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Global Water Distribution

Throughout history, water has been the essential element for economic and social
development and for the stability of cultures and civilization.

Water Natural Resources
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The Water
The Need for Water Demand Management

for Water produ

Water Conservation & Demand Management

Water conservation measurements have not been widely applied in most countries
of the region.

Reducing loss of water both in urban and irrigation networks can provide from 30-
50% saving in irrigation water and from 28-50% in urban water.

+ Water demand management is on the policy agenda of most countries
« Introduction of water saving devices is important. These are:
- use of incentives (metering, pricing, subsidies and penalties)
- information (extension services and education campaigns)
- regulatory measures (control of water and quotas)

Non-conventional Water Resources
- Wastewater reuse (water for gardens, irrigation, etc)
- Desalination (for potable and distillate water production)
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The Water Problem

+ Water in most countries and regions of the Mediterranean is a limiting factor

« The level of exploitation of water resources is generally high in most countries and
pressure over water resources is increasing.

«  Exploitation ratios over 50%, or even 100% in many parts of Mediterranean countries
(Egypt, Palestinian Authority, Libya, Israel, Malta)

+ Exploitable amounts of water are decreasing, and may become scarce in time or
region

Factors i the water

# Growing of population

# Growing of industry

# Tourism

# Agriculture / Irrigation needs

Desalination Technology

What is Desalination ?

Desalination is the removal of dissolved salts and other impurities from salt water.

A desalination plant turns salt water (brackish or seawater) into fresh water (potable or

distillate water).

Water Classification
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Seawater composition

Water Source Approximate Salt Concentration (mg/lt)
Brackish water >1000, high brackish up to 11.000
Seawater ~35.000
Atlantic Ocean 35.000
Pacific Ocean 38.000
Persian Golf 45.000
Dead Sea ~300.000
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Seawater Composition

Part of
Chemical lon Goncantration M8 e s N M molikg
ppm, mglkg %
Chioride CI 19345 55.03 546
Sodium Na* 10752 30.59 468
Sulfate SO 2701 7.68 28.1
Magnesium Mg?" 1295 3.68 53.3
Calcium Ca?* 416 1.18 104
Potassium K* 390 1.11 097
Bicarbonate HCO, 145 0.41 234
Bromide Br 66 0.19 083
Borate BO,* 27 0.08 046
Strontium Sr2* 13 0.04 0.091
Fluoride F- 1 0.003 0.068

It should be well observed that although salinity
of seawater may well vary depending on the
specific region of the world, the percentage
composition of seawater essentiall)
constant throughout the world (i.e. the
proportions of the major constituents are
constant).

Seawater Temperatures
0°C<T<35-40°C
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Fresh water composition

WHO Standards for drinking Water | Contents in mg/l
min acceptable max permissible
Total dissolved solids, TDS 500 1500
cl 200 600
S0, 200 400
Ca’” ji5 100
Mg” 30 150
F 0.7 1.7
NOy <50 100
cu”” 0.05 15
Fe™ 0.10 1.0
NaCl 250 -
pH 7.08.5 6.5-9.2

Desalination History
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Short History of Desalination

» Throughout history, people have continually tried to treat salty water so that it could be
used for drinking and agriculture. Seawater desalination was already used centuries ago on
ships in order to produce fresh water by evaporation.

» The first big industrial desalination plants were built at the beginning of the 20th Century,
the first probably being built in 1912 in Egypt with a 6 stages Multiple Effects Evaporator,
producing about 75 m?¥/d of desalinated water.

# Further commercial development of land based seawater distillation units took place in
the late 1950s, and initially relied on the technology developed for industrial evaporators
(such as sugar concentrators) and for the shipboard distillation plants which were built
during World War.
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» Seawater desalination is the most preferred technology regarding the feed water type,
mainly because of its availability.

®In 2007, the total capacity of installed seawater desalination plants worldwide was
about 30 million m¥d of which about 85 % is still in operation.

# This total capacity is continuously increasing with a very rapid trend.

» Desalting equipment is now used in over 100 countries, although 10 countries have about
75 percent of all the capacity.

» Almost 50% of this desalting capacity is used to desalt seawater in the Middle East and
North Africa.
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Desalination Development

» A dramatic increase in the desalination industry followed the petroleum industry boom in
the '70s, in particular in the Gulf area where several thermal plants were built in order to
satisfy the quickly growing water demand of the local population and given the large
availability of thermal energy at very low cost.

» Mostly thermal-driven units were used to desalt seawater, but in the 1970s, commercial
membrane processes such as Electrodialysis (ED) and Reverse Osmosis (RO) began to
be used more extensively.

# By the 1980s, desalination technology was a fully commercial enterprise.

# By the 1990s, the use of desalting technologies for municipal water supplies had
become commonplace.

Intelligent Energy Europe www.prodes-project.org
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Water Desalination Applications

« Domestic or Municipalities purposes
« Heavy Industry

« Pharmaceutical Industry

« Irrigation

* Marine

« Military

« Food & Dairy

« Home drinking water, etc.

Water Desalination Process

A wide variety of desalination technologies effectively remove salts from salty water (or
extract fresh water from salty water), producing a water stream with a low concentration of
salt (the product stream) and another with a high concentration of remaining salts (the brine
or concentrate).

Most of these technologies rely on either distillation (thermal processes) or membranes to
separate salts from the product water.
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Water
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Water

Intelligent Energy Europe www.prodes-project.org

Promotion of
Renewable Energy

for Water production
through Desalination

Typical seq of inati and distribution processes

Nl T
B

i

L ]
Foooo

ol Fra
wdawes W

WHO Report, 2007

Intelligent Energy Europe www.prodes-project.org

Desalination Processes

Process classification

The commercially available desalination processes are divided in two main categories:

‘ DESALINATION TECHNOLOGIES
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Other Desalination Processes

A number of other processes have been used to desalt saline water. Most of these processes
have not achieved the level of commercial success that RO and distillation have.

These are:

# Freezing

# Humidification — Dehumidification . —
# Solar stills ////

# Membrane Distillation o Cotetor

# Dual purpose plants - Co-generation
# Hybrid

Multi-Effect
Humidification

Source: TINOX, Germany

Solar Stills

Solar distillation is a process in which the energy of the sun is directly used to evaporate fresh water
from sea or brackish water. The process has been used for many years, usually for small scale
applications.

Well designed units can produce around - bt
2.5 I/m? per day with a thermal efficiency 1 L ]
of 50%. ., '
% L
. - .
e
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Solar stills are simple in operation and maintenance. The
Soure: E. Tzen, cres  ONly maintenance required is the cleaning of the plant,
Kastelorizo island, Greece especially of the glass roof.

Membrane Distillation

Membrane distillation (MD) combines the use of both thermal distillation and membranes and was
introduced commercially on a small scale in the 1980s. The process relies primarily upon thermal
ion and the use of to pass vapor, which is then condensed to produce fresh water.

In the process, saline water is warmed to enhance vapor production, this vapor is exposed to a membrane
that can pass water vapor but not liquid water. After the vapor passes through the membrane, it is
condensed on a cooler surface to produce fresh water. In the liquid form, the fresh water cannot pass back
through the membrane, so it is trapped and collected as the output of the plant.

Thus far, MD has been used only in a few facilities, since it requires more space, more pumping energy

per unit of fresh water produced, and more money than other approaches. The main advantages of MD lie
in its simplicity and the need for only small temperature differentials to operate.

MD is probably best suited for desalting saline water where inexpensive low-grade thermal energy (60-
80°C) is available, such as from industries or solar collectors.
Commercially it is of little significance.

Once the vapor has passed through the hydrophobic
membrane, it can be extracted or directly condensed in

the channel on the other side of the membrane.

MD Module
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Dual Purpose - Co-generation Plants

In some situations, it is possible to use energy so that more than one use can be obtained from it as the
energy moves from a high level to an ambient level.

This occurs with co-generation where a single energy source can perform several different functions

Certain types of processes, the process, can be structured to take
advantage of a co-generation situation.

Most of the distillation plants installed in the Middle East and North Africa have operated under this
principle since 1960s and are known in the field as dual purposeé)lan(s (water plus power). These units
lesalted seawater for use

are built as part of a facility that produce both electric power and
in a particular country.

The main advantage of a co-generation system is that it can
significantly reduce the consumption of fuel when compared
to the fuel needed for two separate plants. Since energy is a
major operating cost in any desalination process, this can be
an important economic benefit.

One of the disadvantages is that the units are permanently connected together and, for
the desalination plant to operate efficiently, the steam turbine must be operating.

This permanent coupling can create a problem with water production when the demand
for electricity is reduced or when the turbine or generator is down for repairs.

Source: SIDEM, France
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Hybrid Plants

Another method of reducing the overall costs of desalting can be the use of hybrid
systems.

Such hybrid systems are not applicable to most desalination installations, but can prove to
be an economic benefit in some cases.

A hybrid system is a treatment configuration made up of two or more desalination
processes. An example is using both distillation and RO processes to desalt seawater at
one facility and to combine the different characteristics of each process productively.
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Membrane Processes

Electrodialysis

Reverse Osmosis
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Membrane Processes

Membranes are used in two commercially important desalting processes: Electrodialysis
(ED) and Reverse Osmosis (RO). Each process uses the ability of the membranes to
differentiate and selectively separate salts and water.

ED is a voltage driven process and uses an electrical Sdine Seline

; " e st
potential to move salts selectively through a
membrane, leaving fresh water behind as product

water.
RO is a pressure-driven process, with the pressure E=2
used for separation by allowing fresh water to move
through a membrane, leaving the salts behind.
Frean water Corcsntis
ELECTRODIALYSIS REVERSE 0SMOSIS
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Major desalination processes
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Electrodialysis Process Description

ED is an electrochemical process and a low cost
method for the desalination of brackish water.

Due to the dependency of the energy consumption
on the feed water salt concentration, the ED
process is not economically attractive for the
desalination of sea water.

In Electrodialysis (ED) process, ions are transported
through a membrane by an electrical field applied
across the membrane. An ED unit consists of the
following basic components:

- pre-treatment system

B T L S )

- membrane stack (keAi pepBpaviv)
- low pressure circulation pump
- power supply for direct current (rectifier)

- post-treatment

An anion membrane, a diluting spacer, a cation membrane, and a concentrating spacer comprise a
repeating unit called a “cell pair’ ((£0yog oToixeiwv). ED cells can be stacked either horizontally or
vertically.

Multiple cell pairs between an anode and a cathode comprise a “stack”.

Several membrane pairs are used between a single pair of electrodes, forming an ED stack. Feed water
passes simultaneously in parallel paths through all the cells, providing a continuous flow of product
water and brine to come out from the stack. Stacks on commercial ED plants contain a large number,
usually several hundred of cell pairs.

The Principle of Electrodialysis

When electrodes are connected to an outside
source of direct current like a battery and placed in
a container of saline water, electrical current is
carried through the solution, with the ions tending to Avodog

HAexTpodio (+)
migrate to the electrode with the opposite charge

[LX LN
- My

If between electrodes a pair of membranes (cell), —
anion permeable membrane followed by a cation = 2 - - )
permeable membrane is placed, then, a region of w

low salinity water (product water) will be created R -
between the membranes.

Between each pair of membranes, a spacer sheet
(SlaxwpIoTAG 1 XWpioua porig) is placed in order to
permit the water flow along the face of the
membrane and to induce a degree of turbulence.
One spacer provides a channel that carries feed
(and product water) while the next carries brine. By
this arrangement, concentrated and diluted
solutions are created in the spaces between the
alternating membranes.

HAzkrposio ()

AIOVTLN: ETDEE 0 55050 JOVO Ty GOpTIUEV GBI VT

empée 1 5050 povo

ED stack
s Kehid
™ HhexTpodidhuang
pespesrpppgys
.
ED membrane spacer Troryeio HAerrpotiahuong Source: IONICS
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EDR Process

A modification to the basic Electrodialysis process is the
Reversal Electrodialysis, EDR.

In this process the polarity of the electrodes changes
periodically of time, reversing the flow through the membranes.
Immediately following the reversal of polarity and flow, the
product water is dumped until the stack and lines are flushed
out and the desired water quality is restored.

LLLCIHC b S & " LR el

This flush takes only 1 or 2 minutes, and then the unit can
resume producing water.

The reversal process is useful in breaking up and flushing
out scales, slimes, and other deposits in the cells before
they can build up and create a problem.

Source: IONICS, USA

Flushing allows the unit to operate with fewer pretreatment
i and minimi fouling.

Intelligent Energy Europe www.prodes-project.org

Promotion of

Output & Degree of Desalination

The rate of salt removal from the dilute streams is essentially controlled by Faraday's Law, being
proportional to the amount of charge passing (i.e. current) per unit time.

For the situation comprising flow of a single-salt (NaCl) solution through one pair of perfect membranes
and with no other current losses, the application of Faradays Law yields:

1

AC=—"
F*Upy*n

where

AC: reduction of concentration of salt, mole/It

I: current flowing, Amp

F: Faraday’s constant, 96,500 Coulombs per equivalent
Up: dilute stream flow rate, It/sec

n: total number of positive or negative charges per molecule, for NaCl , n=1,for CaCl, , n=2

Intelligent Energy Europe www.prodes-project.org

Electrodialysis Process Characteristics

ED has the following main characteristics that make it suitable for a number of
applications:

« Capability for high recovery (more product and less brine)
« Energy usage that is proportional to the salts removed

« Low chemical usage for pretreatment

ED units are normally used to desalinate brackish water. The major energy requirement is
the direct current used to separate the ionic substances in the membrane stack.

In general, the total energy consumption, under ambient temperature conditions and
assuming product water of 500 ppm TDS, would be around 1.5 and 4 kWh/m3 for a feed
water of 1,500 to 3,500 ppm TDS, respectively. Additionally, pumping energy requirements
are minimum.

Intelligent Energy Europe www.prodes-project.org



Process and Cost analysis

Investment costs for Electro Dialysis plants

Investment cost | Plant capacity . Specific plant cost
Ref. [ar/d] Notes [8/(/d)
IDA World 3.490,000 3,788 USA 921
Inventory (2002) (1999)
DA World 40,870,000 45420 USA 900
Inventory (2002) (1994)
DA World 620,000 600 Tapan 1,033
Inventory (2002) (2000)
IDA World 13.300.000 15,000 Iran 887
Inventory (2002) (1994)
IDA World 7.320.000 8,000 Spain 915
Inventory (2002) (1987)
IDA World 13.900,000 14400 Tialy 965
Inventory (2002) (1992)

Reverse Osmosis
RO
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RO Process Osmotic Pressure

RO is the most widely used process for seawater desalination. RO Motk " " . . .
k Wwidely used pi W inati The osmotic pressure, P, of a solution can be determined experimentally by measuring

the concentration of dissolved salts in solution:

RO process involves the forced passage of water through a
membrane against the natural osmotic pressure to accomplish
separation of water and ions.

Pouwn=1.19(T +273)- X (i) )

In practice, the saline feed water is pumped into a closed vessel
where it is pressurized against the membrane.

Where

The major energy required for desalting is for pressurizing the Poort osmotic pressure in psi
feed water. T temperature, C°
As a portion of the water passes through the membrane, the 2(m): sum of molar concentration of all constituents in a solution” sainy | (aiety) | P@Te2c
remaining feed water increases in salt content. 1o | (monmg | Sl

s 0086 4
At the same time, a portion of this feed water is discharged An approximation of P, may be made by assuming that 0 0172 s
without passing through the membrane. 1000 ppm TDS equals about 0.76 bar of osmotic 35 0,603 29

pressure. 50 0862 2
70 1207 59

Source: METITO

*Molarity is defined as moles of solute per litre of solution
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Water Transport (1)

The rate of water passage through a semi-permeable membrane is:

O = (ATT = APosn)« K+ S

T )
Where
Q, rate of water flow through the membrane.
AP: hydraulic pressure differential across the membrane
APosn: osmotic pressure differential across the membrane
Ky membrane permeabilty coefficient for water
st membrane area
d: membrane thickness

Reverse Osmosis Technology

Reverse osmosis uses pressure on solutions with concentrations of salt to force fresh
water to move through a semi-permeable membrane, leaving the salts behind.

The amount of desalinated water that can be obtained (recovery ratio) ranges between
30% and 75% of the volume of the input water, depending on the initial water quality,
the quality of the product needed, and the technology and membranes involved.

RO membrane.
Permeate, 50

Feed, 100m3/h, 65 m3nr 1 bar

High pressure.

Concentrate, 50
ma/hr, 63 bar

Water Transport (2)

The above equation could be simplified by

Ow=(NDP).d

Where

aw: rate of water flow through the membrane
NDP: net driving pressure

A a constant for each membrane material type

The NDP required for any given membrane application in RO is a function of both the osmotic pressure
change and hydraulic resistance

NDP=P, +11,-11,-P, @

Intelligent Energy Europe www.prodes-project.org
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RO Performance Parameters

Factors influence RO performance

The permeate flux and the salt rejection are the key performance parameters. Mainly
they are influenced by variable parameters such as:

* Pressure
« Temperature
« Recovery

« Feed water salt concentration

Recovery ratio , R - is an important parameter in the design and operation of RO
systems. Recovery ratio affects salt passage and product flow and is defined as follows:

D 1009 ©
of

0,=0,+0, ®

Where
Qp: permeate flow rate
Qf: feed water flow rate
Qb brine flow rate

Intelligent Energy Europe www.prodes-project.org
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Reverse Osmosis System Description (1)

An RO system is made up of the following basic components:
« Intake system

« Pretreatment system

« High-pressure pump

* Membrane assembly

« Post-treatment system
« Brine Disposal

* Instrumentation and control
« Electric system
* Membrane cleaning system

Intelligent Energy Europe www.prodes-project.org
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RO Description (2)

The pre-treated feed water is forced by a high-pressure pump to flow across the membrane
surface.

RO operating pressure typically varies from 14-25 bar for brackish water and from 55-80 bar
for sea water.

Part of the feed water, the product or permeate water, passes through the membrane,
removing from it the majority of the dissolved solids.

The post-treatment system consists of sterilisation, stabilisation and mineral enrichment of
the product water.

« Intake System (for seawater desalination)
- Open intake
- Beach wells

« Pretreatment Procedure

- Filtration

- Chemicals Dosing

Usually, the pretreatment consists of fine filtration and the addition of acid or other chemicals to
inhibit precipitation and the growth of microorganisms. Purpose: reduction of contamination of the
membrane surfaces (calcium precipitates, metal oxides, organics and biological matters).

* High-pressure pumping unit
The high-pressure pump supplies the pressure needed to enable the water to pass through the
membrane and have the salts rejected.

« Energy recovery device
The pressure of the brine disposal is high and around 2-5 bar less the pressure of the feed water.

RO Description (4)
+ Post-treatment procedure
- Enrichment (Ca, Mg)
- Stabilization
- Sterilization

« Brine disposal (outfall system)

Brine outfall, Spain

Beach well in Spain Source: WIF, Spain

‘Source: WWF, Spain

Intelligent Energy Europe
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Reverse Osmosis Membranes

Membrane system
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Two types of RO membranes are used commercially. These are:

 the Spiral Wound (SW) membranes (omreipoeidr] mepiéAign) and
 the Hollow Fibber (HF) membranes (koiAwv viv)

SW and HF membranes are used to desalt both sea water and brackish water.

The choice between the two is based on factors such as cost, feed water quality and product water
capacity.

Intelligent Energy Europe www.prodes-project.org
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Spiral wound membranes

- o S

Source: DowFilmTec
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Hollow fibres module

‘Source: DuPont

RO Membrane Characteristics
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RO Configurations

Two array RO system

Single array RO system
SooTnua AmAig Aldtagng i ZuoToigiag
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Two pass RO system
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RO Membranes

An significant number of Reverse Osmosis
membrane manufacturers exit around the world :
B

Dow FilmTec (USA) -
GE Osmonics (USA)

www.dow.com

www.gewater.com

[ ics (USA) - ww 1es.com
Toray Japan - www.appliedmembranes.com
Intelligent Energy Europe www.prodes-project.org
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Al the major RO membrane
manufacturers  maintain  computer
programs to design and predict the

performance of their membranes when
placed in an RO desalination plant.

Intelligent Energy Europe www.prodes-project.org
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Membrane Modeling Software

FILMTEC Modeling Software

for Water produ

Energy Requirements (2)

The efficiencies of pumps, electric motors and power recovery devices have been
improved considerably during the last few years. Due to these improvements, power
consumption in the range of 3 — 4 kwhr/m? is quite common in seawater desalination
systems.

Intelligent Energy Europe www.prodes-project.org <
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Energy Requirements (1)

The energy requirements of RO depend directly on the concentration of salts in the
feed water and, to a lesser extent, on the temperature of the feed water.

Because no heating or phase change is necessary for this method of separation, the
major use of energy is for pressurizing the feed water.

The main load of an RO unit is the high-pressure pumps. In seawater systems,
usually the high pressure pumping unit provides the major contribution (over 85%) to
the combined power consumption of the process.

Other loads are:

« Booster pump

* Dosing Pumps

+ Membrane Cleaning Pump
« Permeate Pump

Intelligent Energy Europe www.prodes-project.org
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Energy Recovery Devices

The fraction of power, recovered by the power recovery device, depends on the type
and efficiency of the power recovery equipment used. Energy recovery devices
connected to the concentrate stream as it leaves the pressure vessel at about 1 to 5
bar less than the applied pressure from the high-pressure pump.

Energy recovery devices are mechanical and generally consist of work or pressure
exchangers, turbines, or pumps of some type that can convert the pressure difference
to rotating or other types of energy that can be used to reduce the energy needs in

the overall process. The most known ERD are:

www.prodes-project.org =

+ Pelton wheel
+ Pressure Exchanger
- Work Exchanger

- Hydraulic Turbocharger

Intelligent Energy Europe
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‘Source: Thomson M. , CREST
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Pressure Exchanger energy recovery system

Energy Requirements Modeling (1)

Booster pump: the power required to run a booster pump is given by

pyy = LI Of

np

Where
P Feed water density, at 25°C, kg/m?
h: Manometric height, m

: Acceleration due to gravity, 9.81 m/sec?
Qf: Feed flow rate, m?¥/sec
ny Pump efficiency, %

Intelligent Energy Europe

www.prodes-project.org

Promotion of
Renewable Energy
for Water production

through Desalination

Energy Requirements Modeling (3)

Energy Recovered: The energy recovered by an energy recovery device is:

« PX Pressure Exchanger (ERI)
« Clark Pump (Spectra)

« Ultra Whisper (Sea Recovery) and
« Ingeniatec system

Very small energy recovery devices are
not very efficient, improvement is
required.

Energy Requirements Modeling (2)

High-pressure pump : The power required to run a high-pressure pump is given by

*
P — Pf Qf
HPP =
n »
Where
Pyep: Power of HPP, kW
Pf: Feed pressure, N/m2
Qf: Feed flow rate, m¥/sec
ny: Pump efficiency, %
Intelligent Energy Europe

www.prodes-project.org

Promotion of
Renewable Ene
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Energy Requirements Modeling (4)

Specific Energy Consumption: The energy consumption per m? of water produced

_ *
Sp.En.Con .(kWh /m3)=M

ER =
Where
Py brine pressure, N/m?2
Q, brine flow rate, m¥/sec F=:d
n: turbine efficiency, % =
L |
Intelligent Energy Europe www.prodes-project.org

[
Where
b’ booster pump power, kW
Pupp: high-pressure pump power, kW
ER: energy recovered, kW
Q; permeate flow rate, m¥/day
Intelligent Energy Europe www.prodes-project.org
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Energy Requirements Modeling (5)

Membrane Cleaning pump: the energy required to drive the pump for the flushing
procedure after the shutdown of the plant.

Where

P: pressure, N/m?

Q flow rate, m¥/sec
n,: pump efficiency, %

Foretoa
Lo Aty e 2 L gl
Feues (5 SN
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‘Source: Bureau of Reclamation
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Summary of Reported First-
Year Cost of Produced Water
for RO Plants
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Source: Pacific Institute, 2006
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RO main advantages

Reverse Osmosis unit is characterized by:
- Modularity/Compactness

- No empirical technical staff is required

- Satisfactory performance in all sizes

- Easy operation

- Low energy requirements (use of energy recovery devices)

Intelligent Energy Europe www.prodes-project.org

Intelligent Energy Europe www.prodes-project.org
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Source: ERI

Source: ERI

Source: CRES

Intelligent Energy Europe www.prodes-project.org
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through Desalination
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Source: ERI
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RO plant in Giglio Island (Italy)
+Capacity: 1800m?d;

+Desalinated ater cost: 0.76 €/m?
+Water cost with ships: 10+15 €/m?

CRES RO plant (1)

water RO ination unit
Input Data
Qp= 0.130 It/hr = 3.1 m3/day
cf= 37,000 ppm TDS
R= 13%
Tf= 20°C
Pop.= 53 bar
Qf= 991 It/hr= 23.8 m¥/day=0.99m%h

Output Data

Qf=0.95 It/hr= 23 m?/day R= g—; *100 %

Pg=0294 kW p,, = P*8* h*Qr _

1.026 *9.81 %85 % (0.99 /3600)

np 0.8

=0.294 kW

CRES RO plant (2)

P, *Q,  53%(0.99/36
Py =¥=$=1A7W

Ppp = 1.7 kW

P;=17+0.294 =2kW

Sp.En. Consumption = 2 kW * 24/3.1= 15.4 kWh/m?

Intelligent Energy Europe

oy
PRODES

INPUT DATA

*Seawater RO unit

*Product Water Capacity = 50 m3/day= 2,08 m%hr
*R=28%

*Pop = 64 bar

*3 membranes of 8" each

*Manometric height: 85 m

*P=1.026

Calculate the total installed power of the RO unit and the specific energy
consumption with energy recover device and without.

www.prodes-project.org

Tutorial

Intelligent Energy Europe

www.prodes-project.org
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Solution

+  R=Qp/Qf = Qf =2,2/0.28= 7,85 m3hr

_prgrh 0 14026*9481*2(3)5;(7.85/3600) -
np X

Py

p - Dr*Qr  64+(785/3600), 00000 _ 16 414
T, 0.85*1000 ’

Pr=2.3+16.4 =187 kW

Spec. En. Consumption = 18.7 kW * 24/50= 8.9 kWh/m?

Intelligent Energy Europe

www.prodes-project.org

Intelligent Energy Europe www.prodes-project.org
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Qf = Qp + Qb =Qb= Qf — Qp=7.85-2.2= 5.65 m%hr
Pb =62 bar

ER =Pr,*Q, *n, =62%(5.65/36)*0.85 = 8.2kW

Py =23+ 16.4 = 18.7 kW without energy recovery device

P;=2.3 +8.2=10.5 kW with energy recovery device

Spec. En. Consumption = 10.5 kW * 24/50= 5.04 kWh/m?®

for Water produ

MéBoSo1 AméoTagng - Opiopodg

H améoragn eivar pia péBodog alAayrg @aong otnv omoia To aAuupd vepd BepuaiveTal yia va
dnpioupyicEl aTUG, TO OTIOI0 OTN CUVEXEIM OCUPTIUKVWVETQI Kal TTapdyel aTmooTaypévo Vvepod.

O1 kupIoTEPEG PEBOBOI aTTooTagNG eivar:

+ MoAupadpia Extovwon, MSF

+ MoAuBadpia E¢arpion, MED

« Egarpion pe EmavacupTtrieon Atpwy, VC

H kupidTEPN evepyeiakr amaitnon ot diadikagia g améoTagng eivai n BeppoOTNTA TTOU XPEIGZETal Yia
TNV e§aTpion Tou vepoU Tpo@odoaiag (BaAacaivol vepou).

ZTIg HoVAdEG aTOOTagNG OTOXOG EiVal PE pial apXIKr) TTOOOTNTA BEPUIKIG EVEPYEIAG VA TTPOKAAECOUPE TNV
evalAayr) Twv SladIKaciwy EATUIONG Kal CUNTIUKVWONG 60V TO SUVaTOV TIEPICTGTEPEG POPEG.

O1 o koIvég diadikacieg amoaTagng, AemoupyoUv BAcel NG apxng TNG PEIWONG TNG TrEaNg Tou aTpoU
om Hovada woTe a TIPOKANBET [ Bpacpég Tou vePOU
iaG O€ XapunAGTEPE: iEG, XWPIG Kapia eTMTAEOV BeppoTnTa.

Intelligent Energy Europe

www.prodes-project.org
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% H péyiotn Beppokpacia Aermoupyiag Twv povadwv Tepiopietal oToug 115°C
TTEPITTOU.

= H Aermoupyia Tng Hovadag oe Beppokpacia dvw Twv Beppokpacieg TTPOKaAEi Tn
Snpioupyia AeBnTOAIBOU (scale).

% H kotokaBion Tou AeBnTOAIBOU OTOUG OWARVEG TwV EVOAAAKTWV Kal  Twv
OWANVWOEWY TNG HOVadag TIPOKAAEi SiaBpwon Twv PETAAAIKWY TOUG HEPWV Kal
MEIWON TNG amddoong TG HOVAdAG.

Ymépyouv 2 Baoika €idn AeBitoAiIBou:

*  AAkaAik6g AeBiTéAiBog — oxnuaTidetal ammd Ta avBpakikéd GAata Tou aoBeaTiou Kal Tou
payvnoiou

+  Dévog NefitdAiBog — axnuatieral atré 1o BIk6 aoBECTIO

Intelligent Energy Europe

www.prodes-project.org

Thermal Desalination Processes - Distillation
OEPMIKEZ MEOOAOI AGAANATQIHEZ

Eutuxia Tgév
Mnx. Mnxavikég, BSc, MSc
Tufua AloAikig Evépyeiag

email: etzen@cres.gr

for Water produ

O aTudg ptropei va rapaxBei atméd éva SiaAupa TTou BpiokeTal aTo onpeio Bpacpou, e pe
TIPOOBKN BepPOTNTAG f} PE TNV EAGTTWON TNG TTiETNG (OTIYHIdia EKTOVWON).

Water boiling point table

Pressure 1 bar 0.47 bar 0.32 (Top of
verest)

Boiling Point 100°C 80°C

‘Source: SIDEM

*Ambient pressure at sealevel = 1 atm=1.013 bar

= lla va PEIWOOUPE TNV EVEPYEIX TTOU ATTQITEITAl yia TNV €§ATUION TOU VvePOU, ol péBodol Tng
améoTagng ouxvd xpnoipotrolouv T Siadikacia Tou TToAaTAOU Bpacuol ot oTadia, 6TTou To
kaBéva aTro autd AeIToupyei o€ XaunAdTepn Trieon Kal Beppokpaacia.

Intelligent Energy Europe www.prodes-project.org
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MoAuBddpuia EkTéovwon
n
MoAuBdaduia Ekpnkriki ESaruion

Multi Stage Flash Distillation Process
MSF

Intelligent Energy Europe www.prodes-project.org
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MSF Technology Description

H péBodog Tng MoAamAng Ektévwong, Multi Stage Flash (MSF), xwpiletal o€ 2 10TI0UG
OUCTNHATWV:

*The Once through MSF (AmreuBeiag EEaTpion)
*The Brine recirculation MSF (Me EmravakukAogopia Tng dAung)

Zta ouotjuara MSF pe emavakukAogopia éva
000016 NG GAUNg agoU avapixBei pe TO
0 6 vepd i oav

VEPO TPoYodoaiag.
H emavakukAogopia TG GAUNG EAATTWVEI ONPAVTIKA
T0 KOOTOG ETTEEEPYATIagG TOU VEPOU TPOPodoaiag

for Water produ

MSF pe atmeubeiag egatpion

L IERE L]

Source: SIDEM

i
14

(e mr i

Intelligent Energy Europe www.prodes-project.org <

Promotion of

KaBe otadio amroteAeital atré Toug BaAdpoug €kpngng, Toug eVAAAGKTEG BEpUOTNTAG/CUNTIUKVWTEG,
OTIOU 0 EKEI O OTUOG EKTOVWVETAI KAl GUHTTIKVWVETAI.

O BdAapog €kpngng XwpiGeTal aTé Tov CUPTTIKVWTH e évav SlaxwpioTr (demister) kai To doxeio
'OUAAOYNG ATTOOTAYHEVOU VEPOU.

To oUoTnpa XwpileTal oTa NAPAKAT TUAKATA:

- TuRpa Anoppiyng BeppdTNTAG (HOVO OTO CUCTNHA HE ENAVAKUKAOPOPIA TNG GAUNG)

- Turipa Avaktnong BeppdTnTag Kai
- Tunpa Eicddou BeppoTnTag

for Water produ

MSF pe EmravakukAo@opia AApnNg

HEATING SECTION

HEAT REJECTION SECTION

C L HEAT RECOVERY

i
o

[ O
-w

Source: SIDEM

Intelligent Energy Europe

Promotion of
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for Water p
through Desa

MSF - BaBpég Arédoong Movdadwyv (Performance ratio, Pp)

Py Ml
Ms

6tou
Md = pada Trapayopevou vepou, kg
Ms = povéada pagag Tou karavaMiokopevou aTpou, MJ

www.prodes-project.org =

Intelligent Energy Europe www.prodes-project.org

Intelligent Energy Europe
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o] uovaﬁeg ISF amé 90-115°C. H Aeiroupyia
piag povédag o€ uynAoTepn e:ppoxpucﬂa augavel rgv unééoun TOU uuunﬁumog aMAG augdver kal T
meavétnTa Snuioupyiag /\egmé)\leou va zmwxuvel N BIGBPWON TWV PETAAAIKWY ETTIPAVEIDV.

Mia povada MSF prropei va mrepihapBaver ammé 4 éwg 50 o1adia. Mia TuTrkr povéda pe PR=8 ouviiBwg
£xel 16-18 0TAdI AVAKTNONG EVEPYEING KAl TPIa OTASIA ATTOPPIYNG EVEPYEITG.

O1 MSF éxouv avarTuxBei kal epappoaTei oe peyaAa peyédn, ouvinbwg amo 5,000 — 50,000 ku/nu.

H kiUpia nnvfbevépvelug yia T Aerroupyia Toug eival n Beppikr evépyeia. Or katavaAwon ival uynAr, Tng
Tagewg TwV 290k J/Ks

O1 NAEKTPIKEG KATAVAAWOEIG 0TI Hovadeg MSF agopolv oTig: avTAieg PETagopdg Tou Bakadoivou vepou,
avTAieg, a NG GAUNG, cUCTUA EKKEVWONG (vacuum ejectors), KATT.

H nAextpikn katavéAwon cuviBwg kupaivetal ammé 3.5 to 6 KWh/m?3.

Croeas Tus
Dilzdller

Loy Tus
O alilbat

MSF Process Characteristics

liem Once-through * Recycle
Masimum operating
temperature (°C) L it
Process recovery {percent) it0 15 101020
Performance ratio (ko/MJ) 34410430 34410517
Heat transfer coefficients (watts
per square meter-Kelvin) 227110 3,407 2,207 103,407
(WIm*-K)
Concentrate concentration
i 52,000 62,500
Energy consumption (mega
Joulesiter)
et seam Mo omwox
- Low-pressure steam B Ga2e
- Electricity
Distilate quality (maf) 05t025.0 0510250
Preireaiment
- Chemical Polyphosphate  Acid or polymer
- Dose rate {mg/l) 401060 ’;gi,‘;;g‘r‘fﬁ 0

NA = ot available ‘Source: Bureau of Reclamation

*The maximum temperature is usually limited to 90.6 °C

MSF Materials of Fabrication

L9 T gl s dag o
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‘Source: Bureau of Reclamation
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Multi Stage Flash

Cross Tube (Shuweihat, 76500m3/day) Long Tube (Gela, 4x14400m?/day)

Source: Unipa, faly ‘Source: Unipa, ltaly

Intelligent Energy Europe

www.prodes-project.org
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MoAuBddia EEatpion

MED

Multi Effect Distillation Process

MéBoSog MED

H diadikacia anooTtagng otnv MED, dnwg kai oTnv MSF péBodo AapBavel xmpa oe pia oeipa
oTadiwv (effects) xpnoigonoiwvTag TNV apxn TG eEATHIONG Kal TNG CUMNUKVWONG KATw and
HEIWPEVN Nigon Tou nepIBAANOVTOG, 0Ta diAPopa OTAdIA.

H kUpia Siapopa petafy Tng pebddou MSF kar MED eival oTov Tpdno Tng €EATHIONG Kal TG
HETAPOPAG BepPOTNTAG.

[

MED horizontal tube arrangement

CONCENTRATE TONEXTERFECT

o a—-
"~ I-_-\.-
I—
~ I
- jL

-~

MED vertical tube bundle arrangement

MED vertically stacked tube bundles

‘Source: Bureau of Reclamation

Intelligent Energy Europe

Oew =0 | e
PRODES . S

O1 povadeg MED £€xouv ouviiBwg HIKPOTEPO
ap1Bué Baduidwy (oTadiwv), 8-16 Babpideg, ot
oxéon pe TIg Jovadeg MSF.

To PR (Trapaywyn vepoU/katavalioKOUEVO
aTpo) eival oxedOV TTAVTA i00 PE TWV apIBPS Twy
Babuidwy peiov 1. Eav o PR piag povadag
avéxeral 0To 8 0 aplBuog Twy Babuidwy

Ba eivai 9.

www.prodes-project.org

Intelligent Energy Europe www.prodes-project.org
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PRODES
MED Process Characteristics
Low Low High
temperature  temperature temperature  High temperature
norzontal e verticaltuve 2 YONA rotizontal  verical woe design
tem design design o tube design
Mazimum operating
e e na 7 110 110 110
Process recovery
(percent) 201035 201035 67 201035 20t0 35
Performance ratio
(kg/MJ) 34410517 34410430 1033 344t0646 34410646
Heat transfer 1703 t0
coeficient (wimiK) 1703103407 1703103407 45421011356 4259 1703104259
Concentrate (mgf) 54,000 24,000 108,000 54,000 £4,000
Electrical
000132— 000132— 0000528 — 000132 -
consumption 00025 00025 000106 00026 000132-0.0020
(M)
Distillate quality (mg/l) 0510250 0510250 0510250 05t0250 0510250
Acid or polymer  Polymer  Acid or polymer
chemical
Prefreatment dose 05t040 05t040 Acid at 140 101020 Acid at 1400
Polymer at 1102 Polymer at 510 10
Note: MJ/im’=Mega joules per cubic meter, wim™K = watts per square mefer-Kelvin
Source: Bureau of Reclamation

Intelligent Energy Europe

www.prodes-project.org
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MED Materials of Fabrication

Horizontal tube Vertical tube Stacked vertical
ttem i design tube design
Effect vessels Carbon steel, epoxy  Carbon steel, epoxy Concrets
coated coated
Effect tubing Aluinum Aluninum brass, Alurinum
copper nickel
Effect tube sheets Aluinum Aluninum brass, Alurinum
copper nickel
Preneater tubing Aluminum Aluminum brass Titanium
Pumps . grade . grade
315 315
Deaerator Carbon steel, epoxy  Carbon steel, epoxy Concrete,
coated coated aluminum
Decarbonator Carbon steel, epoxy  Carbon steel, epoxy Concrete,
coated coated aluminum
Exteral structural shapes  Carbon steel Carbon steel Not required
Internal supports Carbon steel, epoxy  Carbon steel, epoxy Aluminum
coated coated
Demisters , grade , grade
315 315 grade 316

‘Source: Bureau of Reclamation

MED unit

Source: UNIPA, Haly

Trapani, Italy

Emravaouptrieon ATpwyv
Vapor Compression

vC

Intelligent Energy Europe
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@Mnyxavikr Enavacupnieon ATpav [MVC]
2 Oeppikn Enavacupnieon Atpov [TVC]

www.prodes-project.org

H péBodog Enavoupnieong Atpov (VC) eivar pia Bepuikn diadikacia nou ouvhdwg
XPNOIKOMOIEITAIl YIa PIKPAG Kal HEoaiag KAiJakag Hovadeg apaldTwaong Bakacaivol vepou.

O1 povadeg auTég emiong enw@eholvtal and Tnv apxn TnG Heiwong Tng Beppokpaciag
BpacpoU pe TN PEiwan TNG MiEong Tou NepIBAANOVTOG, AAAG N BepuOTNTA Yia TNV €EATHION
TOU VEPOU MPOEPXETAI ANO OUPMIEON aTpou Kai Oxl and Tn diadikacia avraAiayng tne
BeppoTNTAg and atuo nou mapayeral oe AéBnTa. (AdiaBaTikn PETABOAR OTn Bgppokpacia
and TNV aAAayn TnG Mieong evog agpiou Xwpig TNV npoodrkn BepudTNTAG).

O aTpOG HMOPEl va OUPMIECTEI EITE WE WNXAVIKO OUMMIECTR) N HE Tn XpRHon €evog

Intelligent Energy Europe

www.prodes-project.org
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M£60d0g MVC

Vapnr

Compresged

Formed
Vapor Temister
Ma. Tv

Nozzles

Feed

Adsosption V apor C omprossion

Desportion o e
B o
Motive
Stoam
Man, Taa
Product
M T Triatillate Ferd
Circulating L]
Product
Mo, T 5
Cooling
ormver oo
Mo, Tew, v .
° Rejected L)
Adsurntivn Do
Bed Erine Feed S
My T avvater
- Preheater My tons

Intelligent Energy Europe
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Movadeg VC

Source: SIDEM, France

VC Process characteristics VC Materials of Fabrication
Low High Low
— MVC) (MVC) ) [ Lttt
Maximum operaiing temperaturs  46.1 1017 461 Evaporan chel Carzon s, cled e AL stk
(Cy shzed or ol 300 dakniess shzed
Process recovery (percent) 40 40 40 [T
Performance ratio (g/J) 34410507 NA NA TR
Heat transfer coefficient (W/im™K) 1,703 0 2,271 NA NA ——
Concentrate (mg) 58,000 58,000 58,000
| N Lepilesim Himuen

Energy consumption {MJ/m®)

High-pressure steam None None 0.0159 10 0.0238 e [T Hilannbe sl g

Electricity use 001721000252 0.0172100.0252 0.00132

Exioma siucusl shapes  Camon s T
Distilate quality (mg/) <25 <10 <25 . R
Pretreatment (e Ehein o e, race 30 I e sz, grace 30
emical Polyphosphate: Acid or Polyphosphate
Dose rate (mgf) 05 polypnosphate 05 Source: Bureau of Reciamation
41010
NA = not available
Source: Bureau of Reciamation
Intelligent Energy Europe www.prodes-project.org = Intelligent Energy Europe www.prodes-project.org =

Promotion of —— - Promotion of
Renewable Enargy T : ™ Renewable Energ:
ductlon i 2 duct

y
for Water produc 7 for Water production
through De ) through D ion

VC Plants
MVC plant TVC Plant

‘Source: SIDEM, France ‘Source: Weir Westgarth Ltd, UK.

Source: SIDEM, France

Intelligent Energy Europe www.prodes-project.org Intelligent Energy Europe www.prodes-project.org
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‘Source: Wangnick, IDA, 2004

Desalination Market

Lecturer: Eftihia Tzen
Wind Energy Department

Email: etzen@cres.gr

Desalination Industry (1)

In some countries, the cost of water produced in even seawater desalination plants is
already lower than from any other method, (especially in cases where the natural resources
are limited).

Saudi Arabia ranks first in total capacity (about 24% of the world’s capacity), with most of it
being made up of seawater desalting units that use the distillation process.

The United States of America (USA) ranks second in overall capacity, with about 16 %. Most of
the capacity in the USA consists of plants in which the RO process is used to treat brackish
water.

Desalination Industry (2)

The world’s installed capacity consists mainly of the MSF distillation and RO processes.

These two processes make up about 84% of the total capacity.

In recent years, the industry has achieved great advances in RO technology, and since the
1970s new membrane capacity has exceeded new distillation capacity.

The remaining 15% is made up of the Multiple Effect, Electrodialysis, and Vapor Compression
processes, while the minor processes amounted to less than 1%.

Intelligent Energy Europe www.prodes-project.org <
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Capacity of land-based desalting plants capable of producing 100m>*/day/unit or more of fresh
water vs Region

B .

B amnas ey
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e E

‘Source: Wagnick K, 2004
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The majority of the desalination plants, especially in the Middle East, operate according to the MSF
process, whereas in Europe, the majority operate according to the RO process.

Intelligent Energy Europe www.prodes-project.org
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Market Share of Desalination

Proportion of all land-based seawater ing plants with ities from
100 up to 25,000 m*/day vs contract year

‘Source: Wagnick K., 2004

Intelligent Energy Europe www.prodes-project.org
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Market Share

‘Source: Wagnick K, 2004

Intelligent Energy Europe www.prodes-project.org

Global Desalination Capacity by Source Water
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Capacity of land-based seawater desalting plants with capacities of 100 m¥/day
or more vs contract year

Source: Wagnick K., 2004

Intelligent Energy Europe www.prodes-project.org 4
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Desalination Economics
Water Cost

Lecturer: Eftihia Tzen
Wind Energy Department

Email: etzen@cres.gr

Intelligent Energy Europe www.prodes-project.org
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Desalination Water Cost

Over the years, the cost of water produced in seawater has dropped cor , but the
cost of water produced from the “conventional "treatment plants has risen, due to the over — exploitation
of aquifers and the intrusion of saline water, and also to the generally increasing contamination of
ground water.

Product Water

¥ ]
Capital Costs Running Costs
Energy Costs &M Costs
Energy type used Maintenance
Energy source/fuel prices | (consumables, spare parts)
Personnel

Chemical Costs.

Capital Cost

Many factors enter into the capital and operating costs for desalination:
= capacity and type of plants

@ plant location

=feed water

@ labor

@ energy

= financing

@ concentrate disposal and

= plant reliability

In general, the cost of desalted seawater is about 3 to 5 times the cost of desalting
brackish water from the same size plant.

Typical Capital Costs of Desalination Units

« For MSF projects typical costs are of the order of US$5 to US$6 per installed IGD
(imperial gallon per day)

« For MED projects typical costs are of the order of US$3.5 to US$4.5 per installed IGD
(imperial gallon per day). — Limited capacity to around 5MIGD

+ For SWRO projects typical costs are of the order of US$5 to US$6 per installed IGD
(imperial gallon per day)

Capital Cost Distribution - RO vs Thermal processes
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e
[
L sessemm = | ——a C 2000
Mnxav. E€omhiopog: 67% Etamporic: 40%
HAexTpohoyikeg Egomhioes: 7% Suhvoec 29%

Epya Yrodopri
KataokeuaoTiég epyaoicg;

23%

HAeTpike} uoBop

Mnyavohoyiksg E€omhiopsg: 10%

Eyxaraoraon

7%

14%

www.prodes-project.org <

Intelligent Energy Europe

oo L. Promotion of
PRODES - & tion

through Desalinati

Source: Sommaria C., 2004

Intelligent Energy

Europe

www.prodes-project.org

Promotion of
Renewable Energy
for Water production

through Desalination

O&M Cost Distribution for thermal plants

©epp Evipyeia:
Xnié

HA Evépyeia.
Mpoowmike:

v e s

Wit _mm

LS
e

Foo d bl b adcocl ey e b

Source: Sommariva C., 2004

MepBpaveg: 24% Avrhia Mapayopevou: 3%
Emegepyacia vepou Tpog: 24% EykardoTaon; 3%
Avhia YynArg Mieong: 20% Noimég Egomhiopds: 1%
EigoBog/Egodog Nepou: 15%
Intelligent Energy Europe www.prodes-project.org

Intelligent Energy

Europe

www.prodes-project.org

25



O&M Cost Distribution for RO
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The Water Price

The price of water is increasing—sometimes dramatically—throughout the world. Over the
past five years, municipal water rates have increased by an average of 27% to around 60%,
For instance 27% in the United States, 45% in Australia, 50% in South Africa, and 58% in
Canada, (www.earth-policy.org).

« Watercosts = cost of exploitation and extraction +
cost of treatment (cleaning, desalination) +
cost of distribution (transportation, pipeline, losses) +
cost of sewerage

+ Water price = Water costs - Subsidies

Typical real costs (worldwide):

Exploitation and extraction: 0.05 ... 0.8 €/m*

SR —

s
Desalination (large installations): -~ 05..20€/m
Distribution:
Sewerage:
_
Intelligent Energy Europe www.prodes-project.org —
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Desalination Unit Water Cost

The total production costs, including capital recovery, is estimated

« for brackish water systems with capacities of 4,000 to 40,000 m3/d typically ranges from
$0.25 to $0.60/m?.

- for seawater desalination plants ranging from 4,000 to 100,000 m?®/d, the total cost of
water estimated at $3 to $0.75/m3.

These amounts give some idea of the range of costs involved, but the site- and country-
specific factors will affect the actual costs.

Water prices and consumptions in Europe
. Mean water price per m®
Country (Iit:r‘l’zsa;"/‘gztr’:on) Water + sewerage + taxes
(€/m3)

Spain 130 1,0
Ireland 135 0

Luxembourg 150 0,90
UK 150 1,6
Italy 160 08
Sweden 180 1,15
Portugal 190 1,0
Greece 200 11
France 113 2,6
Finland 116 25
Germany 118 36
Belgium 120 1,9
Netherlands 126 2,7
Danmark 138 43
Austria 150 2,6

Source: IWA Statistc 2005
Intelligent Energy Europe www.prodes-project.org =
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