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Abstract 

Wind is a plentiful source of energy. Wind turbines used to generate electricity come in a variety 

of sizes. Large wind turbines, which are usually installed in clusters are called wind farms, and 

can generate large amounts of electricity. Large wind turbines may even produce several 

hundreds of megawatts (MW) of electricity – enough to power hundreds of homes. Small wind 

turbines, which are generally defined as producing no more than 100 kW of electricity, are 

designed to be installed at homes, farms and in small businesses, either as a source of backup 

electricity, or to offset use of utility power and reduce electricity bills. Very small wind turbines 

(20 – 50 Watt units) are used to charge batteries for sailboats and other recreational uses – wind 

turbines in the range of 1 kW to 7.5 kW are usually used to charge special designed battery 

power banks – delivering power as needed to for example a membrane water desalination system 

– and even for treating brackish water or any other polluted water source unfit for consumption. 
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Introduction 

During the last century the world‘s population has increased exponentially, and new technology 

(computers, televisions, refrigerators and other electric consuming articles) are items now looked 

upon, not only as common, but as necessities that everyone should have rather than being luxury 

items.  

These new developed technologies have undoubtedly increased the demand for more energy. In 

order to supply the market with sufficient energy, fossil fuels have, up to now, been the number 

one source of electrical energy production.  

Fossil reservoirs are limited and will take millions of year to renew. When fossil fuels are 

burned, carbon dioxide (CO2), and other unwanted greenhouse gases, are emitted to the 

atmosphere, which is one of the reasons for global climate change. The increased atmospheric 

CO2 has also affected the Ocean. The diffusion rate of CO2 (air-water), has lowered the pH of the 

world‘s oceans (Royal Society, 2005). 

Replacing fossil fuels with renewable energy sources is a necessity. Hydro, wind, and solar 

power are, at present, the most promising technologies capable of coping with this problem.  

Recent advances in green technology have proven that renewable energy is more cost effective 

and environmental friendly as an energy source when compared to fossil fuels (Narasaiah, 2001). 

Along with increased energy demand, an increasing population also increases the demand for 

clean water.  
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Water is an ideal solvent. Water has a unique chemical property that gives it the ability to 

dissolve other materials, even organics; there are no other liquids with the same properties. 

However, the unique properties of water also make it a challenging substance to work with and 

remove unwanted contaminates. Almost everything water comes in contact with, like fats 

(plastics), some noble metals and special alloys are hardly or not dissolved at all by clean water.  

In Norway, there is an ample supply of water, a situation that is quite the opposite compared to 

many other places on Earth. In some arid environments, where the infrastructure is poorly 

developed, water is often either missing or polluted. Along the coast there is more than enough 

water in the ocean. However, this water needs to be treated (desalinated), in order to be 

drinkable, and this is an energy consuming process. 

By combining green energy, e.g. wind turbine, hydro power or solar plants with the desalination 

process called Reverse Osmosis two problems can be solved: 1) produce clean drinking water 

that could then be made readily available, and 2) developing a power source that would provide 

the energy necessary for this process to occur.  Water desalination by reverse osmosis using wind 

turbines is not an unknown technology. One desalination plant powered by wind turbines was 

installed on the island of Gran Canaria in the Canarian Archipelago (Carta et al., 2003), which 

showed the effectiveness of this technology. Similar projects have been developed in Chania, 

Crete, and Greece, using both wind and solar power as energy sources for water desalination by 

Reverse Osmosis (García-Rodríguez, 2002).  
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Chapter one: Wind turbines 

 

1.1      History of Wind Turbines 

The weather phenomenon, wind, has existed longer than mankind; however, the knowledge gap 

has hindered mankind‘s exploitation of the kinetic energy that wind carries for performing work.  

One might ask one‘s self why the development of windmills to harness energy took millennia. 

The pioneers of this technology were people who wanted to discover and uncover its unknown 

potential. The pioneers of windmill technology were challenged by a lack of understanding of 

wind technology. Since the nature of wind was not truly understood, the first windmills were 

primitively constructed. As time went by, metallurgists became aware of alloys, which they were 

able to use to fashion improved turbine blades and make other improvements over time as they 

revealed themselves.  

Before the industrial revolution, people were exploiting windmills to grind grains and for 

transport of water to irrigation systems. Ancient civilizations (e.g. Persians and Romans Figure 

1.1.b) used windmills. In fact,  the first known sketch of a windmill was done by the Greek 

engineer Heron (Drachmann., 1961.) as shown in Figure 1.1.a. Similar ideas about wind energy 

arose on different continents and even the isolated Chinese Dynasties were operating vertical-

axis windmills in draining rice fields (Hau., 2006). Windmills began appearing in other European 

countries like Denmark, Germany, Scotland, etc… They were largely used in rural regions. 
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Figure 1.1: Evolution of the windmills: a) Heron‘s windmill (image_1, 2012); b) Persians 

vertical axes windmill (image_2, 2012); c) Dutch windmill (image_3, 2012). 

The Dutch windmills (Figure 1.1.c) are an iconic symbol of Holland. They were used for milling 

grain into flour. However, neither electric generating turbines nor batteries were invented at their 

outset. This meant that windmills were only working in-situ, thus the size of older windmills 

were large. These large windmills consisted of both blades and the specific mechanical 

equipment required for the task of milling.  

The first electricity producing wind turbine was invented in 1887 by Professor James Blyth in 

Scotland (Alireza Khaligh, 2010). Design of the wind turbines has improved during the last 

hundred years; wind blades made of wood were replaced by the steel blades, wind shaft 

production was changed from wood to iron, and so on. Engineers are still working on the 

improving wind turbine design. The technology has progressed quite a bit and countries like 

England and Denmark are partly supplied by energy produced from wind turbine farms. Statoil 

and Statkraft have joined forces to create and develop Hywind (the first full-scale floating wind 

turbine (Statoil Hywind project, 2012)). 
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1.2 Wind Turbines 

Wind turbines are machines that convert wind energy into rotational energy. The energy gained 

from the wind turbines can then be utilized in different areas. Wind turbines are essentially 

windmills used to produce electrical energy. 

Many factors have to be considered when improving the working quality of wind turbines. The 

first wind turbines used direct current (DC) dynamo‘s, but these have been replaced by the 

alternating current (AC) generators that have made the wind turbine more efficient. The location 

of the wind turbine is also very important, especially with respect to placement in the 

environment. The noise may affect inhabitants in the area surrounding a wind turbine.  

In order to achieve good results from the wind turbines, the best locations are chosen using wind 

maps. Apart from the environmental considerations, two main factors have to be considered in 

order to find a suitable position for the wind turbine:  

1) Wind speed  

2) Wind quality (turbulence).  

The turbulence of the wind depends heavily on the height above ground level.  Closer to ground 

level the turbulence is high and decreases with increasing height above the ground. Ideally, the 

wind turbines should be situated 1000 meters above the ground, to ensure an even flow of air. 

Unfortunately, the technology for hovering wind turbines is not developed; therefore, the wind 

turbines are situated on the ground or sea where high wind conditions are known to exist. 

Knowing the wind conditions makes the operation of wind turbines easier and increases the 

probability of succeeding in producing wind energy.  
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There are two types of commonly used wind turbines, the horizontal axis wind turbines (HAWT) 

and the vertical axis wind turbines (VAWT). The HAWT‘s rotor shaft is installed horizontally 

with an engine atop (Figure 1.2), whereas the VAWT has its rotor shaft installed vertically with 

the gearbox and engine situated on the ground (Figure 1.2).  

 

Figure 1.2: Two classes of the wind turbines (image_4, 2012): horizontal axis wind turbines 

(HAWT) and vertical axis wind turbines (VAWT). 

The HAWT is more efficient in converting linear wind energy into rotational energy. The yaw 

mechanism is not required in VAWTs, but, at the same time, they are standing close to the 

ground level where wind speed is not constant but rather low and turbulent. The HAWTs make 

use of the yaw mechanism to make the turbine ―face the wind‖.  

Wind turbines can also be subdivided by power capacity into three groups: small, medium, and 

large. The small wind turbines (SWT) produce less than 20kW and are operate at low wind 

speeds (3-4 m/s). They are mostly used in supplying house(s) with electricity. The medium wind 

turbines (MWT) range from 20 kW to 300kW, have 7-20 m blade diameters and can be utilized 
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in supply electricity for commercial buildings. Wind farms producing a large amounts of 

electricity are built with the largest wind turbines (LWT) (Alireza Khaligh, 2010).   

Designing a wind turbine requires a mathematical knowhow to be able to perform calculations 

appropriately so that a wind turbine can be constructed properly. For example, designing the 

rotor is a complicated process that requires every component—wind  speed, rotor diameter, 

number of blades, geometric shape, et cetera—to be designed specifically so as to function 

properly. The construction of turbines is a huge responsibility where mistakes can be costly and 

destructive. 

 

1.3 Principles behind wind turbine blades 

The number of blades installed on the wind turbine is essential; there are usually two or three. 

The shape of the blade is similar to that of an airplane wing and has the same functionality. 

Lifting forces are more efficient than the drag forces when describing the motion (rotation) of the 

wind turbine blades. The wind turbine blade makes use of wind kinetic energy and converts it to 

the rotational mechanical energy. When the wind hits the blade it gets separated, passing the 

blade into two separate flows (Figure 1.3).  
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Figure 1.3: Principles behind the wind turbine blade aerodynamics (image_5, 2012). 

The superior portion of the blade is longer than that of the inferior. The velocity of the wind 

passing over the superior part of the blade increases in speed creating a pressure low on the and 

conversely there is a pressure high on the inferior portion of the blade. The difference in pressure 

creates a lifting force on the blade. (Hansen, 2008) 

Wind velocity, pressure, air density and temperature are all affect the rotor blade, and are the 

main factors that define the amount of energy that can be exploited from the wind turbine. The 

forces acting on a blade element do so simultaneously (Figure 1.4).  

 

Figure 1.4: The flow of the rotor blade. 
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Because the relative wind speed varies with increasing distance from the hub, the blade‘s angle 

has to be reduced gradually towards the blade‘s tip. The air density determines the kinetic energy 

of the wind. A higher blade rotation capacity can be achieved in regions where more dense winds 

exist. The amount of wind that can be captured by the blades depends on the blade radius. As 

such, larger blades are able to harvest more wind than smaller blades. The blade radius is used to 

determine the energy level.  

 

1.4 Power calculations 

The theoretical maximum power from the wind can be calculated with help of Betz Law. The 

wind speed before passing the turbine is higher than the speed after. The reason for this is 

accounted for in the kinetic energy of the wind, which is extracted by the wind turbine and 

making it lower. The maximum extracted power can be calculated by using Equation 1.1 

(Alireza Khaligh, 2010): 

         
  

 
 

 

 
        

 

 
 (  

    
 )  

 

 
        

       

 
 (  

    
 )  (1.1) 

Where: 

Pextract = maximum extracted power from the wind. 

va and vb = wind speeds after and before passing the turbine. 

  = air density. 

R = radius of the blades. 

Equation 1.2 (Alireza Khaligh, 2010) shows the total power: 
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The maximum theoretical extracted wind power can be calculated by Equation 1.3 (Alireza 

Khaligh, 2010): 
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It must be noted that theoretical calculations do not always reveal the same numbers in practice. 
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Chapter two: Coleman 600W Wind Turbine 

 

2.1 Coleman Wind Turbine 

The intended wind turbine was a 1500W Permanent Magnet Alternator (PMA); however, the 

price of this wind turbine was too expensive and exceeded this study‘s budget. The choice was 

then to select a cheaper solution that produced less power. The Coleman 600W wind generator 

seemed to be a fairly priced option yielding enough power to charge the batteries. This selected 

wind turbine is designed to produce either 12V or 24V and was suitable to charge the battery 

bank. Model specifications are presented below in Table 2.1. 

Table 2.1: Colman 600W wind turbine specifications (Coleman, 2010). 

Model 600W Turbine 

Related speed 12.5 m/s (41 ft/s) 

Related power 600W # 

Voltage with MPPT 12 or 24 V # 

Survival wind speed 157 MPH 

Cut-in wind speed 4.5 MPH 

Blade length  0.65 m (2.1 ft) 

Number of blades 3 

Blade material Fiber glass 

Suggested battery capacity >100 A/Hr 
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To determine a wind turbine power output, the power curve is used. The power curve shows a 

relation between electrical power outputs of the wind turbine ant different wind speeds.  

Power output performance from Colman 600W wind turbine in relation to the wind speed 

provided by the supplier (Figure 2.1).  

 

Figure 2.1: Performance specifications (Coleman, 2010). 

The required wind speed to start charging the batteries, according to the supplier, was 4 mph 

(~1.78 m/s) and the wind generator is equipped with an over speed protection of 1300 

revolutions per minute (RPM). The actual length of each rotor blade is 0.65m, and the wind 

turbine is manufactured for one or more rechargeable batteries (battery bank) with a suggested 

capacity greater than 100 Amperes/hour (Coleman, 2010).  

The wind turbine arrived as a ―do it yourself‖-set, and the set contained nine parts plus the 

required bolts and nuts (Figure 2.2). The nine parts supplied were: three rotor blades, the turbine, 
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charge controller, vertical tail, nose cone, amp meter, and the hub. The procedure of putting the 

pieces together was described well in the user‘s manual and was a simple process, which took 

approximately one hour.  

 

Figure 2.2: Coleman 600W wind turbine set-up (image_6, 2012). 

The wind turbine body is built in a weatherproof material (aerodynamic fiber glass) that can 

withstand harsh weather conditions for several years. The purpose of the included charge 

controller was to optimize the charging process and the charger efficiency which was stated to be 

more than 87%. Since the wind will tend to be more laminar at elevated heights, the wind turbine 

was installed on the roof of the university building (5
th

 floor).  

The body of the turbine was installed atop of a six meter long steel pole that was attached to the 

concrete wall (two points) and secured with two metal wires (Figure 2.3).  
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Figure 2.3:  Installed Coleman 600W wind turbine. 

The battery bank was situated in a room approximately 10 meters from the outer wall of the 

building (with a corridor in between) and the power cable had to be bridged in the ceiling in 

order to avoid direct contact with anyone passing through the corridor. Several challenges, with 

respect to drilling the holes through the concrete/brick walls and pulling the power wire, 

occurred during the process. To ensure the work and permanent installation were carried out in a 

safe manner, an external specialist was used for this time consuming process.  
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The wiring between the wind turbines manually operated speed brake and charge controller was 

done before the wind turbine was put in operation. This process was conducted right before the 

Christmas holidays and the installation process halted as the university building was closed 

during this period. During this instillation period, severe weather conditions were experienced. 

The wind turbine framework along with the wind turbine itself (with the brake activate) stood 

against 10-15 m/s of wind, without any problems. The wind turbine was designed to handle wind 

speeds up to 157 MPH (~70m/s).The installation process continued after the holidays and was 

finished in the beginning of January. 
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Chapter three: Electricity 

 

Electricity will always contain three different units that can be described as existing: current, 

voltage and resistance. Current is the movement of electric charge and is measured in amperes. 

One ampere means 6241∙10
18

 electrons pass a given point in the circuit during one second (John 

Gabriel Navarra, 1966). The electric current causes a magnetic field around the conductor. 

Voltage is the potential flow measured in volts. It can be compared with a pressure difference 

and the main driving force moving between two points. If the points are connected to an 

electrical circuit an electrical current is produced, which attempts to equalize the potential 

difference. Resistance is the extent to which a substance prevents electrical current from passing 

through it. Resistance is measured in ohms and is found in varying degrees in all substances. One 

ohm is the resistance that results from the difference in the potential of one volt if the current of 

one ampere passes through (Al Santini, 2003). 

The German physicist Georg Ohm derived an equation to describe the electric current in a closed 

circuit, and called it the Ohm's law (Equation 3.1) (Russell L. Meade, 2003):  

  
 

 
            (3.1) 

Where: 

V = Voltage (Volts) 

R = Resistance (Ohms) 

I = Current (Amperes) 
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3.1 Magnetism 

Magnetism is the term for the phenomena associated with the magnets and the forces they 

produce. A magnet is understood as a body capable of attracting magnetic materials such as iron, 

nickel and cobalt from a given distance. Magnetism appears to be concentrated at the magnetic 

poles. Different magnetic poles attract each other, and the same poles repel each other. The 

Earth's magnetic North Pole is, therefore, the real south-magnetism and the magnetic South Pole 

is actually north-magnetism. Magnetic forces work up to a certain distance from the magnet. 

This distance of effect is called the magnetic field. Ferrous minerals are natural magnets. Some 

bodies are magnetizable and under the influence of magnets that have magnetic properties and 

called artificial magnets (Svensen, 1980). 

 

3.2 Alternating current and direct current 

Alternating current is electrical current that periodically changes directions. This alternating 

current can easily be transformed into either a high voltage and thus transported over long 

distances without much loss (Jakob Sandstad, 2012), or into a lower voltage, depending on the 

transformers design. For small local supplies two conductors are used for energy transport and is 

called single-phase. For transport of large amounts of energy the losses are smaller when the 

system is made more complicated, as the use of three- phase where four conductors/wires are 

used. Unlike single-phase, three-phase creates a rotating magnetic field in the motor. (Svensen, 

1980)  Three-phase electricity is therefore used in power networks worldwide, and operates most 

electric motors and appliances. 
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Direct current, however, is only stable in one direction at a constant voltage. This type of power 

is used by more delicate low voltage equipment such as telephones, computers and charge 

batteries. Batteries are low voltage sources and produce direct current. Rectifiers are used to 

create direct current power from an alternating current source. Figure 3.1 shows alternating 

current as blue and direct current as red with current / voltage (Y-axis) versus time (X-axis). 

 

Figure 3.1: Shows Alternating Current and Direct Current. 

 

3.3 Transformer 

A transformer is a device that converts electrical alternating current with a certain voltage to 

alternating current of a different voltage. Single-phase transformers usually consist of two 

windings on a core of laminated iron sight. The windings on the left side consist of many wraps, 

whereas winding on the right side have fewer wraps (Figure 3.2). 
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Figure 3.2: Transformer. 

If voltage is applied to the left side, the left side is called the primary winding and the right side 

is the secondary winding. The iron core is magnetized and the induced voltage per winding is 

approximately equal to the primary and secondary windings, i.e. the voltages are proportional to 

the windings. Taking the power of the secondary winding, the currents will increase in the 

primary winding accordingly, so the resulting voltage and current (effect) for both windings is 

equal. 
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Chapter four: Desalination 

 

Desalination is the process of removing salts and other dissolved solids from sea or brackish 

water to make it drinkable. Desalinated water can also be used in households and irrigation. 

There are many types of desalination such as thermal desalination (distillation), membrane 

processes, ion exchange, etc…  In sea water the salinity level is 34,000 ppm (mg/l), which has to 

be reduced to 150 ppm  in order to make it drinkable and less than 1000 ppm for household 

purposes (H.T. El-Dessouky, 2002). The process of desalination is an energy intensive process. 

A lot of research has been done in this field in order to find a cheaper solution for producing 

fresh water.  

Desalination using processes such as reverse osmosis or nanofiltration are technologies which 

have undergone extensive development during the last 20-30 years. 

Traditionally, desalination of seawater has been done by distillation, which is a very power 

intensive process. Thermal desalination includes Multi-stage flash distillation (MSF), Multiple-

effect distillation (MED), and Vapor-compression distillation (VCD). A disadvantage of using 

thermal desalination methods is its high cost due to its large energy requirements (8.0-25 

kWh/m
3 

(Lucio Rizzuti, 2007)). Membrane based desalination is accomplished by reverse 

osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and electrodialysis (ED). Reverse 

osmosis and multiple-effect distillation are the two most used techniques in water desalination, 

but reverse osmosis is more widely used due to its low cost (0.5-9.0 kWh/m
3
 (Lucio Rizzuti, 

http://en.wikipedia.org/wiki/Multi-stage_flash_distillation
http://en.wikipedia.org/wiki/Multiple-effect_distillation
http://en.wikipedia.org/wiki/Multiple-effect_distillation
http://en.wikipedia.org/wiki/Vapor-compression_desalination
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2007)
 
). However, multiple-effect distillation is still number one in Middle East because of the 

low cost of fossil fuels and its capacity to desalinate high saline water (Fritzmann et al., 2007).   

Traditionally, RO uses electric power from a country‘s power grid. In Norway much of the 

electrical energy is from renewable energy sources (hydropower and windmills); however, this is 

a different story in many other countries where much of the electrical power comes from atomic 

reactors, gas power plants, or coal plants.  The purpose of this paper and master‘s thesis study is 

to make use of renewable energy (wind energy in this case), in order to reduce the high 

operational costs. This idea will also make the water treatment plant independent from other 

energy sources.  

The reason for writing about this topic was to find a cost effective solution capable of ensuring a 

clean water supply for the people who live in areas where fresh water is no longer drinkable or in 

coastal areas where there is ample sea water resources but little fresh water.  

This is a compact and mobile unit which can be used for both emergencies and as an extensive 

solution in areas with little access to water, where it is capable of delivering 3000l of water a day 

for sustaining up to 1000 people drinking water needs. 

Several developing countries lack the necessary infrastructure to cope with the increasing 

demand for freshwater. Not only do they lack the necessary treatment plants, but they also lack 

pipelines for delivering the water to their population. Thus, by proving this solution works, there 

are possibilities for improving public health and standard of living for the people who have 

limited or low quality water sources.  
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4.1 Thermal desalination 

Thermal desalination is generally called distillation. Distillation is one of the oldest methods of 

producing fresh water from salt water. The process consists of boiling salt water to produce 

vapor or steam that cools and condenses to form fresh water, therein removing the salts which 

remain in the tank (Mujtaba, 2004). Distillation is a process consisting of two steps, where the 

first step is evaporation and the second step is condensation (Figure 4.1).  

 

Figure 4.1: Thermal desalination (image_7, 2013). 

Heat is added to create evaporation and during condensation the heat is released. The distillation 

process is an energy intensive process, because getting water to its boiling point is not enough to 

produce vapor, more heat is required. There are three major forms of thermal desalination: multi-

stage flash distillation, multiple-effect distillation and vapor-compression distillation. 

 

 

http://en.wikipedia.org/wiki/Multi-stage_flash_distillation
http://en.wikipedia.org/wiki/Multi-stage_flash_distillation
http://en.wikipedia.org/wiki/Multiple-effect_distillation
http://en.wikipedia.org/wiki/Vapor-compression_desalination
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4.1.1  Multi-stage flash distillation  

The process of multi-stage flash distillation  takes place in several stages (chambers) (Figure 

4.2), usually containing 19-28 stages in a treatment plant. Each stage has a heat exchanger and a 

condensate collector. Saline water is preheated by the latent heat of condensation, and then it is 

heated by the low pressure steam before entering boiling chamber. When the heated saline water 

enters the boiling chamber pressure is low and results in evaporation. The brine, under lower 

temperatures, is sent further to the next evaporator flash chamber where a similar process takes 

place. The product of the MSF is distilled water which is collected in a condensate collector in 

every stage.  

MSF distillation plants have an operation temperature range of 90-120ᵒC. There is an inherent of 

risk of scale formation and corrosion if the temperature exceeds 120ᵒC. (Saidur et al., 2011) 

http://en.wikipedia.org/wiki/Multi-stage_flash_distillation
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Figure 4.2: (a) 1 stage flash distillation. (b) 2 stage flash distillation. (c) 4 stage flash distillation 

(image_8, 2013). 
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4.1.2  Multiple-effect distillation 

The multiple-effect distillation process consists of multiple stages (effects), where latent heat is 

reused. First the water is boiled in a boiler and converted into the hot steam, which is then used 

in boiling saline water in the first evaporator. The saline water in the second evaporator will be 

boiled by the hot steam coming from the first evaporator. The vapor from the second evaporator 

will boil water from the third evaporator and so on. At the same time boiling saline water from 

the third evaporator acts as a condenser for the second evaporator. So does the second evaporator 

for the first evaporator (Figure 4.3).  

 

Figure 4.3: Multiple effect distillation (image_9, 2013). 

The pressure and temperature differences in this process are an important factor. This means that 

the pressure vapor at the first effect has to be higher than the pressure vapor at the second effect, 

and so too the pressure vapor at the third effect has to be lower than in the second effect. 

Regulating pressure valves have to be installed to regulate the effects‘ pressures. In MED 

vacuum pumps are required in order to eliminate oxygen and nitrogen, which can cause damage 

(Saidur et al., 2011).  

http://en.wikipedia.org/wiki/Multiple-effect_distillation
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4.1.3  Vapor-compression distillation (VCD) 

The vapor-compression distillation shown in Figure 4.4 uses the mechanical source (vapor 

compressor) to warm up the saline water, whereas in the multiple-effect distillation and multi-

stage flash distillation MSF methods the external heat sources are crude oil, natural gas, etc... 

The first step is to apply heat to the saline water by sending it through the heat exchanger outside 

the evaporator. The second step is boiling water inside the evaporator‘s tubes, which results in 

the water vapor being compressed. The compressed water vapor is sent back to the evaporator as 

an energy source for boiling. Vapor compression distillation is very efficient even at a small-

scale (Saidur et al., 2011).   

 

Figure 4.4: Vapor compression distillation (image_10, 2013). 

 
 

 

http://en.wikipedia.org/wiki/Multiple-effect_distillation
http://en.wikipedia.org/wiki/Multi-stage_flash_distillation
http://en.wikipedia.org/wiki/Multi-stage_flash_distillation
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4.2 Membrane processes.  

Membranes are used in water desalination techniques like reverse osmosis and electrodialysis. 

Both of these methods use semi-permeable membranes for the separation of salts and other 

colloidal particles from water. The separation method is different in each of these techniques. In 

reverse osmosis pressure is applied in order to force separation. In Electrodialysis an electrical 

current is used in order to produce clean water (described in greater detail below). 
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Chapter five: Pilot plant design 

 

5.1 Water quality indicators 

The first step when it comes to water treatment is determining the quality of the water to be 

treated. This will provide the necessary information for maintaining a good functionality and 

performance of the membranes, while also prevent scaling, fouling and damage that could occur. 

When checking the water quality several parameters need to be taken into consideration:  

 Organic pollution: algae, protozoa, bacteria and other microorganisms 

 Inorganic pollution: metals, minerals, arsenic 

 Cosmetic pollution: color, smell 

Substandard water quality analyses are the reason why people in Africa or most of Asia are 

drinking substandard water, whereas people in America and Europe are drinking higher quality 

where water is treated.  

 

5.1.1  Total Dissolved Solids (TDS) 

In general, TDS is a measurement of both the organic and inorganic ions in water. Seawater 

mainly consists of inorganic salts (magnesium, bicarbonates, potassium, calcium, sodium, 

chlorides and sulfates), and small amounts of dissolved organic matter in water (WHO., 2004).  

In a standard laboratory test (solid analysis), a 0.45µ filter is used to separate the TDS from the 

total suspended solids (TSS). Thus, the TDS particle size is much smaller and solved in the water 
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phase. In order to determine the TDS, evaporation of the water is needed and the remnants are 

both organic and inorganic dissolved solids. If it is necessary to determine the inorganics, the 

remnants can be burned off in a muffle oven at 600ᵒC. The remaining ash will be the inorganic 

fraction while the missing weight will be the organic fraction. This analysis is time consuming 

and a TDS-meter can be used instead.  

TDS is based on conductivity and is usually expressed as parts per million (ppm) or milligrams 

per liter (mg/L.) Most TDS meters convert total amount of dissolved solids such as NaCl ions, 

just for simplicity.  

 

5.1.2  Water hardness 

The term ‗hard water‘ refers to the high content of dissolved salts (di- or trivalent cations) in the 

water (Rayner-Canham and Overton, 2006). Usually this problem is of concern when Ca
2+

 and 

Mg
2+

 are present. The minerals in the water are a result of millions of years of the weathering of 

bedrock (e.g. dolomite and calcite). In the industrialized world hard water has become a greater 

concern. Especially with regards to the increased scaling potential and reduced efficacy of soap 

when washing to name a few. 

The water supplied by the municipal water treatment plant in this region where the pilot project 

experiment will be held contains very little dissolved minerals and total hardness is 3°dH 

German degrees (1 German degree = 10 mg/L CaO or 17.848 milligrams of CaCO3 per liter of 

water, or 17.848 ppm (Dryden Aqua Technology, 2013)) and contains 20 mg/l Ca
2+

(IVAR, 
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2012). Furthermore, the water quality is in excellent, with respect to the Norwegian regulations 

for potable water (Norwegian regulations for potable water, 2012).  

 

5.1.3  pH 

pH is a parameter that describes the activity of hydrogen ion and indicates if a solution is acidic 

or basic.  

Measuring the pH of water is essential for making effective use of membrane processes. There is 

a range of membranes used in the desalination process, which operate in a specific pH range that 

is specific to each membrane. These ranges are provided by the manufacturer for each specific 

membrane. Changes in pH can cause membrane damage.  

 

5.1.4  Turbidity 

Suspended particles create an optical property in water, called turbidity. These particles, usually 

invisible to the naked eye, make water cloudy because they scatter and absorb light rays instead 

of transmitting light in a straight line. Turbidity indicates clarity of a water sample, which is an 

essential test for defining the quality of water quality. It is measured in nephelometric turbidity 

units (NTU) (Eric Dohner, 1997). Most manufacturers require a NTU less than 1 to prevent 

fouling of the membrane.  
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5.1.5  Silt Density Index (SDI) 

Silt density index is a measurement used to identify the fouling potential of a given water supply 

(Metcalf. and Eddy., 2004). A high content of suspended solids (SS) in the feed water may 

promote growth of microorganisms, which will eventually clog the membrane(s). The SDI-

number indicates how much pretreatment is required to achieve a high quality feed water. By 

having proper pre-treatment the lifetime of the membrane can be increased and the maintenance 

costs are reduced.  

 

5.1.6  Temperature 

Temperature changes affect membrane performance. High temperatures will give high salt 

diffusion through the membrane, whereas low temperatures will reduce the flux rate. 

Temperature can be controlled by adjusting operating pressure. Temperature also affects the 

membrane structure, because not all membrane types are able to tolerate high temperatures, 

which destroy the membranes.  

 

5.1.7  Color 

Color is byproduct of naturally occurring humic substances. Humic substances are divided into 

three groups of organic compounds: humic acid (dark brown to black), fulvic acid (yellow and 

yellow-brown) and humin (black). Color is measured by filtering the suspended matter. 

According to the APHA (American Public Health Association), it should be less than 3 
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(dimensionless unit of coloring) (Kucera, 2010). Color in the water must be removed due to 

danger of fouling the membranes.     

5.1.8  Metals  

Metals can affect the membrane filtration process. Some of these metals are iron, manganese and 

aluminum. Metal fouling is caused by oxidation of the membranes due to presence of metals in 

feed water. Manganese and iron are naturally occurring metals that can be found in well water 

and from some surface water sources. These metals are in a soluble form, before water is 

exposed to oxygen, at which point they will then form oxides. Metal oxides can damage the 

membrane surface.  

Aluminum sulfate is usually used as coagulant in the pretreatment of water. Aluminum fouling 

can occur due to the formation of aluminum silicates from an over dosage of aluminum sulfate. 

By reducing the usage of chemicals in pretreatment processes aluminum fouling can be avoided.  

Metal fouling can also be avoided by keeping the system oxygen free so that metals cannot form 

oxides and foul the membrane surface. To reduce iron fouling, pH and oxygen levels need to be 

reduced (Kuchera, 2010 ).  

 

5.2 Fouling and scaling 

Fouling and scaling are potential hazards to membrane materials. Fouling is caused by the 

organic material, whereas scaling is a result of an inorganic material‘s impact on the membrane 

surface.   
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5.2.1  Fouling 

Fouling refers to the adhesion of a substance which blocks the flow path of the membrane and 

permanently reduces its performance. A brand new membrane will always have a higher flux 

than a used element. Fouling of a membrane can be caused by the accumulation of different 

material:  

 Particles larger than the Molecular Weight Cut-Off (MWCO). 

 Suspended solids. 

  Colloids (clay) 

 Bio fouling (algae biofilms and biological colonies) 

 Organics (proteins and fat acids). 

 Organics (oil and grease) 

 Color – tannins, humic acids (large chains of organic molecules) 

In a membrane the fouling usually occurs on the feed side of the membrane. Each membrane 

material, membrane type and pore size is unique and they have different fouling tendencies (as 

seen in Table 5.1).  

Table 5.1: Fouling tendency characteristics (Cipollina Andrea et al, 2009, Table 3-4)
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Larger pores will clog faster than small pores and the flux will decrease faster (Figure 5.1). 

 

 

Figure 5.1:  Mechanism of membrane fouling by particulates, showing the effect of pore size in 

relation to particle size (Cheryan, 1998, figure 6-11). 

The high hydrophobicity (water repelling) of certain membrane materials tends make them foul 

more quickly than that of hydrophilic (water loving) membranes, because of the high non-

specific adsorption ability (Cipollina Andrea  et al., 2009).  

By taking complete water analysis engineers can choose the correct pretreatment that would 

avoid fouling caused by agents that can clog the surface of the membranes. There is no one 

solution that is considered universal. A unique set-up is required in most situations as the 

conditions can be very different. For example, the separation of milk has its own particular 

properties that are different from that of seawater.  

Flushing the membrane before and after use is important and will yield good results in fouling 

prevention, whether it is milk or seawater. When fouling agents are given enough time - that is 

no flushing before and after use - severe damage results on the membrane that can be 

irreversible. 
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Pretreatment can be viewed as a standalone part of a treatment plant, instead of being seen as 

only an appendix to the membrane. By maintaining a good pre-treatment system (fouling 

control) the membrane will last longer, keep an optimal flux rate, and reduce operational costs  

(require less manpower cleaning, chemical cleaning, etc…).  

There are three major categories in fouling: bio fouling, colloidal fouling and organic fouling. 

 

5.2.2  Bio fouling 

Bio fouling is caused by microbes that adhere onto the membrane surface and start to grow. As 

the colony increases in size the area covered by microbes also increases, thus a reduction in 

passage for the water. This results in a reduced flow and the need for higher pressure to maintain 

a high flux. If the colony is given enough time biofilms will arise. A biofilm is more cohesive 

and difficult to remove. Another disadvantageous property of a biofilm is that the lower part of 

the biofilm is anoxic (without oxygen) and as a result of fermentation, acids will be a byproduct 

of the metabolic pathway.  This is important as many membranes are not very tolerant of acids.   

To prevent bio fouling a biocide can be added in the pretreatment (upstream the membrane). 

However, the biocide cannot be oxidizing or have high concentrations of chlorine which will 

both damage on the membrane. Different biocides are in use (e.g. ozone, UV, formaldehyde and 

other commercially available products). The biocides can either be injected continuously or as 

shock therapy with one single large dosage on occasion.  

As microbes and viruses are too large to penetrate the NF or RO membrane, they are only found 

on the feed side of the membrane.  
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Due to imperfections or leakages on seals, gaskets and ―O‖-rings, microorganisms can be found 

on the permeate side. Therefore, a secure bacterial barrier for disinfection using Ultra-Violet 

radiation is the preferred method.  

 

5.2.3  Colloidal fouling 

Colloidal fouling is from colloidal particles (e.g. clays, solids >MWCO) adhering to the 

membrane surface. This type of fouling will cause a cake layer (also known as the CP-layer or 

concentration polarization), which makes diffusion of solutes very slow (macromolecules) and 

causes them to build up.  Concentration polarization will decrease the efficacy of a membrane so 

much so that even if the pressure is increased, the flux is not increase accordingly (as seen for 

skim milk on Figure 5.2). 

 

Figure 5.2: Reverse osmosis (of salt solution, sugar solution and a complex protein suspension), 

flux over transmembrane pressure (Cheryan, 1998 – Figure 1.12). 
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This adverse effect can be reduced either before (pretreatment) or after it adheres to the 

membrane (cleaning the MF/UF membrane with periodic backwashing or flushing the NF/RO 

membrane). 

 

5.2.4  Organic fouling 

Organic fouling is caused by organic macromolecules (e.g. sugars, lipids and proteins). Sugars 

with low molecular weight are known to cause little or no problems (Cheryan, 1998). Proteins 

and lipids are of more concern as they are stickier and/or can coagulate. Casein is a known 

example of a coagulating milk protein that can clog a membrane easily if preventative action is 

taken. 

 

5.2.5  Scaling 

The term ―scaling‖ refers to chemical reactions where precipitation of dissolved inorganic ions in 

water. In other words, the ions present in the aqueous solution become a solid phase (as seen in 

example Equation (1)). 

Ba
2+

(aq) + SO4
2-

(aq) → BaSO4 (s)     (1) 

This chemical phenomenon occurs in several situations under normal circumstance, e.g. 

crystallization of barium sulfate, calcium carbonate, etc… These crystal compounds are 

precipitated when the concentration is exceeds the solubility product constant (Ksp). However, 
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temperature is also an important factor, because increased temperatures result in increased Ksp 

values.  

Under an industrialized driven process it is not out of the ordinary to encounter the same problem 

(i.e. in oil and gas pipelines, in membrane installations or even in a house hold water 

heater).When precipitation occurs in a lake the solids sinks down (sedimentation) and stay on the 

bottom of the lake. But when this happens in a pipe line, on a membrane surface, or in a 

household water boiler the precipitation has nowhere to sink down to and blocks the pipes or 

membrane pores and becomes an unwanted problem (Figure 5.3).  

 

Figure 5.3: The crucial effects scale formation in a pipe (image_11, 2012). 

In a membrane that has water passing from the feed side to the reject side, the concentration of 

salts on the reject side increases, whereas the concentration on the permeate side is very low. The 

concentration builds up until its solubility limit is exceeded. Then salts can then precipitate out as 

scale (precipitation) on the surface of feed side of the membrane (AMTA, 2007). Calcium 

carbonate, calcium sulfate, silica complexes, barium sulfate and calcium fluoride are common 

scales found to commonly form on membranes. A RO or NF membrane is designed to remove 
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ions and not macromolecules. This is not the case when it comes to scale, because a membrane 

surface covered by scale will reduce the flow rate (flux) as the membrane pores become blocked. 

When there is a reduced flux through a membrane in a desalination plant, the plant will produce 

less clean water. To overcome this unfavorable problem the membrane has to be chemically 

cleaned. This cleaning requires downtime and increases the cost of operation.  However, failing 

to remove scale can, in a worst case scenario, cause permanent damage to the membrane where 

the only solution is then the immediate replacement of the membrane. These variables should be 

included in the design of a treatment plant.  However, if scaling still occurs after construction the 

operational protocol of the plant should be modified in order to counter act the scaling problem.  

A properly designed desalination plant should have a good pretreatment process which makes 

the scaling problem non-existent. In order to decide the best solution for handling this problem, it 

is important to know the water‘s properties (water quality and quantity). ATMA (America‘s 

Authority in Membranes Treatment) has proposed the minimum requirements needed for 

determining water quality (Table 5.2). 
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Table 5.2: Shows ATMA‘s minimum required water quality analysis (AMTA, 2007). 

Minimum Required Water Quality Analysis On Site Measurements 

Aluminum Chlorine Manganese Strontium Temperature 

Ammonia Chromium Nickel Sulfate pH 

Arsenic Color Nitrate Total Alkalinity Carbon dioxide 

Bacteriological (Total) 

Barium 

Conductivity Ortho Phosphate Total Dissolved Solids Hydrogen Sulfide 

Bicarbonate Copper Potassium Total Hardness  

Cadmium Dissolved Iron Selenium Total Iron  

Calcium Fluoride Silica Colloidal Total Organic Carbon  

Carbonate Free Chlorine Silica Soluble Total Phosphate  

Carbonate Alkalinity Lead Silver Total Suspended Solids  

Chloride Magnesium Sodium Turbidity  

 

The different variables in Table 5.2 are needed in order to predict the scale potential, but the 

information given from these values can give an idea of how much fouling can be anticipated, 

how quickly the membrane will be degraded, and how often the membrane needs maintenance. 

In principle, there are many different approaches for minimizing the problem scale formation. 

The pre-treatment methods for membranes (not limited to only membranes) should isolate the 

potential scale agents.  The utilization of nanofiltration membranes prior to the RO-membrane 

can remove/minimize the ions. One of properties that nanofiltration membranes (also called 

softening membranes) possess is a charged surface; either positive or negatively charged.  
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Removal of sulfates can also be done by adding aluminum-bearing salts (Silva et al., 2010, Xu et 

al., 2004) (e.g. aluminum sulfate and aluminum chloride). The aluminum creates bonds with the 

sulfates in a complex way (Figure 5.4) 

 

Figure 5.4: Aluminum species distribution and interaction with sulfate ions in solution (Silva et 

al., 2010). 

Ozone is an excellent biocide for the removal of microbes, and has shown to be successful for 

the removal of minerals in environments with hard water  (McGrane, 1992). 

Other alternatives for scale removal/reduction are using agents upstream the RO-membrane such 

as: precipitation tanks (often with lime), biological digestion, injecting scale inhibitors, ion 

exchange, softening the water with a strong acid or dealkalization with a weak acid (Dow-

Filmtec Form No. 609-02013-504 ). 
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5.2.6  Post removal of scale 

If scale problems have already occurred there are also a ways to remove the deposited scale. 

Removal can be done either by mechanical/physical or chemical means. The chemical removal is 

done by treating the membrane with a strong acid that can remove soft scales (carbonates). The 

other method is through the use of mechanical/physical removal. This method can be applied to 

hard scales (sulfates), where acid does not help. Mechanical removal is done with tools such as a 

grinding bore with a steel brush mounted on it. However, when performing scale removal on 

membranes, they are very fragile in comparison to the steel piping, thus it is important to handle 

the membrane with care.   

However, when scale has deposit on the membrane surface it will act as a catalyst for scale, thus 

increasing the scaling rate (AMTA, 2007). With this in mind it is favorable to reduce the scale 

potential upstream of the membrane to an absolute minimum. 

Fouling and scaling occurs when the membranes see a variable pressure and flow rate. If both 

parameters can be avoided, an optimal system can be developed. High flow membranes are made 

of hydrophilic materials through which water can easily pass, but this also means that these 

membranes remove less salt than ordinary membranes. 

 

5.2.7   Silt Density Index  

For a successful RO operation, the supplier of the membranes used in this experimental Set-Up 

(Dow-filmtec) recommends a SDI-level of 5 as a maximum. 
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The SDI- analyzing instrument used in the actual RO set-up is produced by GE Infrastructure 

Water & Process Technologies (model Osmonics AutoSDI®). The AutoSDI kit is a mobile 

device and all components are installed in a suitcase (Figure 5.5).  

 

Figure 5.5: Shows the mobility of the AutoSDI-suitcase (image_12, N/A). 

 

In order to measure the SDI water feed stream (with an available pressure of at least 3.4 bar) is 

required to supply the AutoSDI with samples. The device is rather simple to operate and little 

training is needed to achieve good results. The principle behind the AutoSDI Kit is using 

filtration to determine the amount of particulate contamination in a water sample. This is done by 

running a sample through the Millipore filter (0.45µm) with a 47mm internal diameter at 210 
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kPa. The main reason why the 0.45 µm micron filter is used, is because this filter has similar 

properties to that of a RO membrane (GE Infrostructure, N/A).  

A wide variety of pretreatment methods can be used to reduce the SDI before feed water enters 

the RO membrane. For example, sand filtration, carbon filtration, and microfiltration to name a 

few. The pH adjustment is an important aspect in SDI measuring process. Running the test with 

or without a pH adjustment can indicate if it is affecting the SDI.  The samples have to be taken 

at the beginning and the end of the test to determine the static measurement of resistance (silt 

density index).  

 

5.2.8  SDI and Plugging Factor (PF) calculations 

SDI can be calculated by equation 5.1 (Metcalf. and Eddy., 2004). 

    
       (

  
  

) 

      
              (5.1) 

Where:  

ti = time to collect initial sample of 500 ml. 

tf = time to collect final sample of 500 ml. 

ttotal = total time for running the test. 
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The PF (Equation 5.2) is another important parameter for the measurement of suspended solids 

(measured in %).  

   
       

       
           (5.2) 

When a value of 100% is achieved, the membrane is plugged, whereas with 0%, the membrane is 

completely free for suspended solids. 

The general procedure of the instrument (GE Infrastructure): 

1. Attach the 5/8‖ tubing to the filter holder. 

2. Ensure the pressure is 3.4bar and that the sample water is connected to the AutoSDI 

instrument.  

3. Turn the machine on and adjust the pressure to 3.1 bar with the regulator. The test will 

run for 15 minutes and the SDI (T0, T5, T10 and T15) will be displayed in the display 

window (Figure 5.5). In addition PF will be shown on the display at 15-minuttes.  

4. The procedure can be repeated by resetting the instrument (turning OFF/ON). Doing so 

will improve the test result quality.  

 

5.2.9  Automatic flush system and TDS monitoring 

The automatic flush system has to be installed on the membrane water treatment plant in order to 

reduce membrane fouling and scaling and also to reduce use of chemicals for cleaning the 

membrane elements. Membrane flush systems consist of a valve and a built-in mechanism, 

which controls when flushing starts/stops. There are different types of built-in flush mechanisms: 

volume controlled, timer mechanism and pressure sensor. Volume meter records how many liters 
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that have passed through the membranes and is programmed to start / stop the flush period after a 

certain volume. A built-in timer mechanism is programmed to flush the membrane(s) with a 

specific time interval. There are also flush systems controlled by pressure sensors before and 

after the membrane(s).  

It is essential to flush the membrane elements before start and in the end of the operation. The 

flush period is designed to be 3-5 minutes and is controlled by the built-in timer mechanism. 

TDS monitoring is also needed in order to monitor the TDS level.  

 

5.3 Pretreatment 

Pretreatment is the major component when designing the RO water treatment system. A proper 

pretreatment will increase the efficiency and the life time of membranes, as well as decrease the 

operational cost of the whole system and reduce the cost of the produced water, by preventing 

plugging of the membrane surface, colloidal fouling, biological fouling and scaling.  

There are some main parameters affecting the design of pretreatment system such as feed water 

quality, variability of water quality from different water sources and RO/NF system operational 

parameters.  

Three main options for pretreatment are presented in this chapter: 

 Chemical pretreatment 

 Mechanical/physical pretreatment 

 Membrane pretreatment 
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5.3.1  Chemical pretreatment options  

Chemical pretreatment options can be divided into coagulants and polymers, scale inhibitors, 

chlorination and pH adjustment.  

 

5.3.2  Coagulants and polymers 

Coagulants and flocculants are chemicals used in water treatment. The main objective for these 

chemicals is removal of unwanted species in the water phase.  The coagulants and flocculants are 

usually organic or synthetic polymer, metal salts (Al2(SO4)3 and FeSO4) and prehydrolized metal 

salts (polyaluminum chloride (PACI) or polyiron chloride (PICI)). A coagulant is used to 

destabilize colloidal particles in water and form flocs, while a flocculent is used to enhance 

flocculation (Metcalf. and Eddy., 2004).   

 

5.3.3  Scale Inhibitors (Anti-scalants) 

Scale inhibitors are used to prevent scale formation on and/or in the equipment. Scale is 

unwanted due to reduction in water flux and lifespan of the equipment. Typical scale inhibitors 

used in water treatment are polyphosphates (Sodiumhexameta-phosphate (SHMP)), 

phosphonates (Bayhibit (PBTCA)) and polymers (Polymaleic acids (PMA). Small dose of 1-2 

mg/l is enough to prevent scale formation and is found to be not harmful for the environment 

(Cipollina Andrea  et al., 2009). 

 



59 

 

5.3.4  Chlorination   

Chlorination is applied to reduce bacteria, ameobic cysts, algae, spores and viruses content in 

feed water. Chlorinators can be adjusted into the feed water in the range 50-3.600 kg/d. The most 

commonly used chlorinators are sodium hypochlorite (NaOCl) and chlorine gas (Cl2). The 

sodium hypochlorite and chlorine gas is referred as free residual chlorine and its concentration 

should be reduced to 0.5-1.0 mg/l in the pretreatment section to avoid complications in the next 

step. Dechlorination is a pretreatment process used to prevent oxidation damage by residual 

chlorine. Sodium metabisulphite (Na2S2O5) is commonly used dechlorination agent (Cipollina 

Andrea  et al., 2009).  

 

5.3.5  Acid addition/pH-adjustment 

Feed water entering the system has a high pH value. To prevent calcium carbonate occurring, the 

pH value needs to be reduced to 7.5. Sulfuric acid is the most common chemical used in pH 

adjustment (Cipollina Andrea  et al., 2009).  

 

5.3.6  Mechanical/physical pretreatment options 

Commonly used mechanical/physical pretreatment options are screens, dual media filters, 

cartridge filters and sand filters. 
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5.3.7  Screens 

Screens are usually used as a first step in pretreatment of feed water. They consist of revolving 

wire mesh panels with 6-9.5 mm openings (Cipollina Andrea  et al., 2009).  Screens are applied 

to remove coarse solids in order to prevent water pumps and other process equipment from 

clogging.  

 

5.3.8  Dual media filtration (DMF) 

Dual media filters work under gravity flow and consist of fine sand bed covered with coarse 

anthracite coal. DMF are used to reduce the turbidity of feed water to about 0.4 NTU with an 

SDI of 2.5 or less (Cipollina Andrea  et al., 2009), by removing suspended solids. Cleaning 

process applied on dual media filters is called backwashing, where surface scum and dirt in the 

filters are removed by flushing water the opposite direction from the filtration.  

 

5.3.9  Cartridge filtration 

Cartridge filters are applied in the systems with low contaminated water. There are two types of 

cartridge filters surface and depth filters. Surface filters block particle at the surface, while in 

depth filters particle are captured in the medium. Cartridge filters pore size is from 5 to 10 µm 

(Cipollina Andrea  et al., 2009). 
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5.3.10  Sand filtration 

Sand filters are used if water turbidity is less than 50 NTU. They can successfully remove 

organic and inorganic suspended matter as well as pathogenic organisms. The operating principle 

of sand filters is to pass water slowly through a bed of fine sand. Suspended matter is captured 

by the sand particles in upper 0.5-2 cm of the filter bed. Sand filters are also easy to clean by 

scraping of the top layer. Cleaning intervals depend on the feed water quality (Cipollina Andrea  

et al., 2009).  

 

5.3.11  Microfiltration/ultrafiltration 

Pretreatment by microfiltration and ultrafiltration is becoming widely used in water treatment 

industry. The process is low energy consuming and at the same time very effective. 

Microfiltration removes suspended solids and lowers the SDI to level below 5. Ultrafiltration is 

applied to remove suspended solids, bacteria, macromolecules and colloids. Advantages of 

MF/UF as a pretreatment technique (Cipollina Andrea  et al., 2009): 

 Increased recovery factor and flux 

 Increase in the RO membrane lifespan 

 Turbidity level is decreased 

 Reduction of chemical use in pretreatment 

 Space saving 

 High quality permeate 
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MF/UF pretreatment option is called non-conventional pretreatment, while Chemical and 

mechanical/physical pretreatment is called conventional pretreatment. Conventional pretreatment 

option is considered to be more environmental friendly, due to reduced chemical use ease of 

operation.  

 

5.4 Membrane process 

Four main water treatment techniques are based on membranes process:  

 Reverse osmosis 

 Nanofiltration 

 Ultrafiltration 

 Electrodialysis  

Membranes used with each water treatment technique have unique qualities (Figure 5.6). They 

have different pore size, structure, materials, modules, pressure tolerance, etc…  

 

Figure 5.6: Various material sizes which can be removed by different membrane separation 

processes (image_13, 2013) 
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5.4.1  Osmosis 

In Osmosis (Figure 5.7.a) a semi-permeable membrane, which separates two liquids with 

different concentrations, is used in order to achieve equilibrium of the liquid where the solutes 

will move from a high to low concentration site.   

 

Figure 5.7: a) Osmosis.; b) Reverse Osmosis (Cheryan_B., 1998). 
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5.4.2  Reverse Osmosis 

In Reverse osmosis the solvent travels through the semi-permeable membrane from the low to 

the high solute concentration site, but only if the pressure applied exceeds the osmotic pressure. 

Abbe Nollet was one of the first who documented work with semi-permeable membranes and 

phenomenon of osmosis in 1748. Later Traube and Pfeffer had also worked on osmotic 

phenomena in 1850‘s. Modified technology was documented by Dr. Gerald Hassler who studied 

osmotic properties at the University of California at Los Angeles in 1948. Sidney Loeb and 

Srinivasa Sourirajan worked on reverse osmosis and development of first asymmetric cellulose 

acetate membrane in 1960. Their work made RO membranes commercially available (Kuchera, 

2010 ).  

Reverse Osmosis (Figure 5.7.b) is becoming more and more popular due to huge improvements 

regarding membrane materials and a much lower operating costs.  

Semi-permeable membranes are capable of rejecting almost all colloidal and dissolved matter 

resulting in very clean fresh water. To achieve the good results with reverse osmosis the pressure 

has to be between 35-100 bar (Cheryan, 1998).  
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5.4.3  Osmotic pressure 

Osmotic pressure (π) is a value that depends on the concentration of dissolved solids in solution. 

It can be calculated by applying either Van‘t Hoff‘s equation or Gibbs free energy equation 

(Cheryan, 1998). Gibbs free energy Equation illustrates the primary relationship between 

osmotic pressure and other thermodynamic properties (as stated in Equation (5.3) and (5.4)): 

                                 (5.3) 

                              (5.4) 

Where: 

G = Gibbs free energy 

H = enthalpy 

T = absolute temperature 

S = entropy 

E = internal energy 

P = pressure 

V = volume 

                  (5.5) 

Where 

P = pressure 

  = density of the liquid 

g = 9.8 m/s
2
 

h = depth of the liquid in meters 
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Figure 5.8: Shows water movement through the semipermeable membrane. 

Example 1 (using Figure 5.8): 

34000 ppm, 25ᵒC, 1atm, 1bar: 

C = 3400 ppm = 34 g/L 

M = 58.5 g/mole 

i = 2 

T = 25ᵒC = 298.2ᵒK 

R = 8.135 m
3
∙Pa/mol∙ᵒK 

1 m
3 

= 1000 l 

  
    

 
 
      

     
      

              

    
 

   
    

            

  
          

   
 
       

  
  

        

   
     

  
 

   

  28.8 bar 
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Van‘t Hoff equation (5.6) is used to determine the osmotic pressure of the solutions based on two 

assumptions: the solution has exhibits an ideal behavior and the liquid is incompressible: 

  
    

 
                       (5.6) 

Where: 

  = osmotic pressure. 

C = concentration of solutes in g/L of solution. 

M = molecular weight of solute. 

i = number of ions for ionized solutes  

T = temperature of the solution in the absolute scale. 

R = ideal gas constant. 

Example 2 (using Figure 5.8): 

34000 ppm, 25ᵒC, 1atm, 1bar: 

C = 3400 ppm = 34 g/L 

M = 58.5 g/mole 

i = 2 

T = 25ᵒC = 298.2ᵒK 

R = 0.082 atm-L/gmole∙ᵒK 

  
      

 

 
                                

           
  = 28 bar 
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5.4.4  Comparison of Van’t Hoff and Gibb’s equations 

By comparing Van‘t Hoff‘s and Gibb‘s equation mathematically, it can be shown which 

components make these two formulas different and why we get a different result from each.          

Van‘t Hoff equation:    

  
    

 
             

Gibb‘s equation:   

  
             

 
 (*) 

  
 

   
 →          (**) 

  
 

       
 →        (***) 

Set (***) in (**) 

           (****) 

Set (****) into (*) 
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  (Gibb’s*) 

Van‘t Hoff = Gibb‘s* 

    

 
 

         

        
 

  
 

      
  →   

 

 
 →   

 

   
 

 
  

  →  
 

      
 

 

This implies that Gibb‘s equation includes the variables m*g, which Van‘t Hoff does not. This 

can indicate that the answers from the two equations will not be the same. 

 

 

 

 

 

 

 



70 

 

Some examples under a variety of realistic conditions are summarized in Table 5.3.  

Table 5.3: Osmotic pressure of aqueous sucrose solutions in bar.  

Conditions Concentration (ppm) Gibbs Equation 

Osmotic pressure 

(bar) 

Van’t Hoff Equation 

Osmotic pressure 

(bar) 

25ᵒC, 1 atm, 1 bar 

 

34000 28.8 28 

10 8.7∙10
-3 

8.4∙10
-3

 

25ᵒC, 1 atm, 1 bar 

 

5000 4.3 4.2 

10 8.7∙10
-3

 8.4∙10
-3

 

4ᵒC, 1 atm, 1 bar 

 

5000 3.9 3.9 

10 7.9∙10
-3

 7.7∙10
-3

 

25ᵒC, 1 atm, 1 bar 40000 34.6 33.9 

4ᵒC, 1 atm, 1 bar 40000 32.2 31.5 

25ᵒC, 1 atm, 1 bar 45000 39 38 

4ᵒC, 1 atm, 1 bar 45000 36.2 35.5 

25ᵒC, 1 atm, 1 bar 50000 42.4 42.4 

4ᵒC, 1 atm, 1 bar 50000 40.2 39.4 

25ᵒC, 1 atm, 1 bar 55000 47.6 46.6 

4ᵒC, 1 atm, 1 bar 55000 44.3 43.4 

25ᵒC, 1 atm, 1 bar 60000 52 51 

4ᵒC, 1 atm, 1 bar 60000 48.3 47.3 

25ᵒC, 1 atm, 1 bar 65000 56.3 55.2 

4ᵒC, 1 atm, 1 bar 65000 52.3 51.3 

25ᵒC, 1 atm, 1 bar 70000 60.6 59.4 

4ᵒC, 1 atm, 1 bar 70000 56.3 55.2 
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Both the Gibb‘s and Van‘t Hoff equations can be used to arrive at similar results, but a slight 

difference appears under higher concentrations. From experience, the theoretical value acquired 

from Gibb‘s equation is more accurate (Cheryan_C., 1998). This phenomenon can be explained 

by the lack of important variables in the Van‘t Hoff equation. Jacobus Henricus Van 't Hoff was 

a chemist working with gases, while Josiah Willard Gibbs was a mathematician working with 

gas and liquids. Gibb‘s goal was to find a suitable formula for both phases (liquid and gas).  

However, there are some differences between the liquid and gas phases, where gas is 

compressible and a liquid is incompressible. This is an another reason why one cannot use the 

Van‘t Hoff equation for both phases, because calculating the osmotic pressure of liquids is 

through the semi permeable membrane (Berg, 2006). 

Calculating the osmotic pressure with Van‘t Hoff‘s equation is used only for theoretical 

practices, since it is based on the assumptions that the liquid is incompressible and the behavior 

of the solution is ideal. Gibb‘s equation for calculating the osmotic pressure is applied in 

practice, because the numbers are more similar to the numbers one would get from the operation 

of an actual RO plant.   

 

5.4.5  Nanofiltration  

Nanofiltration, an environmental friendly process, is a cross-flow pressure driven purification 

technology that falls between reverse osmosis and ultrafiltration. However, this technology is 

quite new and has not been explored or studied as much as RO. ―Nanofiltration membranes can 

be used in the separation of salts and mixtures containing small organic solutes‖ (Bowen and 

Mohammad, 1998).  
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Nanofiltration membranes can reduce the number of dissolved multivalent ions, color, and some 

heavy metals. Other advantages with this technology is its reduced pressure when compared with 

RO, which reduces its operating costs, eases the requirement for operational maintenance, allows 

for high quality permeate flow, etc… 

Nanofiltration was discovered during the 1970‘s. Low pressure RO membranes were developed 

using relatively high fluxes and the energy costs were reduced. These low pressure membranes 

were called nanofiltration membranes. One decade later NF membranes were found in many 

applications such as treatment of wastewater, ground water (color reduction) and for 

pretreatment in desalination. (Hilal et al., 2004)  

Nanofiltration uses charged membranes with small pores that range in size from 100 to 1000 

Daltons (0.0001 to 0.001 microns)  (Nath, 2008) for their molecular weight cut off (MWCO). 

In NF membranes monovalent ions pass through the membrane, and divalent ions are removed. 

The membrane surface can be positively or negatively charged. The charge causes interactions 

between ions and the membrane surface. NF membranes are also called softening membranes, 

because of their ability to remove positively charged cations (calcium, magnesium, etc.) from 

hard water when the membrane surface is negatively charged. (Cipollina Andrea  et al., 2009) 

Water is termed as ―hard‖ when the mineral content is high. Another advantage in NF membrane 

properties is that the permeate level is high when compared to RO membranes where permeate 

level is low.  

In Nanofiltration, the pressure applied to the membranes while operating is significantly lower( 

10-34 bar) (Yacubowicz and Yacubowicz, 2005) than the operating pressure used in Reverse 

Osmosis (35-100 bar (Cheryan_B., 1998)) systems. Thus NF is a much more energy efficient 
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process. In NF membranes, the permeate flow is high and the concentrate flow is low, whereas 

with RO membranes the permeate flow is low and the concentrate flow is high. When NF 

membranes are used in pretreatment of seawater, they reduce scale formation within the 

equipment (Hilal et al., 2005). The Softening of water by Nanofiltration allows some minerals to 

pass through the membrane to the permeate side, which makes the water less corrosive and 

prevents the corrosion of the equipment.   

 

5.4.6  Pretreatment-Fouling 

Proper pretreatment is very important for the prevention of fouling. As in any other membrane 

treatment technology, nanofiltration membranes have problems with fouling, which leads to flux 

reduction. High flux and high surface roughness in NF membranes increase possibility of 

fouling. (Hilal et al., 2005) Size, shape, ion charge and the density of the particles are the main 

parameters in calculating the risk of fouling that occurs with NF membranes.  To avoid fouling 

the NF processes can be performed by putting a pre-filter before the membrane, which will 

prevent most fouling agents from reaching the membrane. 

 

5.4.7  Membrane materials 

Homogeneous asymmetric nanofiltration membranes are mostly made of cellulose acetate (CA) 

and polysulfone (PS). Thin film composite NF membranes are made of polysulfone, 

polyethersulfone (PES), polyvinyledene fluoride (PVDF), polycrylonitrile (PAN), and Polyether 

ether Kethone (PEEK) (Yacubowicz and Yacubowicz, 2005). CA is one of the most used 

membrane materials, because of its low cost and hydrophilicity. Its hydrophobic properties make 
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it more resistant to fouling. However, CA is very attractive material for bacteria in feed water, 

which can cause bacterial fouling and shorten the membranes lifetime. The surface of CA 

membranes is smooth and uniform, whereas polyamides have protuberances (Figure 5.9). There 

is a risk of fouling if the protuberances catch and retain matter suspended in the feed (Cheryan, 

1998). 

 

Figure 5.9: Examples of surface structure of Cellulose Acetate (right) and Polyamide (left) 

membrane materials (Cheryan, 1998).  

Thin film composite (TFC) membranes are one of the most widely used in nanofiltration 

applications. TFC consist of an asymmetric porous support with an ultra-thin layer that is 

polymerized onto the asymmetric porous support. The biggest manufacturer of TFC is DOW-

Filmtec.  
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5.4.8  Applications 

Because of its unique features, NF is used in many different applications. The ability of nano-

filters to remove viruses, color and soften water has made it a suitable technology for some 

municipal applications. The NF membranes are used in removal of effluents from industrial 

effluents and in making waste discharges less toxic for the environment. Because of the rapid 

development of nanofiltration technology, NF membranes are quickly becoming a substitute for 

reverse osmosis membranes in desalination of seawater. NF is also applied in paper, diary, textile 

industries, etc... (Yacubowicz and Yacubowicz, 2005) 

 

5.4.9  Ultrafiltration 

The first Ultrafiltration membrane was made in 1907 using nitrocellulose by Bechhold (Kuchera, 

2010 ). Ultrafiltration (UF)  (Figure 5.10) uses a membrane separation process with pore sizes in 

the range of 0.001 to 0.1 microns (Nath, 2008).  

 

 

Figure 5.10: Ultrafiltration membrane with the membrane house. 
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UF membranes can remove high molecular-weight substances, colloidal materials, bacteria as 

well as organic and inorganic polymeric molecules. UF membranes are not capable of removing 

low molecular weight organics and ions.  

The operational pressure used in Ultrafiltration processes is low (1-10 bar) when compared to 

that of reverse osmosis and nanofiltration, which makes ultrafiltration energy saving treatment 

technique (Nath, 2008). 

 

5.4.10  Types of membranes 

Ultrafiltration membranes are made by phase inversion. There are four main polymers used in 

this process: polysulfone (PSU), polyethersulfone (PES), polyimide (PI) and polyacrylonitrile 

(PAN). Polysulfone and polyethersulfone are hydrophobic materials. The hydrophobicity of 

these materials can lead to fouling, which affects membrane performance and reduces the 

membrane lifetime. This can be avoided by mixing these materials with hydrophilic polymers 

such as polyvinylpyrrolidone or polyethyleneglycol. Polyimide has a high chemical tolerance 

and high thermal stability. It is often used in UF asymmetric membrane production (Cipollina 

Andrea  et al., 2009).  

 

5.4.11  Applications 

There are many different applications where ultrafiltration membranes can be applied. One of the 

most common applications is as a pretreatment in RO systems to reduce SDI value  of the feed 

water to 2 or 3, thus prolonging the membrane‘s life and reducing the necessity for chemicals 

(Cipollina Andrea  et al., 2009).  
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Humic acid is especially unwanted in drinking water, because it discolors water and gives it an 

unwanted smell. Ultrafiltration can be used to remove humic acids from the drinking water 

(Lowe and Hossain, 2008).  UF is also used in the textile and dairy industries.  

 

5.4.12  Electrodialysis 

Electrodialysis is a water desalination technique, that has been on the market since 1952 

(Cipollina Andrea  et al., 2009). The main characteristic of Electrodialysis is that it makes use of 

voltage or electromotive force to help separate charged ionic species.  

An Electrodialysis consists of a stack of two types of membrane pairs, anion and cation. In one 

end of the stack there is an anode and in the other end a cathode. When an electrical current, 

from an external source, is sent through the solution the ions with positive charges migrate to the 

electrode with the negative charge (anode), and the ions with the negative charges migrate to the 

electrode with a positive charge (cathode). When the anions pass through the anion exchange 

membrane their movement is further blocked by the cation exchange membrane, and when the 

cations pass through the cation exchange membrane their movement is blocked by the anion 

exchange membrane. In this way, ionic movement through a charged membrane concentrate and 

permeate is created in the spaces between the membranes (Figure 5.11).  
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Figure 5.11: Electrodialysis (Cipollina Andrea  et al., 2009).  

Hydrolysis and scaling also need to be controlled in the electrodialysis process to ensure the 

stable operation. Hydrolysis can reduce the efficiency of electrodialysis when the concentration 

of Na
+
 and Cl

-
 at the membrane surface becomes very low. In this case, H

+
 and OH

-
 ions pass 

through the cation and anion exchange membranes into the concentrate, where Mg(OH)2 may 

occur as scale. At the same time, if the concentration of NaCl in the concentrate is too high it 

may lead to scaling.  

In Electrodialysis, water recovery can be increased by increasing the NaCl concentration. The 

selection of the right membranes for Electrodialysis is based on membrane resistance and 

physical strength. It is also important to check the quality of the raw water so as to prevent a high 

concentration of organic acids from entering.  
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Processing brackish water gives the highest recovery rate (90%) when applying Electrodialysis. 

Long membrane lifetime, membrane resistance to strong acids and alkaline conditions as well as 

low installation and operational costs makes electrodialysis a effective membrane desalination 

technique (Cipollina Andrea  et al., 2009).  

 

5.5 Membrane modules 

A membrane module is a device in which is installed a membrane filter. There are different 

shapes of membranes such as flat sheets, tubes and hollow fibers. These are four main membrane 

module designs most commonly used (Figure 5.12). 

 

Figure 5.12: Membrane module designs (Kaushik Nath, 2008).  
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5.5.1  Plate-and-frame modules 

A plate and frame membrane module can be variable, but in general they have a series of flat 

membrane sheets (Figure 5.12.a). Membranes cover thin plastic plates on both sides, while 

sealing prevents any leakage. The permeate flows through the small grooves situated on plate‘s 

flat surface. Plate-and-frame modules are also easy to take apart for cleaning.  

 

5.5.2  Tubular modules 

Tubular modules (Figure 5.12.b) are built of shells and tubes. In tubular modules the feed flows 

through the tubes and the permeate passes through the wall at the end of the tube, which is on the 

shell side. The tubes in these tubular devises are walled, porous or perforated. Simple 

pretreatment of feed water eases the operation of tubular modules. Mechanical cleaning is 

applied by using a sponge ball.  

 

5.5.3  Spiral wound modules  

The membrane elements are designed around flat sheets (Figure 5.12.c). Two flat sheets are 

placed together with their active sides facing away from each other. They are separated by a thin, 

mesh-like spacer material and are glued together on three sides. 
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5.5.4  Hollow fiber modules 

A hollow fiber module (Figure 5.12.d) consists of large number long and narrow hollow fibers 

tubes. A pressure vessel usually contains a certain number of U-shaped hollow fibers, where the 

open end of the fibers is pointing into a head plate. Feed water enters the vessel under high 

pressure and flows along the outside of the fibers, while the permeate passes through the base of 

the fibers. In hollow fiber modules two way filtration is possible (inside-out or outside-in).  

 

5.6 Post-treatment 

The permeate produced by the RO water treatment plant does not meet the drinking water 

requirements; it is poor of minerals, corrosive and have risk of growing bacteria an 

microorganisms. Thus, the post-treatment must be applied on produced water.  There are various 

types of post-treatment:  

 Disinfection (ultraviolet, ozonation and chlorination) 

 Re-mineralization  

 Corrosion control 

 

5.6.1  Disinfection 

The term disinfection or the deactivation of organisms living in the water is done by either 

destroying or impairing vital parts of the organism that will prevent cell growth or interfere with 

their energy yielding mechanisms. This is done to prevent the spreading of pathogens and also to 

prevent bioaccumulation in membranes. Different methods of disinfection are used such as 
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chlorine, chloramine, chlorine, dioxide, UV, ozone; to name a few.  Other processes can be done 

for the purification of drinking water. The three most commonly used methods for disinfection in 

water desalination systems are Ultraviolet (UV), ozonation and chlorination.  

Gas striping is used for the removal ammonia, VOC‘s, odorous gas, and other gases that include 

CO2, O2, H2S. It is the opposite of gas adsorption. Added as a separating agent gas stripping 

materials obey Henry‘s law. 

Along with disinfection, water quality can also be improved through the use of ion exchange, 

advanced oxidation processes, distillation and membranes. 

 

5.6.2  Ultraviolet 

One of the most effective post-treatments in a water treatment plant is disinfection using 

ultraviolet light. In Ultraviolet disinfection, the UV light is used to deactivate bacteria, pesticides 

and viruses that may be present in the treated water.  

A typical UV system contains UV lamps within a closed chamber (Figure 5.13). The UV lamps 

are made of quartz sleeves, which make it possible for the UV light to travel through them. The 

approximate lifetime of an UV lamp is one year, at which point it must be replaced. The UV 

lamps have to be continuously cleaned either mechanically by wire brushes or Teflon rings, or 

chemically. During chemical cleaning the UV lamps are taken out of the chamber and the reactor 

is cleaned with dilute citric or phosphoric acid. 
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Figure 5.13: UV disinfection system (image_14, 2013). 

When water passes through the UV chamber, the microorganisms present are exposed to UV 

light. The wavelength this light is in the range of 210 to 300 nm, which is damaging for 

nucleotides in the microbial DNA/RNA. This makes it impossible for microorganisms to 

reproduce after leaving the UV chamber and eliminates the risk of diseases (Erin D. Mackey, 

2001). 

Advantages of UV disinfection: 

 It does not affect water taste, color, or pH. 

 It does not produce toxic by-products.  

 It is easy to install, operate and maintain.  

 It does not require much space. 

 It is an inexpensive technology with low operational costs. 
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5.6.3  Chlorination 

Disinfection using chlorine is a simple and common post-treatment method. It is very effective in 

deactivating bacteria, algae, spores, ameobic cysts and viruses.  

 There are several chlorinators used in this process. It is important to know how much organic 

material is present in the water in order to add the correct amount of disinfectant. The most 

commonly used disinfectant is sodium hypochlorite (NaOCl).  The following reaction (2) shows 

how sodium hypochlorite behaves in a solution: 

NaOCl + H2O → HOCl + NaOH       (2) 

Another widely used disinfectant is a chlorine gas. It dissolves easily in water and can be 

injected directly into the flow stream. The reaction (3) between the chlorine gas and the water 

can be written as: 

Cl2 + H2O → HOCl + HCl      (3) 

This type of disinfection is most effective in deactivating viruses and bacteria. However, it is not 

common to inject a chlorine gas directly into the flow. When employing this method for chlorine 

injection, the gas is fed into a chlorine contact tank where it must have a contact time with the 

water for about 30 minutes. Chlorine can be applied in gas, liquid or solid form (Cipollina 

Andrea  et al., 2009).  

Chlorine is also an important disinfectant, because of its ability to provide a residual. The 

chlorine residual has the ability to disinfect treated water from the desalination plant by 

continuing on in the water distribution system until it reaches the consumer.  
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5.6.4  Ozonation 

Ozone is considered a good disinfectant because of its high oxidation potential. Ozone has a low 

solubility in water; therefore, the effectiveness of its disinfection is dependent upon the 

application method, pH and temperature. Ozone can be produced by applying a high voltage 

current through oxygen. Ozonation (Figure 5.14) removes taste, odor and color from drinking 

water. Also it has a low number of by-products and requires only small dosages (1-2mg/L) for a 

high level of disinfection.  

 

Figure 5.14: Ozone disinfection system (image_15, 2013).  
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There are some disadvantages with ozone disinfection. It is very unstable and has a short lifespan 

(less than an hour) in aqueous solutions. Thus, it cannot provide a residual and requires an 

additional disinfectant, like chlorine or chloramine. If an additional disinfectant is not used there 

arises the risk of bacterial regrowth. It is difficult to store ozone, because of its reactivity. 

Furthermore, there is a high capital cost for the instillation and production of an ozone 

disinfection system (Kawamura Susumu, 2000).  

 

5.6.5  Re-mineralization 

Water produced by a RO system is highly purified, corrosive, unhealthy and soft, because there 

are so few minerals present in the product. The re-mineralization process is used to increase the 

salinity and hardness of the produced water to protect the water distribution system and pipes 

from corrosion, and to improve the color and taste of the purified water. During the process of 

re-mineralization, CO2 acidified permeate needs to come into contact with a bed of limestone. 

Thus, saturating permeate with calcium and providing alkalinity through bicarbonate to the 

water. The chemical reaction (4) is presented below (Hasson and Bendrihem, 2006): 

CaCO3 + CO2 +H2O → Ca
2+

 + 2HCO
-
3     (4) 

The only disadvantage in the limestone process is that reaction is slow and does not reach 

completion. As a result NaOH and Na2CO3 are added to neutralize excess CO2. 

Chemical addition to the permeate flow is also used as a means of re-mineralization. It includes 

addition of calcium and magnesium salts. Post-treatment with lime (Ca(OH)2) is an effective way 
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to increase pH and to provide hardness and alkalinity to the permeate. The chemical reaction (5) 

is presented below (Voutchkov Nikolay, 2012): 

2CO2 + Ca(OH)2 → Ca(HCO3)2      (5) 

The tank that is filled with lime is fed by permeate from the RO membrane, where water is 

mixed with lime to create a saturated limewater. This saturated limewater is then injected into the 

permeate flow that did not pass through the tank filled with lime. The combined product is then 

distributed to the consumer. Moreover, calcium is added to control corrosion from the produced 

water, while magnesium is added to enhance the nutrition of the product.  

Lime processes require equipment for the preparation and dosing of lime slurries, which makes it 

less cost effective than equipment used for handling limestone.  

 

5.6.6  Corrosion control 

Corrosion is described as the degradation of metal into ions, which is essentially due to the redox 

reactions occurring in the solution (e.g. Fe (iron) reacts with water or air moisture creating rust). 

Corrosion increases the operational costs. That is to say, that more maintenance would be needed 

to combat corrosion. In the event of excessive corrosion, with little or no maintenance, the 

membrane could be destroyed. Corrosion could also be combated using better materials, but that 

would also increase costs. This is because the equipment would have to be made of high cost 

alloys that can handle the corrosion. In the end, the detriment is to the consumer either by 

reduced water quality (health problems) and/or increased tax. 
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To produce a non-corrosive and non-scaling forming water (stable water), it is important to find 

the exact balance between pH, alkalinity and hardness. Corrosion control (i.e. chemical 

agents/high quality alloys/ceramic membranes) is a much cheaper option, than reinstalling the 

whole new system. 

To determine if water is corrosive or scale-forming,  Baylis curve and Langelier index (Equation 

5.7) can be used (Delion et al., 2004): 

LI = pH – pHs               (5.7) 

If LI < 0, water is corrosive; if LI > 0, water is scale forming; if LI = 0, water is stable. 

The Baylis curve is used to indicate the properties of produced water from the relationship 

between alkalinity and pH values of calcium carbonate (Figure 5.15).  

 

Figure 5.15: Baylis Curve (image_16, 2013).  

By plotting the alkalinity and pH values on a graph water conditions can be defined. If the 

crossing point of pH and alkalinity is below the curve, it means that water is corrosive. When the 
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crossing point is above the curve, it means water is scale-forming and pH needs to be lowered, 

whereas alkalinity needs to be decreased in order to make water stable.  The problem of 

corrosion can be avoided by adjusting the pH and applying corrosion inhibitors, such as silicates, 

polyphosphates, and zinc phosphates.  
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Chapter six: Description of RO/NF pilot 

plant 

 

6.1 Water treatment pilot plant set-up 

The purpose of this thesis was to demonstrate a fully operational system that could actually 

produce safe, clean and fresh drinking water powered by a relatively small wind turbine fitted 

with an electric generator.  

For this Prototype all parts and components were installed on a 1 (height) by 0.8 (wide) by 0.6 

meter (length) modified laboratory table, which the university no longer needed. 

A schematic of the membrane set-up (Figure 6.1) and all of the system components in the water 

treatment pilot plant are described below.

 

Figure 6.1: Shows the membrane schematic. 
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6.1.1  Low pressure pump. 

For this pilot plant the low pressure pump was bought from a local hardware store. The low 

pressure pump was a Coltech Submersible, 220 Volt, 1 phase 400 Watts low-pressure pump. In 

this study, the pump was used to collect untreated, raw water from the bottom of a polypropylene 

tank. When applied in other applications this pump could be placed in seawater or in any other 

water source that is deemed unfit for human consumption. 

The purpose this pump is merely to feed raw water into two separate pre-filters that are 

connected in series. The first has a 20 micron replaceable filter cartridge inside of a filter housing 

made of polypropylene, and the second has a 5 micron replaceable filter cartridge installed in a 

similar housing.  

These two filters, 20 µ and 5 µ, remove all particles larger than 5 microns before the influent 

water is fed to the UF, NF, and reverse osmosis membranes.  

 

6.1.2  Filters 

The filter housings were produced by PENTEK. The changing of filter cartridges was easily 

performed, and if needed, cleaning or disinfection of the inside of the filter housings could be 

done in a few minutes. The filter cartridges used were Aqua Pro 20 microns and 5 microns. They 

were made of a pleated filter material constructed using woven Polypropylene fibers that created 

a very large filter area supported by an internal perforated core. Raw water was first filtered 

through the 20 micron filter to remove larger particles and then through the 5 micron filter to 

achieve a good water quality before it was fed to the membranes. Effective pre-filtration was a 
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very important step in order to reduce the raw waters SDI (Silt Density Index), which helped to 

prevent the clogging of the membrane(s) and had a great impact on them by optimizing their 

performance and extending their lifespan.  The main purpose of using filters is to prevent fouling 

and to keep the flux rate high.  

 

6.1.3  High pressure pump  

The high pressure pump was produced by PROCON PUMPS, Series 200 constructed in stainless 

steel. It is designed to boost the feed water pressure up to 15.8 bars. It is a one stage impeller 

pump specially designed for 800 gallon (3020 liter per day) RO systems. This pump was chosen 

due to its high reliability and ruggedness.   

 

6.1.4  Reverse Osmosis/Nanofiltration Membranes. 

For this Prototype, Filmtec (Dow) TFC ―TW-2540‖ and ―NF-2540‖ membranes were chosen 

(Table 6.1).  

Table 6.1: Shows the dimensions of the Dow-Filmtec membrane in inches (mm) (data obtained 

from the manufacturer) (Dow-Filmtec, 2012): 

Name A (Length) B (Diameter)  C (Diameter) D (Diameter) 

TW30-2540 40.0 (1,016) 1.19 (30.2) 0.75 (19) 2.4 (61) 

NF90-2540 40.0 (1,016) 1.19 (30.2) 0.75 (19) 2.4 (61) 
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These membranes are tape-wrapped (Figure 6.2). 

 

Figure 6.2: FILMTEC RO element TW30-2540 (Dow-Filmtec, 2012). 

TFC - Thin-Film composite membranes are frequently used for purification of tap-water. The 

material used in these is polyamide (PA). There are three main types of composite membranes; 

thin-film, ultrathin, or thin-layer composite membranes. They are widely used in both RO and 

nanofiltration applications. A thin, dense polymer skin is formed over a microporous support 

film in the composite membranes. The manufacturing process typically includes two or more 

steps (Cheryan, 1998), due to the complexity of manufacturing the two layers together. The 

supporting film decreases the risk that the membrane pores will clog. PA membranes tolerate a 

wide pH range (2-11). The free chlorine tolerance level of the PA TFC membranes is < 0.1 ppm. 

In order to prevent possible damage to the membrane during operation, the pressure-drop should 

not exceed 13 psig (0.9 bar). The maximum operational pressure is 600 psig (41 bar). The 

membrane‘s lifetime can be prolonged if the temperature is held below 45ᵒC. The membrane 

should then yield a rather high rejection rate of 99.5 % (Dow-Filmtec, 2012). 
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6.1.5  TDS measurement 

The Dual Inline TDS monitor used in this set-up was used to define the total dissolved solids 

content in the two different water lines, before water entered the first membrane feed water and 

on the permeate side of second membrane. The installed TDS monitor showed if the filter 

cartridge or the membranes were or were not functioning properly. 

The used TDS monitor is a HM-Digital™ - DM2 commercial In-Line Dual TDS monitor (Figure 

6.3). The TDS monitor dimensions were 11.6x6.8x1.8cm. 

 

Figure 6.3: HM-Digital DM2 dual TDS monitor (image_17, 2012). 

The TDS-monitor was powered by batteries (lifetime ~two years) and had a range from 0-

9990ppm (where 0-999ppm has a resolution of 1ppm and 1000-9900ppm has a resolution of 

10ppm).  It was equipped with two cables (in-red and out-blue), with ¼‖ T-fittings. TDS levels 

can be read both from the feed and product side so it is easy to determine whether the filtration 

system is working properly or not.   The TDS-monitor is simple to install and operate, and 

provides readings that are fairly accurate (±2%). 

The TDS meter measures the conductivity level of the solution. Conductivity describes the 

ability of the ions in the water to conduct an electrical current between two or more electrodes. 
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Negatively charged ions are attracted to the positively charge electrode and positively charged 

ions are attracted to the negatively charged electrode. Conductivity (G) is the inverse of 

resistivity (R), which can be defined with Ohm's law (Equation 3.1): 

  
 

 
             (3.1) 

Where: 

R = Resistance of the solution (ohms) 

V = Voltage (volts) 

I = Current (amperes) 

And equation for conductivity will look like (Equation 6.1): 

  
 

 
             (6.1) 

Where:  

G = Conductivity (Siemens) 

R = Resistance of the solution (ohms) 

The conductivity of the solution is usually measured in µS (micro-Siemens). The conductivity 

level of the solution can be affected by the change in temperature of the solution (SAS., 2004).  
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6.1.6  Pressure Gauges 

Two pressure gauges were installed on this RO system; their function is to show the pressure in 

the system (Figure 6.4). There is one for the pressure input (feed) before the first membrane and 

one for the pressure on the rejection side of the second membrane. The water pressure indicated 

by the second pressure gauge is for the operating pressure inside the membrane pressure vessels 

and can be adjusted using a pressure control valve (PCVA).  

 

 

Figure 6.4: Liquid pressure gauges.  

 

A pressure drop may indicate fouling of the membrane.  The reject flow rate can indirectly affect 

membranes and indicate fouling. Pressure control valve on the reject side is installed to adjust 

pressure across the semipermeable membrane(s). 
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6.2 Pilot plant electrical set-up 

A schematic of the electrical set-up of the entire system excluding the membrane components in 

the water treatment pilot plant was made in order to provide map and guide for the electrical 

flow in the system (Figure 6.5). When adjustments needed to be made it was useful to see what 

order the components were connected in in the system so as to avoid confusion.  The water 

treatment section was more elaborately depicted in figure 6.1 above. 

 

 

Figure 6.5: A schematic of the electrical set-up. 
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6.2.1  Wind turbine and inverter 

The wind turbine is equipped with an alternative current generator that cannot be connected 

directly to the rechargeable batteries. The alternating current must first be routed through 

semiconductors or diodes that rectify the current. The most widely used rectifiers are called 

―bridge rectifiers‖. A charge controller (Figure 6.6) is also needed so as not to ―overcharge‖ the 

batteries. In some more advanced models these controllers may even stop the wind turbine 

generator when the batteries are fully charged. 

 

Figure 6.6: 600W wind turbine rectifier/charge controller (image_18, 2013). 

Electrical power can be calculated from the following equation 6.2: 

                 (6.2) 

Where: 

P = power (Watts) 

V = voltage (Volts) 

I = current (Ampere) 
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The Wind Turbine is a three-phase generator that generates alternating current in three phases 

with 120 degree shift between each of them (Figure 6.7).  

 

Figure 6.7: Three phase power (image_19, 2012). 

This method is the most efficient way of using alternating current. The alternating current is 

divided into three wires, which make use of size, dimension and thickness to makes the current 

conduction more energy efficient.  

 

6.2.2  Galvanic elements 

The galvanic element (Figure 6.8) is an electrochemical element that takes chemical energy and 

transforms it into electricity. It consists of two electrodes immersed in an electrolyte. The energy 

released by the electrolyte acts on one or both of the electrodes. It then dissolves and converts 

them chemically. The primary element was invented by the Italian Luigi Galvani (Hess, 2013). 
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He introduced the term galvanic current on flow from such items. Volta‘s original element 

consisted of a copper and zinc plate immersed diluted sulfuric acid.  

 

Figure 6.8: Galvanic element. 

When the zinc plate comes into contact with the electrolyte, positively charged zinc ions are 

liberated, the zinc plate then gains an excess of electrons and becomes negatively charged. When 

the copper plate comes into contact with the electrolyte hydrogen ions attract electrons from 

copper and are then excreted as hydrogen gas. This results in the copper plate becoming 

positively charged. At both electrodes, the electric potential is rapidly established from a 

predetermined value. From the zinc plate (the negative pole) the ions are released but the positive 

zinc ions will gradually return, whereas the copper plate (the positive pole) repels each of the 

positive hydrogen ions. Connecting the two plates externally with an electrical conductor will 

create a current from the positive to the negative pole (i.e. electrons move in the opposite 
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direction). This eliminates the electrons from the zinc plate and zinc ions can then be re-emitted 

to the electrolyte. Similarly, the copper plate provides electrons so that the hydrogen ions are 

neutralized. 

 

6.2.3  Battery bank  

In a battery bank, one should stick with the same chemistry (in this case lead-acid) so that the 

lifetime of the battery bank can be increase  (Batteries, 2012). By having different Ampere 

(chemistry), the battery with lowest number will be discharged faster. The sealed lead-acid 

batteries were used because of their low cost and higher capacity. The normal concerns of a high 

weight and the necessity for a large amount of space were not important in this experiment, as 

the pilot project was performed at the university campus. The main purpose of using batteries in 

this project was to provide a continuous flow of electricity. Since the weather can be very hard to 

predict, the wind turbine may not be running during certain periods of time. This lack of power 

can cause severe damage to the membranes and also results in the system not producing water 

when required.   

The sealed lead-acid batteries are made from five major components (Figure 6.9): a plastic 

container made of polypropylene, internal lead plates, plate separators, electrolyte (battery acid), 

and connection points made of lead (batteries., 2012).  
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Figure 6.9: The sealed lead-acid battery (image_20, 2012). 

The initial plan was to use eight sealed lead-acid batteries 110 A each, connected in parallel, and 

two batteries (the same type as in parallel circuit) in series (Figure 6.10).  

 

Figure 6.10: Batteries connected in parallel and in series. 
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However, when testing the second hand batteries they didn‘t charge 100%. In order to provide 

enough electricity to run the desalination pilot plant for an extended period, the battery pack  

set-up was changed to be ten batteries in parallel and with none in series (Figure 6.11).  

 

Figure 6.11: Batteries connected in parallel. 

Specially designed fuses were installed on each of the ten batteries (Figure 6.12).  

 

Figure 6.12: Specially designed fuse. 

If one or more batteries had been discharged too much, it affected all the others, and even short-

circuited the parallel connection. To avoid this, these fuses were melted and the affected batteries 

were disconnected from the rest.  
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There are other types of rechargeable batteries suitable for pilot plant utilization, such as Li-Ion 

(Lithium-Ion) and Ni-Cad (Nickel-Cadmium) batteries; however, these were not used.  

Lithium-Ion batteries have a high nominal voltage of 3.7V. The anode in lithium rechargeable 

batteries is made of a carbon material and the cathode is made of a lithium metal oxide (Figure 

6.13). The electrolyte in these kinds of batteries are liquid and have a polymer matrix 

(McDowall, 2000). 

 

Figure 6.13: The Lithium-Ion battery (Wakihara, 2001). 

Lithium-Ion batteries are non-toxic and seem to be the most environmental friendly solution. 

They have good performance at high-temperatures, are recyclable, have a high specific energy 

and do not suffer from the so called ―memory effect‖. The ―memory effect‖ is the total charge a 

battery can retain, which is set by the first time it is charged. If not properly charged the first 

time this can cause the battery to hold less charge. A long battery life of  2000 cycles is one of 

the advantages of Li-Ion batteries (Alireza Khaligh, 2010). The disadvantage of using Li-Ion 

batteries is that they are more expensive than lead acid or Ni-Cad batteries. They also cannot 
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tolerate a full discharge, because they have a  mechanism installed that controls the 

charge/discharge rate (Rashidi et al., 2009). 

Nickel-Cadmium batteries are a well-known battery type. They have a long lifetime, can tolerate 

being discharged completely, are resistant to abuse and can be recycled. The operating voltage of 

the Ni-Cad batteries is 1.20 V, which is low when compared to that of Li-Ion batteries (Dell, 

2000). The electrodes in Ni-Cad batteries consists of nickel oxide hydroxide and metallic 

cadmium (Rashidi et al., 2009). 

There are some disadvantages when using Ni-Cad batteries, the main being the difficulty of 

recycling them. The cadmium is a heavy metal, and if not properly disposed it can cause severe 

environmental pollution (Alireza Khaligh, 2010). They also suffer from the ―memory effect,‖ 

mentioned above, which initiates a high self-discharge. The cost of the Ni-Cad batteries is also 

quite high when compared to lead acid batteries (McDowall, 2000).  
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6.2.4  Water treatment system controller/charge monitor 

The water treatment system controller/charge monitor has two main functions. The first is to 

protect the batteries from discharging below 11.5 Volts. This is done by automatically 

disconnecting the main power from the water treatment system. However, this function can be 

overridden by pressing the start button, even though this should be avoided and only used during 

an emergency situation.  The second function is to automatically power up the water treatment 

system when the battery bank is fully charged. On the front panel a voltmeter continuously 

displays the true voltage of the battery bank (Figure 6.14).  

 

Figure 6.14: The water treatment system controller/charge monitor. This build was made 

specifically for this water treatment system. 
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Flow Diagram for the Water Treatment System Controller/Charge Monitor was made to describe 

the principle how controller/monitor works (Figure 6.15). 

 

Figure 6.15: Battery voltage monitor/membrane flush controller.  
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6.2.5  Inverter 

The inverter connected the battery bank and the motor. The inverter was used to convert direct 

current to alternating current via an oscillator, which cut the direct current into high frequency 

electronic pulses. The input from direct current was at 12V/24V and the output for alternating 

current was at 110V/220V with a frequency of 50Hz. There are two types of inverters: one-phase 

and three-phase. The one-phase inverters are mostly used for low-energy demanding purposes, 

whereas the three-phase inverters are used when higher energy amounts are required (Khanna, 

2004). The ideal situation would be to produce alternating current with pure sine waves. This is 

the case for many motors. 

Additionally, two electrical sockets were installed downstream of the inverter (Figure 6.5). These 

two electrical outlets allowed for both the electrical low-pressure pump and the three-phase 

motor with a high-pressure pump to be run simultaneously.  

 

 

 

 

 

 



109 

 

Chapter seven: Results 

 

7.1 Theoretical calculations of electricity consumption 

The power consumption of the motor was calculated by multiplying the motor current and the 

motor voltage. The relationship between power, current and voltage is given in equation 6.3: 

                            

The system consists of three units that consume electrical power: a motor, a low pressure pump 

and a flush valve. The total amount of electrical power required is shown in equation 7.1.  

         (                                      )     (7.1) 

                                          

If the unit runs for one hour the power consumption would be 1.564 kW/hour (hereafter written 

as h). 

 

7.2 Theoretical calculation of battery bank power capacity 

The battery bank consisted of ten batteries connected in parallel. Each battery had an electrical 

current of 110 A. The parallel connected system had a combined voltage of 12 V. The power 



110 

 

capacity of one battery was calculated using equation 6.3. Equation 7.2 was used for calculating 

the theoretical battery bank power capacity.  

                                         

                                                         (7.2) 

                                                               

It was estimated that the battery bank could only utilize 90% of its maximum power, due to the 

loss of 12V DC to the 220V AC Inverter.  

The Pinput is the realistic battery bank power capacity where a 10% loss was taken into account. It 

was calculated by multiplying the maximum theoretical power capacity with the coefficient 0.9, 

as shown in equation 7.3. 

                                           (7.3) 

                               

The run time (equation 7.4) of the system is defined as the amount of time the pilot desalination 

system can run with a fully loaded battery bank, without any external force charging the battery 

bank.   

          
      

       
          (7.4) 
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7.596 hours is approximately 7 hours and 36 minutes.  

The water treatment system has a daily capacity of a total 800 GPD, which is equivalent to 3040 

liters per day. If there is no wind present to recharge the batteries, a running time of 7 hours 36 

minutes is expected.  

                
               

        
                 

To calculate the battery‘s backup capacity in the pilot plant, the hourly capacity was multiplied 

with the running time: 

                                        

 

7.3 Solution for the ideal set-up  

The ideal set-up would power the water treatment system for 24 hours (equation 7.5). The actual 

power demand was 1,564 kW/hour, which in a period of 24 hours represents a total power 

demand of 37,536 kW. 

                                   (7.5) 

                                

After running for 24 hours the water treatment system had consumed 37,536 kW. 
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The number of batteries (equation 7.6) required for a 24 hour non-stop operation was determined 

by taking into account a 10% power loss from the inverter. To calculate the power loss from 

inverter it was necessary to multiply the equation with a coefficient 1.10. 

                    
         

        
                                (7.6) 

24 hours of normal operation requires 32 batteries to run the system continuously. It would be 

necessary to have more than 31 batteries, in this case 32, because 31 would not be capable of 

fully powering the system for 24 hours. 

 

7.3.1 Assumption 

By increasing battery current, the number of batteries could be decreased, e.g. replacing 110 A 

batteries with 500 A batteries. This was calculated by applying equation 6.3, followed by 

equation 7.6.  
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7.4 Wind turbine power calculation 

Defining the size or power output of the wind turbine is not an easy task. The wind turbine used 

in this project had a maximum power output of 600 W. The amount of electricity needed to run 

all of the power consuming electrical components in this system was 1.564 kW/h. Using a simple 

calculation (equation 7.9), the size of the wind turbine could be defined as: 

        

      
                      (7.9) 

From the above calculation, it was obvious that the power output generated by wind turbine 

would have to be three times larger than the 600 Watts (0.6 kW) produced by the wind turbine 

used in this project. Assuming that the wind turbine provides 1.564 kW to all of the water 

system‘s electrical components, the batteries must also be simultaneously charged with the same 

amount of power: 

                                                                   

This indicated that a total power output of 3.128 kW was required from the wind turbine‘s 

electrical generator. This amount was the minimum needed to run both the water treatment 

system and to provide enough energy to keep the battery bank fully charged at all times. 

Since wind turbines rarely produce the power stated by the manufacturer, it is safe to assume that 

the said output was, in reality, approximately 50 to 60% of the stated output. With this in mind, a 

wind turbine with twice the output would be a better choice: 
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The minimum power output of the wind turbine required for this project was 6.256 kW, but such 

wind generators were not available. However, 7.5 kW generators were easy to find, being made 

by a number of manufacturers – which in turn creates sound competition price wise. In fact, there 

was very little difference in pricing when comparing 5 kW and 7.5 kW wind turbines.  
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Chapter eight: Discussion 

The main purpose of this study was to develop a membrane system that could run on green 

energy. The choice of components was very important. All of the components had to fit together 

so that the system would work as intended.  

 

8.1 Wind turbine 

The wind turbine used in this project showed a low charge capacity. Additionally, through the 

use of theoretical calculations it was proven that the wind generator had to be at least 6.256 kW 

in order to produce enough electricity to run the water treatment plant non-stop for a minimum of 

24 hours. Moreover, a more powerful wind turbine would require a charge controller and inverter 

that corresponded to its power output.  

 

8.2 Battery bank 

In this pilot plant, the battery bank backup system consisted of lead acid batteries. Use of Li-Ion 

batteries was not possible, because of the project‘s budget constraints; such batteries are quite 

expensive. However, Li-Ion batteries would be the most suitable power solution when 

constructing the ideal pilot plant. They are environmentally friendly, performance well at high 
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temperatures, do not suffer from the ―memory effect,‖ and have a long battery life of 2,000 

cycles.  

In addition to results found about the battery backup system, this project proved that charging 

batteries on pure wind energy would not guarantee a continuous power supply. For this reason a 

diesel generator would have to be installed as a backup power source, in the case that the weather 

conditions were uncooperative with very little wind or in the case of a full battery discharge. 

Calculations made for determining the battery bank‘s full capacity showed that the system 

required several more batteries, or a higher battery current from each cell in order to be 

sufficient.  

 

8.3 Why use three phase system instead of one phase system 

In the beginning of the project a single phase motor was installed at the high pressure pump in 

order to create enough pressure for the RO membranes. However, the single phase motor was not 

powerful enough. In addition to its low capacity, the single phase motor became very warm, 

which indicated that a lot of electricity was being wasted away in form of heat. Single-phase 

motors consist of a starter, a rotor, a shaft and a condenser. When alternating current is applied it 

has no rotating magnetic field. Connecting it in series with a condenser with one field winding a 

weak rotating magnetic field could be obtained, which would result in a rotation of the shaft. A 

single phase motor is simple (Figure 8.1), robust and cheap.  
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Figure 8.1: Single Phase motor (image_21, 2013). 

Single phase motors are mostly used for low power demanding devices such as vacuum cleaners, 

refrigerators, heat pumps, etc…The efficiency is not as good as with three-phase motors, but it 

has a very simple and robust construction. This combined with a single electrical system makes 

this kind of motor more widely used in applications where there are relatively smaller outputs. In 

a three phase system the power source consists of three sinusoidal voltages. For a balanced three-

phase system, these three sources are different wavelengths and are displaced by 120 electrical 

degrees (Figure 8.2). 

 

Figure 8.2: Three phase system (image_22, 2013).  
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When using a balanced three phase system, the power delivered to the load is always constant, 

and does not experience periodic interruptions; such is the case in a single phase motor.  

Three-phase motors have a rotating magnet in the middle of three fixed coils. It will always 

rotate in one direction, but if two of the three wires are swapped, the shaft will turn in the 

opposite direction. This is because the electromagnetic rotating field in the motor would change 

direction. 

Three phase motors are typically used only in larger engines in the industry where efficiency is 

important. Three phase motors can be very efficient, and can run for long periods of time without 

stopping.   

 

8.4 Ultrafiltration as pretreatment option 

The pilot plant was designed with an ultrafiltration membrane - as part of the pretreatment - 

ahead of the reverse osmosis membranes. The ultrafiltration membrane decreased the raw 

water‘s SDI number, thereby decreasing the necessity for the use of cleaning chemicals as a 

pretreatment. Applying ultrafiltration also reduces the operational costs and increases the 

membrane lifetime for an RO system.    
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8.5 Nanofiltration vs. reverse osmosis 

There were three membrane types installed in the plant: a nanofiltration membrane, a reverse 

osmosis membrane and an ultrafiltration membrane.  

The raw water had a low TDS level that was between 40 to 50 ppm. It was expected that the 

reverse osmosis membrane would reduce the TDS to less than 1 ppm. However, when measuring 

the TDS levels leaving the NF membrane, the TDS was seen to be 0 ppm. This was a surprise, 

but the raw water‘s TDS was mostly caused by cations, which are removed by NF membranes. 

This effectively showed that NF membranes soften water that passes through it.  

 

8.6 Automatic flushing system/ TDS monitoring 

In order to avoid fouling and scaling, automatic flushing systems and TDS monitors had to be 

installed on membrane water treatment systems. If reverse osmosis membranes were not in use 

for a while, the TDS on the permeate side would be noticeably higher during the first minutes of 

operation. This phenomenon was due to small leakages on O-rings, seals and gaskets. Following 

a flush cycle, the TDS level also had a tendency to increase a little.  
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Chapter nine: Conclusions and 

recommendations  

 

Experience gained from building this system resulted in the following recommendations: 

1. To determine the proper size of a wind turbine, wind data acquisitions must be taken over 

an extended period of time in the area where the wind turbine is to be installed. The wind turbine 

must be selected based on the power curve readings and not from how much power it supplies at 

its maximum wind speed. The power curve is unique for each wind turbine. It is beneficial to 

conduct preliminary research on the different suppliers and/or models available in order to 

determine the most effective wind turbine size. Power curves help to decide the actual power 

output of the wind turbine based on the actual wind speed at the location where it is mounted. 

2. The power that is generated from the wind turbine needs appropriately sized electrical 

cables to prevent any power loss from the circuit.  

3. The battery bank used in this project was unable to perform the task for which it was 

designed because its capacity was insufficient. Thus, the battery bank in a future project should 

have a higher capacity. This would enable the system to run for at least 24 hours. 

4. As shown in this project, three phase electrical motors provide a more energy efficient 

performance and turn out to be a more reliable solution than single phase motors. Thus, this is 

the preferred motor to run a pump on in a water treatment plant. 
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5. Prior choosing the membranes for the water treatment plant, it is wise to build a pilot 

water treatment plant. Tests should be performed on the different membranes based taking into 

account the water characteristics specific the site where water treatment will occur. This will 

help determine the most suitable membrane type for water purification. Based on the desired 

water quality the number of necessary membranes can also be determined.  

6. The pretreatment must be selected based on a thorough water analysis and SDI 

measurements. These measurements should be from sampling performed over an extended 

period of time.  

7. Water produced using membranes process requires disinfection to maintain a certain 

standard. There are three main methods of disinfection: UV, ozonation and chlorination. They 

can be used either separately or in combination.  

8. The membranes must be flushed periodically to prevent the formation of deposits on both 

sides of the membrane surface. The automatic flushing system should be used when in operation, 

when in standby mode, during start-up, and prior to ―Stand-by‖ mode.  

Electricity production by using wind turbines is a well-known and reliable technology. 

Desalination by reverse osmosis uses less power than any other desalination technology. Both 

technologies have become less expensive. The work performed in this study proved that it is 

possible to power a membrane water treatment plant using wind turbines. With improved design 

parameters and components, it should be possible to build similar treatment plants that would 

help to alleviate the problems presented by a growing demand for clean drinking water.  



122 

 

References  

AL SANTINI 2003. TechOne: Automotive Electricity and Electronics., United States of Amecica, Delmar 
Learning, a division of Thomson Learning, Inc. Thomson Learning. 

ALIREZA KHALIGH, O. C. O. 2010. Energy Harvesting: Solar, Wind, and Ocean Energy Conversion 
Systems., United States of America, CRC Press, Taylor & Francis Group. 

AMTA 2007. America's Authority in Membrane Treatment - Pretreatment for membrane Processes - 
accessed online 16.03.2013 - http://www.amtaorg.com/wp-
content/uploads/12_Pretreatment.pdf. 

BATTERIES. 2012. http://www.zbattery.com/Connecting-Batteries-in-Series-or-Parallel, accessed 
online 12.12.2012 [Online]. 

BATTERIES., L.-A. 2012. http://batterycouncil.org/?page=Lead_Acid_Batteries, accessed online 
12.12.2012. 

BERG, K. 2006. The Kinetic-Molecular and Thermodynamic Approaches to Osmotic Pressure: A Study 
of Dispute in Physical Chemistry and the Implications for Chemistry Education. Science & 
Education, 15, 495-519. 

BOWEN, W. R. & MOHAMMAD, A. W. 1998. Characterization and Prediction of Nanofiltration 
Membrane Performance—A General Assessment. Chemical Engineering Research and Design, 
76, 885-893. 

CARTA, J. A., GONZÁLEZ, J. & SUBIELA, V. 2003. Operational analysis of an innovative wind powered 
reverse osmosis system installed in the Canary Islands. Solar Energy, 75, 153-168. 

CHERYAN, M. A. 1998. Ultrafiltration and Microfiltration Handbook., CRC Press. 
CHERYAN_B., M. 1998. Ultrafiltration and Microfiltration Handbook. . In: OSMOSIS., F. T. P. O. O. A. R. 

(ed.). Western Hemisphere, United States of America. : Technomic Publishing Company, Inc. 
CHERYAN_C., M. 1998. Ultrafiltration and Microfiltration Handbook. Western Hemisphere, United 

States of America.: Technomic Publishing Company, Inc. 
CIPOLLINA ANDREA , MICALE GIORGIO  & RIZZUTI LUCIO 2009. Seawater Desalination; Conventional 

and Renewable Energy Processes. , Berlin Heidelberg., Springer-Verlag. 
COLEMAN 2010. 600 Watt WIND TURBINE - User's Manual,. 
DELION, N., MAUGUIN, G. & CORSIN, P. 2004. Importance and impact of post treatments on design 

and operation of SWRO plants. Desalination, 165, 323-334. 
DELL, R. M. 2000. Batteries: fifty years of materials development. Solid State Ionics, 134, 139-158. 
DOW-FILMTEC. 2012. Online media 

http://www.thepurchaseadvantage.com/Merchant2/graphics/datasheets/TW30-
2540_Datasheet.pdf , accessed 14.10.2012 [Online]. 

DOW-FILMTEC FORM NO. 609-02013-504 Filmtec Membranes - Water chemistry and pretreatment: 
Scale control, found online 17.03.2012 - 
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_01da/0901b803801da36c.pdf
?filepath=/609-02013.pdf&fromPage=GetDoc [Online]. 

DRACHMANN., A. G. 1961. Heron's Windmill., Centaurus. 
DRYDEN AQUA TECHNOLOGY. 2013. http://www.drydenaqua.co.uk/archives/3073, Hardness and 

Alkalinity, scales and conversions., accessed online 19.03.2013. [Online]. 
ERIC DOHNER, A. M., MICHAEL BARBOUR, JONATHAN SIMPSON, JACK BYRNE, GEOFF DATES, ALICE 

MAYIO,. 1997. Volunteer Stream Monitoring: A Methods Manual,. , United States of America, 
United States Environmental Protection Agency,. . 

ERIN D. MACKEY, R. S. C., . GIL F. CROZES,. 2001. Practical Aspects of UV Disinfection,. . 

http://www.amtaorg.com/wp-content/uploads/12_Pretreatment.pdf
http://www.amtaorg.com/wp-content/uploads/12_Pretreatment.pdf
http://www.zbattery.com/Connecting-Batteries-in-Series-or-Parallel
http://batterycouncil.org/?page=Lead_Acid_Batteries
http://www.thepurchaseadvantage.com/Merchant2/graphics/datasheets/TW30-2540_Datasheet.pdf
http://www.thepurchaseadvantage.com/Merchant2/graphics/datasheets/TW30-2540_Datasheet.pdf
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_01da/0901b803801da36c.pdf?filepath=/609-02013.pdf&fromPage=GetDoc
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_01da/0901b803801da36c.pdf?filepath=/609-02013.pdf&fromPage=GetDoc
http://www.drydenaqua.co.uk/archives/3073


123 

 

FRITZMANN, C., LÖWENBERG, J., WINTGENS, T. & MELIN, T. 2007. State-of-the-art of reverse osmosis 
desalination. Desalination, 216, 1-76. 

GARCÍA-RODRÍGUEZ, L. 2002. Seawater desalination driven by renewable energies: a review. 
Desalination, 143, 103-113. 

GE INFRASTRUCTURE http://www.gewater.com/pdf/1227468-%20Manual-%20AutoSDI.pdf,. 
Osmonics autosdi - operation and maintenance manual,. 5951 Clearwater Drive, Minnetonk: 
GE Infrastructure, Water & Process Technologies. 

GE INFROSTRUCTURE N/A. OSMONICS AUTOSDI - Opration and Maintenace manual,. 
H.T. EL-DESSOUKY, H. M. E. 2002. Fundamentals of Salt Water Desalination. , Amsterdam, The 

Netherlands. , Elsevier Sceince B.V. . 
HANSEN, M. O. L. 2008. Aerodynamics of Wind Turbines, UK and USA, Earthscan. 
HASSON, D. & BENDRIHEM, O. 2006. Modeling remineralization of desalinated water by limestone 

dissolution. Desalination, 190, 189-200. 
HAU., E. 2006. Wind Turbines, Fundamentals, Technologies, Application, Economics., Germany, 

Springer-Verlag Berlin Heidelberg. 
HESS, K. 2013. Working Knowledge: STEM Essentials for the 21st Century,, New York, United States of 

America, Springer Science+Business Media. 
HILAL, N., AL-ZOUBI, H., DARWISH, N. A., MOHAMMA, A. W. & ABU ARABI, M. 2004. A comprehensive 

review of nanofiltration membranes:Treatment, pretreatment, modelling, and atomic force 
microscopy. Desalination, 170, 281-308. 

HILAL, N., AL-ZOUBI, H., MOHAMMAD, A. W. & DARWISH, N. A. 2005. Nanofiltration of highly 
concentrated salt solutions up to seawater salinity. Desalination, 184, 315-326. 

IMAGE_1 2012. http://upload.wikimedia.org/wikipedia/commons/5/5f/Heron%27s_Windwheel.jpg, 
Heron’s windmill , accessed online 23.10.12. 

IMAGE_2 2012. http://upload.wikimedia.org/wikipedia/commons/d/d6/Perzsa_malom.svg, Persians 
vertical axes windmill, accessed online 24.10.12. 

IMAGE_3 2012. 
http://www.gophoto.it/view.php?i=http://www.zardec.net.au/keith/dutchmill4812.jpg#.UIg
BeFH1TKc, Dutch windmill, accessed online 24.10.12. 

IMAGE_4 2012. 
http://www.gophoto.it/view.php?i=http://www.scotland.gov.uk/Resource/Img/150324/004
4577.jpg#.UIoX0VH1SF8, Horizontal axis wind turbines (HAWT) and vertical axis wind turbines 
(VAWT), accessed online 25.10.12. 

IMAGE_5 2012. http://www.gdiy.com/projects/producing-energy-from-wind/images/Image_5.gif, 
Principles behind the wind turbine blade aerodynamics, accessed 03.11.12. 

IMAGE_6 2012. 
http://media.webcollage.net/rwvfp/wc/cp/7293276/module/cpwalmart/_cp/products/1291
656092722/tab-59f67af6-b07e-45a6-aa42-40c5fa3ff730/resource-fad4b719-476e-4015-87c3-
b2344c33bc32.jpg.web.v1.jpg, Coleman 600W wind turbine set-up, accessed 29.12.2012. 

IMAGE_7 2013. 
http://www.roplant.org/upload/_contents/20031230142801ab44/13309970883993b7.gif, 
Thermal desalination, accessed online 18.01.2013. . In: DISTILLATION., T. (ed.). 

IMAGE_8 2013. http://ars.els-cdn.com/content/image/1-s2.0-S1364032111003224-gr6.jpg, Multi-
stage flash distillation, accessed inline 19.01.2013. In: (MSF), M.-S. F. D. (ed.). 

IMAGE_9 2013. http://ars.els-cdn.com/content/image/1-s2.0-S1364032111003224-gr5.jpg, Multiple 
effect distillation, accessed online 25.05.2013. In: (MED)., M.-E. D. (ed.). 

IMAGE_10 2013. http://ars.els-cdn.com/content/image/1-s2.0-S1364032111003224-gr7.jpg, Vapor 
compression distillation, accessed online 25.05.2013. In: METHOD, V. C. D. (ed.). 

http://www.gewater.com/pdf/1227468-%20Manual-%20AutoSDI.pdf,
http://upload.wikimedia.org/wikipedia/commons/5/5f/Heron%27s_Windwheel.jpg
http://upload.wikimedia.org/wikipedia/commons/d/d6/Perzsa_malom.svg
http://www.gophoto.it/view.php?i=http://www.zardec.net.au/keith/dutchmill4812.jpg#.UIgBeFH1TKc
http://www.gophoto.it/view.php?i=http://www.zardec.net.au/keith/dutchmill4812.jpg#.UIgBeFH1TKc
http://www.gophoto.it/view.php?i=http://www.scotland.gov.uk/Resource/Img/150324/0044577.jpg#.UIoX0VH1SF8
http://www.gophoto.it/view.php?i=http://www.scotland.gov.uk/Resource/Img/150324/0044577.jpg#.UIoX0VH1SF8
http://www.gdiy.com/projects/producing-energy-from-wind/images/Image_5.gif
http://media.webcollage.net/rwvfp/wc/cp/7293276/module/cpwalmart/_cp/products/1291656092722/tab-59f67af6-b07e-45a6-aa42-40c5fa3ff730/resource-fad4b719-476e-4015-87c3-b2344c33bc32.jpg.web.v1.jpg
http://media.webcollage.net/rwvfp/wc/cp/7293276/module/cpwalmart/_cp/products/1291656092722/tab-59f67af6-b07e-45a6-aa42-40c5fa3ff730/resource-fad4b719-476e-4015-87c3-b2344c33bc32.jpg.web.v1.jpg
http://media.webcollage.net/rwvfp/wc/cp/7293276/module/cpwalmart/_cp/products/1291656092722/tab-59f67af6-b07e-45a6-aa42-40c5fa3ff730/resource-fad4b719-476e-4015-87c3-b2344c33bc32.jpg.web.v1.jpg
http://www.roplant.org/upload/_contents/20031230142801ab44/13309970883993b7.gif
http://ars.els-cdn.com/content/image/1-s2.0-S1364032111003224-gr6.jpg
http://ars.els-cdn.com/content/image/1-s2.0-S1364032111003224-gr5.jpg
http://ars.els-cdn.com/content/image/1-s2.0-S1364032111003224-gr7.jpg


124 

 

IMAGE_11 2012. http://www.emec.com.eg/resources/images/production-chemicals/oil-field-
chemicals/scale-dissolver.jpg, The crucial effects scale formation in a pipe, accessed online 
17.03.2013  

IMAGE_12 N/A. Osmonics autosdi - operation and maintenance manual, figure 2-2. 
IMAGE_13 2013. 

http://www.safewater.org/PDFS/resourcesknowthefacts/Ultrafiltration_Nano_ReverseOsm.p
df,. Various material sizes which can be removed by different separation processes. . 

IMAGE_14 2013. http://halmapr.com/news/aquionics/files/2007/03/4-lamp-mp-uv-
chamber_blog.jpg., UV disinfection system, accessed online 08.04.2013. . 

IMAGE_15 2013. http://www.excelwater.com/eng/bottling/images/ozone-50.jpg., Ozone disinfection 
system., accessed online 08.04.2013. . 

IMAGE_16 2013. http://www.thewatertreatments.com/wp-content/uploads/corrosion-alkanility-
relationship-water-ph.gif., Baylis Curve, accessed online 05.05.2013. 

IMAGE_17 2012. Online picture, http://www.tdsmeter.com/tools/product_detail/files/dm2_web.jpg, 
HM-Digital DM2 dual TDS monitor, accessed 29.12.2012. 

IMAGE_18 2013. 
http://www.ebay.com/itm/330840870699?var=540117249444&ssPageName=STRK:MEWNX:I
T&_trksid=p3984.m1497.l2649600W, Wind turbine charge controller,. accessed online 
27.03.2013,. 

IMAGE_19 2012. http://www.thecoffeebrewers.com/electricity.html, Three phase power, accessed 
online 10.12.2012. 

IMAGE_20 2012. http://batterycouncil.org/resource/resmgr/lead_acid_info/howto1.gif, The sealed 
lead-acid battery, accessed online 12.12.2012. 

IMAGE_21 2013. http://cdn.transtutors.com/Assets/27082011-engineering918.gif, Single Phase 
motor, accessed online 21.02.2013. 

IMAGE_22 2013. http://www.ece.umn.edu/users/riaz/animations/alternator.gif, Three phase system, 
accessed online 22.02.2013. 

IVAR 2012. Water quality -accessed online 17.03.2013 -  
http://www.ivar.no/vannkvalitet/category687.html. 

JAKOB SANDSTAD 2012. http://snl.no/vekselstr%C3%B8m, Alternating curret, accessed online 
09.12.2012. 

JOHN GABRIEL NAVARRA, J. E. G., . 1966. Energy and the atom: the physical sciences,. Harper & Row. 
KAUSHIK NATH, I., . 2008. Membrane Separation Processes. In: FIBRE., F. S. R. O. V. M. M. A. P. A. F. B. 

T. C. S. W. D. H. (ed.). New Delhi, India: Asoke K. Ghosh. 
KAWAMURA SUSUMU 2000. Integrated Design and Operation of Water Treatment Facilities,. , 

Canada,. , John Wiley & Sons,. . 
KHANNA, V. K. 2004. Insulated Gate Bipolar Transistor IGBT Theory and Design, John Wiley & Sons. 
KUCHERA, J., . 2010 Reverse Osmosis: Design, Processes, and Applications for Engineers,. New Jersey, 

Massachusetts, USA,. Scrivener Publishing LLC,. 
LOWE, J. & HOSSAIN, M. M. 2008. Application of ultrafiltration membranes for removal of humic acid 

from drinking water. Desalination, 218, 343-354. 
LUCIO RIZZUTI, H. M. E., ANDREA CIPOLLINA. 2007. Solar Desalination for the 21st Century: A Rewiew 

of Modern Technologies and Researches on Disalnation Coupled to Renewable Energies. , The 
Nederlands. , Springer. 

MCDOWALL, J. Conventional battery technologies-present and future.  Power Engineering Society 
Summer Meeting, 2000. IEEE, 2000 2000. 1538-1540 vol. 3. 

MCGRANE, W. K., , 1992. Ozone Cooling Tower Treatment with and without Mineral Removal. Ozone 
Science & Engineering., 14, 231-244. 

http://www.emec.com.eg/resources/images/production-chemicals/oil-field-chemicals/scale-dissolver.jpg
http://www.emec.com.eg/resources/images/production-chemicals/oil-field-chemicals/scale-dissolver.jpg
http://www.safewater.org/PDFS/resourcesknowthefacts/Ultrafiltration_Nano_ReverseOsm.pdf,
http://www.safewater.org/PDFS/resourcesknowthefacts/Ultrafiltration_Nano_ReverseOsm.pdf,
http://halmapr.com/news/aquionics/files/2007/03/4-lamp-mp-uv-chamber_blog.jpg.
http://halmapr.com/news/aquionics/files/2007/03/4-lamp-mp-uv-chamber_blog.jpg.
http://www.excelwater.com/eng/bottling/images/ozone-50.jpg.
http://www.thewatertreatments.com/wp-content/uploads/corrosion-alkanility-relationship-water-ph.gif.
http://www.thewatertreatments.com/wp-content/uploads/corrosion-alkanility-relationship-water-ph.gif.
http://www.tdsmeter.com/tools/product_detail/files/dm2_web.jpg
http://www.ebay.com/itm/330840870699?var=540117249444&ssPageName=STRK:MEWNX:IT&_trksid=p3984.m1497.l2649600W
http://www.ebay.com/itm/330840870699?var=540117249444&ssPageName=STRK:MEWNX:IT&_trksid=p3984.m1497.l2649600W
http://www.thecoffeebrewers.com/electricity.html
http://batterycouncil.org/resource/resmgr/lead_acid_info/howto1.gif
http://cdn.transtutors.com/Assets/27082011-engineering918.gif
http://www.ece.umn.edu/users/riaz/animations/alternator.gif
http://www.ivar.no/vannkvalitet/category687.html
http://snl.no/vekselstr%C3%B8m


125 

 

METCALF. & EDDY. 2004. Wastewater Engineering Treatment and Reuse, Mc. Graw Hill. 
MUJTABA, I. M. 2004. Batch Distillation Design and Operation, London, Imperial College Press. 
NARASAIAH, M. L. 2001. Population Growth, Discovery Publishing House. 
NATH, K. 2008. Membrane Separation Processes, New Delhi, India, Asoke K. Ghosh. 
NORWEGIAN REGULATIONS FOR POTABLE WATER 2012. http://www.lovdata.no/cgi-

wift/ldles?doc=/sf/sf/sf-20011204-1372.html, Drikkevannsforskriften, accessed online 
17.03.2013. 

RASHIDI, R., DINCER, I., NATERER, G. F. & BERG, P. 2009. Performance evaluation of direct methanol 
fuel cells for portable applications. Journal of Power Sources, 187, 509-516. 

RAYNER-CANHAM, G. & OVERTON, T. 2006. Descriptive inorganic chemistry 4th edition. 
ROYAL SOCIETY 2005. Ocean acidification due to increasing atmospheric carbon dioxide. . The Royal 

Society; London. 
RUSSELL L. MEADE, R. D., . 2003. Foundations of Electronics: Circuits and Devices,. , United States of 

America. 
SAIDUR, R., ELCEVVADI, E. T., MEKHILEF, S., SAFARI, A. & MOHAMMED, H. A. 2011. An overview of 

different distillation methods for small scale applications. Renewable and Sustainable Energy 
Reviews, 15, 4756-4764. 

SAS., R. A. 2004. http://www.analytical-chemistry.uoc.gr/files/items/6/618/agwgimometria_2.pdf, 
accessed online 19.03.2013. [Online]. France: Radiometer Analytical SAS. 

SILVA, R., CADORIN, L. & RUBIO, J. 2010. Sulphate ions removal from an aqueous solution: I. Co-
precipitation with hydrolysed aluminum-bearing salts. Minerals Engineering, 23, 1220-1226. 

STATOIL HYWIND PROJECT, N. 2012. 
http://www.statoil.com/en/TechnologyInnovation/NewEnergy/RenewablePowerProduction/
Offshore/Hywind/Pages/HywindPuttingWindPowerToTheTest.aspx, accessed 25.10.12 
[Online]. 

SVENSEN, P. E. 1980. Innføring i elektroteknikk, AS Bryne Trkkeri. Bjørkelangen. 
VOUTCHKOV NIKOLAY 2012. Desalination Engineering: Planning and Design,. , Water Environment 

Federation and WateReuse Association,. . 
WAKIHARA, M. 2001. Recent developments in lithium ion batteries. Materials Science and 

Engineering: R: Reports, 33, 109-134. 
WHO. 2004. World Helth Organization, Guidelines for Drinking-water Quality Recommendations, 

Volume 1. 
XU, Y., WANG, D.-S. & TANG, H.-X. 2004. Interaction of PACls with sulfate. Journal of Environmental 

Sciences, 16, 420-422. 
YACUBOWICZ, H. & YACUBOWICZ, J. 2005. Nanofiltration: properties and uses. Filtration & 

Separation, 42, 16-21. 

 

 

http://www.lovdata.no/cgi-wift/ldles?doc=/sf/sf/sf-20011204-1372.html
http://www.lovdata.no/cgi-wift/ldles?doc=/sf/sf/sf-20011204-1372.html
http://www.analytical-chemistry.uoc.gr/files/items/6/618/agwgimometria_2.pdf
http://www.statoil.com/en/TechnologyInnovation/NewEnergy/RenewablePowerProduction/Offshore/Hywind/Pages/HywindPuttingWindPowerToTheTest.aspx
http://www.statoil.com/en/TechnologyInnovation/NewEnergy/RenewablePowerProduction/Offshore/Hywind/Pages/HywindPuttingWindPowerToTheTest.aspx

