyle 2004). Figure 4 highlights the changes in the 

movement of water particles as the water depth decreases. 

 
Figure 4. The change in the movement of water particles due to decreasing of water depth 

(Aquamarine Power 2011). 
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Analyzing waves and their movement in a defined and thorough way would require a 

thesis or a dissertation of their own due to the complexity of the phenomenon. This, 

however, is not the purpose of this thesis, and therefore only references to sources are 

given, from which an inspired reader may find additional information from this field. 

Excellent sources to begin with are Flügge (1960), Le Méhauté (1976), McCormick 

(1973), Puolakka (2011) and Tucker (1991), but it has to be noted that literature is 

ample with good sources. 

2.2 Wave energy converters 

In order to harness the power of the waves, there needs to be a device that transforms 

the wave energy to a more useful type, usually to mechanical energy, from which e.g. 

electricity can be made (McCormick 2007). At present, there are a great number of 

different concepts for wave energy utilization (Polinder, Scuotto 2005), but not one 

universally accepted configuration, like the three bladed turbine in wind energy industry 

(Folley, Whittaker & Henry 2007). Also there does not exist one single agreed way of 

classification of the different concepts (Polinder, Scuotto 2005). 

Wave Energy Converters (WECs) can be classified e.g. by their position (on-shore, near 

shore or offshore), by their size (point absorbers versus large absorbers) or by their 

operating principle (Falcão 2010). In this thesis the classification based on the operating 

principle is adopted and the main types shortly presented. A more detailed description 

will be given of the WEC that will be used as part of the AaltoRO system.  

Figure 5 represents eight operating principles that cover the majority of WEC types: 

Figure 5a expresses an attenuator, which captures energy as the waves move the two 

arms in relation to each other. Figure 5b is bulge wave, in which water travels through a 

tube, gathering energy which can be utilized e.g. in a turbine at the other end of the 

tube. Figure 5c is an oscillating water column (OWC), in which air is 

compressed/decompressed according to the movement of the waves and energy 

produced via a Wells turbine. Figure 5d is an oscillating wave surge converter (OWSC), 

which utilizes wave surges near the shore.  

Figure 5e is an overtopping device, in which waves wash in to a reservoir and are let out 

through a turbine at the bottom. Figure 5f is a rotating mass, in which an eccentric mass 

collects energy as it rotates in the waves. Figure 5g is a point absorber, which acquires 

energy from the up/down movement of the buoy. Figure 5h is a submerged pressure 

differential, which utilizes the pressure variations due to changes in the sea level (Aqua-

RET 2012, EMEC 2012). 
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Figure 5. WEC types according to operating principle. a: Attenuator; b: Bulge wave; c: Oscillating 

water column (OWC); d: Oscillating wave surge converter (OWSC); e: Overtopping device; f: 

Rotating mass; g: Point absorber; h: Submerged pressure differential. Adapted from (Aqua-RET 

2012, EMEC 2012). 

This thesis will not dwell any deeper into the operating principles of different types of 

WECs, but focuses more closely on one type of an oscillating wave surge converter 

(OWSC), namely the WaveRoller concept by AW-Energy, which will be thoroughly 

presented in Chapter 8.1. For the curious reader literature has ample resources on WEC 

classification, operating principle and various concepts. Good sources are e.g. Falcão 

(2010) and Harris, Johanning et al. (2004). 
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2.3 Wave energy resource 

The global wave energy resource is somewhat difficult to determine. Depending on the 

source, varying figures can be found: 2 TW, 1 – 10 TW and 3,7 TW (Thorpe 1999, 

World Energy Council 2010, Mørk et al. 2010). Furthermore, a new and thorough report 

gives a value of 2,11 ± 0,05 TW with the confidence of 95 % (Gunn, Stock-Williams 

2012). Thus it can be stated that the global wave energy resource is over 2 TW, or 17 

520 TWh. To give perspective, the global electricity demand in the year 2010 was 

approximately 21 000 TWh (BP 2011). 

Wave power can be a significant source of energy in the future, at least according to the 

available global wave resource. But not all of the resource is economically or practically 

exploitable. Some resources are too small to be of economic benefit and some might 

consist mainly of violent storms, which are impossible to utilize (Cornett 2008). Indeed, 

the economically exploitable resource has been estimated from 850 TWh (Gunn, Stock-

Williams 2012) to 2000 TWh (Thorpe 1999) annually, depending on the state of the 

technology. 

The global distribution of wave power resource (in units of kW/m of wave) is expressed 

in the following Figures 6 and 7. From these figures, two clear observations can be 

made. First, the areas with the highest wave resource are located in western Europe, 

western North America, southern Chile, South Africa, Australia and New Zealand. 

Second, the least yearly variations in wave power are on the areas on the southern 

hemisphere. 

 
Figure 6.  Annual average wave resource (kW/m of wave front). Adapted from Thorpe (1999). 
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Figure 7. Seasonality of wave resource. A high percentage signifies stable wave resource, while low 

percentage indicates high seasonality (Mørk et al. 2010). 

However, it has to be noted that usually wave power estimates regard only deep water 

(i.e. 100 m or more (World Energy Council 2010)). In relation to resources closer to 

shore, they can be somewhat unreliable. This thesis will utilize the WEC concept 

WaveRoller, which will operate close to shore at a depth of 8 – 20 meters. Therefore, it 

must be determined what the wave resource will be close to the shore. 

Waves lose energy as they progress towards the shore. The actual diminishing of energy 

depends heavily on the site in question, but can be stated to be roughly around 10 % 

(Folley, Whittaker 2009a). On the other hand, the diminishing of waves protects the 

WECs placed closer to shore as violent storm waves break before reaching the WEC  

(Boyle 2004). 

In order to calculate the extractable power for a chosen WEC (in this case the 

WaveRoller), one needs to know as much of the wave climate as possible. Annual 

average wave power readings do not reveal the whole truth, as a major part of the power 

can be from violent storms and thus the waves can be too powerful for the WEC to 

utilize (Folley, Whittaker 2009a). In the optimum case, one would have minute-per-

minute date from the chosen location. This would enable the most precise calculations 

of the power that the WEC can harness from the waves.   

For the feasibility study part of this thesis, suitable locations on the basis of their wave 

energy resource seem to be Western Europe, west North America, southern Chile, South 

Africa, Australia and New Zealand. Depending on the findings of the next Chapters 

some of these areas will be taken into further consideration and a more detailed analysis 

of their wave resource, concerning the WaveRoller, will be carried out. 
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3 Fresh water 

The fresh water situation on Earth is threatening, as the vice-president of the World 

Bank, Ismail Serageldin, puts it: “The next World War will be over water.” (Mosey 

2009, p. 9) It is easy to disregard this as an overstatement, but the significance of water 

for human life cannot be overemphasized: water is crucial to human life (Macedonio et 

al. 2012). 

This Chapter first presents facts about the water cycle of your planet and of the dire 

global fresh water situation. Second, water usage in theory and in reality in various 

areas is explained. Third, recommendations for suitable areas for the feasibility part of 

this thesis will be analyzed from the areas discovered in Chapter 2. 

3.1 Water on Earth 

Earth has been justifiably called the blue planet, since over 70 % is covered by oceans 

(Drinkwater et al. 2009). 97 % of the entire amount of water on Earth is salt water and 

thus unsuitable for direct use as drinking water (El-Ghonemy 2012). The remaining 3 % 

is fresh water, but slightly less than 70 % of this is found in the form of ice on the poles 

(Drinkwater et al. 2009). The somewhat over 30 % of the fresh water reserves are the 

ones supplying our daily needs (El-Ghonemy 2012), which is less than 1 % of the 

Earth’s total water resources. In numbers, this is approximately 1 400 million km
3
 and 

thus the fresh water reserves are only over 35 million km
3
, out of which only 10 million 

km
3
 is easily available as groundwater or in lakes and rivers (Gleick 1993). Figure 8 

expresses the rations between salt and fresh water. 

 
Figure 8. Water on Earth (Calvert Global Water Fund 2007). 

This limited amount of fresh water has to be enough for the entire human population. 

Problems arise because this amount of water is very unevenly distributed both in terms 

of geography and per capita (FAO 2003). The situation is intensifying as water usage is 

increasing at an alarming pace: “water demand doubles every 20 years”, (El-Ghonemy 

2012, p. 1539) which is over double the pace of population growth (Macedonio et al. 

2012). This leads to the simple and unquestionable fact that as the population grows, 

there is less water available for each person (Mosey 2009). 
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However, even at present the supply and demand for water do not meet. Approximately 

700 million people in 43 countries suffer from water scarcity, which means that there 

are insufficient water resources to satisfy long-term average requirements. The situation 

does not look too promising in the future either, as it has been estimated that the number 

of people living in areas with absolute water scarcity will increase to 1,8 billion by 2025 

and that two-thirds of the Earth’s population will be experiencing water stress (UN-

Water 2011). In this context, water scarcity refers to a situation when there is less than 

1000 m³ of water/person/year. Absolute water scarcity occurs when there is less than 

500 m³ of water/person/year (UNDP 2006). Figure 9b represents the intensifying global 

water stress situation. 

 
Figure 9. a: Average water use; b: Global water stress; c: Water providers (UNDP 2006). 
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3.2 Water usage and price 

Water usage varies greatly in different countries. On average, it has been recommended 

that males should drink 3,7 liters and women 2,7 liters per day. This includes water 

from beverages and also from food (Panel on Dietary Reference 2005). These amounts 

are the ones that we require to survive, but the amount of water we actually use is much 

larger, especially in the developing world. 

In Europe the average consumption per day is about 200 – 300 liters per person, while 

in the United States it is as high as 575 liters per person. In poorer countries the amount 

of available water is much less. For example in Mozambique the daily use is below 10 

liters per person. It is difficult to set the bar for adequate water supply as situations vary 

some much between countries, but a level of 50 liters per day per person is considered 

to be a threshold for water poverty (UNDP 2006). A presentation of the average use of 

water per person per day in different countries is given in Figure 9a. 

“In developed nations … water is virtually free to consumers” (Mosey 2009, p. 20). 

This is not so in developing countries, where in some cases there simply is not enough 

water and thus the existing water resources experience a price rise. The prices vary 

significantly in different countries and also depending on the production method. 

Generally it can be stated that public utilities are the cheapest producers with a price of 

roughly 0,5 US$/m³ while with e.g. truckers the price can go up to 6 US$/m³ (UNDP 

2006). Figure 9c highlights the differences in price between various water producers. 

Water price varies between countries and inside countries as well. The price also 

depends on the consumed amount of water and some countries include a sewage fee and 

taxes for water. Therefore comparing water prices even in one city can be challenging. 

Still, in order to have a general picture of the price of water, Table 1 presents water 

prices in various countries. Water produced in secluded areas, e.g. in islands can be 

much more expensive than presented in Table 1. 

Table 1. Water prices in various countries. 

 Price (US$/m³) 

Australia       

Chile          

South Africa            

The US (mainland)       

Hawaii (The US)       

Canary Islands (Spain)            

1
(ABS 2012); 

2
(Larrain, Schaeffer 2010); 

3
(Water Raphsody 2010); 

4
(EPA 2009); 

5
(Department of Water 

Supply 2011); 
6
(Spanish Property Company 2006) 
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3.3 Demand for water 

Areas suffering from a lack of water are numerous and are not excluded to places, 

which are dry by nature, e.g. deserts. In these areas, the use of fresh water is greater than 

the amount that can be replenished by nature (Hoff et al. 2010). In a sense, these areas 

are living in an ever increasing hydrological debt. And this “crisis is growing in scale 

and severity” (UNDP 2006, p. 139). 

A look on the global water stress is given in Figure 10. The areas where the water stress 

is concerning include western parts of the United States, northern Chile, large areas of 

central Asia, northern Africa, South Africa and Australia. In all of these areas there 

would be need of a system such as AaltoRO. But not all these areas have good wave 

power resources, which was the topic in Chapter 2.3. Suitable areas, in relation to both 

the wave power resource and the need for fresh water, are Chile, South Africa, Australia 

and the western parts of the United States. 

 
Figure 10. Global water stress. Indicating larger use of water reserves than is being replenished by 

nature. Adapted from (UNDP 2006). 
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4 Electricity – availability and cost levels 

This Chapter presents the prices of electricity in various countries. The purpose of this 

is to eliminate those countries from this study with too cheap electricity production 

capabilities. Even if those countries would have need for fresh water, there most likely 

would not be demand for the system proposed by the AaltoRO concept, as more 

conservative methods of water production would most likely be more economically 

viable. 

Previous two Chapters examined countries from two perspectives: the wave energy 

resource and the need for fresh water. Four countries met the criteria: Australia, Chile, 

South Africa and the US. This Chapter will examine the price of electricity in each 

country. 

In addition, isolated areas, especially islands, would be ideal locations for AaltoRO. 

These areas are usually relying on imported fossil fuels, even though they might have 

good renewable energy resources themselves. Therefore, Hawaii and the Canary Islands 

and isolated areas in general are taken under consideration as suitable areas for AaltoRO 

and their electricity prices will be examined. 

4.1 Australia 

Australia has huge reserves of both fossil and renewable energy, and it also produces a 

fair amount of energy for export. Australia has e.g. over 10 % of the world’s coal 

reserves and over 45 % of the uranium reserves. The major supplier of Australian 

primary energy needs is brown and black coal with a share of 39 %, followed by 

petroleum products (34 %), natural gas (21 %) and renewables (5 %) (Australian 

Government 2011). Fossil fuels cover 90 % of the electricity production (BREE 2012). 

Australia long had a fairly low level of household electricity price, but that situation has 

changed rapidly. According to a recent study by the Energy Users Association of 

Australia (2012), the average price of electricity in Australia has increased over 40 % 

since the year 2007. Also, it has been projected that the prices will increase a further 30 

% by 2013/2014. With these prices, Australians will pay more for their electricity than 

people e.g. in the United States or in many European countries. The electricity price in 

Australia varies somewhat by state, but on average it is roughly 26 US cents/kWh for 

households (EUAA 2012). 

4.2 Chile 

Chile produces vast amounts of its electricity with hydropower (roughly 40 %) while 

the rest is mostly supplied via traditional fossil fuels of coal, natural gas and oil.  The 

electricity market of Chile was the first to undergo a comprehensive reform in the 
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1980s. As a result of this, Chilean electricity market is mainly privatized (Pollitt 2004, 

GENI 2011). 

The price of electricity in Chile depends on e.g. which part of the country is in question 

and what type of tariff is used. Therefore, it is difficult to name a single price of 

electricity, but on average electricity is somewhat expensive with a price of roughly 

22,5 US cent/kWh (Global Finance 2012). 

4.3 South Africa 

South Africa relies heavily on coal in its energy production. Coal produces over 90 % of 

the electricity used domestically or exported. During the recent past, South Africa has 

faced challenges in its electricity supply due to inadequate capacity resulting e.g. in 

rolling blackouts. Major challenge in the future is to diversify the electricity production 

capacity (Burger 2011, NERSA 2006). 

Electricity price in South Africa has increased significantly during the last few years, 

although it still is cheap compared to Central Europe. During the next 20 years, 

electricity demand is expected to double (Burger 2011). Therefore increases in 

electricity prices are likely in the future. At the moment though, the average price of 

electricity in South Africa is over 8 US cents/kWh (South Africa Web 2010). 

4.4 Isolated areas 

Isolated areas, e.g. islands or remote areas without connection to the national electricity 

grid are forced to produce electricity as they best can. In the past this has mainly been 

through diesel generators, since they have low capital expenses and are reliable in their 

performance. The disadvantage of diesel generation is that the price of electricity 

strongly reflects the oil market price, which has become increasingly volatile and has 

also risen substantially during the past decades. At present, there is a movement towards 

renewable energy production also in isolated areas, but diesel generation still plays a 

major role. 

The electricity price from diesel generation consists mainly of operational expenses, out 

of which the majority is the price of the fuel, i.e. fuel oil. In general, the price is 

between 45 – 60 US cents/kWh for a “small, stand-alone … diesel engine generator” 

(ESMAP 2007, p. 57). Recent examples show that the electricity prices can rise even 

higher than what the ESMAP (2007) estimated, reaching to 63 US cents/kWh in the 

Caribbean island of Anguilla and evoking strong interest in renewable energy 

production (Brown 2012). Figure 11 expresses the general relation of electricity price 

($/kWh) and the cost of fuel oil ($/MWh) with various plant sizes. Depending on the 

fuel price, the price of electricity can change drastically. 
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Figure 11. Cost of electricity from a diesel generator (Sivola 2012). 

4.5 The United States (mainland and Hawaii) 

The United States is a major producer and user of energy. The production palette of 

electricity is diverse in the US, with 41 % being produced by coal, 23 % by natural gas, 

19 % with nuclear and 12,5 % with hydro power and other renewable sources. The 

remaining 4,5 % are produced mainly by petroleum products. Overall, 70 % of 

electricity is produced with fossil fuels on the mainland and 89 % in Hawaii (EIA 

2012a, EIA 2012c). 

Electricity prices vary geographically in the United States, but the prices are fairly low, 

for instance when compared to the prices in Finland (see Table 2). The general level of 

electricity price on the mainland US is 11,5 US cents/kWh (EIA 2012a). An exception 

is Hawaii, where electricity prices are high. On average, electricity costs 25 – 37 US 

cents/kWh (EIA 2012c), varying between island to island (HECO 2010). 

4.6 Canary Islands (Spain) 

The Canary Islands rely heavily on imported fuels for its energy production. In 2007 

imported fossil fuels covered over 99 % of the primary energy needs while renewables 

produced only less than 1 % (Marrero, Ramos-Real 2010). Fossil fuels counted on 94 % 

of the electricity production (Consejeria de Empleo, Industria y Comercio 2006). 

Electricity usage in each island has increased substantially during the last decades. Also, 

each island typically has its own electrical system and only the islands of Fuerteventura 

and Lanzarote are connected (Perez, Ramos Real 2008). 
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A major user of electricity in the Canary Islands is the water production industry. 

Almost 20 % of the mostly imported energy goes to the production of drinking water, 

mainly for desalination and pumping (Piernavieja Izquierdo 2005). The energy prices in 

the Canary Islands are roughly 17 euro cents/kWh, which transfers to 21 US cents/kWh 

with the exchange rates of April 2012, making the electricity expensive (Nexus Energia 

2011). 

4.7 Concluding remarks  

A summary of the electricity prices in Australia, Chile, the Canary Islands, the United 

States (mainland and Hawaii) and South Africa is presented in Table 2 and the prices in 

Finland are given in contrast. From this comparison, it can be noted that the price of 

electricity in Australia, Chile and in Hawaii and the Canary Islands is high compared to 

that of Finland. South Africa and the mainland United States have cheap electricity, 

even though the price in South Africa has risen in recent years and is also expected to 

rise in the future (Burger 2011, South Africa Online 2010). 

The findings of this Chapter put new light on South Africa and the mainland United 

States, in relation to their applicability to the AaltoRO concept. Since the price of 

electricity is fairly low, they do not seem to be promising for AaltoRO concept. In the 

meanwhile, Hawaii and the Canary Islands together with Chile and Australia seem to be 

very encouraging and will be under further research in the feasibility study part of this 

thesis. 

Table 2. Household electricity prices in various countries. 

 

Price  
(US cent/kWh) 

Electricity produced 
by fossil fuels (%) 

Australia         

Chile           

South Africa         

Finland            

The US (mainland)            

Hawaii (US)             

Canary Islands (Spain)          

            ;                       ;                         ;            ;

                         ;                      ;              ;             ;

              ;             ;              ;              ;

                                                   

  



 

19 

 

5 Desalination 

The importance of desalination is well illustrated by the former US president John F. 

Kennedy: “If we could ever competitively, at a cheap rate, get fresh water from 

saltwater, this would be in the long-range interests of humanity [and] really dwarf any 

other scientific accomplishment” (UNDP 2006, p. 149). Presently, desalination is 

producing vast amounts of pure drinking water, but it is currently not a universal 

solution to the global water crisis. Desalination has progressed with huge leaps during 

the past decades and is also continuing to do so (Birkett 2011). The future might well 

see the vision of President Kennedy – cheap fresh water from salt water – coming to 

life. 

The production of fresh water from seawater can be achieved through many different 

technologies, but they all have some common features. A simplified presentation of the 

process is expressed in Figure 12. In general the purpose of a desalting device is to 

separate saline water to fresh water (with a low level of dissolved salts) and to brine 

(water, with a high level of dissolved salts). The device requires energy to operate. 

Depending on the separation technology the energy needed can be thermal, mechanical, 

electrical, or a combination of these (Buros 2000). 

 
Figure 12. A simplified presentation of a desalting device (Buros 2000). 

This Chapter will present the current major technologies of seawater desalination, 

starting from the more traditional thermal methods and ending with the increasingly 

popular reverse osmosis technology, the main membrane method. Reverse osmosis 

currently has roughly 60 % of the desalination markets. From each technique, the 

general operating principle will be presented, as well with some key figures of their 

operation and some examples of operational facilities. The end of the Chapter will dwell 
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more deeply with reverse osmosis plants coupled with renewable energies and also 

present the current and future markets for desalination. 

5.1 Thermal methods 

The general concept behind thermal desalination is to use heat to evaporate seawater, 

condense the steam and thus produce fresh water (Wetterau 2011). The two most 

important thermal methods are multi-effect distillation (MED) and multi-stage-flash 

distillation (MSF). The MED process was the first desalination method used in large 

scale seawater desalination but nowadays MSF is clearly the dominant one of the two 

(Macedonio et al. 2012). 

The multi-stage-flash (MSF) is the ”most important thermal desalination process” 

(Macedonio et al. 2012, p. 4) and it also has the highest installed capacity of thermal 

desalination methods (Wetterau 2011). The operating principle of MSF consists of a 

series of flash chambers, or stages, each with a lower pressure than the one before 

(Macedonio et al. 2012). In each stage a portion of the saline water flashes to steam due 

to the lower pressure than the previous stage had. The steam is then condensed to form 

the product water and the condensing heat is used to preheat the incoming seawater. 

Usually MSF includes 15 – 25 stages. The system also includes a source of additional 

heat, i.e. the brine heater, which adds heat to the process before the first stage, thus 

enabling the entire process (Wetterau 2011). The MSF process is presented in Figure 

13. 

 
Figure 13. Multi-stage flash distillation (Buros 2000). 

Multi-effect distillation (MED) has been in industrial use for a good while (Buros 2000) 

and it was the first technique applied in seawater desalination (Macedonio et al. 2012). 

Like the MSF, MED also uses a series of stages with successively lower pressures. The 

number of stages in MED is typically 8 – 16. (Wetterau 2011). In the first stage a source 

of primary steam is brought to the system in order to evaporate preheated seawater. The 

condensed steam is recycled while the secondary steam acts as the energy source in the 

next stage, operated at a lower pressure. The condensed secondary steam is then 
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collected as the product water and the process repeated in each upcoming stage 

(Macedonio et al. 2012). Figure 14 has an example of a MED process. 

 
Figure 14. Multi-effect distillation (Buros 2000). 

At present, MSF is clearly the dominant thermal desalination method, with a market 

share of almost 26 % of the global desalination capacity. MED has a share of slightly 

over 8 %. A presentation of the market shares of the different desalination technologies 

is given in Figure 15. It is clear that the reverse osmosis (RO) method is the leading 

technology globally.  

 
Figure 15. Installed desalination capacity by process (IDA 2011). 

Thermal based desalination plants are usually the largest in existence, with daily 

production capacities reaching to hundreds of thousands of cubic meters. Still, thermal 

methods are losing ground to membrane technologies. Figure 16 highlights the fact that 

a majority of new desalination plants are using reverse osmosis (RO) instead of MSF or 

MED. Still, thermal desalination plays a major role in supplying water to some areas of 

the world, for instance in the Middle-East due to the low price of fossil fuels in the area 

(Macedonio et al. 2012).  
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Figure 16. Annual contracted new desalination capacity by technology (IDA 2011). 

Thermal methods require both thermal energy for the phase change of the feed water as 

well as electrical energy for the pumps and other assorted equipment on the plant. In 

order to maintain a level of comparability, all figures given in relation to energy usage 

represent the total energy usage (in kWh) of a plant per a cube of water produced. For 

MSF the values roughly range from 10 to 25 kWh/m³ and for MED from 6 to 11 

kWh/m³. In Table 3 a comparison between the energy usage of MSF, MED and RO is 

presented. 

Table 3. Total equivalent energy requirement for different desalination processes. 

 
Total equivalent energy requirement (kWh/m³) 

MSF                            
           

          

MED       -                  

RO                                            

              ;                        ;                ;                 ;

                                  

5.2 Reverse osmosis 

Reverse osmosis (RO) is at the moment the “state-of-the-art of desalination technology”  

(Wetterau 2011, p. 3), the dominant technology in global desalination capacity and also 

the leading technology in new plant contracts (IDA 2011). This is a remarkable 

achievement from a technology that had its first successful commercializations in the 
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early 1970s (Buros 2000). This also represents the ever increasing interest in 

desalination, with strong and continuously expanding markets (El-Ghonemy 2012). 

The operating principle of an RO system is based on the natural phenomenon called 

osmotic pressure, or to be more precise, in overcoming it. Different solutions have 

different concentrations of ions and thus also different chemical potentials. When two 

solutions of different concentrations are placed in connection through a semipermeable 

membrane, the solution with a lower concentration of ions starts to lose its water to the 

other one, thus striving for a chemical equilibrium (Wetterau 2011). The left side of 

Figure 17 demonstrates the effect osmotic pressure has on a system. 

The semipermeable membrane does not allow salt or other types of ions to pass. 

Therefore it would be convenient if the flow of water could be reversed. That would 

mean that the solution with a higher concentration of ions would increase its 

concentration even more, as the water would pass through the membrane to the other 

solution. In reverse osmosis systems this is achieved by applying pressure to the 

concentrated solution, which is greater than that of the osmotic pressure (Wetterau 

2011). The right side of Figure 17 gives an example of reverse osmosis. 

 
Figure 17. Osmotic pressure, dots representing salt ions. Adapted from (Wetterau 2011). 

The osmotic pressure    of a solution, with a low concentration of salts, e.g. seawater, 

can be calculated from the equation 

          (2)  

where    is the molar concentration of soluble ions in mol/m³, i.e. the salt ions, R is the 

gas constant of 8,314 J/molK and T is the temperature in Kelvin degrees (Seppälä, 
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Lampinen 2004). Seawater has roughly 35 g/l of numerous different salts, but for 

simplifying the calculations all salt is assumed to be sodium chloride (NaCl). Exact 

composition of seawater has been given in the Appendixes. 

The molecular weight of sodium (Na) is 23 g/mol, chloride 35 g/mol and thus sodium 

chloride has a molecular weight of 58 g/mol. In one liter of seawater there are 

  
 

 
  

 

   
 ⁄             of NaCl moles. However, as NaCl dissolves in water, it 

separates into     and     ions. Therefore out of each salt molecule there becomes two 

ions and thus the    is twice the amount of moles in seawater, i.e.           
   

 
 

     
   

 
. Equation 2 gives 29,4 bar as the osmotic pressure of seawater when the 

temperature is 20 ºC. This pressure must be overcome in order for the osmosis flow to 

be reversed. 

In general, reverse osmosis (RO) systems pressurize a saline solution through a 

semipermeable membrane and thus separate the ions from the solution. A simple RO 

device usually consists of a pre-treatment unit, which purifies the saline feed water so 

that it does not damage the membranes. It is followed by the pressurization unit, usually 

a high pressure pump, in which the saline solution receives a pressure of 54 – 80 bar for 

seawater (TDS content of 20 000 – 55 000 mg/l) and 15 – 25 bar for brackish water 

(TDS content of 1500 – 20 000 mg/l) (Birkett 2011). The pressure is much higher than 

the osmotic pressure of seawater or brackish water in order to maintain a large enough 

net driving pressure. Next in the system is the actual membrane, which rejects the salts 

and lets the water flow through. From the membrane unit the concentrated solution, i.e. 

brine, is discharged and the product, fresh water, is fed to a post-treatment facility to be 

processed for further use (Buros 2000). Schematic of a simple RO system is presented 

in Figure 18. 

 
Figure 18. Operating principle of a basic RO system (Buros 2000). 

The membranes typically used in seawater desalination systems reject 99,5 – 99,8 % of 

the total dissolved solids from the feed seawater (Wetterau 2011). The water quality 

produced by reverse osmosis systems can vary depending e.g. on the membranes used 

and also how many times the solution is processed. Figure 19 has a comparison of RO 

and other separation methods. 
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Figure 19. Filtration capabilities of different separation technologies (DOW 2010). 

RO is a very efficient separation process, see Figure 19. It is capable of removing the 

smallest contaminants, while other membrane processes, such as nanofiltration (NF), 

ultrafiltration (UF) and microfiltration (MF) work better when removing larger particles 

(Macedonio et al. 2012). But as the different processes have different operational areas, 

they can be used in conjunction with each other. For instance NF can be used as a pre-

treatment method for RO (Kalogirou 2005). 

In contrast to the previously presented thermal methods, RO does not require phase 

change or heating to operate. Practically the only thing required is the pressurized feed 

water, which requires significant amounts of energy. Still, RO operates with a 

significantly lower energy input per produced m
3
 of water, mainly on the level of 3 – 6 

kWh/m³. Table 3 has a comparison of the total required energy (in kWh/m³) of RO, 

MSF and MED technologies from multiple sources. 

The largest operational seawater reverse osmosis (SWRO) plants are found in Israel: 

Ashkelon (330 000 m³/d) and Hadera (347 000 m³/d). Hadera produces fresh water with 

a TDS level of 300 mg/l from feed water with a concentration of over 40 000 mg/l. Its 

maximum energy consumption is 4,0 kWh/m³ and the cost of the product water is 

US$0,63/ m³ (IDA 2011). A presentation of the largest RO plants is given in Figure 20. 
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Figure 20. Top 10 membrane desalination plants (IDA 2011). 

During the past decades one major development in RO technology is the use of energy 

recovery devices (ERD) (Buros 2000). With the use of ERDs approximately 25 – 45 % 

of the input energy of a SWRO plant can be recovered (Wetterau 2011). This is due to 

the fact that the concentrated feed water, or brine, is under high pressure after it leaves 

the membranes. Using various devices, such as Pelton wheels, work exchangers or 

pressure exchangers (Wetterau 2011), the pressure of the brine can be recovered and 

used in the pressurization of the feed water, thus reducing the total energy consumption 

of the system (Macedonio et al. 2012). 

5.2.1 Reverse osmosis using renewable energy 

At present, a huge portion of the primary energy consumption of the world is derived 

from non-renewable sources. Only 16 % of the used energy comes from renewable 

sources, although there is a clear trend towards using more and more renewable sources 

(Gude, Nirmalakhandan & Deng 2010). The same trend can also be seen in the 

desalination market, although nowadays desalination systems powered by renewable 

sources account only few percentages of the entire capacity (Kalogirou 2005). 

The term renewable energy covers a vast number of different sources of energy and 

when one adds the numerous ways to integrate them into desalination systems, the result 

is complex. Figure 21 brings some light into this problem by highlighting the potential 

combinations of renewable energies and desalination systems. As one can see from 

Figure 21, the pathways are many and they involve many different technologies, which 

each have their own pros and cons (Gude, Nirmalakhandan & Deng 2010). Some of 

these technologies have not been covered so far in this thesis and for these the 

abbreviation has been explained so that it is easier for a curious reader to find additional 

information. 
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Figure 21. Possible combinations of desalination systems with renewable energies. PV = 

Photovoltaics; SD = Solar distillation; HD = Humidification-dehumidification; TVC = Thermal 

vapour compression; ED = Electrodialysis (Gude, Nirmalakhandan & Deng 2010). 

Currently the most interesting options for renewable powered reverse osmosis systems 

seem to be the ones using wind or solar power. This can also be noted from Figure 22, 

where the combined proportions of wind and solar RO systems constitute over 75 % of 

all the installed systems. However, there are numerous on-going research projects in this 

field, and thus it is difficult to predict what or which technologies will triumph over the 

others – if any field (Eltawil, Zhengming & Yuan 2009). 

Wave powered desalination does not appear in Figure 22 as its own category, but it has 

been under development since the 1970s. The first concepts included e.g. the DelBuoy, 

a point absorber type WEC directly pressurizing seawater (Hicks, Pleass & Mitcheson 

1988). Even though no concept has so far made a commercial success, there are 

numerous on-going projects in this field, e.g. CETO and AWEC (Carnegie Wave 

Energy 2011, OES 2012). 
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Figure 22. Desalination technologies powered by renewable energy sources. WMVC = Wind – 

Mechanical vapour compression (Eltawil, Zhengming & Yuan 2009). 

Even though renewable energy seems to be a very promising option for powering 

desalination systems, there are two main features which hinder the development. First, 

the need for water and the availability of renewable energy resource do not always 

overlap. Second, the initial capital costs for renewable energy systems are still high 

compared to fossil fuel systems, thus prohibiting commercialization (Eltawil, 

Zhengming & Yuan 2009). Figure 23 expresses the cost of water from varying sources. 

 
Figure 23. Cost of water from various renewable energy powered desalination systems (Gude, 

Nirmalakhandan & Deng 2010). 

Currently renewable powered reverse osmosis is still in its infancy. The existing 

systems do not produce water with a competitive price and the capacities are also small. 

However, the field is under constant and rapid development. It is possible that RO 

systems powered by renewable energy will provide a significant amount of fresh water 

in the future. Perhaps AaltoRO system will be a forerunner of these. 
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5.3 Desalination market 

At present, the global desalination capacity is over 66 million m³/d and it has been 

estimated to reach 119 million m³/d during 2016 (IDA 2011). Therefore, the growth of 

the desalination industry can be said to be very strong. However, the question arises: 

where will this growth take place? 

During the past 60 years, the leading desalination countries have mainly been in the 

Middle East, due to the local low price of fossil fuels (Macedonio et al. 2012). Other 

countries have also constructed major desalination capacities; especially the United 

States has excelled in this field out of the western countries. When only the past 10 

years are under investigation, the situation somewhat changes. Countries in the Middle 

East have continued to increase their desalination capacities, as is also the case with the 

United States of America. On the other hand, many new countries have emerged, among 

these Australia, Israel and India. Figure 24 represents the top 10 countries according to 

their installed desalination capacities since 2003. 

 
Figure 24. Top 10 countries according to their total installed capacity since 2003. Adapted from 

(IDA 2011). 

For the expected increase in global desalination capacity, one cannot be certain where 

this capacity will actually be constructed. The International Desalination Association 

(2011) gives some estimates of this in its recent publication of IDA Desalination 

Yearbook 2011-2012. It predicts moderate growth for the already established markets, 

but also the rise of new market areas, such as Libya, Chile, China, India, Latin America 

in general, South Africa and the United States, especially for seawater desalination, as 

much of the current US capacity focuses on brackish water (IDA 2011). 

In Chapters 2 – 4 some areas of the world were identified as promising locations for the 

deployment of AaltoRO. The current desalination capacities and the new contracted 

desalination capacities for the promising areas have been researched as an additional 

confirmation of the suitability of the areas. These results are presented in Table 4. 
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Table 4. Desalination capacities of suitable areas. 

 

Desalination 
capacity m³/day 

New desalination capacity1 
m³/day  

% of existing 
capacity 

Australia         
 275 000 94 % 

Chile          158 000 25 % 

South Africa        
 
 92 000 50 % 

The US (mainland)            623 000 7 % 

Hawaii (The US)          15 000 40 % 

Canary Islands (Spain)          61 000 11 % 

                                                                                   ;  

               ;                 ;            ;            ;              ;

                                   . 

All of the promising locations have existing desalination capacities and are also 

contracting new capacities. Some of the figures were hard to find and especially the 

current capacity of Hawaii is not precise. Therefore out of the two archipelagos, the 

Canary Islands seem more promising as it already has significant capacity and is also 

constructing significant amounts of new capacity. 

For the other promising areas, no clear distinctions based on their desalination markets 

can be made. Australia and the United States already have significant desalination 

capacity, but at the same time they are constructing even more. Chile and South Africa 

are both increasing their capacities significantly and also the International Desalination 

Association (2011) estimates that they will become important new market areas for 

desalination in the future. Hence, the possibilities of AaltoRO in these areas seem 

promising. 
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6 Concluding remarks 

In the Literature Review part of this thesis the aim has been to identify areas where the 

AaltoRO concept could be situated. This was done by examining three parameters: 

wave energy resource, the need for fresh water and the price of electricity, in various 

locations around the world. Another goal was to predict where the future desalination 

markets could be. 

Chapter 2 focused on waves: their physical properties, where globally good wave 

resources exist and what type of configurations there are to utilize the power of waves. 

Chapter 3 explored the fresh water situation of the world. Chapter 4 examined the price 

of electricity in countries that Chapters 2 and 3 had identified. Chapter 5 presented 

different desalination technologies and also went through where new desalination 

capacity has been built and where the desalination market is heading. 

As a result, six areas were identified to have potential in relation to the AaltoRO system. 

These areas are Australia, the Canary Islands, Chile, Hawaii, South Africa and the US 

West Coast. All these areas would be promising for the development of the AaltoRO 

system. 
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FEASIBILITY STUDY 

7 Objectives 

With fossil fuel reserves diminishing and the need for fresh water expanding, the 

demand for renewable energy powered seawater desalination systems increases. There 

are multiple different alternatives to use. For instance, the energy source can be wind, 

solar, geothermal or wave energy, whereas desalination can be achieved through e.g. 

distillation or reverse osmosis. This thesis has proposed the combined use of wave 

power and reverse osmosis for fresh water production, the AaltoRO concept. 

The advantages the AaltoRO are that the raw material of the product (seawater) and the 

source of energy (wave energy) are located on the same spot. This enables the direct 

pressurization of seawater, resulting in 70 % better productivity compared to first 

producing electricity and then using it to pressurize seawater (Folley, Whittaker 2009b). 

Naturally the possible deployment location needs good wave energy resources, but as 

was presented in the Literature Review, these types of locations are numerous. 

The main focus of this thesis is on the economic assessment of the entire system. First, 

the optimum configuration for the system will be determined through a comprehensive 

literature review of current best practices. Second, the optimum pressure level for the 

operation will be determined. Third, the system will be situated in four areas, with 

varying wave power resources. The system will be dimensioned in these locations and 

the annual production calculated. Fourth, the cost of the produced water in €/ m
3 

will be 

calculated by using the annuity method and according to the estimated capital and 

operational costs of the entire system. 
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8 AaltoRO concept 

The main purpose of AaltoRO concept is to produce fresh water with wave power and 

reverse osmosis. The concept comprises of two major components: the Wave Energy 

Converter (WEC) and the Reverse Osmosis (RO) unit connected by a hydraulic system. 

The fundamental operating principle is that the WEC absorbs energy from the waves, 

pressurizes seawater, which is then led to the RO unit where salt ions and fresh water 

are separated. End results from the process are fresh water and brine (water with a high 

concentration of salts).  

The process proposed by AaltoRO can be achieved through many different assemblies. 

Most of the components can for instance be located in the WEC, so that it would be as 

autonomous as possible. Depending on the location and the suitable materials, it might 

be cost-effective to pressurize the water only to e.g. 20 bar at the WEC and increase the 

pressure onshore. Another alternative would be to use the energy from the brine to 

produce electricity or to transfer the pressure directly to the incoming seawater.  

The choice of the optimum configuration is not easy to determine, since each variable 

has its own advantages and disadvantages and they also interact. The following 

restrictions on the configuration of AaltoRO have been decided: The majority of the 

components will be situated onshore in order to ease maintenance and repair work. Only 

the direct pressurization of seawater is examined, not electricity production. All the 

other choices of the configuration will be made according to each situation. 

This Chapter presents the major components of the AaltoRO concept in the following 

order: First the Wave Energy Converter (WEC) is discussed. Second is a detailed 

description about the hydraulics (e.g. adaptive pressure generator (APG) and the 

pressure drop during the transfer of seawater to shore). Third is the reverse osmosis 

(RO) unit, which encompasses e.g. pre- and post-treatment options for seawater, the 

function of the actual reverse osmosis membranes and utilization of the highly energetic 

brine with an Energy Recovery Device (ERD). A schematic of AaltoRO is given Figure 

25. 
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Figure 25. A schematic of the AaltoRO system. The values are based on calculations explained in 

detail in Chapter 9. 

8.1 Wave Energy Converter 

The Wave Energy Converter (WEC) chosen for this concept and thesis is the 

WaveRoller concept developed by the Finnish company AW-Energy. It is an Oscillating 

Wave Surge Converter (OWSC) and utilizes the “enhanced horizontal fluid particle 

movement of waves in the nearshore coastal zone with water depths of 10 – 20 m” 

(Whittaker, Folley 2012, p. 345). Figure 26 presents the WaveRoller WEC. 

 
Figure 26. Conceptual picture of WaveRoller (AW-Energy 2012). 
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In practice, WaveRoller resembles a flap hinged to the bottom of the sea. The waves 

move the flap back and forth and the kinetic movement is transferred via a hydraulic 

system to electricity. This is the basic operation principle of the WaveRoller when it is 

used to produce electricity (AW-Energy 2012). In AaltoRO its function is slightly 

different. The use of a hydraulic system remains, but instead of producing electricity via 

a generator, the movement of the flap pressurizes seawater to a desired pressure level. 

Wave power varies greatly depending on the timeframe in question and thus the power 

produced by the WEC also varies. This poses a problem for the AaltoRO system as the 

reverse osmosis membranes would require fairly stable high pressure for the yield to be 

reasonable. The adopted solution is a uniquely developed Adaptive Pressure Generator 

(APG). It uses a sophisticated array of hydraulic cylinders to reach the required pressure 

despite variations in the power produced by the WEC. 

8.2 Fluid Power System 

The fluid power system is a crucial part in the AaltoRO concept as it incorporates so 

many hydraulic elements. For instance, the energy from the waves is transferred via a 

hydraulic system and the means to level out the uneven pressure produced by the WEC 

is a complex hydraulic system, the APG. Therefore the understanding of hydraulics is a 

necessary step in understanding the entire AaltoRO concept. 

In the following Chapters the different features of hydraulics in AaltoRO concept will 

be presented. The first issue addressed is using seawater as a hydraulic fluid. The 

second is the novel Adaptive Pressure Generator (APG) with its operating principle. 

The third is the pressure losses resulting in the transfer of seawater from sea to land. 

8.2.1 Seawater as hydraulic fluid 

Hydraulic fluids are essential in any hydraulic system, since it is the medium through 

which energy is transferred. From the early 1900s, various hydraulic oils have been the 

standard choice for the majority of hydraulic systems. Still, the cheapest and the 

simplest hydraulic fluid is pure water. It is incombustible, economic and ecological, but 

at the same time causes problems with oxidation and corrosion (Kauranne, Kajaste & 

Vilenius 2008). 

The properties of water are somewhat different than those of oils (Krutz, Chua 2004). 

First, is has lower viscosity than oil resulting in poor lubricity and high potential of 

wear and leaks (Diepeveen 2009, Kauranne, Kajaste & Vilenius 2008). Second, water is 

a suitable substrate for bacteria and may require additional treatment to prevent the 

accumulation of bacteria-based silt. Third, it has a high vapor pressure and therefore a 

tendency for cavitation, especially in the inlets of pumps (Kauranne, Kajaste & Vilenius 

2008). 
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The AaltoRO device can be seen as a large hydraulic system, since it is using seawater 

to transfer energy from the WEC to the shore. Using seawater as the hydraulic fluid 

poses some new challenges to the ones already posed by fresh water. The main 

alteration is that seawater is more corrosive. Therefore the materials must be able to 

withstand corrosion to a high degree. Suitable materials include stainless and acid-

resistant steels, plastics, brass or ceramics (Kauranne, Kajaste & Vilenius 2008). 

8.2.2 Adaptive pressure generator 

Wave energy is fluctuating by nature and thus difficult to utilize directly with reverse 

osmosis (RO) membranes as they require fairly even pressure. The solution for this 

problem is the use of an Adaptive Pressure Generator (APG). It is a sophisticated 

hydraulic device; developed at the Research Group of Fluid Power in Aalto University 

for the purposes of the AaltoRO system. The APG is under development during the 

writing of this thesis and no final results of its performance are available. However, the 

first prototype has verified the concept and the overall situation is promising. In this 

thesis it is assumed that the APG will be able to function without any losses and to 

produce even pressure with variable wave power loads (Research Group of Fluid Power 

2012). 

The construction of the APG encompasses multiple pressure chambers, which can be 

taken into operation individually. This enables the effective displacement surface area 

of the APG to adapt to each incoming wave force. Thus the pressure of the seawater can 

be kept to a desired value and allow the volume flow rate to change according to the 

available wave force. The APG is controlled by intricate control logic and the assorted 

control valves. Figure 27 has a demonstrational picture of the APG (Research Group of 

Fluid Power 2012). 

 
Figure 27. Demonstrational picture of the APG test bench; the APG to the left, the actuator 

cylinder to the right (Research Group of Fluid Power 2012). 
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8.2.3 Pressure loss 

Due to the fact that the WEC is situated out at sea, the pressurized seawater will have to 

travel, depending on the location, a distance of roughly 50 – 500 m until it reaches the 

shore. The movement is twofold: distance to shore and the increase in elevation, which 

is usually 5 – 20 meters for WaveRoller, as it is situated nearshore. The pressure loss 

due to these two movements will be analyzed next.  

The energy needed to transfer the pressurized water vertically for the distance of 5 – 20 

meters, results as a pressure change. The amount of pressure change can be calculated 

from 

             (3)  

where Δp is the pressure change, ρ the density of seawater, g the gravitational 

acceleration and ΔH the difference in elevation. For AaltoRO this pressure change is 

roughly 0,5 – 2 bar. 

The pressure loss due to flow friction arising from the travelled distance from the WEC 

to the shore can be calculated from 

 
      

 

 

 

 
      (4)  

where λ is the friction factor, L the length of the pipeline, D the inner diameter of the 

pipe, ρ the density of seawater and w the velocity of water in the pipe.  

The velocity of water w can be calculated when the volume flow rate  ̇ and the 

dimensions of the pipe are known with the equation 

 
  

 ̇

 
   (5)  

where  ̇ is the volume flow rate of water and A is the cross-sectional area of the pipe. 

The friction factor λ can be determined from the Moody chart, which is a graph giving 

the relations of the Reynolds number, relative roughness and the friction factor λ 

(Moody 1944). 
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The relative roughness is a dimensionless number which gives the ratio between the 

roughness of the surface and the inner diameter of the pipe. The Reynolds number is 

also a dimensionless number which describes the type of flow, whether it is laminar 

(smooth and calm) with a low Reynolds number or turbulent (violent and chaotic) with 

a high Reynolds number. The equation describing the Reynolds number is 

 
   

   

   
   (6)  

where     is the dynamic viscosity of water, which is 1,0049∙ 10
- 

kg/ms at 20 ºC. 

Pressure losses also arise always when the geometry of the pipeline changes e.g. at the 

intakes, outlets, valves or divisions of the pipes. A standard way to calculate the 

pressure loss in each case is to use the formula 

 
     

 

 
     (7)  

where   is the loss coefficient for various geometric changes, easily obtainable from the 

literature for different cases. 

A pipeline can have numerous changes in its geometrics, each contributing a small 

pressure loss. Therefore the following principle is usually applied. Combining 

Equations 4 and 7 gives the following 

 
 
 

 

 

 
      

 

 
    (8)  

 
  

 

 
  (9)  

Thus the pressure loss from each change in geometrics can be converted to a pressure 

loss due to travelled distance. Furthermore, all pressure losses resulting from changes in 

the geometrics can be summed up giving 

 
       

 

 
∑    (10)  
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where        is the equivalent length, causing the same pressure loss as the various 

geometric changes. 

In conclusion, the pressure loss in a pipeline can be calculated from 

 
           

 

 

 

 
       

      

 

 

 
     (11)  

where the first factor signifies the pressure change due to change in elevation, the 

second factor signifies the pressure loss due to friction and the third factor signifies the 

pressure loss from changes in the geometrics of the pipeline. 

8.3 Rerverse osmosis 

Reverse osmosis (RO) is currently the leading desalination technology and also the salt 

separation method chosen for AaltoRO. The operating principle of RO was described in 

detail in Chapter 5.2. As a brief summary, it utilizes the osmosis phenomenon, a 

semipermeable membrane and pressure to separate various ions from water.  

RO facility usually consists of four major components: pre-treatment, semipermeable 

membranes, post-treatment and energy recovery. Pre-treatment ensures the safe 

operation of the membranes by removing sufficient amounts of harmful components 

from seawater. Membranes do the actual separation of salt ions and water molecules, 

producing permeate (fresh water) and concentrate (brine, water with a high level of 

salts). Post-treatment ensures that the water is safe for drinking by e.g. adjusting the pH. 

Energy Recovery Device (ERD) utilizes the pressure that is still left in the concentrate 

thus improving the energy efficiency of the entire system. 

8.3.1 Pre-treatment 

The main goal of the pre-treatment system is to produce sufficient quantities of 

adequate quality seawater for the reverse osmosis (RO) membranes. The seawater 

incorporates many substances that can be harmful for the RO membranes, e.g. 

particulates, suspended solids and microbial contaminants. (Voutchkov 2010). Pre-

treatment must remove sufficient amounts of these foulants, so that no excessive 

damage or loss of performance is experienced by the RO membranes. Therefore, 

designing an optimum pre-treatment system is one of the most challenging tasks in 

desalinating seawater (Wetterau 2011). Pre-treatment can be categorized into two 

methods: conventional and membrane pre-treatment. The two are not exclusive and can 

include sections from each other. 
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The pre-treatment begins with the intake structure of seawater. They are designed to 

minimize the amounts of incoming foulants. There are two types of intakes: open and 

subsurface intakes. Open intakes acquire seawater directly from the sea, and the exact 

location of the intake influences heavily on the water quality. Best locations are the ones 

with a distance of over 10 m below the surface and 10 m above the bottom (Bush, Chu 

& Rosenberg 2010). Subsurface intakes are usually various beach wells, e.g. horizontal 

or vertical types and use sand as a natural filter. They generally produce water of better 

quality than open intakes, but are much more complex to construct (Water Reuse 

Association 2011). 

After the intake the water is screened to exclude various larger organisms, e.g. fish and 

debris. This can be done with a simple screen consisting of vertical bars. Depending on 

the system requirements, the screening may be only to a simple stage, but it can also be 

enhanced to exclude particles up to 100 μm (Missimer et al. 2010). 

Conventional pre-treatment employs many different separation stages to purify water. 

After screening, the water is usually treated with various chemicals for 

coagulation/flocculation after which it is filtered with single or dual stage multimedia 

filters. Last stage before the high pressure pumps and RO membranes is a cartridge 

filter which removes particles larger than 5 μm (Wolf, Siverns & Monti 2005). 

Conventional pre-treatment is illustrated in Figure 28. 

 
Figure 28. Conventional pre-treatment (Wolf, Siverns & Monti 2005). 

Compared to conventional pre-treatment, membrane pre-treatment with Microfiltration 

(MF) or Ultrafiltration (UF) is in theory much simpler, as Figure 29 demonstrates. After 

screening, the water passes through the membranes which exclude the harmful 

components from the water. Due to its better separation capabilities (up to 0,01 μm), UF 

is much more widely used than MF in membrane pre-treatment (Voutchkov 2010, 

Prihasto, Liu & Kim 2009). 
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Figure 29. UF pre-treatment. Adapted from (Wolf, Siverns & Monti 2005). 

The choice of a pre-treatment system for AaltoRO is not an easy one. This is mainly due 

to the fact that in regular systems the fundamental operating principle is different than in 

AaltoRO. In standard RO systems, the pre-treatment can be done at the point most 

convenient for it, typically onshore, and before the pressurization to a high pressure. In 

AaltoRO the pressurization dictates all other activities as it occurs at the bottom of the 

sea in the WEC, typically at 15 meters of depth and at 500 meters distance from the 

shore. 

Pre-treating water at a high pressure is practically impossible and therefore it has to be 

done before the WEC. But pre-treating water at the bottom of the sea is also extremely 

difficult. The pre-treatment for AaltoRO cannot be done either by conventional or by 

membrane pre-treatment. Yet, there are two mindsets for determining the suitable pre-

treatment system. Either to produce pre-treated water with excellent quality to minimize 

the maintenance of the RO membranes, or to have allowing pre-treatment and to wash 

RO membranes frequently to maintain the desired performance (Taniguchi 1997). Due 

to the challenges posed by AaltoRO, the second mindset is adopted in this thesis. 

Two main challenges for the AaltoRO pre-treatment system are small particles (e.g. 

sand particles) and biological fouling. With a carefully designed intake structure it is 

possible to minimize the incoming foulants, and with coarse and fine screens the 

filtration can be taken up to a level of 100 microns. Filtration to a better degree has been 

deemed too difficult, and therefore the system will have to be able to handle small 

particles of under that size.  

Biological fouling and scaling of soluble components can be taken care of with various 

chemicals. Antiscalants have been a standard option in RO systems for a long time, but 

recently there have been encouraging reports of antibiofouling chemicals as well 

(Matsumoto 2012). With the use of these chemicals, it has been estimated that scaling 

and biofouling will not pose a major threat to AaltoRO. 

The proposed pre-treatment system for AaltoRO is very light compared with the typical 

RO pre-treatment systems. The filtration level is not high, and depending only on 

chemicals with biofouling is also somewhat speculative. It also remains to be seen how 

well the mechanical parts of the system (the WEC and the APG) will perform with the 

chosen pre-treatment. At least, the RO membranes will require more maintenance and 
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also the lifetime of the membranes will shorten. However, the chosen minimal pre-

treatment has been deemed as a reasonable choice for this thesis. Figure 30 

demonstrates the chosen pre-treatment system. 

 
Figure 30. Pre-treatment for AaltoRO 

8.3.2 Membrane process 

The most important part of an RO system is the membrane process where fresh water is 

separated from seawater. This is achieved with a process called reverse osmosis, the 

fundamentals of which were explained in Chapter 5.2. In essence it utilizes external 

pressure to overcome the natural phenomenon of osmosis and to drive a more 

concentrated solute through a semipermeable membrane, letting only water molecules 

to pass. The end result of the incoming feed water (seawater) is the product water or 

permeate (fresh water) and reject or concentrate (brine, water with a high concentration 

of salts) (Kucera 2010). 

Osmosis as a phenomenon had been known for hundreds of years before the first RO 

membranes were developed in the 1950s (Glater 1998). The material used was cellulose 

acetate which is still in use along with its derivatives. Currently also various polyamides 

are used as membrane materials. Membrane configurations are spiral wound elements, 

hollow fine-fiber elements or tubular and plate-and-frame elements. At the moment, the 

only one more commonly used in seawater desalination is the spiral wound element 

(Bergman 2007, Kucera 2010). 

Spiral wound element consists of sheets, which have the actual semipermeable 

membrane on a suitable supporting material. These sheets are separated by a spacing 

fabric, so that a flow channel is formed. Three sides of this assembly are glued together 

and an envelope is thus formed. Finally, the open end is connected to a tube around 

which the entire envelope is wrapped. Individual membrane sheets are separated by an 
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additional sheet of plastic which also creates turbulence and preserves the dimensions of 

the feed channel (Kucera 2010). 

Figure 31 demonstrates the function of a spiral wound element. The feed water enters 

the element flow channels under a high pressure. On one side of the flow channel is the 

semipermeable membrane and due to the pressure the water molecules pass through it 

while salts are retained in the feed. The separated water spirals to the central tube and is 

collected as the product while the feed water retains even more salt ions and becomes 

the concentrate (Kucera 2010). 

 
Figure 31. The configuration of a spiral wound element (Kucera 2010). 

The standard size of a spiral wound element is 8 inches (203,2 mm) in diameter and 40 

inches (1016 mm) in length (Kucera 2010). The present trend is towards larger diameter 

elements as they are more cost effective, but also smaller elements are made for 

specialized purposes (Bergman 2007). Individual RO membrane elements are packed to 

pressure vessels consisting of 6 – 8 elements in series, where the concentrate from the 

previous element is the feed for the next.  

To maximize the system performance and to minimize the costs, pressure vessels are 

typically arranged to 1 – 4 passes or stages, depending on the situation. In a pass the 

permeate is the feed for the next, and in a stage the concentrate is the feed for the next 

(Greenlee et al. 2009). The number of pressure vessels in following stages or passes is 

roughly half of the original number because the preceding stage or pass has removed 

roughly 50 % of the feed water (Bergman 2007). The entire RO system of pressure 

vessels is usually denoted as the RO train (Greenlee et al. 2009). Design principles have 

been developed to help to choose the correct membrane assembly and can be found 

from the literature e.g. from Bergman (2007). 
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The performance of the RO membranes depends upon numerous factors, including the 

total dissolved solids (TDS) concentration, membrane material and thickness as well as 

the feed pressure, feed flow rate and feed temperature. In a standard RO system the 

operating pressure is maintained at the desired level and only start-ups and shut-downs 

cause significant changes in the pressure (Bergman 2007) . 

It has been estimated that pressure variations will cause losses in the life-time and the 

performance of the membranes, although the matter is still under discussion (Folley, 

Peñate Suarez & Whittaker 2008). With wave power being fluctuating by nature, it 

could cause a problem for the AaltoRO system, but the Adaptive Pressure Generator 

(APG) will be able to stabilize the pressure by using pressure accumulators. Thus, 

pressure fluctuations are not considered to be problematic for AaltoRO. 

The choice of various RO system components depends mainly on the desired output – 

its quantity and quality. For example, drinking water has strict standards, although 

varying between countries, which have to be met. World Health Organization does not 

give a strict standard for the TDS level of drinking water, instead it states that water 

with TDS concentrations below 1000 mg/l is acceptable (WHO 2003). The United 

States Environmental Protection Agency has set a secondary maximum contaminant 

level of 500 mg/l for TDS, which usually is the target for water treatment (Bergman 

2007, EPA 2012). 

Measuring the efficiency of the RO membranes and the overall membrane configuration 

is usually done by giving out certain key figures. The most important key figure is the 

recovery rate, usually denoted with R. It explains how much of the incoming feed water 

is transformed into product water. Typically the recovery rate will be kept at the highest 

possible value taking into account the desired water quality, fouling of the membranes 

and the capital and maintenance costs (Bergman 2007). The membrane system 

performance is measured by the membrane salt rejection capability, which can be as 

high as 99,7 % (Greenlee et al. 2009). 

Depending on the desired output, the input flow rate velocity, required maintenance 

schedule and various factors depending on the project in question, the decision of the 

suitable design configuration is made. It can be a single pass, dual-pass or any other 

configuration. Still, some key design principles should be thought of. First, the RO 

system has a minimum energy requirement when the recovery is between 50 – 55 %. 

Second, maximum recovery is achieved when only one pass system is used (Greenlee et 

al. 2009). Third, novel practices and membranes can improve the efficiency and lifetime 

of the membranes thus resulting in significant savings (Peñate, García-Rodríguez 2012). 

Therefore, the choice of the design configuration should be made only after a careful 

consideration (Kucera 2010). AaltoRO will utilize a single pass system, as it is typical 

in small seawater reverse osmosis systems (DOW 2010). 
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8.3.3 Post-treatment 

The permeate from the RO membranes, while with a low salt concentration, also has a 

low concentration of substances that make drinking water appealing and acceptable. 

Therefore, treating the permeate to meet various drinking water standards is a necessity 

(Wetterau 2011). In theory, all the treatment systems downstream from the RO 

membranes are considered as post-treatment facilities, whether they treat the permeate 

or brine, but in practice post-treatment usually refers to the treatment of permeate 

(Bergman 2007). 

Post-treatment has not received as much scientific attention as the overall process and 

the energy recovery. This is mainly due to the fact that treating drinking water has been 

done for a considerable period of time, and that treating desalinated water has not been 

considered to be very different from standard knowledge. However, this has sometimes 

resulted in poor results with the product water and additional problems e.g. with 

corrosion. Therefore, understanding the feed water and permeate quality and how to 

affect it, is important in order to develop the most cost-effective and efficient post-

treatment system (Birnhack, Voutchkov & Lahav 2011). 

In general, the issues to address in post-treatment include: corrosion control, 

decarbonation, alkalinity, hardness and disinfection (Bergman 2007). The permeate is 

fairly aggressive due to its low alkalinity and low mineral content and therefore easily 

causes corrosion. Decarbonation is necessary to remove excessive amounts of carbonic 

acid and thus increase the pH. The alkalinity of the permeate is too low and must be 

increased through chemical treatment, usually by adding carbon dioxide. The levels of 

calcium and magnesium must be increased to reach acceptable levels of hardness. 

Disinfection is also necessary to prevent the growth of harmful micro-organisms. The 

interaction of various chemicals is difficult to predict and therefore great care must be 

taken in the design phase of the post-treatment system (Birnhack, Voutchkov & Lahav 

2011, Wetterau 2011, Bergman 2007). 

The standard way to treat permeate is to directly introduce chemicals as slurry, 

dissolved in a solution or as a condensed liquid. The benefits of directly dosing the 

permeate include: low capital costs, small space requirement, flexibility in which 

chemicals to choose and most of all simplicity of operation. Drawbacks are the high 

operational costs and the unwanted reactions of added chemicals. Another way to meet 

drinking water standards is to blend it with sufficient amounts of feedwater, but it 

causes additional problems by adding also unwanted substances and also controlling the 

quality of the product water is challenging (Birnhack, Voutchkov & Lahav 2011, 

Wetterau 2011, Bergman 2007). 
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8.3.4 Energy Recovery Device 

In standard Seawater Reverse Osmosis (SWRO) plants the cost of energy is the single 

largest operational cost. This is due to the required pressurization of feed water. In order 

to decrease costs, various methods to improve the energy efficiency of the entire process 

have been developed. In particular, the use of Energy Recovery Devices (ERDs) has 

resulted in significant reductions in energy usage during the past decades. The ERD 

recovers the energy from the high-pressure brine before it is discharged back to the sea, 

and it may decrease the energy consumption up to 40% (Kim et al. 2009). 

There are two categories of ERDs: centrifugal (e.g the Pelton wheel turbine, Francis 

Turbine and the hydraulic turbocharger) and positive displacement devices (e.g. the 

pressure exchanger). Centrifugal devices produce rotational energy (which can be used 

to produce electricity) from the brine through various means while positive 

displacement devices transfer the energy from the brine directly to the feed water. In 

total, numerous different ERDs exist and the research in this field is on-going (Wetterau 

2011). The properties of the most common ERDs have been summarized in Table 5. 

Table 5. Properties of various ERDs (Jatzlau 2011). 

 
APX = Axial Piston-Pressure Exchanger, DWEER = Dual Work Exchange Energy Recovery 

The ERD for AaltoRO should be able to accomplish the following targets: It should be 

able to maintain efficiency at variable flows. It should have a high efficiency and its 

capital and maintenance costs should be low. Positive displacement devices fulfill the 

criteria of having high efficiencies (over 95 %) and maintaining efficiency at variable 
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flow rates. However they generally have high capital costs. The situation is more or less 

reversed with centrifugal devices. 

Based on Table 5 alone, the choice of an appropriate ERD for AaltoRO would be very 

difficult, since weighing the advantages and disadvantages of positive displacement 

devices and centrifugal devices is hard. Therefore, the selection process is simplified by 

excluding those ERDs that are designed for electricity production, since it is not a target 

in AaltoRO. To clarify the differences between the two ERD types, one example of each 

is chosen: the hydraulic turbocharger for centrifugal devices and the Clark pump for 

positive displacement devices. 

The basic configuration of the Clark pump is that it pressurizes a portion of the feed 

water while the high-pressure pump pressurizes the remaining part of the feed water. 

Figure 32 presents the basic configuration of the Clark pump. Basically this means that 

the high-pressure pump can be of smaller size but that it has to be able to pressurize up 

to the desired pressure level. On the other hand, the hydraulic turbocharger operates by 

increasing the pressure of the entire volume flow rate of the feed water. Thus, the high-

pressure pump needs to be able to handle the entire volume flow rate but it does not 

need to be able to pressurize to the desired pressure level (Jatzlau 2011). 

 
Figure 32. Basic configuration of a Clark pump. Adapted from (Jatzlau 2011). 

The operating principle of AaltoRO agrees well with the hydraulic turbocharger, but not 

with the Clark pump. This is mainly due to the fact that the “high-pressure pump” of 

AaltoRO is the WEC at the bottom of the sea, while the ERD will be situated onshore. 

If the Clark pump would be chosen, it would require another standard high-pressure 

pump for the entire system to operate. This would increase the capital costs and also 

complicate the system without sufficient increases in production.  
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Other factors also favor the choice of the hydraulic turbocharger as the ERD for 

AaltoRO. It has small capital costs and it is also not so susceptible to low quality feed 

waters as is the Clark pump (Meyer-Steele, Beamguard 2008). The latter is a crucial 

factor since unlike in a standard RO system, the feed water will be of inferior quality 

and therefore also the ERD must be able to reliably operate in these conditions.  

However, the hydraulic turbocharger also has some drawbacks, mainly relating to its 

efficiency. The low efficiency of less than 75 % is an inconvenience, but the major 

disadvantage is its inability to maintain efficiency with variable flow rates (Meyer-

Steele, Beamguard 2008). Still, the RO membranes themselves can operate only with 

certain flow rates and it is estimated that the efficiency of the hydraulic turbocharger 

will not diminish too much during this range. 

The hydraulic turbocharger operates by transferring the pressure energy of the brine to 

the feed water. This is accomplished with an energy recovery turbine, which receives 

the energy from the brine, and a centrifugal pump, which increases the pressure of the 

feed. These two are connected with a shaft and thus the brine gives a pressure boost to 

the entire volume flow rate of the feed, enabling lower initial pressures from the WEC. 

Figure 33 has a picture of a hydraulic turbocharger. 

 
Figure 33. Hydraulic turbocharger (FEDCO 2012). 

To sum up, the hydraulic turbocharger will be the ERD for AaltoRO. It can operate with 

low quality feed waters and has moderate capital costs. It has a lower efficiency than the 

Clark pump, but it has been estimated the loss in power will not be too high. Most of all, 

the hydraulic turbocharger goes well with the overall operating principle of AaltoRO. 
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9 Case study 

A case study will be performed in order to determine the feasibility of AaltoRO. Four 

different areas will be studied, each with unique wave power characteristics. From all 

four areas a performance curve of the WEC WaveRoller will be supplied by AW-

Energy, which will serve as the basis for all further calculations. With the supplied data, 

a performance calculation of the entire system will be carried out. Lastly, the price of 

the produced water will be estimated, thus giving an estimation of the feasibility of 

AaltoRO. 

First, the general description of the calculation method will be given. Second, the 

presumptions and simplifications that have been made will be presented as well as some 

details that will be common to all four cases, e.g. the membrane type. Third, the 

optimum pressure level for the operation of AaltoRO will be determined. Fourth, 

calculations will be performed separately for each case area in order to determine the 

optimum configuration, the permeate production and the cost of the produced water in 

€/m³. 

9.1 Calculation method 

This Chapter presents the general calculation method used in determining the feasibility 

of AaltoRO. The calculation begins with the wave resources available on the location. 

The developer of WaveRoller, AW-Energy has provided performance curves of 

WaveRoller for each of the chosen sites. These performance curves represent the 

capability of WaveRoller as a pump pressurizing seawater to 65 bar pressure. 

From each Site there are two curves. The first gives the ratio between the nominal pump 

capacity of the “wave-pump” and the annual production, represented by the upper 

picture in Figure 34. For instance the star represents the nominal pump capacity of 0,02 

m³/s and the annual production of 350 000 m³ of feed water in 65 bar pressure. 

The second curve one is a retention curve and represents the probability of each nominal 

pump capacity (the lower picture of Figure 34). The annual production of 350 000 m³ 

with a nominal pump capacity of 0,02 m³/s (the star) in the upper picture has been 

calculated as the area marked with grey in the lower picture. It has been presumed that 

with wave powers lower than the nominal pump capacity, the WaveRoller can operate 

without problems, but with wave powers greater than the nominal pump capacity, it will 

operate only with its nominal capacity (the black line in the lower picture). 
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Figure 34. Curves of Site 2 with WEC pressurizing to 65 bar. 

For a suitable amount of design points (the nominal pump capacities in Figure 34) the 

appropriate number of reverse osmosis membranes is calculated, i.e. to match the RO 

membrane amount to the flow rates produced by various nominal pump capacities. This 

information is then put into a Reverse Osmosis System Analysis (ROSA) program. It 

has been develop by the Dow Chemical Company and is widely used for designing 

various water treatment systems. Figures 35, 36 and 37 present screenshots of the 

operation of the ROSA program (DOW 2012). 
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Figure 35. ROSA Feedwater Data -screen. 

 
Figure 36. ROSA System Configuration -screen. 
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The maximum and minimum operating limits (in relation to the flow rate) for the 

chosen number of RO membranes are determined using the ROSA program. These 

limits represent the safe operating parameters. The system can operate outside of these 

limits, but with a decrease in the lifetime and performance of the RO membranes. The 

red box in Figure 37 depicts the Design Warnings, which marks the safe operating 

parameters. 

 
Figure 37. ROSA Report -screen. Red box marks the Design Warning, which indicates the limits 

for safe operating parameters. 

The maximum and minimum operational values are used with the WaveRoller 

performance curves in order to calculate the actual volume flow rate that the RO 

membranes are able to utilize. From this, the real amount of fresh water produced is 

calculated with ROSA. Also, the load factor of the AaltoRO system is calculated by 

dividing the volume flow rate suitable for the membranes with the annual volume flow 

rate, thus describing how much of the wave power is suitable for AaltoRO in each 

location. 
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Lastly, an economical evaluation is performed taking into account the capital and 

operational costs of the current AaltoRO configuration as well as the use of a suitable 

Energy Recovery Device (ERD). Using the annuity method with an operating lifetime 

of 25 years and an interest rate of 8 %, the actual cost of desalinated water in €/m³ is 

calculated. Then the process is repeated to a suitable amount of design points in order to 

reach the most economical point of operation. 

The actual calculations will be performed with the spreadsheet program Microsoft Excel 

and the reverse osmosis design program ROSA. Detailed information from Excel and 

ROSA will be given about the optimum operating point as well as a summary why this 

point was chosen.  

9.2 Design parameters 

Performing calculations to a certain degree of accuracy can be challenging. This thesis 

will have the following simplifications relating to the calculations performed in each 

site: 

 Standard seawater, as defined by the Dow Chemical Company (DOW 2009), 

will be used as the feed water in all calculations. The TDS of standard seawater 

is 35 000 mg/l, and the exact composition is given in the Figure 35 and in the 

Appendix A. 

o It is assumed that the seawater will have same composition throughout 

the year and the possible influence of e.g. algae blooms is disregarded. 

 The temperature of the seawater will be taken as an annual average: 

o Site 1: 21 ºC; Site 2: 20,5 ºC; Site 3: 17,3 ºC and Site 4: 10,4 ºC 

 Only the direct pressurization of seawater will be examined, not electricity 

production. 

 The feed water will be pressurized to 45 bar. The reason is explained in detail in 

Chapter 9.3. 

o The WEC will pressurize the water initially to 25 bar pressure and the 

ERD will increase the pressure to 45 bar. 

 The Adaptive Pressure Generator (APG) is assumed to work ideally without any 

losses. 
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 All the calculations are for one WaveRoller unit with a width of 30 m. 

 The product water must have a TDS value lower than 500 mg/l, as recommend 

by the United States Environmental Protection Agency (EPA 2012). 

 The DOW™ FILMTEC™ SW30HRLE-370/34i by the Dow Chemical 

Company is chosen as the reverse osmosis membrane, due to its capabilities in 

performing well with challenging feed waters.  

 The reverse osmosis pressure vessels will be for seven membrane elements each 

 Each Site will be examined in a study area, comprising of a range on 

WaveRoller nominal pump capacities, starting from 0,03 m³/s and ending with 

0,24 m³/s. 

 For each location the change in elevation    from the WEC to the shore is 15 

m, the distance   travelled to the shore is 500 m and each pipeline has one inlet 

and outlet and four 90º corners. 

 The pressure loss from the travelled distance from the WEC to the shore will be 

kept under 3 bar, but since it is small compared to the initial pressure, it will be 

disregarded in the actual calculations in order to simplify the calculations. 

 Financial calculations will be performed using the annuity method, with an 

estimated lifetime of 25 years and an interest rate of 8 %. 

 The operational expenses are calculated with a fixed percentage share of the 

capital expenses: 5 % for the WEC and 15 % for the RO. 

 In ROSA, the harshest option for the pre-treated water is chosen (Seawater with 

conventional pre-treatment, SDI < 5). 

 The Energy Recovery Device (ERD) will be a hydraulic turbocharger with a 

computational average efficiency of 65 % (FEDCO 2012). 

 From each site the permeate production (m³/day), the load factor (suitable wave 

power / available wave power), the cost of water (€/m³), the recovery rate, the 

permeate TDS (mg/l) and cost details will be given. 
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9.3 Determining an optimum pressure level 

Reverse osmosis occurs when the pressure of the system exceeds the osmotic pressure 

of seawater (29 bar). However, in order to maintain continuous and smooth operation, 

RO systems are typically operated so that the pressure difference between seawater and 

the osmotic pressure is substantial, e.g. 20 – 30 bar. Standard operating pressures are 

therefore around 50 – 70 bar. 

The choice of the optimum operating pressure for AaltoRO must be done, since 

AaltoRO is not a typical commercial system, but has unique properties, which affect the 

operation. The most important of these is the chosen minimum pre-treatment. Due to 

this, the feed water is more challenging than in typical systems and is expected to 

damage the membranes faster than in standard systems. 

One way to increase the lifetime of the membranes is to operate the system with a lower 

recovery rate, i.e. limiting how much of the feed water is turned into fresh water. In 

essence, the membranes are not pushed to their operational limits, which ensures a 

longer lifetime for the membranes. 

Essentially the choice of the optimum pressure level is a question of optimization, 

which issues are the most important ones: a good recovery rate, the lifetime of the 

membranes, the cost of the water produced or a combination of these and other 

parameters. For AaltoRO, it has been determined that the most important parameter is 

the cost of water. The second parameter to optimize is the recovery rate. If the cost of 

water is the same, the pressure level with the lowest recovery rate is chosen to maximize 

the lifetime of the membranes. 

The calculations for determining the optimum operational pressure level have been done 

for Site 1 only, but it has been assumed that the same results would be get from other 

Sites as well. Therefore the results from Site 1 will be generalized to all sites. To reach a 

conclusion, the following values have been calculated: the permeate production 

(m³/day), the load factor (suitable wave power / available wave power), the cost of 

water (€/m³) and the recovery rate in each pressure level. The results are presented in 

the following Figures 38, 39, 40 and 41, and the conclusions drawn from each figure are 

presented right afterwards The conclusion of the optimum pressure level is presented 

lastly. 
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Figure 38. Permeate production (m³/day) with varying pressure levels on Site 1. 

Figure 38 presents the permeate production (m³) per day. It is clear that as the pressure 

level decreases the permeate production increases. There are two important 

interdependencies which account for this results. First, as the pressure decreases, the 

WaveRoller is able to pressurize more water to this lower pressure level, since the wave 

power is taken to be constant. Second, lowering the pressure level also lowers the 

recovery, meaning that a smaller portion of the feed water is turned into fresh water. 

The conclusion drawn of Figure 38 is that the recovery percent declines slower than the 

feed water amount increases, thus explaining the increased permeate production per 

day. The peak permeate production increases as the pressure level decreases, from 1375 

m³/day with 65 bar to 1800 m³/day with 45 bar. However, with the pressure level 40 

bar, the peak production is only 1685 m³/day. Therefore, it does not seem to be a 

suitable pressure level. 
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Figure 39. Load factor (%) with varying pressure levels on Site 1. 

Figure 39 presents the load factor (%) in each pressure level. The load factor signifies 

how much of the available wave power is suitable for the RO membranes. It can be 

clearly observed from Figure 39 that, as the pressure level decreases, the load factor 

increases with larger WaveRoller nominal pump capacities. This signifies the fact that 

as the pressure is lower, the RO membranes are able to utilize a wider selection of the 

volume flows produced with each nominal pump capacity. This result is true with all 

pressure levels, and thus the pressure level with the highest load factor (40 bar) would 

seem to be the best choice. 
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Figure 40. Cost of water (€/m³) with varying pressure levels on Site 1. 

Figure 40 presents the cost of water (€/m³) in each pressure level. Calculating the cost 

of anything is highly susceptible to the starting values and this case is no exception. 

Therefore the results contain some amount of uncertainty and should not be interpreted 

too strictly. However, one clear conclusion can be made. The minimum cost of water in 

pressure levels 45 – 65 bar are all very close to each other (0,76 – 0,81 €/m³) while the 

minimum cost of water in pressure level 40 bar is clearly higher then these (0,90 €/m³). 

For this reason the pressure level 40 bar is excluded from further studies. It clearly is 

not a desirable operational pressure level. 
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Figure 41. Recovery (%) with varying pressure levels on Site 1. 

Figure 41 presents the ratio between the recovery rate and the different pressure levels. 

Clearly as the pressure level decreases, the recovery rate also decreases (65 bar has a 

pressure level of 45,5 %, while 40 bar has a pressure level of 23,7 %). This result agrees 

with the fundamental laws of osmosis. As the pressure of the feed water diminishes, 

while the osmotic pressure of the seawater remains constant, the amount of feed water 

passing through the membrane is smaller. Thus the recovery rate decreases with a 

decreasing pressure level. 

The choice of the appropriate pressure level was deemed to depend upon minimizing 

two parameters: 1) the cost of water, and 2) the recovery rate. From Figure 40 the 

pressure level 40 bar was excluded, but no other conclusion could be made. However, 

since Figure 41 clearly demonstrates the linear relationship between the pressure level 

and the recovery rate, the optimum pressure level is the smallest of the remaining ones, 

namely 45 bar with a recovery rate of 30 %. Therefore the calculations on all four Sites 

will be carried out with the pressure level 45 bar. 

9.4 Site 1 

Site 1 has a good wave climate, with an average wave power of 15 kW/m. The 

performance and retention curves of Site 1 have been given in the Appendix B. The 

calculation presented in this Chapter follows the calculation method described in 

Chapter 9.1. The average recovery rate in all the calculations on Site 1 has been 29,5 % 

and the average permeate TDS is 160 mg/l, which is well below the limit of 500 mg/l. 

The optimum permeate production of Site 1 varies between 1500 and almost 2000 

m³/day, peaking at 1996 m³/day with a nominal pump capacity of 0,15 m³/s. The load 

factor is decreasing constantly at irregular intervals. With the peak permeate production 
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at 0,15 m³/s the load factor is still a very good 0,92, but it starts rapidly decreasing after 

that. The permeate production also decreases after the nominal pump capacity of 0,15 

m³/s due to the fact that a large portion of the wave resource has become too small for 

the RO membranes to utilize and that power is therefore lost. The permeate production 

of Site 1 is presented in Figure 42. 

 
Figure 42. Permeate production (m³/day) and load factor on Site 1. 

The RO facility consists of many pressure vessels, each having seven elements. For 

instance at 0,15 m³/s, there are 39 pressure vessels and in total 273 RO membranes. The 

nominal output for this configuration is 6825 m³/day. Due to the variable nature of wave 

power and to the fact that not all wave power states are acceptable, the nominal output 

is far greater than the actual 1996 m³/day. However, the nominal output has been 

determined at laboratory conditions with a pressure level of 55 bar by the Dow 

Chemical Company, and therefore the results are not directly comparable. 

The cost of water is presented in Figure 43. The minimum cost of water is 0,76 €/m³ and 

it is reached with a nominal pump capacity of 0,12 m³/s when the load factor is 0,95. 

With pump capacities smaller than this, too large portion of the wave resource is left 

unutilized and thus the cost increases. When the pump capacities are greater than 0,12 

m³/s, the costs of the entire system begin to increase faster than the permeate 

production. Combined with the knowledge of Figure 42, that the permeate production 

begins to drop after 0,15 m³/s, it is no surprise that the cost of water begins a steep rise 

after the nominal pump capacity of 0,12 m³/s. 
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Figure 43. Cost of water (€/m³) on Site 1 

The capital cost for the entire AaltoRO system with a nominal pump capacity of 0,12 

m³/s is 3 260 000 €. The breakdown of the cost structure is presented in Table 6. The 

WEC cost factor includes – in addition to the WEC – the two APGs needed for 

continuous operation as well as the medium pressure piping. The operational expenses 

for the WEC have been calculated by assuming them to be 5 % of the capital expense, 

since no exact data is available. The RO cost factor includes the pressure vessels, the 

RO membranes, pre- and post-treatment facilities, the ERD, as well as automation and 

control system costs. The operational expenses for the RO have also been calculated 

with a percentage share of the capital expenses, in this case 13 % of the capital 

expenses. 

Table 6. Cost breakdown of Site 1 with a nominal pump capacity of 0,12 m³/s. 

 
Capital expenses (€) Operational expenses (€) 

WEC 2 460 000 120 000 

RO 800 000 100 000 

Total 3 260 000 220 000 

Annual 310 000 220 000 

9.5 Site 2 

Site 2 has a moderate wave climate, with an average wave power of 9,5 kW/m. The 

performance and retention curves of Site 2 have been given in the Appendix B. The 

calculation presented in this Chapter follows the calculation method described in 

Chapter 9.1. The average recovery rate in all the calculations on Site 2 has been 29,4 % 

and the average permeate TDS is 156 mg/l, which is well below the limit of 500 mg/l. 
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The permeate production on Site 2 is fairly stable all through the calculated design 

points, between 500 and 700 m³/day. The permeate production peaks at 683 m³/day 

when the nominal pump capacity is 0,15 m³/s and the load factor 0,62. The load factor is 

steadily decreasing all through the calculated area, which expresses that Site 2 is not 

well suited to the AaltoRO system. The permeate production of Site 2 is presented in 

Figure 44. 

 
Figure 44. Permeate production (m³/day) and load factor on Site 2. 

The cost of water is presented in Figure 45. The minimum cost of water in Site 2 is 1,58 

€/m³ with a nominal pump capacity of 0,03 m³/s and of a load factor of 1. The load 

factor of 1 signifies that all the wave power that the WaveRoller is able to utilize is 

suitable for the RO membranes. After this point the load factor drops quickly, while the 

permeate production grows only slightly and the costs increase steadily. Therefore the 

minimum cost of water is achieved with the smallest calculated nominal pump capacity.  
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Figure 45. Cost of water (€/m³) on Site 2. 

At the nominal pump capacity of 0,03 m³/s, there are 8 pressure vessels and 56 RO 

membranes, with a nominal output of 1400 m³/day. The cost breakdown of Site 2 at a 

nominal pump capacity of 0,03 m³/s is presented in Table 7. 

Table 7. Cost breakdown of Site 2 with a nominal pump capacity of 0,03 m³/s. 

 
Capital expenses (€) Operational expenses (€) 

WEC 1 800 000 90 000 

RO 450 000 30 000 

Total 2 250 000 120 000 

Annual 210 000 120 000 

9.6 Site 3 

Site 3 has a good wave climate, with an average wave power of 16 kW/m. The 

performance and retention curves of Site 3 have been given in the Appendix B. The 

calculation presented in this Chapter follows the calculation method described in 

Chapter 9.1. The average recovery rate in all the calculations on Site 3 has been 28,5 % 

and the average permeate TDS is 134 mg/l, which is well below the limit of 500 mg/l. 

The permeate production on Site 3 is basically constantly increasing. The permeate 

production is highest at 1685 m³/day at the end of the study range with a nominal pump 

capacity of 0,24 m³/s, with a load factor of 0,76. The fact that the permeate production 

increases even though the load factor constantly decreases signifies that the wave power 

resource on Site 3 is of a suitable type for the AaltoRO process. Still the peak 

production is less than in Site 1 (1996 m³/day). The permeate production of Site 3 is 

presented in Figure 46. 
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Figure 46. Permeate production (m³/day) and load factor on Site 3. 

The minimum cost of water in Site 3 is 1,02 €/m³ with a nominal pump capacity of 0,09 

m³/s and a load factor of 0,90. The cost of water is presented in Figure 47. The 

appearance of the cost of water curve is very similar than that of Site 1, although the 

minimum price is somewhat higher. Therefore the same principles apply: With pump 

capacities smaller than 0,09 m³/s, too large portion of the wave resource is left 

unutilized and thus the cost increases. When the pump capacities are greater than 0,09 

m³/s, the costs of the entire system begins to increase faster than the permeate 

production, although with a nominal capacity of 0,12 m³/s the cost of water is 1,03 m³/s, 

only slightly higher than the minimum of 1,02 €/m³. 

 
Figure 47. Cost of water (€/m³) on Site 3 with a nominal pump capacity of 0,09 m³/s. 
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With the nominal pump capacity of 0,09 m³/s, the RO system has 23 pressure vessels 

and in total 161 RO membranes. The nominal production of 161 RO membranes is 4025 

m³/day. The cost breakdown of Site 3 with a nominal pump capacity of 0,09 m³/s is 

presented in Table 8. 

Table 8. Cost breakdown of Site 3. 

 
Capital expenses (€) Operational expenses (€) 

WEC 2 240 000 110 000 

RO 680 000 80 000 

Total 2 920 000 190 000 

Annual 270 000 190 000 

9.7 Site 4 

Site 4 has an excellent wave climate, with an average power of 38 kW/m. The 

performance and retention curves of Site 4 have been given in the Appendix B. The 

calculation presented in this Chapter follows the calculation method described in 

Chapter 9.1. The average recovery rate in all the calculations on Site 4 has been 26,3 % 

and the average permeate TDS is 96 mg/l, which is well below the limit of 500 mg/l. 

The permeate production on Site 4 increases almost linearly with the nominal pump 

capacity. The maximum permeate production of 3700 m³/day is achieved at the end of 

the study area with a nominal pump capacity of 0,024 m³/s and a load factor of 0,95. 

The fact that the load factor remains practically constant at 0,95, and the permeate 

production increases rapidly and linearly with the nominal pump capacity, signifies that 

Site 4 is an excellent area for the AaltoRO system. Figure 48 presents the permeate 

production on Site 4. 

 
Figure 48. Permeate production (m³/day) and load factor on Site 4. 
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The minimum cost of water 0,6 €/m³ is achieved at the end of the study area with a 

nominal pump capacity of 0,24 m³/s and a load factor of 0,95. The cost curve in Site 4 is 

downward so that the price seems to be stabilizing to the minimum value of 0,6 €/m³. 

This is logical since the load factor remains high all throughout the study area as the 

permeate production steadily increases. Basically at the end of the study area the rising 

costs and the increasing permeate production cancel each other out, resulting in the 

minimum price of 0,6 €/m³. Figure 49 presents the cost of water on Site 4. 

 
Figure 49. Cost of water (€/m³) on Site 4. 
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and in total 434 RO membranes. The nominal production of 434 RO membranes is 

10 850 m³/day. The cost breakdown of Site 4 with a nominal pump capacity of 0,24 

m³/s is presented in Table 9. 

Table 9. Cost breakdown of Site 4. 

 
Capital expenses (€) Operational expenses (€) 

WEC 3 440 000 170 000 

RO 1 290 000 200 000 

Total 4 730 000 370 000 

Annual 440 000 370 000 
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10 Results and discussion 

The objective of the Feasibility Study part of this thesis was to study the AaltoRO 

system from the financial point of view. The permeate production and the cost of the 

produced water were calculated in four different locations and the results from each Site 

presented in the previous Chapter. The purpose of this Chapter is to reflect on those 

results and to draw conclusions about the general feasibility of AaltoRO. 

The permeate production in each Site is presented in Figure 50. From there it is clear 

that Site 4 is the most productive one while Site 2 is the worst. Only Site 4 experienced 

linear growth during the entire study area while, Site 2 has practically stable production, 

despite the increase in nominal pump capacity. Sites 1 and 3 were both good, but still 

Site 1 with a smaller wave power level (15 kW/m) had a higher peak production than 

Site 3 (16 kW/m). 

 
Figure 50. The permeate production (m³/day) on each Site. 

The load factor on each Site is presented in Figure 51. With the load factors the 
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Figure 51. Load factor on each Site. 

The cost of water in each Site is presented in Figure 52 and the result follows the same 

trend as did the load factor and the permeate production. Site 4 has the lowest water 

price with 0,6 €/m³, followed by Site 1 with 0,76 €/ m³, Site 3 with 1,02 €/ m³ and lastly 

Site 2 with 1,58 €/m³. With Site 2 the minimum price is reached at the beginning of the 

study area, whereas Site 4 is approaching its own minimum value as the study are ends. 

Site 1 and 3 both have a minimum point at the middle of the study area. 

 
Figure 52. Cost of water (€/m³) on each Site. 
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Figure 53 represents the relationship of the nominal wave power (kW/m) of each Site 

with the minimum cost of water (€/m³). It is easy to assume that as the nominal wave 

power increases the minimum cost of water would decrease. However, the situation is 

not always so. Site 1 has a lower nominal wave power (15 kW/m) than Site 3 (16 

kW/m), but still the cost difference is over 0,25 €/m³ for the advantage of Site 1. 

Therefore the type and quality of the waves is of crucial importance. Since Site 1 had 

such good conditions for nominal pump capacities around 0,12 m³/s, it produced there 

much better results than Site 3. Still, the general idea stands, the higher the nominal 

wave power the lower the minimum cost of water, as the trend line in Figure 53 

demonstrates. 

 
Figure 53. The relationship between the nominal wave power and the minimum cost of water. 
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Each person requires approximately 3 l of fresh water each day just to survive. One 

AaltoRO unit could therefore produce sufficient water for over 1,2 million people. But 

it is not enough just to survive. We use much more than the minimum amount of water, 

e.g. to produce food, clothes and other items. When compared with the average daily 

usage of water in different countries, the situation changes somewhat. One AaltoRO 

unit could produce water for 7500 Australians (daily usage of 495 l/day), 21 150 

Peruvians (daily usage of 175 l/day) or 750 000 Mozambiques (daily usage of 5 l/day) 

(UNDP 2006). Thus, AaltoRO could produce water for a significant amount of people, 

especially in the developing countries. 

The global capacity of desalination (66,4 million m³/day) comprises of numerous 

individual facilities, with capacities ranging from a few m³/day to massive plants with  

production capacities over several 100 000 m³/day (IDA 2011). For instance, in West 

Australia in Perth there is a large SWRO plant with a total capacity of 400 000 m³/day 

(Water Corporation 2011). The Perth plant seems much larger than AaltoRO, and that it 

is, but on the other hand it would require only 108 AaltoRO units to produce equal 

amounts of fresh water. Since the WECs will most likely be placed in farms, like wind 

turbines, producing over 400 000 m³/day with wave power is not a farfetched idea. 

Figure 54 has a demonstrational picture of a wave farm. 

 
Figure 54. Wave farm. (AW-Energy 2012) 

Agriculture accounts globally for roughly 70 % of the fresh water usage. What makes 

the situation even more concerning is the ever increasing population on Earth. In 

numbers the food production must increase by 50 % by 2030 and double by 2050. This 

means that more food must be produced with less water, unless more water can be 

acquired, e.g. from desalination (OECD 2010). 
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Table 10 presents some figures on the water usage in agriculture. For instance in 

Australia the agricultural water withdrawal is 17 km
3
/a, which is 46 575 342 m

3
/day. 

The irrigated area is 2 550 000 ha, which represents just 5 % of the total cultivated area. 

To produce this amount of water, it would require 115 West-Australian SWRO plants or 

roughly 12 500 AaltoRO systems. On the other hand, one AaltoRO system could 

irrigate an area of 200 ha in Australia. Of the global average, one AaltoRO system could 

irrigate an area of 139 ha. Thus, AaltoRO system could substantially increase the 

irrigated area of the world, especially since some of the suitable locations for AaltoRO 

system were among the driest places on Earth, e.g. Chile and Western Australia. 

Table 10. Agricultural water usage in various countries. 

Country 
Cultivated 

area  
(1000 ha) 

% of all  
area 

Agricultural 
water 

withdrawal 
(km3) 

% of all 
water  

withdrawals 

Irrigated 
area  

(1000 ha) 

% of 
cultivated  

area 

Australia1 48 000 6 17 74 2550 5 

South Africa1 15 000 13 8 63 1500 10 

Chile1 2 000 3 8 70 1900 83 

The US1 165 000 17 192 40 24720 15 

Spain1 17 000 34 20 61 3820 22 

Mozambique1 5 000 7 0,6 74 120 2 

Norway1 1 000 3 0,8 29 110 14 

World2 1 208 000 8 2236 70 229600 19 

1
(FAO 2012); 

2
(Lant 2012) 

The potential of AaltoRO and wave powered desalination is huge. The water produced 

with AaltoRO system can be of an economically feasible level and thus could make a 

noteworthy change in the world. It could significantly help providing affordable and 

clean drinking water to those in need, especially in the developing countries. It could 

also provide sufficient amounts of irrigational water to increase the global food 

production and to help the world to overcome the challenges of the ever increasing 

population growth. Indeed, the impact wave powered desalination could have on the 

world cannot be underestimated. 

10.1 Sources of error 

The AaltoRO concept of wave powered desalination proposed in this thesis is still at an 

early stage of its development. Therefore, numerous simplifications, assumptions and 

generalizations had to be made. The calculations presented in this thesis also include 

some amount of uncertainties, which may have a significant effect on the results. This 

Chapter presents the most significant sources of error and also estimates the effect they 

have on the achieved results. 
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10.1.1 Pressure fluctuations 

Wave power is variable by nature whereas the RO membranes require even pressure. 

This is the general problem associated with so many renewable energy projects. In 

AaltoRO the variable production of feed water is compensated by the Adaptive Pressure 

Generator (APG), which maintains a constant feed pressure by allowing the volume 

flow rates to change. 

The membrane manufacturer Dow Chemical Company strongly recommends operating 

at a fixed pressure level, without any fluctuations in pressure, and without any quick 

changes in the volume flow as well. However, no data concerning the safe operational 

parameters has been given. Therefore it is difficult to estimate what would actually 

happen in the AaltoRO system. 

The AaltoRO system will have the APG maintaining even operational pressure while 

allowing the volume flow rates to change according to the water power levels. Since 

wave power levels do not change rapidly, it has been estimated that the changes in the 

volume flow rates will not be harmful for the operation of the RO membranes. Also 

despite the APG there might be small pressure fluctuations, but they have also been 

deemed to be sufficiently small not to harm the membranes. Nevertheless, these are 

only estimations and it might well be that the changes in the volume flow rates and in 

the feed pressure may be too much for the RO membranes to bear. 

10.1.2 APG 

The Adaptive Pressure Generator (APG) is not a commercially available device. At the 

moment of writing, the first prototype has verified the concept, but it still far away from 

the ideally and lossless functioning device used in the calculations. Issues that can have 

a significant impact on the overall results are, how well does the APG even out the 

pressure, and how much of the initial pressure is lost during the operation.  

Naturally, also the price of the APG is uncertain, but during the development it is 

estimated that the price will fall, especially if it reaches serial production. At the time of 

the writing, the APG is undergoing intense research by the Research Group of Fluid 

Power in Aalto University and the performance is expected to improve in the upcoming 

versions of the device. 

10.1.3 Pre-treatment 

The minimum pre-treatment chosen for the AaltoRO was made out necessity, since pre-

treating water either at the bottom of the sea or at a high pressure was deemed too 

complicated and expensive. Optimizing the seawater intake location can alleviate the 

problems of inadequate pre-treatment, but it might be insufficient. Two major 
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impediments commencing out of imperfect pre-treatment are the sand grains (and other 

hard particles, i.e. parts of sea shells) and microbiological growth. 

The current research carried out by e.g. Matsumoto (2012) on the use of biofouling 

agents to reduce microbiological growth may be a functioning solution. It would reduce 

the loss of performance and lifetime of the membranes, but despite promising results, its 

effectiveness has not yet been broadly verified and its applicability to AaltoRO process 

remains uncertain 

The major threat caused by the minimum pre-treatment is the appearance of sand and 

other hard particles in the feed water. They pose a serious threat since they can cause 

abrasion on the piston pump of the WEC and the APG, resulting in mechanical wearing 

and at worst frequent replacement of devices. The particles are also harmful for the RO 

membranes and can cause ruptures and thus losses in performance. 

The effects of the minimum pre-treatment cannot be verified without a comprehensive 

practical research program and thus estimating the losses in performance, the costs of 

the frequent maintenance and replacement are difficult to estimate. They have been 

incorporated in the operational expenses in the calculations, but whether the estimation 

is correct, too large or small, is impossible to determine. 

10.1.4 Cost information 

The cost information used in determining the feasibility of the AaltoRO process has 

great uncertainties on almost every field. The WEC WaveRoller is still at a development 

phase and the cost when it is in serial production may differ significantly from the 

values used in this thesis. Also uncertain is how increasing the nominal pump capacity 

of the WaveRoller affects the price. 

The APG is at the beginning of its development and its costs and efficiency are likely to 

change considerably in the future. As with the WEC, it is uncertain how the price will 

change when the nominal volume flow rates change. The medium pressure piping can 

be constructed of various different materials, e.g. from numerous plastics and metals. 

Each supplier has different options and choosing the best one requires optimizing the 

price and durability of each option. The installation expenses of the medium pressure 

pipeline are also highly uncertain; it was extremely difficult to find comprehensive 

information about that topic.  

Estimating the maintenance costs of the RO system has been challenging. Due to the 

chosen minimal pre-treatment, the need of maintenance has been considered to be 

higher than in standard systems and the membrane replacement schedule more frequent. 

Without experimental knowledge derived from an actual prototype it is impossible to 

accurately evaluate the maintenance costs of the RO. 
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Depending on the chosen cost information, the feasibility of AaltoRO can be drastically 

different than the one presented in this thesis. However, since the cost details on each 

four areas are equal on each nominal pump capacity, the findings depicted in Figure 53 

(the higher the wave power the lower the cost of water) are applicable regardless of the 

cost information chosen to perform the calculations. 

The most expensive part of the AaltoRO system is the WEC WaveRoller and thus its 

price has the most effect on the cost of water. Therefore, sensitivity analysis of its effect 

on the cost of water has been conducted assuming, first, that the WEC price is 33 % 

lower and, second, that the WEC price is 33 % higher. The results are illustrated in 

Table 11 and in Figure 55. The sensitivity analysis reveals that the price of the WEC has 

a clear impact on the cost of water produced. The cost difference is the greatest (± 25 

%) in Site 2, since it has the lowest permeate production and thus is the most vulnerable 

to changes in the cost factors. Likewise, the cost difference is the smallest in Site 4 (± 

10 %), since it has the highest permeate production. The cost difference in Site 1 

(portrayed in Figure 55) remains on the same level all throughout the study range of 

0,03 m³/s – 0,24 m³/s. Thus it can be stated that the cost of water produced is highly 

susceptible to the cost of the WEC. 

Table 11. Sensitivity analysis of the effect that the WEC price has on the cost of water. 

 
Site 1 Site 2 Site 3 Site 4 

Minimum price (€/m³) 0,76 1,58 1,03 0,6 

Min. price; WEC - 33 % (€/m³) 0,64 1,19 0,85 0,54 

% difference - 15 - 25 - 16 - 10 

Min. Price; WEC + 33 % (€/m³) 0,88 1,97 1,19 0,66 

% difference + 16 + 25 + 18 + 10 

 

 
Figure 55. Sensitivity analysis of Site 1 with WEC costs - 33%, 0 % and +33 %. 

0,5

0,7

0,9

1,1

1,3

1,5

1,7

0 0,05 0,1 0,15 0,2 0,25 0,3

C
o

st
 o

f 
w

at
e

r 
(€

/m
³)

 

WaveRoller nominal pump capacity (m³/s) 

 WEC - 33%

 WEC 0 %

 WEC + 33%



 

75 

 

11 Conclusion 

This thesis presented the AaltoRO concept – a wave powered reverse osmosis 

desalination system – for the production of fresh water from seawater. At present there 

are over 700 million people suffering from water scarcity and the number is estimated to 

grow significantly in the future. Fossil fuel reserves are also diminishing, so the need to 

produce more fresh water without using fossil fuels is urgent. 

The first part of this thesis consisted of a Literature Review, which comprised of a 

market study to investigate which areas of the world would be suitable for the AaltoRO 

system, and of a section presenting the major desalination technologies and markets. 

The second part of the thesis consisted of a Feasibility Study, in which the goal was to 

determine would AaltoRO be economically feasible and on what terms. 

The market research of the Literature Review examined the world according to three 

parameters: the wave energy resource, the need for fresh water and the cost of 

electricity. If an area met all three of the criteria, it was considered a potential location 

for the AaltoRO system. The research revealed six suitable areas: Australia, the Canary 

Islands, Chile, Hawaii, South Africa and the western parts of the United States. 

The Feasibility Study consisted of a detailed description of the AaltoRO system and of a 

case study, which examined the economic feasibility of AaltoRO in four areas. First, the 

optimum pressure level for the operation was determined on Site 1 and found to be 45 

bar. Second, the permeate production on each Site was calculated according to the wave 

data supplied by AW-Energy. Third, by estimating the capital and operational costs of 

the system and by applying the annuity method, the cost of water was calculated. 

The results of the Feasibility Study demonstrated that as the wave power level increases 

the cost of the produced water decreases. This is evident from the fact that on Site 2, 

(wave power 9,5 kW/m), the minimum cost of water was 1,5 €/m³ and on Site 4, (38 

kW/m), the minimum cost of water was 0,60 €/m³. However, the cost of water is highly 

susceptible to the nature of the wave power, which was illustrated when the minimum 

cost of water from Site 1 (15 kW/m) was 0,76 €/m³ while Site 3 (16 kW/m) produced 

water with a minimum cost of 1,02 €/ m³. 

In order to determine, if the water produced with AaltoRO is on a suitable level, it was 

compared with cost details from other sources. On the largest SWRO plant in the world, 

the Hadera in Israel, the cost of water is 0,49 €/m³. A research group in the Queen’s 

University Belfast have also studied wave powered desalination and estimated the cost 

to be 0,56 €/m³. Compared with these figures, AaltoRO seems economically feasible. 

The production of fresh water by reverse osmosis using the renewable energy of the 

seas is a viable option and could be a significant source of drinking water, which is not 

dependent on diminishing fossil fuels. There are still many hurdles to overcome, but all 

in all this thesis has proved that wave powered desalination is an economically viable 

option and that it could provide more fresh water to a world desperately craving for it. 
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13 Appendix A 

 

Table A.1. The composition of standard seawater (DOW 2009). 

Ion Concentration (mg/l) 

Calcium 410 

Magnesium 1 310 

Sodium 10 900 

Potassium 390 

Barium 0,05 

Strontium 13 

Iron < 0,02 

Manganese < 0,01 

Silica 0,04 - 8 

Chloride 19 700 

Sulfate 2 740 

Flouride 1,4 

Bromide 65 

Nitrate < 0,7 

Bicarbonate 152 

Boron 4 - 5 

Other   

TDS 35 000 mg/l 

pH 8,1 
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14 Appendix B 

 
Figure B.1. Site 1 Performance curve with WEC pressurizing to 65 bar. 

 
Figure B.2. Site 1 Retention curve with WEC pressurizing to 65 bar. 
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Figure B.3. Site 2 Performance curve with WEC pressurizing to 65 bar. 

 
Figure B.4. Site 2 Retention curve with WEC pressurizing to 65 bar. 
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Figure B.5. Site 3 Performance curve with WEC pressurizing to 65 bar. 

 
Figure B.6. Site 3 Retention curve with WEC pressurizing to 65 bar. 
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Figure B.7. Site 4 Performance curve with WEC pressurizing to 65 bar. 

 
Figure B.8. Site 4 Retention curve with WEC pressurizing to 65 bar. 
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