MEDRC Series of R&D Reports
MEDRC Project: 12-AS-019

Solar Desalination to Solve the Problem at the On-
Site Level: A Case Study at Wadi Al-Maleh Village

M.Sc. Thesis

Submitted By
Fahed Hussein

Principal Investigator

Dr. Afeef Hasan
Bir Zeit University

Middle East Desalination Research Center Muscat,
Sultanate of Oman

2017



II

Dedication

To our prophet Mohammad

Blessings and Peace be upon him
To my father
To my mother

To my wife

To all of them,

I dedicate this work



III

Acknowledgments

First of all, praise be to Allah for helping me in making this thesis
possible.

I would like to express my sincere thanks to my advisor Professors
Jor his guidance, inspiration, support and encouragement in every stage
of my study, but also for providing me with an excellent atmosphere and
giving me trust and freedom to carry out the research. His vision, opti-
mistic attitude, enthusiasm and continual pursuing for scientific and in-

dustrial challenges have provided me with lifetime benefits.

My parents, wife, brothers, sisters, and my big family, thank you
for being a great source of support and encouragement. I am grateful to
all of you for your love, support, and patience. All my friends and fellow

graduate students, thank you.

I would like to thank the Palestinian Water Authority (PWA) and
the Middle East Desalination Research Center (MEDRC) for the finan-

cial and moral support that they gave me to complete my study.



v
LAY

Olsic Jand Al Al adia olial o gall )

Solar Desalination to Solve the Problem at the On-
Site Level: A Case Study at Wadi Al- Maleh
Village*

Gl beoeliiul (galdll saya z s Lol bl b3 4o cladl L ol
S s T Ui U8 e s e em ol ST LIS ALl o s es L ) 02y
oAl Adiny et e 6l 6 iy ) ale Gl

Declaration

The work provided in this thesis, unless otherwise referenced, is the
researcher's own work, and has not been submitted elsewhere for any other

degree or qualification.

Student's Name: dlal) acd
Signature: FCpu]

Date: el



v

List of Symbols
a Length of PV array in front of the second array installed to the
north (m)
Can | Ampere-hour capacity of battery (Ah)
C, | The concentration of salts in the solution except the membrane
surface
Cim | Mean salt concentration in feed stream
C, | Salinity of the permeate
CPF | Concentration polarization factor
C, concentration of salts at the membrane surface
Cyn | Watt hour capacity of battery (Wh)
d membrane thickness (mm)
D number of days per year that the system is operated
DOD | Permissible depth of discharge (%)
EC | Electrical Conductivity (uS/cm)
Eq | Daily load energy (Wh/day)
Epy | Photovoltaic energy (Wh)
Esd | The average daily solar radiation intensity for a month
G, | the peak solar radiation intensity = 1000W/m"
Lypp | Current at maximum power point (A)
| IS Short circuit current (A
K; | membrane permeability coefficient for salt
L, | Latitude (degree)
NOCT | Nominal Operating Cell Temperature (°C)
P Cost of one m3 from potable water from water delivery trucks ($)
P+ | Total load power (W)
Py | Module power (Wp)
P, | osmotic pressure (bar)
Ppyv | Photovoltaic power (Wp)
PSH | The average Peak Sun Hours around the year (h)
PSH,, | The average Peak Sun Hours around month
Q; | Feed water flow rate (m’/h)
Qrave | Average feed flow rate (m3/h)
Q, | Product water flow rate (m’/h)
Q. | Flow rate of salt (m’/h)
Q,, | Flow rate of water (m’/h)
R Recovery rate (%)
R; | Permeate recovery rate of membrane element
S membrane area (m°)
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SR | Salt rejection (%)
T Temperature (°C)
T, | Ambient temperature (°C)
T, | Cell temperature (°C)
ta Time of operation system in a day (h)
TDS | Total dissolved solids (mg/L)
Vg | Nominal voltage of the battery bank (V)
Viump | Voltage at maximum power point (V)
Voc | Open circuit voltage (V)
X Distance between the two PV arrays facing south (m)
X Amount of CO2 produced by burned of 1 liter diesel (kg/L)
Z saving in diesel per day (1/day)
Nin | Efficiency of inverter (%)
n.. | Efficiency of battery charge controller (%)
ng | is the ampere hour efficiency of the battery cell (%)
B Tilt angle of the PV array on a horizontal level amounting to (de-
gree)
AC | salt concentration differential across the membrane
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Sum of molal concentration of all constituents in a solution (mol/L)
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Solar Desalination to Solve the Problem at the

On-Site Level: A Case Study at Wadi Al-
Maleh Village*

Abstract
Brackish Water Reverse Osmosis (BWRO) desalination technology pow-
ered by solar PV system is considered as one of the most promising tech-
nology in producing potable water from both brackish and sea water. Even
such small systems located in remote areas can break the dependence on
conventional desalination by fossil fuels, reduce the costs of potable water,
and improve the environmental sustainability.
This thesis discusses the energy required, the techno-economic issues, and
environmental analysis of the first BWRO desalination system operated by
solar electric power (PV) in West Bank- Palestine. This system is built in
village—Jordan valley to demonstrate the applicability of solar energy in
water desalination and to provide the inhabitants with the desalinated drink
water.
Energy analysis shows that 1 m’ of produced potable water needs 2.3 kWh
of electrical energy, which corresponds to 450 W, PV modules.
Economic analysis shows that the cost of 1 m’ of potable water produced
by this system is 3.17$ when using battery bank and 2.33$ without using
battery. This result is very reasonable compared with 5.078/m’ as cost of
potable water delivered by trucks. The annual savings by using such system

amount to 177408.
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Investigations on varying the recovery has shown that higher recovery re-
sults in higher power requirement of the high pressure pump, and thereby
higher energy consumption of the system, it increases also the TDS of
permeate which results in higher probability of membrane scaling.
Environmental analysis shows that using such a small system preserves the

environment of production 4195 kg of CO, per year.
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Introduction

Water is the most basic resource for human existence. It is essential ele-
ment for human life itself and for personal health and hygiene. The Pales-
tinian territories suffer from one of the worst water shortages of all the
countries in the Middle East, and have one of the most underdeveloped wa-
ter sectors. Palestinians water supplies are currently insufficient to meet
demand, and are increasingly degraded, due to high population growth, in-
creasing living standards and rapid industrial growth, in addition to ex-
tremely exploited of all Palestinian water basins and water sources by Is-
raeli occupation that instituted restrictions and prohibitions in water sector.
On the other hand and for the same previous reasons the demand of energy
increased in the Palestinian Territories in recent years. The energy situation
in Palestine 1s highly different compared to other countries in the Middle
East due to non-availability of natural resource, financial crunch and unsta-
ble political condition. Palestine is heavily dependent on Israel for meeting
its energy requirements. Almost all petroleum products are imported
through Israeli companies. Israel controls energy imports into Palestine and
thus prevents open trade in electricity and petroleum products between Pal-
estine and other countries.

Palestine has a large number of rural villages lacking for potable water and
electricity networks. For securing potable water many communities depend
on water delivery trucks, which cost so much and cause air pollution.

With regard to electricity networks, connecting some of these villages with

electric grids from the nearest cities seems to be impossible, due to their



3

remoteness, few population and low electric energy demands.

Some of these villages have large amount of brackish water (BW), which
can be desalinated by solar energy to provide the inhabitants with enough
drinking water. The reason behind choosing solar energy is that Palestine
has one of the highest solar energy potential in the world. It enjoys over
2800 sunshine hours every year, with an annual average daily solar radia-
tion intensity amounting to 5.4 kWh/m’-day, as illustrated in the chapter
four.

These facts are encouraging to use solar energy for electricity generation

and desalination of BW, especially in non-electrified rural villages.



Thesis Objectives

1. Provide the inhabitants of Wadi Al- Maleh village with potable drink

water from the available BW by using solar energy.
2. Study in brief the different desalination technologies.
3. Study and design (BW) reverse osmosis (RO) desalination systems
powered by solar electric energy.

Thesis Structure
The works done in this thesis are summarized in eight chapters as follows:
Chapter 1: Water Status around the World and Water Status in Pales-
tine
This chapter explains the water status around the world represented in wa-
ter situation around the world and an overview of the global water prob-
lems, also it explains water status in Palestine represented in water re-
sources and water consumption.
Chapter 2: Desalination Technologies
This chapter illustrates desalination technologies, classification of these
technologies, advantages and disadvantages of each technology, and makes
comparisons between all this technologies.
Chapter 3: RO Desalination Method.
This chapter discusses Osmosis and RO method in terms of definition,
classification of filtration mechanisms. It gives also a historical background
about RO System, RO process terminology and equations related to RO
technology. It discusses pretreatment of feed water in RO system and RO

membrane modules, and explains the design of RO system in general.
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Chapter 4: Solar Energy in Palestine
This chapter describes the potential of solar energy in Palestine and ambi-
ent temperatures in Palestine.
Chapter 5: Photovoltaic Cell Technology
This chapter illustrates PV cell technology in terms of operating principles,
cell types, (I-V) curve for PV cell and (STC). Also this chapter studies the
effect of solar radiation and cell temperature on PV performance, and pre-
sents the types of PV system.
Chapter 6: Case Study; Design of Wadi Al- Maleh BW Desalination
System By Using RO Membrane Powered by PV System
This chapter discusses the Wadi Al- Maleh BW desalination system, and
presents the village location, physical characteristics, Population, and water
quality. Also it explains the design of this system using Reverse Osmosis
System Analysis (ROSA) program.
Chapter 7: Economic Analysis and Environmental Impact of Using
BWRO Desalination System Powered by PV System
This chapter presents the economic analysis of Using BWRO desalination
system powered by PV system with and without battery bank. Also it ex-
plains the environmental impacts of using Solar PV systems and the effect
of brine related to Wadi Al- Maleh project.
Chapter 8: Conclusions and Recommendations
This chapter describes the main conclusions about BWRO desalination sys-

tem powered by PV system and thereby the related recommendations.



Chapter One
Water Status around the World and Water Status in

Palestine



1.1 Water Status around the World

1.1.1 Overview of water situation around the world

About 75% of the earth’s surface is covered by water. The distribution of
water on the Earth, based on human economic needs for freshwater, is rep-
resented. The left-side bar shows where the water on Earth exists, about
97% of all water is in the oceans. The middle bar shows the distribution of
freshwater that is only 3% of all Earth’s water. However, the physical state
of water, including the freshwater, is not always liquid.

Nearly 69% of freshwater is locked up in glaciers, icecaps and permanent
snow covers of both poles, mountainous regions and in Greenland. Land
based glaciers affect stream flow quantity and provides water resources to
the lowland regions, while 30% of freshwater comes from groundwater.
Only 0.3% of the freshwater on Earth is contained in river systems, lakes
and reservoirs, which are the water we are most familiar with and the most

accessible water source to satisfy human needs in our daily lives.

Even though three quarters of the earth’s surface is covered by water, not
all of that water i1s available for human uses. Figure (1.1) shows that more
than 99% of all water (oceans, ice, most saline water and atmospheric wa-
ter) is not available for our uses. Even of the remaining fraction of 1%,
much of that is stored in the ground. Surface water sources (such as rivers

and lakes) only form 88% of the total water. [1]
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All (nz_lter on Earth

_ Unusable 99% w ‘

Water usable by humans 1%

L Groundwater 99% \j[ )

Lakes 0.86% Rivers 0.02%
Figure (1.1): Earth’s water available for human uses.

Here we can see that water is generally classified into surface water and
groundwater. Surface water 1s water found in a river, lake or other surface
impoundment. Surface water is exposed to many different contaminants,
such as animal wastes, pesticides, insecticides, industrial wastes, and many
organic materials. Groundwater is the part of precipitation that infiltrates
down through the soil until it reaches rock material that is saturated with
water. Water in the ground is stored in the spaces between rock particles,
and slowly moves underground, generally at a downward angle, and may
eventually seep into streams, lakes and oceans. Groundwater is not always
accessible, and sometimes is difficult to locate or to measure and describe.
Compared to surface water, groundwater is not as easily contaminated, but
once it is contaminated, the full remediation and recovery is not easily
achieved. [1]

1.1.2 Overview of the global water problems

Water is essential for human life, development and environment, but it is a
finite and little resource which has quantitative limitations and qualitative
sensitivity. As People Action International (PAI, 1997) states, water is the

source of life and development on earth. Life is tied to water, air and food,
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while food is tied to water. Water is a regional resource, but water shortage
is becoming a global issue due to increasing population, economic growth
and climate change and pollution of fresh water resources (rivers, lakes and
underground water) by industrial wastes.

Development of new sources of water beside its efficient use together with
conservation measures, and works on desalination system, study it should
be an important component of any country’s national water plan.

According to a PAI (1999) estimate, there were 31 countries with a total
population of 458 million which faced water stress in 1995. More seriously
over 2.8 billion people in 48 countries will face water stress by 2025, based
on United Nations medium population projections, figure (1.2) shows the
number people in water scarce countries. Of these 48 countries, 40 are in
the Middle East and North Africa. Predicts that population increase alone

will push all of the Middle East into water scarcity over the next two dec-

ades. [2]
3 2.8
48 countries
g 2
;'._‘5
=
g
B 1
=3 0.46
f=
31 countries
O

1995 2025
Figure (1.2): Population in water scarce and water stressed countries, 1995-2025 [2].
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From the above figures it may be concluded that the world is already facing

severe water-related problems, these may be identified as follows:

20% of the world’s population or more than 1 billion people lack ac-
cess to safe drinking water.

50% of the world’s population or more than 3 billion people lack ac-
cess to sanitation.

About 80% of all illnesses and more than one third of all deaths in
developing countries are related to water. It 1s estimated that world-
wide, around 7 million die yearly from diseases linked to water. Eve-
ry eight seconds a child dies from water related illness that is about 4
million a year.

Half of the world’s rivers and lakes are seriously polluted. Pollution
of the waterways and surrounding river basins has created millions
of environmental refugees.

Major rivers from the Yellow river in China to the Colorado in North
America are drying up and barely reaching the sea.

Nearly half a billion people in 31 countries face water shortage prob-
lems, a number that is expected to rise to nearly two thirds of the
world population by 2025. The worst areas comprise the entire
Mediterranean region, including parts of southern Europe, North Af-
rica and Middle East, Northwest and south India, Mongolia, northern
China, most of Sub-Sahara Africa and major regions in North and
South America, especially the western United States. They will face

severe water shortages in the coming years. Europe as a whole also
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faces severe problems, because half of its lakes have already atro-

phied. [2]
1.2 Water Status in Palestine
1.2.1 Water resources in Palestine
Palestinian water sources, including those shared with the Israeli side, are
estimated by 2,989 million m’ per year. Of this, groundwater constitutes
approximately 1,454 million m’. Surface water includes water generated by
the natural flow of the Jordan River (around 1,320 million m®) and water
flowing from torrents (around 215 million m®). In general, almost 2,570
million m’ is used for various purposes. Out of this quantity, Palestinians
use only 271 million m’, or 11%, whereas Israel consumes the rest (89%).
In spite of their inalienable right thereto, Palestinians are further prohibited
from accessing and using the Jordan River water [3].
The principal water resources available to Palestinians include groundwa-
ter, springs, and harvested rainwater. There is little surface water and thus
groundwater is the principal source of water in the West Bank [4].
Surface water (in winter time) drains either westwards to the Mediterranean
or eastwards to the Jordan River and Dead Sea, the lower Jordan River
flows southwards at the eastern edge of the West Bank from Lake Tabaria
to the Dead Sea [4].
The West Bank lies over the Mountain aquifer. The Mountain aquifer is di-
vided into the eastern aquifer, the northeastern aquifer, and the western aq-
uifer as depicted in figure (1.3). The eastern aquifer flows east towards the

Jordan River. The western aquifer flows westerly towards the Mediterrane-
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an Sea [4].

None of these aquifers is completely encompassed within the West Bank
political boundaries; however, the recharge areas of these basins fall within
the West Bank boundaries [4].

The aquifer systems rely on recharge from rainfall to a great deal of extent.
In the last five years, rainfall dropped significantly by 20 to 30 %. As a re-
sult, a drastic drop in the water table elevation was noticed in many wells
across the West Bank. It was noticed that around 5 to 10 m drop in the wa-
ter table elevation in these wells was due to recent drought as a result, the

average recharge volume from rainfall had also dropped by 10 to 20 % [4].
West Bank

Groundwater Baisns

wb_basinsshp
BASIN_NAME
- Eastern
ﬁ MNortheastem
E Westemn

Kilomerers
o 10,000 20,000 30,000 40,000

Figure (1.3): Northeastern, Western, and Eastern Aquifer Basins of the West Bank.
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On the other hand, it was also noticed that in the hydrologic year
1991/1992 where rainfall exceeded the average by far, the water table ele-
vations went up, this rise in the water table at different wells is the outcome
of the increase in recharge as a result to the increase in rainfall [4].

The quantity of cross boundary fluxes between the groundwater aquifer ba-
sins and the inter-aquifer flow within the basins are not well understood,
making it difficult to accurately quantify the total groundwater storage and
yield in each aquifer system (PWA, 2001b). This uncertainty is reflected by
the wide ranges given for each basin, as shown in Table (1.1).

Table (1.1): Reported annual recharge rates of the groundwater basins
in the West Bank (PWA, 2001b).

Aquifer basin Annual recharge rate (million
m’)
Eastern 100 — 172
North eastern 130 — 200
Western 335 —-380
Total 565 — 752

Regionally, the Jordan River is about 260 km long and drains a total area of
18,300 km”. The river is composed of four tributaries: Banias, Hasbani,
Dan, and Yarmouk. Banias, Hasbani, and Dan meet in the north of Pales-
tine to form the Upper Jordan River that flows into Lake Tabaria [4].
However, Yarmouk River flows in a southwesterly direction into the Lower
Jordan River forming the border between Jordan and Syria and Jordan and
Palestine. Yarmouk River has a higher flow during winter which dilutes the
increasing salinity of the Jordan River [4].

A large amount of BW is available in West bank. In eastern aquifer and

Jordan Valley area the most ground water is salty and the salts content var-
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ies in the range (1800 - 7500 mg/L) while the upper limit allowed for drink
water is 1000 mg/L [5] see table (1.2).
The total flow of 1578 million m*/year from the Jordan River is unavailable
because it involves BW, and the possible desalination of BW existing in
both the West Bank and Gaza Strip are currently estimated at 90 million
m’/year (as indicated in the Oslo Accords) [6].
The following table shows the classification of water according to its salini-
ty (the dissolved salt content such as (sodium chloride, magnesium ... etc),
of a body of water, and based on US standards.

Table (1.2): Classification of water according to salinity.

Water Type Salinity TDS (mg/L) Eletcii‘;;a(lﬂg/‘é‘;f)“c
Fresh water 0-1000 0-1600
Brackish water, mildly 1000-5000 1600-8000
Brackish water, moder- 5000-15000 8000-24000
ately
Brackish water, heavily | 15000-35000 24000-56000
Sea water 30000-50000 mg/L 48000-80000
Brine Greater than 50000 Greater than 80000
Dead sea 330000 528000

Last column in table (1.2) calculated by using the following equation;

EC (uS/cm) x 0.625 = TDS (mg/L)
But this equation gives an approximate result; because there is no exact re-
lationship between EC (uS/cm) and TDS (mg/L), it has been discovered
experimentally that for particular types of water there is
an approximate relationship. The ratio of TDS to EC of various salt solu-
tions ranges from 0.55 to 0.7,in water with a higher proportion of sodium

chloride the ratio of TDS to EC is equal 0.64 [7].
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1.2.2 Water consumption in Palestine
The average water supply to the Palestinian communities of the Occupied
Territories is about 63 liter per capita per day (L/c/day) in the West Bank
and (140 L/c/day) in the Gaza Strip. However, water supply significantly
varies throughout the Territories. In (7 %) of the Palestinian communities,
is less than or equal to (30 L/c/day), in (36 %) of them it is between (30- 50
L/c/day), in (41 %) of them it is between (50 — 100 L/c/day), and finally,
only in (16%) of them is (100 L/c/day), which is the minimum amount rec-
ommended by the WHO [8].
1.2.3 Categories of drinking water standards
There are two categories of drinking water standards (US EPA, 2006;
WHO, 2006):
a. Primary standards
These standards are legally-enforceable standards that apply to public water
systems. Primary standards protect drinking water quality by limiting the
levels of specific contaminants that can adversely affect public health and
are known or anticipated to occur in water. They take the form of Maxi-
mum Contaminant Levels (MCLs) (US EPA, 2006). MCL is the highest
level of a contaminant that is allowed in drinking water. MCLs are set as
close to the Maximum Contaminant Level Goals (MCLGs) as feasible, us-
ing the best available treatment technology and taking cost into considera-
tion. MCLs are enforceable standards. MCLG is the level of a contaminant
in drinking water below which there is no known or expected risk to health.

MCLGs allow for a margin of safety and are non-enforceable public health



goals (US EPA, 2006) [9].
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Table (1.2): A variety of primary standards of the drinking water qual-

ity with necessary information [9].

Contam- | MCLG | MCL Potential Health Souf'ces of Con:
Class inant (mg/L) | (mg/L) Effects from In- | taminant in Drink-
& gestion of Water | ing Water
Cryptos- Gastrointestinal | Human and fecal
1 L 0.0 0.0 . :
poridium illness animal waste
Liver, kidney,
Trihalom nervous system | By product of
2 ethanes None 0.1 problems; in- drinking water dis-
(THMs) creased risk of | infection
cancer
3 Chlora- 4 4 Eye/mose irrita- | Additive to control
mines tion; anemia microbes
Shortness of
breath for in- Runoff from ferti-
4 Nitrate 50 50 fants and lizer use;leaching
blue-baby syn- | from septic tanks
drome
.Skm changes; Runoff from land-
immune fills:
5 PCBs 0.0 0.0005 | deficiencies; in- .
. discharge of waste
creased risk of :
chemicals
cancer
. 30 Increaseq risk of Erosion of natural
6 Uranium | 0.0 cancer, kidney :
ug/L .. deposits
toxicity

Table (1.2) lists a number of these contaminants with their MCLs, MCLGs,

potential health impacts, and sources of contaminants according to the fol-

lowing classes:

a. Microorganisms: like Cryptosporidium, Giardia, and Total Coliforms.

b. Disinfection by products: like Trihalomethanes and Haloacetic acids.

c. Disinfectants: like Chlorine and Chloramines.

d. Inorganic Chemicals: like Arsenic, Lead, Nitrate, and Nitrite.

e. Organic Chemicals: like Benzene and Polychlorinated Biphenyls
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(PCBs).
f. Radio nuclides: like Radium 226 and Uranium.[9]
b. Secondary Standards
The table below shows a variety of Secondary Standards of the drinking
water quality [9].

Table (1.3): A variety of Secondary Standards of the drinking water
quality.

Contaminant Secondary Standard
Aluminum 0.05 to 0.2 mg/L
Chloride 250 mg/L
Color 15 (color units)
Copper 1.0 mg/LL
Corrosivity Non corrosive
Fluoride 2.0 mg/L
Foaming Agents 0.5 mg/L
Iron 0.3 mg/LL
Manganese 0.05 mg/L
Odor 3 threshold odor number
pH 6.5-8.5
Silver 0.10 mg/L
Sulfate 250 mg/L
TDS 500 mg/L
Zinc 5 mg/L

1.2.4 Water Quality in Wadi Al- Maleh Village

1.2.4.1 Water quality analysis

Wadi Al- Maleh village has only three wells with BW. The BW from one
well is pumped to a cement storage tank, located at 45m higher than the
level of the village. The inhabitants of the village use the water from the
tank for different purposes but not for drinking. Two samples from well,
and two samples from tank are taken for analysis at different periods (one

in June 2011, and another in September 2012), these analysis were con-
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ducted in Water and Environmental Studies Institute (WESI) laboratories,
in Bir Zeit University, there is no noticeable difference between the results
of the analysis between the two different periods. Table (1.4) shows water
quality analysis of Wadi Al- Maleh well and storage tank which was con-
ducted in September 2012.

Table (1.4): Water quality analysis of Wadi Al- Maleh

Quality Parameter Unit Wadi Al- Maleh
TDS mg/L 2681
TSS mg/L 9
pH 7.78
Chloride mg/L 1200
Sodium mg/L 473
Sulfate mg/L 166
Magnesium mg/L 158
Calcium mg/L 220
Potassium mg/L 15.5
Iron mg/L 0
Bicarbonate mg/L 305
Bromide mg/L 12.4
Silica mg/L 26.6
Boron mg/L 0.53
Nitrate mg/L 37.6
mg/L as

Hardness CaCO; 1199
SAR* 4.04
Turbidity NTU 1.2
Sediments after

None
week

* Sodium adsorption ratio (SAR): is a measure of the suitability of water
for use in agricultural irrigation, as determined by the concentrations of sol-
ids dissolved in the water. It is also a measure of the solidity of soil, as de-

termined from analysis of water extracted from the soil [10].


http://en.wikipedia.org/wiki/Irrigation
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The formula for calculating sodium adsorption ratio is:

SAR =[Na']/ {([Ca™] + Mg’ ])/ 2}
Where sodium, calcium, and magnesium are in milliequivalents/liter
(meq/L), the unit of SAR is (meq/L)"[10].
Although SAR is only one factor in determining the suitability of water for
irrigation, in general, the higher the sodium adsorption ratio, the less suita-
ble the water 1s for irrigation. Irrigation using water with high sodium ad-
sorption ratio may require soil amendments to prevent long-term damage to
the soil [10].
If irrigation water with a high SAR 1is applied to a soil for years, the sodium
in the water can displace the calcium and magnesium in the soil. This will
cause a decrease in the ability of the soil to form stable aggregates and a
loss of soil structure and tilth. This will also lead to a decrease in infiltra-
tion and permeability of the soil to water leading to problems with crop
production [10].
1.2.4.2 Comparison between water quality of Wadi Al- Maleh water
tank and WHO drinking water standards
The analysis in table (1.4) indicates that the water salinity is too high for
drinking which limits it only for irrigation purposes. The water is very
hard, has TSS and SiO, content and turbidity which makes it very appropri-
ate for desalination by RO membranes. Table (1.5) shows the parameters
that cause high salinity and hardness in table (1.4) which are underlined,
and the parameters at the appropriate level, all comparison with WHO

standards.


http://en.wikipedia.org/wiki/Sodium
http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Magnesium
http://en.wikipedia.org/wiki/Milliequivalents
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Table (1.5): Comparison between water qualities for Wadi Al- Maleh
water tank and WHO drinking water standards.

Parameter Concentration (mg/L) WHO(mg/L)
Potassium 13.1 12
Sodium 483 200
Magnesium 146 <125
Calcium 200 75
Chloride 1200 250
Boron 0.46 0.3
Sulfate 157 500
Nitrate 36 50
Hardness as CaCOs; 1098 500
TDS 2636 500
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Chapter Two
Desalination Technologies
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Introduction
The techniques for desalination classified into three categories according to
the process principle used:

e Process based on a physical change in state of the water i.e. distilla-

tion or freezing.

e Process using membranes i.e. RO or ED.

e Process acting on chemical bonds i.e. 1on exchange.
Of the above processes, that based on chemical bonds such as ion exchange
are mainly used to produce extremely high quality water for industrial pur-
poses and are not suited to treating BW [11], there for this process is not
discussed in this thesis.
The other widely known two processes are discussed in this thesis is:
a. Process based on a physical change in state of the water (evaporation -
distillation):

e Multi Stage Flash (MSF) Evaporation/ Distillation.

e Multi Effect Evaporation/ Distillation.

e Vapor Compression Distillation.
b. Process using membranes filtration:

e Microfiltration.

e Ultrafiltration.

e Nanofiltration.

e Reverse Osmosis.

e Electrodialysis.
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2.1 Process Based on a Physical Change in State of the Water (Evapo-
ration/Distillation)

2.1.1Multi stage flash evaporation/distillation (MSF)

In MSF evaporation the saline water (sea or brackish) is heated and evap-
orated, the pure water is then obtained by condensing the vapor. When
the water is heated in a vessel both the temperature and pressure increase,
the heated water passes to another chamber at a lower pressure which
causes vapor to be formed; the vapor is led off and condensed to pure wa-
ter using the cold sea water which feeds the first heating stage. The con-
centrated brine is then passed to a second chamber at a still lower pres-
sure and more water evaporates and the vapor is condensed as before. The
process 1s repeated through a series of vessels or chambers until atmos-
pheric pressure is reached. Typically, MSF plant can contain from 4 to
about 40 stages. MSF is considered to be the most reliable, and is proba-
bly the most widely used of the three principal distillation processes. This
principle is illustrated in figure (2.1) which shows just three stages, in

commercial plant many more stages are used [12].
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Figure (2.1): Simplified diagram of the MSF process [11].

» Advantages and disadvantages of this method

e The advantages of using MSF for desalination water are:

a. MSF plants can be constructed to handle large capacities.

b. The salinity of the feed water does not have much impact on the pro-
Ccess Or costs.

c. It produces very high quality product water (less than 10 mg/L TDS).

d. There is only a minimal requirement for pre-treatment of the feed
water.

e. Easy operational and maintenance procedures compared with other
processes.

f. There 1s a long history of commercial use and reliability.

g. It can be combined with other processes, i.e. using the heat energy
from an electricity generation plant.

e The disadvantages of using MSF for desalination are:

a. It’s expensive to build and operate and require a high level of tech-
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nical knowledge.
b. Highly energy intensive due to the requirement to boil the feed water.
c. The recovery ratio is low; therefore more feed water is required to
produce the same amount of product water.
d. The plant cannot be operated below 70-80% of the design capacity.
e. Blending (post treatment) is often required when there is less than
50 mg/L TDS in the product water. [11]
2.1.2 Multiple-effect evaporation/distillation (MED)
MED is also known as long-tube vertical distillation, in this method the
steam is used to heat up the seawater in the first stage and the resulting va-
por is used in subsequent stages to evaporate the water, and the seawater
brine 1s used to cool and condense the vapor in each successive stage so
that the temperature gradually falls across each stage of the process. As in
MSF evaporation, many stages are used in commercial plants. This princi-

ple is illustrated in the figure (2.2) [12].
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Figure (2.2): Simplified diagram of the MED process [11].
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» Advantages and disadvantages of this method
e The advantages of using MED for desalination are:
a. The pre-treatment requirements of the feed water are minimal.
b. Product water is of a high quality.
c. MED plants are very reliable.
d. The plant can be combined with other processes, i.e. using the heat
energy from a power plant.
e. The requirements for operating staff are minimal.
e The disadvantages of using MED for desalination are:
a. It's expensive to build and operate and energy consumption is partic-
ularly high.
b. The plant can be susceptible to corrosion. This can usually be con-
trolled by the choice of material.
c. The product water is at high temperature and can require cooling be-
fore it can be used as potable water.
d. The recovery ratio is low, but not as low as MSF. [11]
2.1.3 Vapor compression distillation (VCD)
Steam is generated from the seawater using a source of heat and the vapor
is then compressed using a compressor. As a result of this compression the
temperature and pressure of the steam is increased i.e. the work done in
compressing the vapor is changed into heat, (you notice this effect when
pumping up a bicycle tire and the pump warms up). The incoming seawater
is used to cool the compressed steam which then condenses into distilled

(fresh) water and at the same time the seawater is heated further producing



27

more steam. The principle is illustrated in figure (2.3).
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Figure (2.3): Simplified diagram of the VCD process [11].

VCD is usually used where the requirement for desalinated fresh water is

relatively small such as in small communities, ships or in holiday resorts

[12].

» Advantages and disadvantages of this method

e The advantages of using VCD for desalination are:

EVAPORNTOR

BRINIC

a. The plants are very compact and can be designed to be portable.

b. Minimal pretreatment is required.

c. The capital cost of the plant is reasonable and operation is simple and

reliable.

d. The recovery ratio is good.

e. The product water is a high quality.

f. The energy requirements are relatively low, but not as low as RO.
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e The disadvantages of using VCD for desalination are:

a. Starting up the plant is difficult. An auxiliary heater is normally re-
quired to get the temperature of the feed water up to a point where
some vapor is formed. After this the compressor can take over.

b. It requires large, expensive steam compressors, which are not readily
available. [11]

2.2 Process Using Membranes Filtration

What is membranes filtration?

Filtration 1s a process of removing particulate matter from water by forcing
the water through a porous media (membranes). This porous media can be
natural, in the case of sand, gravel and clay, or it can be a membrane wall
made of various materials.

2.2.1 Microfiltration (MF)

MF removes particles in the range of approximately 0.1 to 1 micron
(1.0x10®). In general, suspended particles and large colloids are rejected
while macromolecules and dissolved solids pass through the MF mem-
brane. Applications include removal of bacteria, flocculated materials.
Trans Membrane pressures are typically 0.7 bar [13].

2.2.2 Ultrafiltration (UF)

UF provides macro-molecular separation for particles in the 20 to 1,000
Angstrom range (1 angstrom = 1.0x10"" meters). All dissolved salts and
smaller molecules pass through the membrane. Items rejected by the mem-
brane include colloids, proteins, microbiological contaminants, and large

organic molecules. Trans Membrane pressures are typically 1 to 7 bar [13].
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2.2.3 Nanofiltration (NF)
NF refers to a specialty membrane process which rejects particles in the
approximate size range of 1 nanometer (10 Angstroms), hence NF operates
in the realm between UF and RO. Organic molecules with molecular
weights greater than 200-400 are rejected. Also, dissolved salts are rejected
in the range of 20-98%. Salts which have monovalent anions (e.g. sodium
chloride or calcium chloride) have rejections of 20-80%, whereas salts with
divalent anions (e.g. magnesium sulfate) have higher rejections of 90-98%.
Typical applications include removal of color and total organic carbon
(TOC) from surface water, removal of hardness or radium from well water,
overall reduction of total dissolved solids (TDS), and the separation of or-
ganic from inorganic matter in specialty food and wastewater applications.
Trans Membrane pressures are typically 3.5 to 16 bar [13].
2.2.4 Reverse osmosis (RO)
The following is a brief explanation for RO desalination system and it will
explain in details in chapter three.
RO is the finest level of filtration available. The RO membrane acts as a
barrier to all dissolved salts and inorganic molecules, as well as organic
molecules with a molecular weight greater than approximately 100. Water
molecules, on the other hand, pass freely through the membrane creating a
purified product stream. Rejection of dissolved salts is typically 95% to
greater than 99%.
The applications for RO are numerous and varied, and include desalination

of seawater or BW for drinking purposes, wastewater recovery, food and
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beverage processing, biomedical separations, purification of home drinking

water and industrial process water.

Also, RO is often used in the production of ultrapure water for use in the

semiconductor industry, power industry (boiler feed water), and medical

and laboratory applications. Trans Membrane pressures for RO typically

range from 5 bar for BW to greater than 84 bar for seawater. [13]

» Advantages and disadvantages of this method

The advantages of using the RO system for desalination are:

a. They are quick and cheap to build and simple to operate.

b.

d.

It can handle a large range of flow rates, from a few liters per day to
750,000 L/day for BW and 400,000 L/day for seawater. The capacity
of the system can be increased at a later date if required by adding on

extra modules.

. It has a high space production capacity ratio, ranging from 25,000 to

60,000 L/day/m”.

Energy consumption is low.

e. It can remove other contaminants in the water as well as the salt.

f. The use of chemicals for cleaning purposes is low.

g.

The startup and shutdown of the plant does not take long time.
The disadvantages of using the RO system for desalination are:
RO membranes are expensive and have a life expectancy of 2-5

years.

. If the plant uses seawater there can be interruptions to the service

during stormy weather. This can cause resuspension of particles,
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which increases the amount of suspended solids in the water.

c. There is a requirement for a high quality standard of materials and
equipment for the operation of the plant.

d. It is necessary to maintain an extensive spare parts inventory.

e. There is a possibility of bacterial contamination. This would be re-
tained in the brine stream, but bacterial growth on the membrane it-
self can cause the introduction of tastes and odors into the product
water.

f. Most failures in RO systems are caused by the feed water not being
pre-treated satisfactorily. Pre-treatment of the feed water is required
in order to remove particulates so that the membranes last longer.
Careful pre-treatment of feed water is necessary, especially if feed
water quality changes.

g. The plant operates at high pressures and sometimes there are prob-
lems with mechanical failure of equipment due to the high pressures
used. [11]

2.2.5 Electrodialysis (ED)

The salts in seawater are composed of positive i1ons (called cations) and
negative ions (called anions). For example, common salt (which is sodium
chloride, NaCl) dissolves in water to produce positively charged sodium
ions and negatively charged chloride ions. (NaCl = Na' + CI")

ED uses a stack of ion-exchange membranes which are selective to positive
and negative ions. Under the influence of a direct electrical current (DC)

the positive sodium ions pass through a cation membrane and the negative
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chloride ions pass through an anion membrane as shown in figure (2.4).
The incoming saline water is thus converted into two streams, one of con-
centrated brine and one of desalinated (fresh) water. Industrial ED plants
consist of stacks of hundreds of membranes. . Fouling of the ion exchange
membranes can occur and this can be partly overcome by reversing the di-
rection of the DC current; this process is known as ED reversal (EDR). [12]

NEGATIVE SALINE WATER FEED POSITIVE
ELECTRODE ___ l + ELECTRODE

CATION ANION
PASSING PASSING
MEMBRANE MEMBRANE

BRINE FRESH BRINE
WATER

Figure (2.4): Simplified diagram of the ED process.

» Advantages and disadvantages of this method:

e The advantages of using ED for desalination are:

a. They can produce a high recovery ratio (85-94% for one stage).

b. Can treat feed water with a higher level of suspended solids.

c. Pre-treatment has a low chemical usage and does not need to be as
precise.

d. The energy usage is proportional to the salts removed, instead of the
volume of water being treated.

e. The membranes for EDR have a life expectancy of 7-10 years, which
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is longer than for RO.

f. EDR membranes are not susceptible to bacterial attack or silica scal-
ing.

g. Scaling can be controlled whilst the process is on-line, the mem-
branes can also be manually cleaned.

h. Can be operated at low to moderate pressure.

e The disadvantages of using ED for desalination are:

a. Periodic cleaning of the membranes with chemicals is required.

b. Leaks sometimes occur in the membrane stacks.

c. Bacteria and non-ionic substances and residual turbidity are not af-
fected by the system and can therefore remain in the product water
and require further treatment before certain water quality standards
are met. [11]

2.3 Classification and Comparison between Membrane Filtration Pro-
cesses.

The classification and comparison between membrane filtration processes
1s based on many characteristics like applied pressure, minimum particle
size removed, application type particle removed and average removal effi-

ciency (%) of each, as shown in table (2.1).
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Table (2.1): Characteristics of membrane processes [14].

Membrane
Process

Applied
Pressure
(bar)

Minimum
Particle
Size Re-

moved

Application (type, average
removal efficiency %)

Microfiltration

0.276-4.83

0.1-3 um

- Particle/turbidity removal
(>99%)

- Bacteria/protozoa removal
(>99.99 %)

Ultrafiltration

0.276-4.83

0.01-0.1
pum

- Particle/turbidity removal
(>99 %)

- Bacteria/protozoa removal
(>99.999 %)

- TOC removal (<20%)

- Virus removal/(partial credit
only)

Nanofiltration

4.83-9.65

0.008-
0.01 um

- Turbidity removal (>99%)

- Color removal (>98%)

- TOC removal (DBP control)
(>95%)

- Hardness removal (softening)
(>90%)

- Sulfate removal (>97%)

- Virus removal (>95%)

Hyperfiltration
(RO)

9.65-48

0.0001
um

- Salinity removal (desalina-
tion) (>99%)

- Color and DOC removal
(>97%)

- Radionuclide removal (not
including radon) (>97%)

- Nitrate removal (85 to 95%)
- Pesticide/SOC removal (0 to
100%)

- Virus removal (>95%)

- As, Cd, Cr, Pb, F removal (40
to >98%)
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2.4 Comparison between All Previous Methods

2.4.1 Use each method in the world

Figure (2.5) shows the percentage of use each method in the world, RO

method is the most method use around the world.

m MSF

59%

m MED

mVCD
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mED

m Other
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Figure (2.5): Percentage of use of different world desalinated water methods [12].

2.4.2 Total cost of each method

Table (2.2) shows total costs per m® permeate water produced from differ-

ent desalination methods, each cost derived to many costs like energy cost,

labor cost. ($/Euro exchange rate was approximately 1:1 in 2002)

Table (2.2): Total costs of different desalination method [15].

Investment Operating Total
In plant Energy |Consumable Labor an Running
capacity USD/m’ | USD/m’ USD/m® | Mainte- Cost
USD/m’ U“S*;‘)‘/C:lg, USD/m’
Process| low | high | low | high| low | high | low | high | low | high | low | high
MSF 100 {200 (0.6 |[1.8 |0.03 [0.09 |00 [0.2 0.7 221 | 1.3 |43
0 0 3 6
MED (900 |180 |03 |1.1 [0.02 [0.15 0.0 |0.2 04 [ 1.59 109 |[3.0
0 8 2 3 7 6
VC 900 (250 |05 (24 |0.02 [0.15]00 |0.2 0.6 {291 |12 |56
0 6 3 5 6 6
SWRO| 800 | 160 [0.3 | 1.2 |0.09 |0.25 [0.0 | 0.2 04 | 1.83 109 |35
0 2 8 3 8 2 6
BWRO| 200 | 500 | 0.04|/04 |0.05 |0.13 {0.03]0.2 (0.124]/0.77 {024 | 1.5
ED 266 | 328 [0.06(0.4 |0.05 |0.13 |0.03/0.2 10.156]0.749 | 0.3 | 1.48
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Energy column in table (2.2) shows that BWRO is the lowest method con-
sume energy than any other desalination methods, therefore it’s suitable to
use with PV solar energy, especially in small pilot project, and the last col-
umn shows that BWRO is cheapest than any other desalination methods,

thus it 1s the most method used around the world.
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Chapter Three

Reverse Osmosis
Desalination Method
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3.1 Osmosis and Reverse Osmosis Definition and Classification of Fil-
tration Mechanisms

3.1.1 Osmosis and reverse osmosis definition

Osmosis is a natural phenomenon in which a solvent (usually water) passes
through a semipermeable barrier from the side with lower solute concentra-
tion to the higher solute concentration side. As shown in figure (3.1a), wa-
ter flow continues until chemical potential equilibrium of the solvent is es-
tablished. At equilibrium, the pressure difference between the two sides of
the membrane is equal to the osmotic pressure of the solution. To reverse
the flow of water (solvent), a pressure difference greater than the osmotic
pressure difference is applied (see figure 3.1 b); as a result, separation of
water from the solution occurs as pure water flows from the high concen-
tration side to the low concentration side. This phenomenon is termed RO

or hyperfiltration [16].
Osmosis Reverse osmosis

§ 5
=3
o
Fresh 2 Fresh i
: "3" containing
water § water impurities
0 “ i \
d

Figure (3.1): Simplified diagram of Osmosis and reverse osmosis phenomenon.
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The simplified RO system is shown in figure (3.2), it’s include pre-

treatment of water, HP pump and RO membrane.

RO membrane

Feed water Fresh wat
N ,, Fresh water
Permeate water

High pressure l

Pretreatment

of water PUMR

Reject water
Concentrate water

Figure (3.2): Simplified RO system.

3.1.2 Classification of filtration mechanisms

3.1.2.1 Cross-flow filtration and dead-end filtration

Filtration mechanisms can be divided by cross-flow filtration and dead-end
filtration depends on the flow direction on membrane surface as shown in
figure (3.3)

a. Cross-flow filtration

In cross-flow filtration the feed water flow is parallel to the membrane, a
part of the feed water is used for permeate production, and another part will
leave the membrane as concentrate, therefore cross-flow membranes have
an inlet stream and two outlet streams. The inlet is known as the feed water
and the outlets are permeate and concentrate (reject water or brine). Conse-
quentially, cross-flow filtration has a high energy cost, and the entire feed
water flow needs to be kept under pressure.

The water speed of the feed water flow parallel to the membrane is relative-

ly high, the purpose of this flow is the control of the thickness of the cake,
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consequentially to the flow speed of the water, flowing forces are high,
which enables the suspended solids to be carried away in the water flow.
Cross-flow mechanism can achieve stable fluxes. Still, the cleaning of
cross-flow installations needs to be applied from time to time. Cleaning is
performed by means of backward flushing or chemical cleaning. An exam-
ple of cross-flow filtration is RO membrane. [17]

b. Dead-end filtration

In dead-end filtration all the water that enters the membrane surface is
pressed through the membrane. Some solids and components will stay be-
hind on the membrane while water flows through; this depends on the pore
size of the membrane. Consequentially, the water will experience a greater
resistance to passing through the membrane. When feed water pressure is
continual, this will result in a decreasing flux. After a certain amount of
time the flux has decreased to such an extent, that the membrane will need
cleaning.

The energy loss in dead-end filtration is less than a cross-flow filtration.
This is because all energy enters the water that actually passed the mem-
brane.

The pressure that is needed to press water through a membrane is called
Trans Membrane Pressure (TMP), and it is defined as the pressure gradient
of the membrane, or the average feed pressure minus the permeate pres-
sure. The feed pressure is often measured at the initial point of a membrane
module. However, this pressure does not equal the average feed pressure,

because the flow through a membrane will cause hydraulic pressure losses.
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During cleaning of a membrane, components are removed hydraulically,
chemically or physically. When the cleaning process is performed, a mod-
ule is temporarily out of order. As a result, dead-end mechanism is a dis-
continuous process.

The length of time that a module performs filtration is called filtration time
and the length of time that a module is cleaned is called cleaning time. In
practice one always tries to make filtration time last as long as possible,
and apply the lowest possible cleaning time. When a membrane is cleaned
with permeate, it does not have a continuous production of water, this re-

sults in a lower production. [17]
Feed

Feed

——— Cake'aver—aM
<+——TFilter medium—»

Permeate Permeate

Figure (3.3): Cross-flow versus dead-end mechanisms in membrane filtration.

3.1.2.2 Surface filtration and depth filtration.
Filtration can be also divided by two depending on where the particle rejec-
tion occurs as shown in figure (3.4)

a. Surface filtration


http://www.lenntech.com/membrane-cleaning.htm
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In surface filtration, particles are supposedly rejected on the filter surface
and generally do not intrude into the filter medium. RO membrane filtra-
tion from this category [17].
b. Depth filtration
In depth filtration, particles can enter filter medium and captured by the
medium through collision. Since the particle removal relies on the random
collision and there is no absolute barrier, some particles can pass the filter.
Cartridge filter, multi-media filter, from this category [17].

Feed
L ]
. Feed

Particle intrusion

Support

Permeate / Filtrate Permeate/ Filtrate

Figure (3.4): Surface filtration and depth filtration.

3.2 Historical Background of RO System
3.2.1 Examples of importance of the membranes in the life
Membranes are an essential part of being alive; several examples are sim-
ple to cite:
— The skin in all mammals is a very efficient and highly selective type

of membrane controlling release of sweat to cool off the bodies
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through evaporation of tinny water droplets during hot weather. Skin
selectivity as apparent, when it’s cut the fine blood cells and vessels
that run underneath the skin are broken and releases its blood con-
tent. A healthy and intact skin does not release blood.

— The lungs are also a good example of effective membranes, where
fine cells within the lungs allow passage of oxygen from the inhaled
air and release CO, into the same stream. The lungs as a membrane
prevent permeation of the nitrogen in the inhaled air, irrespective of
its high content.

— The kidney membranes regulate the water, salt ions, proteins, and
other nutrient within the body. The kidneys are extremely efficient
that a healthy body can survive with a quarter of both kidneys.[18]

— On a much smaller scale, membrane walls in single cells within
mammals, bacteria, and other microorganisms maintains the cell
contents intact and regulate the input/output rates of nutrients or
products.

Since the early days of civilization mankind have adopted simple forms of
membranes. In early agriculture communities, household sieves were in-
vented and developed to separate fin grain ground from coarse grain parti-
cles and shells.

Similarly, cheesecloth was made from cotton fibers and used to manufac-
ture cheese. Both forms of separation are based on differences in particle
size.

However, developments in membrane technology have focused on adop-
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tion of other separation mechanisms, such differences in solution and diffu-

sion rates of various species across the membrane material. [18]

3.2.2 Historical development for artificial membranes

Use of artificial membranes is rather new. Major landmarks in use of artifi-

cial membranes are summarized in the following points:

In 1823, Dutrochet gave correct explanation of osmosis (passage of
solvent across a membrane from low to high concentration) and dial-
ysis (passage of solute across a membrane from high to low concen-
tration).
In 1867, Traube and Pfeffer performed one of the first quantitative
studies on performance of artificial membranes.
Moritz Taube, 1867, prepared the first synthetic membrane.
In the late 1800's Graham discovered that arranging a membrane be-
tween a reservoir of pressurized air and another reservoir of unpres-
surized air could produce oxygen-enriched air.
Early use of membranes was applied to recovery of NaOH by dialy-
sis from wastewater containing hemicellulose from the viscose rayon
industry.
Also, uranium isotopes (235 and 238) are separated in the vapor
phase through porous membranes.

For RO membranes, their history started with the following two
studies:
Reid and Breton, 1959, at the University of Florida developed cellu-

lose acetate RO membranes.
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Loeb and Sourirajan, 1963, from the University of California, Los
Angeles developed the first asymmetric cellulose acetate membrane,

with higher salt rejection and water flux.

Subsequently, a huge amount of research studies were conducted with fo-

cus on development of new membrane materials and performance evalua-

tion of these membranes. As for commercialization of the RO membranes

it is summarized in the following points:

In the late 1960s, the Gulf General Atomics and Aerojet General
used Loeb-Sourirajan cellulose acetate membranes for constructing
spiral wound modules.

In 1971, Dupont introduced the Permasep B-9 permeator for BW de-
salination. The permeator contains millions of asymmetric aromatic
poly amide (aramid) hollow fine fibers.

In late 1973, Dupont introduced the Permasep B-10 permeator, also
using asymmetric aramid fibers, capable of producing potable water
from seawater in a single pass.

In the mid-1970s, cellulose triacetate hollow fiber permeators were
introduced by Dow Chemical Company, followed by Toyobo of Ja-
pan.

During the same period. Fluid Systems and FilmTec introduced the
spiral wound polyamide thin film composite membranes.

Throughout the 1980s, improvements were made to these mem-
branes to increase water flux and salt rejection with both BW and

seawater.
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Today the predominate membrane materials are still aramids, poly-
amides, and cellulose acetate and triacetate in spiral wound and hol-
low fiber configurations.

Applications of the RO membranes include potable water produc-
tion, waste recovery, food applications, kidney dialysis, high-purity
water for boiler feed, and ultrapure water electronics applications.

In 2000, the RO technology was used to treat more than two billion
gallons of water per day, and this market is expected to continue

growing during the first half of the 21* century. [18]

3.3 RO Process Terminologies

The main terms used in the RO process are defined as follows:

a)

b)

d)

Recovery: It's the percentage of membrane system feed water that
emerges from the system as product water or (permeate). Membrane
system design is based on expected feed water quality and recovery
1s defined through initial adjustment of valves on the concentrate
stream. Recovery is often fixed at the highest level that maximizes
permeate flow while preventing precipitation of super saturated salts
within the membrane system.

Rejection: It's the percentage of solute concentration removed from
system feed water by the membrane.

Passage: It's the opposite of “rejection”; passage is the percentage of
dissolved contaminants in the feed water allowed to pass through the
membrane.

Permeate: It's the purified product water produced by a membrane
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system.

e) Flow: Feed flow is the rate of feed water introduced to the membrane
element or membrane system, usually measured in gallons per mi-
nute (gpm) or cubic meters per hour (m’/h).

f) Concentrate flow: is the rate of flow of non-permeated feed water
that exits the membrane element or membrane system. This concen-
trate contains most of the dissolved constituents originally carried in-
to the element or into the system from the feed source. It is usually
measured in gallons per minute (gpm) or cubic meters per hour
(m’/h).

g) Flux: It's the rate of permeate transported per unit of membrane area,
usually measured in gallons per square foot per day (g/ft’d) or liters
per square meter per hour (L/m’h). [13]

3.4 Factors Affecting Reverse Osmosis Performance

Permeate flux and salt rejection are the key performance parameters of a
RO process. Under specific reference conditions, flux and rejection are in-
trinsic properties of membrane performance. The flux and rejection of a
membrane system are mainly influenced by variable parameters including:
a. Pressure

With increasing effective feed pressure, the permeate TDS will decrease

while the permeate flux will increase as shown in figure (3.5) [19].
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Figure (3.5): Pressure affecting the permeate flux and salt rejection. [19]

b. Temperature
If the temperature increases and all other parameters are kept constant, the

permeate flux and the salt passage will increase as shown in figure (3.6)

[19].

Flux Rejection

Temperature —>

Figure (3.6): Temperature affecting the permeate flux and salt rejection. [19]

c. Recovery

In the case of increasing recovery, the permeate flux will decrease and stop
if the salt concentration reaches a value where the osmotic pressure of the
concentrate is as high as the applied feed pressure. The salt rejection will

drop with increasing recovery as shown in figure (3.7) [19].



49

ol

Recovery —>

§§’

Figure (3.7): Recovery affecting the permeate flux and salt rejection. [19]

d. Feed water salt concentration

Figure (3.8) shows the impact of the feed water salt concentration on the

permeate flux and the salt rejection [19].

Permeate
Flux

Feed Concentration —>

Salt
Rejection

Figure (3.8): Feed water salt concentration affecting the permeate flux and salt rejec-

tion. [19]

And the following table summarizes previous figures of factors affecting

RO performance,

Table (3.1): Factors affecting on the RO performance.

Factor Permeate Flow Salt Passage
Effective pressure Increasing Decreasing
Temperature Increasing Increasing
Recovery Decreasing Increasing
Feed salt concentrati Decreasing Increasing
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3.5 Equations Used in Reverse Osmosis Process
There is a set of equations used to define the parameters governing
transport across a membrane, and used in design RO system.
a. Osmotic pressure
The osmotic pressure (P,,) of a solution can be determined experimentally
by measuring the concentration of dissolved salts in solution:

Posm = 1.19 (T + 273) x Z (mi) (3.1)
Where P, = osmotic pressure (in psi), T is the temperature (in °C), and
(mi) is the sum of molal concentration of all constituents in a solution (in
mol/L).
An approximation for P, may be calculated by assuming that 1000 mg/L
of TDS equals about 0.76 bar of osmotic pressure. [20]
b. Flux
Flux is a term that describes in 3.3, there is a relationship between the wa-
ter flux and the rate of fouling on an RO unit. A high flux rate causes the
membrane to foul faster.
Once the flux rate is decided and the element area is known, the required
number of elements can be calculated using Equation.[21]
Number of Elements = [Permeate Flow (L/min) x 1440 min/day] + [Flux
(L/m°day) x Active Membrane Area (m?)]. [21] (3.2)
c. Water transport
The rate of water passage through a semipermeable membrane is defined in
Equation (3.3).

Qw = (AP - APy,) x Ky, x S/d (3.3)
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where Q,, is the rate of water flow through the membrane, AP is the hy-
draulic pressure differential across the membrane, AP, is the osmotic
pressure differential across the membrane, K,, is the membrane permeabil-
ity coefficient for water, S is the membrane area, and d is the membrane
thickness. This equation is often simplified to:

Qw = A x (NDP) (3.4)
Where A represents a unique constant for each membrane material type,
and NDP is the net driving pressure or net driving force for the mass trans-
fer of water across the membrane. [20]
d. Salt transport
The rate of salt flow through the membrane is defined by equation (3.4):

Qs =AC x Ky x S/d (3.5)
Where Qq is the flow rate of salt through the membrane, K is the mem-
brane permeability coefficient for salt, AC is the salt concentration differ-
ential across the membrane, S is the membrane area, and d is the membrane
thickness. This equation is often simplified to:

Q;=B x (AC) (3.6)
Where B represents a unique constant for each membrane type, and AC is
the driving force for the mass transfer of salts.
Equations (3.4) and (3.5) show that for a given membrane:
= Rate of water flow through a membrane is proportional to (NDP) differ-
ential across the membrane.
= Rate of salt flow is proportional to the concentration differential across

the membrane and is independent of applied pressure.
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Salinity of permeate, C,, depends on the relative rates of water and salt
transport through RO membrane:

C,=Qy/Qu (3.7)
The fact that water and salt have different mass transfer rates through a
given membrane creates the phenomena of salt rejection. No membrane is
ideal in the sense that it absolutely rejects salts; rather the different
transport rates create an apparent rejection. The equations (3.3), (3.5), ex-
plain important design considerations in RO systems. For example, an in-
crease in operating pressure will increase water flow without changing salt
flow, thus resulting in lower permeate salinity. [20]
e. Salt passage
Salt passage is defined as the ratio of concentration of salt on the permeate
side of the membrane relative to the average feed concentration. Mathemat-
ically, it is expressed in eq (3.8):

SP = (C,/Csmn) x100% (3.8)
Where SP is the salt passage (in %), C, 1s the salt concentration in the per-
meate, and Cg, 1s the mean salt concentration in feed stream.
Applying the fundamental equations of water flow and salt flow illustrates
some of the basic principles of RO membranes. For example, salt passage
is an inverse function of pressure; that is, the salt passage increases as ap-
plied pressure decreases. This is because reduced pressure decreases per-
meate flow rate, and hence, dilution of salt (the salt flows at a constant rate

through the membrane as its rate of flow is independent of pressure). [20]
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f. Salt rejection
Salt rejection is the opposite of salt passage, and is defined by Equation
(3.9).

SR =100% - SP (3.9
Where SR is the salt rejection (in %), and SP is the salt passage as defined
in Equation (3.8) [20]
g. Permeate recovery rate
Permeate recovery is another important parameter in the design and opera-
tion of RO systems. Recovery or conversion rate of feed water to product
(permeate) is defined by Equation (3.10).

R = (Qy/Qp)*x100% (3.10)
Where R 1s recovery rate (in %), Q, 1s the product water flow rate, and Qris
the feed water flow rate. The recovery rate affects salt passage and product
flow. As the recovery rate increases, the salt concentration on the feed-
brine side of the membrane increases, which causes an increase in salt flow
rate across the membrane as indicated by Equation (3.5). Also, a higher salt
concentration in the feed-brine solution increases the osmotic pressure, re-
ducing the NDP and consequently reducing the product water flow rate ac-
cording to Equation (3.3).[20]
h. Concentration polarization
As water flows through the membrane and salts are rejected by the mem-
brane, a boundary layer is formed near the membrane surface in which the
salt concentration exceeds the salt concentration in the bulk solution. This

increase of salt concentration is called concentration polarization. The ef-
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fect of concentration polarization is to reduce actual product water flow
rate and salt rejection versus theoretical estimates. The effects of concentra-
tion polarization are as follows:

a) Greater osmotic pressure at the membrane surface than in the bulk
feed solution, AP, and reduced NDP differential across the mem-
brane (AP-AP ).

b) Reduced water flow across membrane (Q,,).

c) Increased salt flow across membrane (Q).

d) Increased probability of exceeding solubility of sparingly soluble
salts at the membrane surface, and the distinct possibility of precipi-
tation causing membrane scaling.

The Concentration polarization factor (CPF) can be defined as a ra-
tio of salt concentration at the membrane surface (C;) to bulk con-
centration (Cy).
CPF = C/C, (3.11)
An increase in permeate flux will increase the delivery rate of ions to the
membrane surface and increase C,. An increase of feed flow increases tur-
bulence and reduces the thickness of the high concentration layer near the
membrane surface. Therefore, the CPF is directly proportional to permeate
flow (Q,), and inversely proportional to average feed flow (Qgyg).
CPF = K, xexp (Qp/Qfave) (3.12)
Where K, is proportionality constant depending on system geometry. Using
the arithmetic average of feed and concentrate flow as average feed flow,

the CPF can be expressed as a function of the permeate recovery rate a of



55

membrane element (R;). [20]

CPF = K, xexp (2R/(2-R))) (3.13)
3.6 Pretreatment of feed water
Pretreatment of feed water in RO system is necessary process to optimize
system performance and prevent the three main problems associated with
RO system; scaling, fouling, and degradation of RO membranes. These
problems tend to decrease system productivity and performance.
3.6.1 Scaling
Scaling occurs when the sparingly soluble salts are concentrated within the
element beyond their solubility limit as the water is removed and more dis-
solved ions are fed into the system. This leads to exceeding the solubility
limit of most salts, causing a precipitate to form on the surface of the mem-
brane. The precipitate reduces permeability and damages the membrane ir-
reversibly. [22]
The most common sparingly soluble salts encountered are Calcium sulfate
(CaS0Q,), Calcium carbonate (CaCQOs), and silica. Other salts creating a po-
tential scaling problem are Calcium fluoride (CaF,), Barium sulfate
(BaSQO,), Strontium sulfate (SrSQO,), and Calcium phosphate (Caz(PQOy),).
And there is sparingly soluble inorganic compounds like Aluminum hy-
droxide (Al (OH);), Aluminum phosphate (AIPO,), Iron hydroxide (Fe
(OH),), Iron sulfide (FeS) and ... Etc. [13]
The indicators of saturation levels of sparingly soluble salts in the concen-
trate stream are the Langelier Saturation Index (LSI) and the saturation ra-

tios. The LSI provides an indication of the calcium carbonate saturation.
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Negative values of LSI indicate that the water is aggressive and that it will
have a tendency to dissolve calcium carbonate. Positive values of LSI indi-
cate the possibility of calcium carbonate precipitation. The LSI was origi-
nally developed by Langelier for potable water of a low salinity.
For high salinity water encountered in RO applications, the LSI is an ap-
proximate indicator only.
The saturation ratio is the ratio of the product of the actual concentration of
the ions in the concentrate stream to the theoretical solubility's of the salts
at a given conditions of temperature and ionic strength. These ratios are ap-
plicable mainly to sparingly soluble sulfates of calcium, barium and stron-
tium. Silica could be also a potential scale forming constituent. Other po-
tential scale forming salts, such as calcium fluoride or phosphate which
may be present in RO feed, seldom represent a problem. [23]
Methods to minimize scaling:
a. Acid addition
Most natural surface and ground waters are almost saturated with CaCOs.
The solubility of CaCO; depends on the pH, as can be seen from the fol-
lowing equation:

Ca’" + HCO; < H' + CaCO;
By adding H" as acid, the equilibrium can be shifted to the left side to keep
calcium carbonate dissolved. Use food grade quality acid. To control calci-
um carbonate scaling by acid addition alone, the LSI in the concentrate
stream must be negative. [13]

Acids, typically hydrochloric [HCI] or sulfuric [H,SO,], are injected into
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the RO feed to lower pH. [24]
Sulfuric acid is used more often than HCI acid, because sulfuric acid is rel-
atively lower in operating cost than HCI acid, and sulfuric acid is reduced
fuming to the atmosphere, which means less corrosion to surrounding metal
components, and there is a better membrane rejection of the sulfate ion than
the chloride ion. [24]
This acids used to adjustments and make Scale Control for CaSO,, BaSO,,
SrSO,. [13]
b. Scale inhibitor addition (antiscalants)
Scale inhibitors (antiscalants) can be used to control carbonate scaling, sul-
fate scaling, and calcium fluoride scaling. There are generally three differ-
ent types of scale inhibitors, sodium hexametaphosphate (SHMP),
organophosphonates and polyacrylates.
SHMP is inexpensive but unstable compared to polymeric organic scale in-
hibitors. Minor amounts adsorb to the surface of microcrystals, preventing
further growth and precipitation of the crystals. Food grade quality SHMP
should be used. Care must be taken to avoid hydrolysis of SHMP in the
dosing feed tank. Hydrolysis will not only decrease the scale inhibition ef-
ficiency, but also create a calcium phosphate scaling risk. Therefore,
SHMP is generally not recommended.
Organophosphonates are more effective and stable than SHMP. They act as
antifoulants for insoluble aluminum and iron, keeping them in solution.
Polyacrylates (high molecular weight) are generally known for reducing

silica scale formation via a dispersion mechanism.
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Polymeric organic scale inhibitors are also more effective than SHMP. Pre-
cipitation reactions may occur, however, with negatively charged scale in-
hibitors and cationic polyelectrolytes or multivalent cations (e.g., aluminum
or iron). The resulting gum-like products are very difficult to remove from
the membrane elements. For dosage rates on all antiscalants, contact the
antiscalant manufacturers. Overdosing should be avoided. Make certain
that no significant amounts of cationic polymers are present when adding
an anionic scale inhibitor.
In RO plants operating on seawater with TDS in the range of 35,000 mg/L,
scaling i1s not as much of a problem as in BW plants because the recovery
of seawater plants is limited by the osmotic pressure of the concentrate
stream to 30-45%. For safety reasons, however, a scale inhibitor is recom-
mended when operating above a recovery of 35%. [13]
c. Softening with a strong acid cation exchange resin
In the ion exchange softening process, the scale-forming cations (is an ion
with fewer electrons than protons, giving it a positive charge), such as Ca*",
Ba”" and Sr*" are removed and replaced by sodium cations. The resin is re-
generated with NaCl at hardness breakthrough. The pH of the feed water is
not changed by this treatment and, therefore, no degasifier is needed. Only
a little CO, from the raw water is present that can pass into permeate, creat-
ing a conductivity increase there. The permeate conductivity can be low-
ered by adding some NaOH to the softened feed water (up to pH 8.2) to
convert residual CO, into bicarbonate, which is then rejected by the mem-

brane.
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Softening with a strong acid cation exchange resin is effective and safe,
provided the regeneration is done properly. It is used mainly in small- or
medium-size BW plants, but not in seawater plants. [13]
d. Lime softening
Lime softening can be used to remove carbonate hardness by adding hy-
drated lime (Chemical name and formula: Calcium hydroxide Ca(OH),):

Ca(HCO;), + Ca(OH), — 2 CaCO; + 2 H,O

Mg(HCOs), + 2 Ca(OH)2 — Mg(OH), + 2 CaCO; + 2H,0
The noncarbonated calcium hardness can be further reduced by adding so-
dium carbonate Na,CO; (soda ash):

CaCl, + Na,CO; — 2 NaCl + CaCO;
The lime-soda ash process can also be used to reduce the silica concentra-
tion. With the hot lime silica acid removal process at 60—70°C, silica can be
reduced to 1 mg/L by adding a mixture of lime and porous magnesium ox-
ide. [13]
e. Preventive cleaning
In some applications, scaling is controlled by preventive membrane clean-
ing. This allows the system to run without softening or dosage of chemi-
cals. Typically, these systems operate at low recovery in the range of 25%,
and the membrane elements are replaced after 1-2 years. Accordingly, the-
se systems are mainly small single-element plants for potable water. The
simplest way of cleaning is a forward flush at low pressure by opening the
concentrate valve. Short cleaning intervals are more effective than long

cleaning times (e.g., 30 seconds every 30 minutes). [13]
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f. Adjustment of operating variables
When other scale-control methods do not work, the operating variables of
the plant have to be adjusted in such a way that scaling will not occur. The
precipitation of dissolved salts can be avoided by keeping their concentra-
tion below the solubility limit. This is accomplished by reducing the system
recovery until the concentrate concentration is low enough.
Solubility depends also on temperature and pH. In the case of silica, in-
creasing temperature and pH increases its solubility. Silica is usually the
only reason for considering adjustment of operating variables for scale con-
trol because these adjustments have economic drawbacks (energy con-
sumption) or other scaling risks (CaCO3 at high pH). [13]
3.6.2 Fouling
Fouling is the uneven accumulation of suspended or dissolved particles on
the membrane surface or in the feed channel. The membrane surface be-
comes fouled when dissolved organic matter, dissolved solids, biogenic
material and suspended particulate matter cling to it as they get separated
from the water. Fouling leads to significant problems such as loss of flux,
salt passage through the membrane, pressure drop across membrane mod-
ules, increase in contamination of permeate, degradation of the membrane
material, and reduction in membrane life [22].
The common indicators of suspended particles used in the RO industry are
turbidity and Silt Density Index (SDI).
Turbidity is an indicator for the rate of RO membrane fouling.

Turbidometers (also called nephelometers) measure the scattering of light



61
caused by various suspended solids in the water sample. Water samples
having turbidity reading greater than 1 will tend to foul the membranes.
These readings are typically given in nephelometric turbidity units (NTU).
[25]
SDI: Also known as the Fouling Index (FI) is a good guide line to deter-
mine the fouling potential of RO feed water. The guidelines for RO opera-
tion using the SDI is as follows:
= SDI < 1; implies high quality feed water that would provide trouble
free operation for years.
= ] <SDI < 3, implies moderate to low quality feed water that would
allow for few months of operation before need for membrane clean-
ing.
= 3 < SDI < 5 implies low quality feed water, which would require
frequent cleaning.
= SDI > 5 implies very poor water quality and operation at these con-
ditions is not acceptable. [18]
For long-term reliable operation of the RO unit, the average values of tur-
bidity and SDI in the feed water should not exceed 0.5 NTU and 2.5 SDI
units, respectively [23].
Methods to minimize fouling:
a. Screening / Preclarification
Preliminary treatment is used when a water source contains coarse debris
such as gravel, sand, and grit. Removal of these large particles prevents

equipment damage and overburden of downstream treatment processes.
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Three commonly wused pretreatment methods include screening,
presedimentation, and microstraining.

Screens and bar racks are physical processes that are usually located
at the intakes of rivers, lakes, and reservoirs for water treatment plants. The
type and size of screens depends on the location where the raw water is col-
lected. When water is withdrawn from the surface of a river, coarse screens
of 3 inches or larger are used. For a submerged intake from a reservoir or
lake, smaller coarse screens can be used.

Presedimentation is used to remove gravel and sand, which can jam
equipment and wear down pump impellers, as well as silt, which causes in-
creased loads on the coagulation and sedimentation processes.
Presedimentation systems are intended to remove up to 60% of settleable
material.

Microstraining utilizes a fine screen to reduce suspended solids from raw
waters that contain high concentrations of algae, other aquatic organisms,
and small debris that can clog filters. It is usually made from a fine fabric
or screen that is wound around a drum. The drum, which is usually 75%
submerged, rotates in a circle as water flows from the inside to the outside
of the drum. The thin fabric collects the debris as the water passes through
the drum. The openings in the microstrains vary from 20 to 60 microns.
This process removes suspended solids but not bacteria. The solid deposits
are removed by water jets, which force the deposited material into a chan-
nel where they are then collected. [26]

b. Coagulation / Flocculation
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Coagulation and flocculation are used in conjunction to precipitate dis-
solved species and aggregate them in water. Coagulation is a chemical pro-
cess in which the negatively charged particles in water are destabilized and
dissolved organics are precipitated. In this process, a coagulant of opposite
charge to the suspended solids is added to the water to neutralize these
charges. Coagulant aids can also be utilized to increase the density of ag-
gregates, thus reducing the settling time of the flocs and adding strength in
order to prevent them from breaking apart in subsequent stages. The opti-
mum type and dosage of coagulant is crucial, and can be determined
through bench-scale experiments and jar tests. Table (3.2) lists common

coagulants and coagulant aids.

Table (3.2): Lists of common coagulants and coagulant aids.

Chemical Chemical Primary | Coagulant
Name Formula Coagulant Aid
Aluminum sulfate Al (SOy); - 14 H,O X
(Alum)
Ferrous sulfate FeSO, - 7 H,O X
Ferric sulfate Fe,(SO,); - 9 H,O X
Ferric chloride FeCl; - 6 H,O X
Cationic polymer Various X X
Calcium hydroxide | Ca(OH), X* X
(Lime)
Calcium oxide CaO X* X
(Quicklime)
Sodium aluminates Na,Al,O4 X* X
Bentonite Clay X
Calcium carbonate CaCO;, X
Sodium silicate Na,S10; X
Anionic polymer Various X
Nonionic polymer Various X

* Used as a primary coagulant only in water softening processes.
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Rapid mixing is used to evenly distribute the coagulant throughout the wa-
ter. In a study on optimization of a coagulation-flocculation treatment by
Rossini et al. (1998), optimal results could be obtained with both short
(about 10 s) and long (60 or 90 s) mixing times. Rapid mixing is followed
by flocculation, a gentle mixing stage that facilitates collisions between
particles. Flocculation is thus a physical process to enhance opportunities
for particle collisions, allowing particles to aggregate together to form larg-
er floc. These processes are then be followed by a solid-liquid separation
process to remove the solids formed. [22]

c. Clarification

Clarification processes remove particles due to density differences between
the particles and water. Water is pumped to a tank with quiescent condi-
tions, and over the course of the process, heavier particles settle down to
the bottom of the tank. Once these solids build up, they are removed and
processed elsewhere. Water is drawn from the top of the tank where it is
free from larger particles, and moves on for further treatment.

An alternative clarification process is dissolved air flotation, in which par-
ticles are separated by floating them to the surface with micro sized air
bubbles. The particles are then removed by laterally sweeping the water on
the bottom and the particles from the surface in opposite directions. This
technique is advantageous since it can remove small and low density parti-
cles because the particles are not required to settle. In addition, algae and
oil can easily be removed with this process. In some cases, clarification or

sedimentation is bypassed and the water is filtered immediately after floc-
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culation. [22]
d. Media Filtration (MEF)
MEF is a process in which water passes through a column or a bed of me-
dia such as sand, anthracite, or other materials in order to remove solids.
Particle removal is a physical process, where matter is separated from wa-
ter by attaching to the filter medium [22].
MEF is suggested when the SDI value is greater than 3 or when the turbidi-
ty 1s greater than 0.2 NTU. There is no exact rule, but the above guidelines
should be followed to prevent premature fouling of RO membranes [28].
MEF that uses a coagulant addition can remove particulates down to 5-10
microns [27].
There are three main design criteria that can be altered to fit the specific
needs of the application in which the filter is used. These include media
configuration, direction of flow, and method of moving water through the
filter, either by gravity or by pressure. The configuration of the media bed
can have one media (mono media) or two media with the coarser material
set on top of a finer material (dual media). Multi-media filters with three
media types are also possible. The selection and number of media used
vary by application and need. Some commonly used media and their char-

acteristics are listed in table (3.3) [22].

Table (3.3): Filter medias and their most common uses.

Media Color Most Common Use
Activated Car- | Black Removing chlorine and organic
bon contaminants, color and taste removal
Anthracite Black Removing turbidity
Birm Black Removing dissolved iron and manganese
compounds.
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Filter"AG" Light gray | Removing normal suspended solids down
to 20-40 micron range.

Filter Sand Light Removing coagulum or precipitates con-
brown taining impurities.

Garnet Reddish Application where chemical and
black abrasive resistance are necessary.

Manganese Purple Removing soluble iron, manganese,

Greensand black Hydrogen sulfide, radium, arsenic.

MTM Dark Reducing iron, manganese, hydrogen sul-
brown fide.

Northern Ultra | Pale green | Same as filter sand above.

Support Graval | Multicolor | Supporting the primary filter medium.

Zeobest Pale green | Removing turbidity down to 3 microns.

Zeobest Ultra Pale green | Same as Zeobest with a capacity to absorb

ammonia ions.

The following figure shows pictures for some medias used in Filtration.




Birm Anthracite Activated Ca rbon

Garnet Filter Sand Fllter "AG"

Graval MTM manganese-dioxide

Figure (3.9): Pictures for some medias used in MMF.

The flow in media filters can vary between up-flow and down-flow de-
signs. In an up-flow filter, water is distributed evenly in the bottom of the
tank and flows upward through the media in a swirling motion. In a down-
flow filter, the water is distributed evenly across the top of the media and
moves downward through the filter. An up-flow filter design has some
unique advantages. As the water moves in an upward swirling motion, it is
constantly lifting the media, which regenerates the bed eliminating the need
for backwashing [22].

The way in which water flows through a media filter can be altered: either
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via gravity or pressure. Pressure filters are often selected for use because of
their competitive costs, efficient use of space and their ease of installation
and operation when compared to media gravity filters [22].
Figure (3.10) shows a diagram of a down flow sand gravel multimedia

pressure filter.

Figure (3.10): Diagram of a down flow MMF.
e. Activated Carbon Filter (ACF)
ACEF is used for both removing organic constituents and residual disinfect-
ants (such as chlorine and chloramines) from water. ACF media is made
from coal, nutshells or wood. Activated carbon removes residual chlorine
and chloramines by a chemical reaction that involves a transfer of electrons
from the surface of the ACF to the residual chlorine or chloramines. The
chlorine or chloramines ends up as a chloride ion that is no longer an oxi-
dizer.
The disadvantage of using an ACF before the RO unit is that the ACF will
remove chlorine quickly at the very top of the ACF bed. This will leave the

remainder of the ACF bed without any biocide to kill microorganisms. An
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ACF bed will absorb organics throughout the bed, which is potential food
for bacteria, so eventually an ACF bed can become a breeding ground for
bacteria growth which can pass easily to the RO membranes. Likewise, an
ACF bed can produce very small carbon fines under some circumstances
that have the potential to foul an RO. [27]
f. Cartridge filters (CF)
A CF with an absolute pore size of less than 10 um is the suggested mini-
mum pretreatment required for every RO system. It is a safety device to
protect the membranes and the HP pump from suspended particles. Usually
it is the last step of a pretreatment sequence.
The filter should be sized on a flow rate according to the manufacturer’s
recommendation and replaced before the pressure drop has increased to the
permitted limit [13].
The main types of cartridge filters are:
a. Melt blown (Solid) CF
A melt blown filter cartridge is a “depth” type filter that is good for the re-
moval of relatively uniform sized particles throughout the body of the filter,
not just on the surface. It removes particles ratings from 1-75 microns. Melt
blown CF is particularly effective on well waters and normal city water.
The standard 10”, 5-micron, melt blown filter cartridge is the least expen-
sive and most widely used filter cartridge on the market today. The melt
blown 5-micron cartridge is used extensively for both commercial and do-
mestic applications.

eTypical applications include:
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* 1 to 50 micron filters used in general purpose applications, with the
5-micron cartridge being the most popular.

* 5 micron filters installed up-stream of ion exchange resin columns to
remove particles and down-stream to remove resin fines that could
pass through under drains and plug a pure water system.

* 5-micron pre-filters installed ahead of a RO system to remove parti-

cles that could plug up membranes and deteriorate performance. [28]

Figure (3.11): Melt blown (Solid) CF.

b. String Wound CF

The string wound cartridge was the original CF element. It is a “surface”
type filter that is effective in removing diverse sized particles. “This filter
removes particles ratings from 0.5-150 microns” [29]. Because of the over-
lapping nature of the string windings, it has an effective surface area con-
siderably larger than that of the melt blown filter. String wound filters are
particularly applicable to surface waters from streams and rivers [28].
While string wound cartridges predate all the other filters, with polypropyl-

ene fiber construction, a string wound is still a good general-purpose filter
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and in certain applications, the best choice. Like the melt blown filter car-
tridge, string wound cartridges are inexpensive. In its 10”, 5-micron form it
is the 2nd most commonly used filter cartridge on the market and is used
extensively in pre-filtration applications [28].

e Typical applications include:

* 1 to 50 micron filters used in general purpose applications.

* 5-micron filters installed up-stream of 1on exchange resin columns to
remove particles and down-stream to remove resin fines that could
pass through under drains and clog a pure water system.

* 5-micron pre-filters installed ahead of a RO system to remove non-

uniform sized particles [28].

Figure (3.12): String Wound CF.
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c. Pleated CF
A pleated cartridge i1s a surface type filter cartridge that is effective in re-
moving diverse sized particles in limited quantities. “Pleated cartridges will
remove particles up to 50 micron” [29]. Pleated CF is particularly effective
on surface waters from streams and rivers.
Pleated CF is constructed to provide a surface area far in excess of the di-
ameter of the filter [28].
The micron rating of a pleated filter is more precise than either the melt
blown or string wound cartridges. Though pleated cartridges are more ex-
pensive than melt blown or string wound, they are the only choice for sub-
micron filtration. (0.45 to 0.1 microns) Sub-micron pleated filter cartridges
are used extensively as biological blocks in the production of high-purity
and sterile water [28].

e Typical applications include:

e S-micron general-purpose filters used before and after ion exchange
resin columns.

e 1 to 50 micron filter on the vent of a water storage tank to help pre-
vent airborne particles from entering the tank during draw down in
non-critical applications.

e (.45 sub-micron post-filters installed after ion exchange systems act
as final filters for particle sensitive applications.

e (.2 sub-micron post-filters are installed after ion exchange and ultra-
violet sterilization systems to act as final filters yielding bacterial and

particle counts of near zero.
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e sub-micron hydrophobic filters are used extensively on the vents of a
high-purity water storage tanks to prevent airborne dust and micro-
organisms from entering the tank during draw down in critical appli-
cations.
e to 0.2 sub-micron “Absolute” filters for both system and point of use

filtration in critical applications. [28]

Figure (3.13): Pleated CF.

d. Media CF

A Media CF is not like the mechanical filters described above. A media
cartridge is actually a water treatment device that effects chemical changes
in the water. The flow rate through a media cartridge is substantially lower
than that similarly sized particles filter. For example a 10” 5-micron filter
can flow at 5 GPM, while the same sized Carbon Media cartridge flow rate
should be less than 2.5 GPM. (Depending on chlorine and organic loading).
Replacement of media cartridges is not dictated by pressure drop. Carbon
media cartridge replacement should be scheduled for every three months or
more often.

e Typical applications include:
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e Activated Carbon for the removal of chlorine, taste and odor.
e Mixed Bed DI resin for water purification.
e (Calcite media for neutralization of acidic water.
e Many other medias are available to handle a wide variety of water

problems. [28]

Figure (3.14): Media CF.

3.6.3 Membrane degradation

It is the final problem associated with RO system. It occurs when the
membranes are exposed to conditions that destroy the polymers used to
create the membranes. Some membranes are susceptible to hydrolysis at
high and low pH, while others are degraded by exposure to oxidizers such
as chlorine. To prevent membrane degradation by acidic or alkaline waters,
a corrective amount of acid of base should be added to the feed water to
make the pH approximately neutral. To prevent oxidation reactions,

dechlorination (Removal of chlorine from feed water) is used.
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3.7 RO Membrane Modules
The practical equipment where the actual membrane based separation oc-
curs is known as membrane modules. The basic aim of development of the-
se modules is to provide maximum membrane area in relatively smaller
volume, so that the permeate flux i.e., the productivity of the system is
maximum.
3.7.1 Types of membrane modules
The four more commonly membrane modules used are:

a) Plate and frame module.

b) Hollow fiber module.

c) Spiral wound module.

d) Tubular modules.
Each of these modules is described below:
a. Plate and frame modules
The heart of plate-frame module is the support plate that is sandwiched be-
tween two flat sheet membranes. The membranes are sealed to the plate,
either gasket with locking devices, glue or directly bonded. The plate is in-
ternally porous and provides a flow channel for the permeate which is col-
lected from a tube on the side of the plate. Ribs or grooves on the face of
the plate provide a feed side flow channel. The feed channel can be a clear
path with channel heights from 0.3 to 0.75 mm. The higher channel heights
are necessary for high viscosity feeds; reduction in power consumption of
20% to 40% can be achieved by using a 0.6 mm channel compared to a 0.3

mm channel. Alternatively, retentive separator screens (20 or 50 mesh pol-
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ypropylene) can be used. Commercial plate-frame units are usually hori-
zontal with the membrane plates mounted vertically. They can be run with
each plate in parallel plates in two or three series. Laboratory is also avail-
able as preformed stacks up to 10 plates [30]. Packing density ( membrane
surface area per module volume m*/m’) is about 100-400 m*/m’, this mod-
ule is resistant to fouling (when membrane has low packing density then it
has high resistant to fouling) this makes it expensive and used primarily for

highly fouling feeds.[31] A typical plate and frame module is shown in fig-

ure (3.15):
PERMEATE
— . _—~— FEED
MEMERANES
\ P RETENTATE
FEED \
1 FEED SPACER MESH OR
PERMEATE |§ ] SCREEN
- Coo O RETENTATE
T e

PERMEATE

Figure (3.15): Plate and frame module. [32]

b. Tubular modules

The membrane is cast on the inside surface of a porous tube. Tubular
membranes operate in tangential, or cross-flow, design where process fluid
is pumped along the membrane surface in a sweeping type action. The feed
solution is pumped through the center of the tube at velocities as high as 6
m/s. These cross-flow velocities minimize the formation of a concentration
polarization layer on the membrane surface, promoting high and stable flux
and easy cleaning, especially when the objective is to achieve high sus-
pended solids in the MF, UF or NF concentrate. Permeate is driven through

the membrane to be directed out of the system or back into the process de-
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pending on the application. There are many advantages in tubular mem-
brane configurations. Besides their hard construction, they have a distinct
advantage of being able to process high suspended solids, and concentrate
product successfully and repeatedly to relatively high end point concentra-
tion levels without plugging. A common objective of an end-of-pipe waste
treatment UF system is to reduce waste volume as much as possible to re-
duce concentrate hauling costs. For juice clarification applications, tubular
membrane systems produce the greatest yields and the highest final sus-
pended solids concentration levels. Tubular MF, UF and NF systems do not
require significant prefiltration. Some tubular products have the ability to
be mechanically cleaned with sponge balls. Sponge balls can be used in
process, and are also used to enhance chemical cleaning by reducing time
and cleaning chemicals. Tubular membranes are ideally suited to treatment
of metal working oily waste, wastewater minimization and recovery from
industrial processes, juice clarification, treatment of pulp and paper indus-
try waste, etc. Tubular membranes typically have life up to 2 to 10 years
[30]. Packing density < 300 m?*/m’, the modules have a low packing densi-
ty and can be expensive to operate because of the high feed flow rates nec-
essary, then it used primarily for highly fouling feeds [31]. Figure (3.16)

shows some tubular membranes.



Figure (3.16): Different figures of tubular modules. [32]

c. Hollow fiber module

In hollow fiber module, lots of hollow fibers (each fiber is a tubular mod-
ule, with an outer diameter up to 200 um) are kept in a large pipe. Geome-
try allows a high membrane surface area to be contained in a compact
module. This means large volumes can be filtered, while utilizing minimal
space, with low power consumption. Hollow fiber membranes can be de-
signed for circulation, dead-end and single pass operation. Some of the
many hollow fiber membrane filtration applications include; potable water
treatment, juice clarification, dairy processing etc. The advantages of such
modules include reduction in space requirement, lowering in labor cost,
lowering in chemical cost, delivery of high quality product water, etc. Hol-

low fiber membranes offer the unique benefits of high membrane packing
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densities, sanitary designs and, due to their structural integrity and con-
struction, can withstand permeate back pressure thus allowing flexibility in
system design and operation [30]. The Highest Packing Density up to
30,000 m*/m’, these elements have an extremely high packing density and
so can have high permeate production rates per module. However, these
modules are highly prone to fouling and so are not feasible for some appli-

cations [31]. Figure (3.17) is to hollow fiber module.

Concentrate

Unique uniform
holiow-fiber capillary
membranes provide fe’
superior ultrafiitration

Filtrate

Filtrate

Core Tube Feed

Inlet

Figure (3.17): Hollow fiber module. [32]

d. Spiral wound module

In spiral wound membrane, membrane is cast as a film onto flat sheet.
Membranes are sandwiched together with feed spacers (typical thickness
0.03 to 0.1 inch) and permeate carrier. They are sealed at each edge and
wound up around a perforated tube. The module diameter ranges from 2.5
to 18 inch and length varies from 30 to 60 inch. The application of spiral
wound module includes, seawater desalination, BW treatment, potable wa-
ter treatment, dairy processing, electro coat paint recovery, protein separa-
tion, etc [30]. Packing density of it is (300-1,000 m*/m’), This type of ele-

ment has a high packing density, moderate fouling resistance, and lower
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capital and operating costs compared to plate-and-frame or tubular modules

[31].
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Figure (3.18): Spiral wound module [30].

3.7.2 Comparison between membrane types
a. Based on membrane processes
Table (3.4) shows that membrane types is very appropriate, or appropriate,

or not appropriate to use with membrane processes.

Table (3.4): Comparison between membrane types based on mem-
brane processes. [32]
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Module
Operation Tubular Spiral- Hollow fiber
wound
Reverse Osmosis A VA VA
Ultrafiltration VA A NA
Microfiltration VA NA NA

VA = Very appropriate; A = Appropriate; NA = Not appropriate.

b. Based on some membrane types specification

Table (3.5) shows comparison between membrane types based on channel

spacing, packing density, energy costs, particulate plugging, and ease of

cleaning.

Table (3.5): Comparison between membrane types based on some

specifications [33].

Module Chal.lel aack g Enirgy Particulate | Ease of
configuration ?E;‘Smg (mZ /m) g))lsll:lping) plugging cleaning
Hollow fiber 8:(2)? Low high fair
Tubular 1.0-2.5 High low excellent
Flat plate 8(2)2 ) Moderate moderate good
Spiral wound 8:(1)3' Low very high poor-fair

3.7.3 Pressure vessel

Pressure vessel: It’s a stand supporting number of membranes (from 1 to §)

installed in it, these membranes connected in series by interconnecting pip-

ing, pressure vessel has permeate ports, located in center of the end plate,

and feed and concentrate ports, located on the opposite ends of the vessel.
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Figure (3.19): Pressure vessel.

3.8 Design of RO System

There are many options for designing of RO systems which depend on the
goal of the system. The following sections shows the different main options
for design RO systems, RO system may be one of the following options or
combined between this options.

This thesis depends on ROSA from DOW Chemicals Company to design
RO system in Az Zubeidat village as case study in West Bank (this system
exists and works in this village).

3.8.1 Single pass RO system type

Single-module systems are chosen when only one or a few membrane ele-

ments are needed for the specified permeate flow as shown in figure

(3.20).[13]
RO vessel
Feed Permeate
water " water
High pressure
pump
Concentrate
water

Figure (3.20): Single Pass RO system.
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3.8.2 Double pass RO system type

A double pass system is the combination of two RO systems where perme-
ate of the first system (first pass) becomes the feed for the second system
(second pass). This type used to improve permeate quality, and allows the
opportunity to remove CO, gas from permeate by injecting caustic between
the first and second pass [27].

CO; 1s undesirable when you have mixed 1on exchange resin beds after the
RO. By adding caustic after the first pass, you increase the pH of the first
pass permeate water and convert CO, to bicarbonate (HCO;") and carbonate
(CO52) for better rejection by the RO membranes in the second pass. This
can’t be done with a single pass RO because injecting caustic and forming
carbonate (CO;2) in the presence of cations such as calcium will cause

scaling of the RO membranes [27].

Concentrate
water
HP pump RO 1 HP pump RO 2

Feed
water

Permeate
¥ water

Concentrate Recycle back to feed water

Figure (3.21): Double pass RO system type.

As shown in figure (3.21), the concentrate of RO2 could be recycled back
to the feed of RO1, because its quality is usually better than the system feed
water [25].

The feed of RO2 is a high quality (RO1 permeate), thus RO2 can be de-
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signed for a higher recovery than RO1 and with fewer membrane elements
[25].

Instead of having a separate HP pump for the second pass, the whole sys-
tem can also be operated with one single HP pump, provided the maximum
permissible feed pressure of the membrane element is not exceeded (41 bar
for BW elements), the second pass is then operated with the permeate
backpressure from RO1[25].

3.8.3 Single stage RO system

In a one stage RO system two or more pressure vessels are arranged in par-
allel, the feed water enters the RO system as one stream and exits the RO

as either concentrate or permeate water as shown in figure (3.22) [25].

RO vessel

Feed Permeate
water P waier

High pressure T

pump

Ti—
Concentrate
» Wwater

Figure (3.22): Single stage RO system.

3.8.4 Double stage RO system
In a double stage system the concentrate from the first stage becomes the
feed water to the second stage. The permeate water is collected from the

first stage is combined with permeate water from the second stage, this type
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used to increase the recovery of the system, A typical double stage system
using a staging ratio of 2:1 is shown in figure (3.23). The staging ratio is
defined as the ratio of pressure vessels in two adjacent arrays, upstream

vessels and downstream vessels [25].
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Figure (3.23): Double stage RO system.

3.9 RO cleaning

RO membranes will inevitably require periodic cleaning, anywhere from 1
to 4 times a year depending on the feed water quality. As a general rule, if
the normalized pressure drop or the normalized salt passage has increased
by 15%, then it is time to clean the RO membranes. If the normalized per-
meate flow has decreased by 15% then it is also time to clean the RO
membranes. You can either clean the RO membranes in place or have them
removed from the RO system and cleaned off site by a service company
that specializes in this service. It has been proven that offsite membrane

cleaning is more effective at providing a better cleaning than onsite clean-
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ing skids.

RO membrane cleaning involves low and high pH cleaners to remove con-
taminants from the membrane. Scaling is addressed with low pH cleaners
and organics, colloidal and biofouling are treated with a high pH cleaner.
Cleaning RO membranes is not only about using the appropriate chemicals.
There are many other factors involved such as flows, water temperature
and quality, properly designed and sized cleaning skids and many other
factors that an experienced service group must process in order to properly

clean RO membranes. [27]
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Chapter Four
Solar Energy in Palestine
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Introduction
Palestine locates between the longitude meridian 34.15° and 35.40° east
and between the latitude circle 29.30° and 33.15° North, The area of Man-
date Palestine is 27000 Km®, it consists of two separated areas from one
another. The West Bank which extends from the Jordan River to the center
of Palestine, the area of it is about 5900 Km?, and the Gaza Strip is located
on the western side of Palestine adjacent to the Mediterranean Sea, the area
of it is about 365 Km?”.[34]
The atmosphere of Palestine is clear and its air is pure. Summer tempera-
tures reach 35° centigrade and in the winter temperature may drop to Zero.
The rainy season starts in the second half of autumn. (Mid-October) and
continues until the end of April. Heavy rain is, however, limited to fewer
than 50 days, with around 70% of the rain falling during November to Feb-
ruary. The country is influenced by the Mediterranean Sea breeze that
comes around mid-day. However, the country is affected by annual waves
of hot, dry, sandy and dust Khamaseen winds which originate from the
Arabian Desert during the months of April, May and mid-June [35].
The average annual relative humidity is 60% and reaches its highest rates
during the months of January and February. In May, however, humidity
levels are at their lowest. Night dew may occur in up to 180 days per year
[35].
4.1 Potential of Solar Energy in Palestine
Palestine has one of the highest solar energy potential of all countries of the
world. It enjoys over 2800 sunshine hours every year, with an annual aver-

age daily solar radiation intensity amounting to 5.4 kWh/m*-day [36].
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Table (4.1): Monthly average solar radiation (kWh/m’-day) in Az
Zubeidat village-Jordan valley. [36]

Month | (kKWh/m>-day)
January 3.01
February 3.38
March 5.05
April 6.7
May 7.05
June 8.34
July 7.69
August 7.29
September 5.92
October 4.65
November 3.28
December 2.65

(kWh/m2-day)

Months

Figure (4.1): Monthly average solar radiation in Az Zubeidat village-Jordan valley.

Data in table (4.1) have been measured in almaleh village, the horizontal

distance between almaleh and Az Zubeidat village about 18 km, and within

50 km distance the data don’t change, therefore these data are dependable

to a Az Zubeidat village. Measurements in a Az Zubeidat village isn’t
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complete until now (solar radiation must be measured at least one year)
[37].
Data in table (4.1) have been measured on horizontal surface, the PV arrays
in Az Zubaidat system was built on tilted angle equal to 45°, Nevertheless
these data are dependable to a Az Zubeidat village because the global solar
radiation is in general given all over the world for horizontal surfaces, sometimes the
direct and diffused are available also for the horizontal surfaces. Taking into considera-
tion that the annual total global solar radiation on a surface with tilted angle equal to the
latitude on the location is approximately equal to the annual total global solar radiation
on horizontal surface, since our system was tilted on 45° where the deviation from the
latitude (32°) is not too much, therefore the total average global solar radiation on this
tilted angle will not different from horizontal surface, in addition the small devia-
tion in the average solar radiation is compensated in safety factor on the de-
sign.[37]
From table (4.1) peak sunshine hours (the number of equivalent hours per
day that solar irradiance is at its peak level of 1 kW/m?) for every month
can be calculated as follows:

The average Peak Sun Hours around month (PSH,,):

PSH,,= Esd/G, where:

Esd: the average daily solar radiation intensity for a month,

G,: the peak solar radiation intensity = 1000W/m®.

For example PSH,;, in January = 3010/1000 = 3.01hour.

PSH: The average Peak Sun Hours around the year is calculated as:

PSH = sum (PSH,,)/12
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PSH=
(3.01+3.38+5.05+6.7+7.05+8.34+7.69+7.69+7.29+5.92+4.65+3.28+2.65)/
12
PSH =65.01/12=5.4 h.
The following table shows hourly average solar radiation of typical sum-
mer day (20/7/2012), this measurement was obtained from the measuring
system in Az Zubeidat project.

Table (4.2): Hourly average solar radiation in Az Zubeidat village, for
the day (20/7/2012).

Hours | Solar Radiation(W/m?) | Hours | Solar Radiation(W/m?)
01:00 0 13:00 712.5
02:00 0 14:00 615.4
03:00 0 15:00 486.2
04:00 0 16:00 337.4
05:00 0.566 17:00 172.56
06:00 45.599 18:00 60.8
07:00 169.76 19:00 8
08:00 336.28 20:00 0
09:00 509.11 21:00 0
10:00 640.8 22:00 0
11:00 715.62 23:00 0
12:00 747.92 00:00 0

These measurements are from a pyranometer (its high-precision sensors
that measure solar radiation on a planar surface) [38] fixed on a tilted sur-
face at an angle of 45 degrees from the horizon, and these measurements

are recorded every minute and averaged over an hour.
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Figure (4.2) shows the hourly average solar radiation plotted from data of

table (4.2):
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Figure (4.2): Hourly average solar radiation in Az Zubeidat village, on (20/7/2012).

From table (4.2) and figure (4.2), we show that we have enough potential
for solar radiation in the interval period from 10 am to 2 pm, also we can
obtain electric energy in morning and evening period because the solar ra-
diation is more than 180 W/m [37].

4.2 Ambient Temperature in Palestine

Ambient temperature affects the PV generators efficiency, the relation be-
tween efficiency and PV cell temperature is inversed, figure (4.3) shows
variation of efficiency with temperature at solar radiation of 1000W/m”’.
There is a linear relation between PV cell temperature and the module effi-
ciency. Decreasing temperature results in higher efficiency. So for a de-
sired efficiency of a PV module we can determine what temperature of PV
cell is needed, so by changing temperature around the PV module we can

affect the efficiency. [39]
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Figure (4.3): Variation of PV module efficiency with PV cell temperature [39].

Table (4.3) shows an example of the cell temperature and ambient tempera-
ture of Wadi Al- Maleh village in 20/7/2012, and these measurements are

recorded every minute and averaged over an hour.

Table (4.3): The daily ambient and cell temperature for Wadi Al-
Maleh village on 20-7-2012

Hours Ambient Cell Hours Ambient Cell
temp.(°C) | temp.(°C) temp.(°C) | temp.(°C)
01:00 35.39 30.82 13:00 40.70 62.89
02:00 34.77 30.31 14:00 41.45 58.37
03:00 34.25 29.84 15:00 42.13 53.91
04:00 33.76 29.39 16:00 42.52 46.80
05:00 33.48 29.27 17:00 41.47 40.85
06:00 33.28 30.00 18:00 39.84 37.42
07:00 33.98 33.77 19:00 38.83 34.57
08:00 3543 39.17 20:00 37.21 32.54
09:00 36.58 47.74 21:00 36.27 31.44
10:00 37.71 55.52 22:00 3543 30.82
11:00 38.84 60.45 23:00 34.71 30.13
12:00 39.76 63.02 00:00 35.97 31.59

Figure (4.4) shows the daily curve of the cell temperature and ambient

temperature drawn from the data table (4.3). It shows that the maximum




cell temperature occurs around noon time (63°C), and the minimum cell
temperature occurs in the early morning (29°C),and the maximum ambient
temperature occurs a little after noon time (42.13°C), and the minimum
ambient temperature occurs in the morning (33.28°C), also the figure
shows that before 7:00 am and after 5:00 pm the ambient temperature is
greater than cell temperature, in this time the PV cell radiate heat to the at-
mosphere so the temperature of it is less than ambient temperature, and the
solar radiation has seemed to fade, and it’s not enough to run the

cells.(From figure(5.9) the minimum solar radiation necessary to run the

PV cell effectively is 180 W/m?).
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Figure (4.4): The daily ambient and cell temperature curves for Wadi Al- Maleh vil-

lage on 20-7-2012.




95

Chapter Five
Photovoltaic Cell Technology



96
Introduction
Every day, the sun delivers energy to the earth free of charge. People can
use this free energy thanks to a technology called photovoltaic’s (PV),
which converts the sun’s energy into electricity.
The term photo comes from the Greek phos, which means “light.” The term
volt is a measure of electricity refers to Alessandro Volta (1745- 1827), a
pioneer in the development of electricity. PV literally means light—
electricity. [40]
The history of PV goes back to the year 1839, when Becquerel discovered
the PV effect [41].
Bell laboratories produced the first solar cell in 1954, the efficiency of this
cell was about 5%, and the cost was not a major issue, because the first
cells were designed for space applications [41].
In the following years solar cell cost have decreased significantly as shown

in figure (5.1).
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Figure (5.1): Increases in PV module efficiency, and decrease in cost per peak watt,
1978-1992.
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PV offers the highest versatility among renewable energy technologies, one
advantage is the modularity .All desired generator sizes can be realized
from milliwatt range for the supply of pocket calculator to megawatt range
for the public electricity supply [41]. PV module production increased
since 1985 as shown in figure (5.2).
Waorld Annual Solar Photavoltaics Praduction,
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Figure (5.2): PV module production since 1985.

The growth of PV capacity in recent years around the world is shown in

figure (5.3):
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Figure (5.3): Growth of PV capacity in recent years around the world.
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5.1 PV operating principle

Sunlight 1s composed of photons, or particles of radiant solar energy. These
photons contain various amounts of energy depending on the wavelength of
the solar spectrum. When the photons strike a solar cell some are absorbed
while others are reflected. When the material absorbs sufficient photon en-
ergy, electrons within the solar cell material dislodge from their atoms. The
electrons migrate to the front surface of the solar cell, which is manufac-
tured to be more receptive to the free electrons. When many electrons, each
carrying a negative charge, travel toward the front surface of the cell, the
resulting imbalance of charge between the cell's front and back surfaces
creates a voltage potential like the negative and positive terminals of a bat-
tery. When the two surfaces are connected through an external load, elec-
tricity flows [42].

Figure (5.4) shows the main components of PV cell and how it works [38].

negative
electrode

n-doped
sificon

boundary layer

p-doped
silicon

Figure (5.4): Design and functioning of a crystalline silicon solar cell.
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Notes:

1. Charge separation:

2. Recombination;

3. Unused photon energy (e.g. transmission);

4. Reflection and shading caused by front contacts.
Losses occur at the solar cell due to recombination, reflection and shading
caused by the front contacts. In addition, a large component of the long and
short wavelength radiation energy cannot be used. As an example of this,
the transmission losses (number 3 in the previous figure). A further portion
of the unused energy is absorbed and converted into heat. Using the exam-
ple of a crystalline silicon solar cell, the individual loss components are
shown in the following energy balance sheet.
Energy balance of a crystalline solar cell:
100 per cent irradiated solar energy;

e 3 per cent reflection and shading caused by front contacts;

e 23 per cent too low photon energy in long wavelength radiation.

e 32 per cent too high photon energy in short wavelength radiation.

e 8.5 per cent recombination losses;

e 20 per cent potential difference in the cell, particularly in the space

charge region.
e (.5 per cent series resistance (ohmic losses);

= 13 per cent utilizable electrical energy [38].
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5.2 PV Cell Types
There are many types of PV cells as shown in figure (5.5):
Cell types
! }
crystalline silicon cells thin layer cells
v
monocrysialline cells — polycrystalline cells ——» amarphous silicon cells -
—*  polyaystalline —*  copper-indium diselenide
POWER cells (cs)
——»  polycrystalline band cefls —»  cadmium-teluride catis
(EFG, string ribbon, dendritic web) (CdTe)
L—s polycrystalline thin-fine cells > Is
(Apex) Ao
“——» microcrystalline and
micromorphaus cells
hybrid HIT cells

Figure (5.5): PV cell types [38].

The main characteristics of different commercially available PV cell types
are:
» Mono-crystalline silicon
— Open circuit Voltage (0.6-0.62).
— Short circuit current (3.4A/100cm?).
— Efficiency (10-15) %.
— Most expensive to produce and buy.
— Have very slow degradation (typically 0.25-0.5% per year).
— Usually provide best warranties typically 25 years, with best over
90% power generation output for 10 years and 80% output to 20

years.
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Output efficiency decreases by approximately 0.5% per degree C above the

standard test temperature of 25°C [37].

>

Poly-crystalline silicon

Open circuit Voltage (0.55-0.58).

Short circuit current (2.6-3.1A/100cm?)

Efficiency (8-13) %.

Moderately expensive to produce and buy.

Output efficiency decreases by approximately 0.5% per degree C
above the standard test temperature of 25°C [37 ].

Amorphous silicon (non-crystalline, “thin film”)

Open circuit Voltage (0.65-0.78).

Short circuit current (1-2 A/100cm?)

Efficiency (4.5-8) %.

Least expensive to produce and buy.

Efficiency degradation with time up to 30% of the initial efficiency
after one year of operation.

Output efficiency decreases slightly less than crystalline panels

above the standard test temperature of 25°C [37].

Mono Thin Film

Figure (5.6): Different types of PV cells.
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The PV cell is the basic building block of a PV system. Individual cells can
vary in size from about 1 centimeter to about 10 centimeter across. Howev-
er, one cell only produces 1 or 2 watts, which isn't enough power for most
applications. To increase power output, cells are electrically connected to
form module. Modules can be further connected to form an array as illus-
trated in figure (5.7). The term array refers to the entire generating plant,
whether it is made up of one or several thousand modules. The number of
modules connected together in an array depends on the amount of power

output needed.

- IRNIIRIRRINIRININ.N e —

Cell Module Array

Figure (5.7): Cell, Module and Array.

5.3 Current/Voltage (I-V) Curve for PV Cell and Standard Test Condi-
tion (STC)

5.3.1 (I-V) Curve for PV cell

PV cells have current voltage relationship which is represented in I-V curve

as shown 1n figure (5.8):
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Figure (5.8): (I-V) Characteristics of a typical silicon PV cell (100cm?) under standard
test conditions [38].

Basically, the I-V curve is characterized by the following three points:

a. The maximum power point (MPP) value is the point on the I-V curve at
which the solar cell works with maximum power. For this point, the power
Puipp, the current Iypp and voltage Vypp are specified. This MPP power is
given in units of peak watts (W,,).

b. The short circuit current Igc is approximately 5 per cent to 15 per cent
higher than the MPP current. With crystalline standard cells (10cm x 10cm)
under STC, the short circuit current Igc is around the 3A mark.

c. The open circuit voltage Voc registers, with crystalline cells, approxi-
mately 0.5V to 0.6V, and for amorphous cells is approximately 0.6V to
0.9V.[38]
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5.3.2 Standard test conditions (STC)
In order to be able to compare different cells or, indeed, PV modules with
one another, uniform conditions are specified for determining the electrical
data with which the solar cell characteristic I-V curve is then calculated.
These STC as they are known, relate to the IEC 60904/DIN EN 60904
standards:

1 Vertical irradiance E of 1000 W/m2;

2 Cell temperature T of 25°C with a tolerance of + 2°C;

3 Defined light spectrum (spectral distribution of the solar reference
irradiance according to IEC 60904-3) with an air mass AM =1.5.
5.4 Effect of Solar Radiation and Temperature on PV Performance
5.4.1 Effect of solar radiation on PV performance
Figure (5.9) shows the Open circuit voltage Voc and short circuit current

Isc depending upon irradiance:

open circuit voltage in V

200 400 600 800 1000

irradiance in W/m ?

Figure (5.9): Voc and Isc depending upon irradiance [38].
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The irradiance will affect the current generated by a solar cell, the higher

the irradiance the higher the current. The effect of irradiance on voltage is

minimal .The change in Irradiance can be calculated, the manufacturer’s

standards will provide the user with a short circuit current, which can be

recalculated for the new irradiance value by equation (5.1)

curve

I, (G) = (I, rated@1000 W/m?) x (G/Gyc) (5.1)

Where

I,.: Short circuit current.

G: The actual radiation.

Gg: STC value of radiation (IOOOW/mz).

Figure (5.10) shows the effect of radiation variation at I-V module

consisting of 36 cells of mono crystalline silicon [Siemens, SR50] at

constant temperature, and figure (5.11) shows the effect of radiation varia-

tion at P-V curve for the same module.[41]
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Figure (5.10): PV module (I-V) curve with variation of solar radiation and constant
temperature [41].
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PV module : Siemens SolarSR50Manufacturer
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Figure (5.11): PV module (P-V) curve w;cl)rs\.:r[:;tion of solar radiation and constant
temperature [41].

5.4.2 Effect of cell temperature on PV performance

Solar cells vary under temperature changes; the change in temperature will
affect the power output from the cells. The voltage is highly dependent on
the temperature and an increase in temperature will decrease the voltage.
Each solar module will have manufacturing standards; the normal operating
cell temperature (NOCT) should be among these standards. The NOCT is
the temperature cells will reach when operated at open circuit in an ambient
temperature of 20°C at AM 1.5 irradiance conditions, G = 0.8 kW/m” and a
wind speed less than 1 m/s. For variations in ambient temperature and irra-
diance the cell temperature (in C) can be estimated quite accurately with

the linear approximation that

Tc = Ta + ((NOCT-20)/0.8) x G (5.2)
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The combined effects of irradiance and ambient temperature on cell per-
formance merit careful consideration. Since the open circuit voltage of a
silicon cell decreases by 2.3 mV/°C, the open circuit voltage of a module
will decrease by 2.3 mV/°C, where n is the number of series cells in the
module. Hence, for example, if a 36-cell module has a NOCT of 40°C with
Voc = 19.40 V, when G = 0.8 kW/m?, then the cell temperature will rise to
55°C when the ambient temperature rises to 30°C and G increases to 1
kW/m2. This 15°C increase in cell temperature will result in a decrease of
the open circuit voltage to 18.16 V, a 6% decrease. Furthermore, excessive
temperature elevation may cause the cell to fail prematurely [38].

Figure (5.12) shows the effect of cell temperature variation at PV module
consisting of 36 cells of mono crystalline silicon [Siemens, SR50] at con-

stant radiation.
PV module : Siemens SolarSR50Manufacturer
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Figure (5.12): PV (I-V) curve with variation of cell temperature and constant
radiation [41].
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PV module : Siemens SolarSR50Manufacturer
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Figure (5.13): PV (P-V) Curve with variation of cell temperature and con-
stant radiation [41].
5.5 Types of PV System:

There are two major types of PV system, and it depend on the connection
of the system if it's connected to the main grid or it stands alone without
any connection, these types are :

o Stand-alone systems.

o Grid-tied systems.
5.5.1 Stand-alone systems
These systems are most common in remote locations without utility grid
service, stand-alone solar electric systems can work anywhere. These sys-
tems operate independently from the grid to provide loads with electricity,

and there are many types of this system.
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Types of stand-alone systems:

a. Stand-alone DC system without storage.

It's the simplest type, where the DC output of a PV module is directly con-
nected to a DC load. The critical part of designing a well performing direct-
coupled system is the matching of impedance of the electrical load to the
maximum power output of the PV module. It can be used to operate pump-
ing machine where water is pumped in the day to reservoir for using at

night. Figure (5.14) shows the DC system without storage [35].

Solar
. -

W

»w DC load
mndule(s)

¥

Figure (5.14): DC System without storage [35].

¢ The disadvantages for this type of stand-alone are:
e It can only be used in the day to supply load as there is no bat-
tery for storing energy.
e [t cannot be used for AC load
b. Stand-alone AC system without storage.
This is another type of stand-alone system, it is the type that incorporate
inverter unit for conversion of DC voltage to AC at appropriate voltage

level [35].
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Solar
= i

\\
PV Inverter AC load
module(s)

4

Figure (5.15): AC system without storage [35].

¢ The disadvantage of this system is

e The lack of storage unit, so it will not supply load at night.

c. Stand-alone system with DC output and battery.

Figure (5.16) shows the block diagram of a typical stand-alone PV system.
A solar PV array, battery, and charge controller are the three primary com-
ponents of the PV system. The solar array generates DC power for the load
and charges the battery, which serves as the energy storage device that
powers the load when there is no output from the array. The charge control-
ler regulates the output of the PV array and ensures proper charging of the

battery, thus protecting it from abuse [35].

Solar
. -
\\
PV
module(s) DC Ioad
Charge . Stiorage anit
controller (baltery)

Figure (5.16): Stand-alone system with DC output and battery [35].

d. Stand-alone system with battery and DC and AC output.
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Figure (5.17) shows the stand-alone system with battery for storage and

both types of output loads DC and AC [35].

Solar
. .
\\ DC load
v .| Inverter o] AC load
module(s)
Charge 4 Siorage unit
controller (baltery)

Figure (5.17): Stand-alone system with battery and DC and AC output [35].

e. Stand-alone system with battery and without DC output.
This system is only for AC loads and there is no DC loads. We can use it
for one phase and three phases; it depends on the type of the inverter [35].

Solar
s s

PV | Inwester | AC
module(s ” 7| load
¥
Charge .|  Storage
controlle unit

Figure (5.18): Stand-alone system with battery and without DC output [35].

f. Stand-alone system with engine generator as back-up (hybrid system)

[35].
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Figure (5.19): Stand-alone system with engine generator as back-up [34].

5.5.2 Grid-tied PV systems

Grid-tied systems are designed to operate in parallel with and interconnect-

ed with the electric utility grid. Below are the block diagrams of grid-tied

systems.

a. Grid-tied system without battery [35].

Solar
. .

A\

moduale(s)

Inverter

Transfer

il

¥

AC load

Figure (5.20): Grid-tied system with no battery [35].
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b. Grid-tied system with batteries for storing charges [35].

Solar
= -

L\
PV Inverter Transfer AC load
module(s) "l switch

4
A

Figure (5.21): Grid-tied system with batteries for storing charges [35].
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c. Grid-tied system with utility connected to charge battery [35].

Grid-tied system can also be connected in a way that utility supply will be
charging battery in the period of low light intensity. It has the same features
as stand-alone system with engine generator back-up. In the case of long

cloudy days and utility outage, there is likely to be blackout.

Solar
. .

A\

PV .| Inverter .| Transfer | AC load
module(s) swiich

controller (bailtery)

h

Figure (5.22): Grid-tied system with utility connected to charge battery [35].
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Chapter Six
Case Study: Design of
Wadi Al- Maleh BW Desalination System by Using RO
Membrane Powered by PV System
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6.1 About Wadi Al- Maleh Village.
6.1.1 Wadi Al- Maleh location and physical characteristics.
Wadi Al- Maleh is a Palestinian village in Jericho Governorate located
(horizontally) 35.4km north of Jericho City. Wadi Al- Maleh is bordered by
the Jordan River to the east, Marj Na'ja village to the north, Tubas city to

the west, and Marj al Ghazal village to the south [43].
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Figure (6.1): Wadi Al- Maleh location and borders map.

Wadi Al- Maleh is located at an altitude of 275m below sea level with a
mean annual rainfall of 192mm. The average annual temperature is 23°C,
and the average annual humidity is approximately 48% [43].

6.1.2 Population

According to the Palestinian Central Bureau of Statistics (PCBS), the total
population of Wadi Al- Maleh in 2007 was 1,357 of whom 696 were male,
and 661, female. There were additionally registered to be 199 households

living in 199 housing units [43].
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6.2 Design and Selection of the System Components for Wadi Al-
Maleh Project
6.2.1 Design the system using ROSA program
Wadi Al- Maleh project is the first BWRO desalination system operated by
solar electric power (PV) in West Bank- Palestine. This system was de-
signed by using ROSA from DOW Chemicals Company.
Wadi Al- Maleh village has only three BW wells. The BW from one well is
pumped to a cement storage tank, located at 45m higher than the level of
the village, the capacity of the storage tank is about 200m’ and its water is
directly used to feed RO desalination system.
Steps used to design the system by ROSA program:
a. Project Information
The first step is fill the project information in ROSA program, like project

name, units of temp

erature, pressure...etc, as shown in figure (6.2).
= ROSA Control Panel ‘ -

¥ sv<term] o 5 e
) system \

File Options Help

System Permeate Flow: 1.53m3/h SystemFeed Flow: 2.36 m3jh System Recavery: 65.00%
Project Information
Notes: Project Name: Az Zubeidat BWRO system
Project Cases
Case: 1 - Add Case ‘ [ Delete Case J [ Manage ] Prestage AP: 0.245 bar

Notes for Current Case:

Project Preferences
Anaysis By: Eng samer farid [7] small Commercial System
Company Name:

Balance Analysis With: ~ NaCl -

Units Set: Flow: m3/h, Pressure: bar v @

Temperature Unit: Celsius (°C) - Water & Process Sclutions

Default Project Folder:  C:\Program Files\ROSA72\MyProjects

1) Project Information VZA)AFaardwaher Data >l75)75carling Information I ‘i)iSysbem Coniﬁaurabor{ | S)AReport" | é) Cost Analysisr‘

Thursday, August15, 2013 Run complete: 0 emor(s).

Figure (6.2): Project information at ROSA program.
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b. Feed water Data
The second step is fill feed water type and composition as in table (1.4), as

seen in figure (6.3).

File  Options  Help
System Permeate Flow: 1.53m3h  System Feed Flow: 2,36 m3h System Recovery: 65,00%

Water Type:  Well Water SDI < 3 v [ Open Water Profie Library ]
FeedPercentage: 100.0 (%) FeedNumber: 1 v Feed Streams: 1 [131
Tons mag/l| ppm CaC03| meg/l Total Conc.(mg/l) Specify Individual Solutes
) |Ammonium (NH4) 0 0.000 0.000 0.00 R i
0 ve s Z
Potassium (K) | 13.1 16'751i 0.335 13.10 i
Sodium (Na) | 483 1050.457| 21009 483.00  Feed Parameters
Magnesium (Mg) | 146/ 600,527,  12.011 146.00 Temperature: 250 °C
Calcium (Ca) | 2000 499002  9.980 200.00 —
. ! Flow Rate: 2,36 mih
Strontium (5r) | 0 0.000| 0.000 0.00
Barium (Ba) | 0 0.000) 0,000 0.00| PH: 76
Carbonate (CO3) | 1.819 3.031 0.061 1.82
Bicarbonate(HCO3) | 305 249980 5000 30500|  Charge Balance
Nitrate (NO3) | 36 29,030 0.581| 36.00
Add Sodium
Chloride (C) 0 1692381 364 1200000 Capons: 43,33
Fluoride F) i 0 0000,  0.000 0.00
Anions: 43,34
Sulfate (504) | 184.566:  192.256 3.845 184.57
-Ad]ust Cations
Silica (5102) | 216 na. na. 2160  Balance: 0.00
Boron (B) | 046 na na. na. Adjust Anions
System Temp: 25.0 °C System pH: 7.60 [Save Water Profile to Library ] Adjust All Tons
Note: Any changes in raw feedwater composition will affect scaling calculations. Please review scaling calculations.

[ 1) Project Information ' 2) Feedwater Data ‘ 3) Scaling Information | 4) System Configuration | 5) Report | 6) Cost Analysis ]
Thursday, August 15, 2013 Run complete: 0 error(s), s

Figure (6.3): Feed water Data at ROSA program.
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c. Scaling information

Third step is filling dosing chemical if it is used in this system as shown in

figure (6.4)

File  Options  Help
System Permeate Flow: 1,53mh System Feed Flow: 2,36 m3h System Recovery: 65,00%

Scaling Calculations Options Ion-exchange Leakage

(7) No chemicals added

Ca Leakage: \*01{ (mg/l)
@ User-adjusted pH

. Mgleakage: | 0| (mgh)
() Ion-exchange softening ——

Antiscalants are required, Consult your antiscalant manufacturer for dosing and maximum allowable system recovery.

Feed Adj.Feed | Concentrate Recovery and Temperature
) |pH 76 76 8.06 Recoverys G50 (50
LS 0.742| 0.742 2087 —_—
Stiff &Davis Index 0725 0.725 v IR
DS (mgfl) 2,594| 2,594 7411 Use original feed
- |
Tonic Strength (molal) O.OSGI 0.056 0.162I © Use adiusted feed
HCO3 (ma/l) 305.000| 305.000 871429
€02 (ma/l) 7.830, 7.830 7.830,
|| i
€03 (ma/l) 1819 1.819 5.197|
Cas504 (% Saturation) 473 473 1839 {er-adjusted pH
Bas04 (% Saturation) 0.0/ 0.0 0.0/ ) i ——
8 . | Dosing Chemical: H2504 v
Sr504 (% Saturation) 0.0/ 0.0 0.0,
CaF2 (% Saturation) 00| 0.0 0| ph 76 [e0]
Si02 (% Saturation) 17.28 17.28 43.66 e @
oncenta H A
Ma(OH)2 (% Saturation 0.0079 0.0079 0.18]

| 1) Project Information | 2) Feedwater Data | 3) scaling Information | 4) System Configuration | 5) Report | 6) Cost Analysis |
Thursday, August 15, 2013 Run complete: 0 error(s). s .t
Figure (6.4): Scaling information at ROSA program.
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d. System Configuration:
In this step calculate feed flow, recovery, permeate flow, and determine
type of membrane, number of membranes, number of pressure vessels in

each stage, number of elements in each vessel, the type of membrane used

and many thing else, as shown in figure (6.5)

-
=1 ROSA

ont:

File Options Help

System Permeate Flow: 1,53 m2h System Feed Flow: 2,36 m3jh System Recovery: 65.00%

No. Passes Current Pass ; — 7 @ NoDegasification
Dosing Chemical: |None v
@102 @ i P e % Carban Removal None
Adjusted pH: None CO2 Pressure (atm)
Configuration for Pass 1
R Permeate Flow: 153 m3h Redrauation Loops
StagesinPass: |1 5+ = | | Blend Permeate 2
S Recavery: 65.00 % None | mi
Flow Factor: 0.85 [C] Pass 1 Conc toPass 1Feed | none|m2jh
- % —— Feed Flow: 236 m2h
perating Temp:  25.0 °C g |__| Pass 2 Conc to Pass 1 Feed None| m2/h
Permeate Flux: 35.28 Imh ' ‘
Configuration for Stage 1in Pass 1 System Configuration
ISD |2
Stage inPass: Stage 1 v
Feed Pressure:  None bar Pump
Effidency
Boost (2-pass): (Calc d 2.0 %
BackPressure:  None bar H2504 Concentrate =
Same back pressure for all stages Feed
Pressure vessels in each stage: 3 —
Elements in each vessel: 2 4
Total elements in stage: 6
Products: [LE-4040 v [ spess |
Use the same element in the pass

| 1) Project Information | 2) Feedwater Data | 3) Scaling Information | 4) System Configuration |5) Report | 6) Cost Analysis
Thursday, August 15, 2013

——

Run complete: 0 error(s).

Figure (6.5): System configuration at ROSA program.
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e. Report
When press on report the program is running and give the following report:

Project Information: System Details

Feed Flow to Suage 1 236 o' $Pas;s | Permeate Flow 133 g% Osmotic Pressure

Raw Wates Flow to System 236 o' Pass | Racovery 6500 % Fead 166 dar

*Fead Prassure 1073 bas Faad Temperature 250 C Concentrate 449 bar

Flow Factor 085 Feed TDS 259373 mglL Avenage 307 bar

Chem Dose (100% H2S04) 000 mgL Number of Elements é Avenize NDP 735

Total Active Arsa 4343 00 Avenags Pass 1 Flux 3528 lmk Powar 168 kW

Water Classification: Well Waer SDI<3 Specific Energy 109 kWh'e'
Feed Feed Recirc Conc Conc Perm AvgPerm Boost Perm

Stage Element #PV #Ele Flow Press Flow Flow Press Flow FluxPress Press TDS

(m3/h) (bar) (m3/h) (m3/h) (bar) (m®/h) (Imh) (bar) (bar) (mg/L)

1 LE-z040 3 2 2361040 0.00 0.8310.35 1.53 35.28 0.00 0.00 77.33
Pass Streams
(mg/L as Ion)
Name | Feed Adjusted | Concentrate | Permeate
Feed Stage 1 Stage | Total
1
NH4 0.00 0.00 0.00| 0.00| 0.00
K 13.10 13.10 32.81 2.48| 2.48
Na 483.00 483.01 1351.31| 15.46| 1546
Mg 146.00 146.00 411.89 2.83| 2.83
Ca 200.00 200.00 564.72| 3.61| 3.61
Sr 0.00 0.00 0.00 0.00| 0.00
Ba 0.00 0.00 0.00 0.00| 0.00
CO3 1.82 1.82 12.84 0.00( 0.00
HCO3 | 305.00 305.00 835.48| 11.06| 11.06
NO3 36.00 36.00 83.51| 10.42| 1042
Cl 1200.00 1200.00 3379.16 | 26.61 | 26.61
F 0.00 0.00 0.00 0.00( 0.00
SO4 184.57 184.57 52291 2.38| 2.38
SiO2 21.60 21.60 61.02 0.37| 0.37
Boron 0.46 0.46 0.63 0.37'] 1037
CO2 7.83 7.83 12.51 8.28 | 8.27
TDS 2593.72 2593.73 7259.30| 77.33| 77.33
pH 7.60 7.60 7.74| 6.30| 6.30
Stage Details
Stage 1 Element Recovery Perm Hf)w PermTPS Feed Flow Feed TDS ’;?:g
2 (m3/h) (mg/L) (m3/h) (mg/L) (bar)
1 0.38 0.30 5116 0.79 2593.73 10.40
2 0.44 0.21 13.71 0.49 4137.53 1037

Figure (6.6): The report resulting from ROSA software.
*Information that under its black line is the most interested in the design

Process.
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If changes recovery and run ROSA software, changes occur in permeate
TDS and feed pressure shown in table (6.1), TDS of feed water and number
of elements is constant.

Table (6.1) Changing recovery and its effect on permeate TDS, and
feed pressure.

% Recover Permeate TDS Feed pressure
i ' (mg/L) (bar)
>0 73.31 .07
S5 73.53 3,88
60 74.85 9.76
65 77.33 10.75
70 81.18 11.86
75 86.77 13.14
80 94.84 14.71
12
= 10
E s &
= 40 - | :
: )
20 5
0 | | 7 7 | | ;
50 55 60 65 20 -5 b
Recovery %

Figure (6.7): Curves of recovery versus permeate TDS, and feed pressure.

As shown in figure (6.7) when recovery is increased the Permeate TDS is
increased and feed pressure is increased, then energy required to the project
1s increased.

Due to the limited available budget of the project, and limited available
roof surface area for PV system (when energy is increased, required surface

area for PV is increased), the option 65% recovery was selected , due to
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lowest permeate salt content and the optimum feed pressure to avoid mem-
brane deterioration [5].
6.2.2 Select the system components for Wadi Al- Maleh project
Figure (6.8) shows the schematic diagram for Wadi Al- Maleh project, and

the main components that compose the project.
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Figure (6.8): Schematic diagram for Az Zubeidat project.

Where:
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*PV1, PV2: Photovoltaic arrays.
*CR1, CR2: Battery charge regula-
tors.

*B1-B24: Storage battery cells.
eNV1, NV2, NV3: DC/AC Invert-
ers. eSync p: Synchronizing control
panel.

*M1-TP: Transfer motor pump.

eM2-HP: RO HP motor pump.

¢ AST: Anti scaling tank.

¢ ASP: Anti scaling pump.

*BWT: Brackish water storage tank.
e MMF: Multimedia filter.

*CF: Cartridge filter.

e RO: RO Vessels containing the
membranes

Selection of components:

a. RO Membrane.

RO Membrane type selected 1s spiral wound element FILMTEC LE-4040

(40 inch length and 4 inch diameter), which is known of highest perfor-

mance at lowest feed pressure and thereby of lowest energy consumption.

The specifications of the selected membrane are summarized in the follow-

ings:
[

Hard fiberglass

Salt rejection = 99%

. 2
The active area of one membrane element =7.2 m

Maximum pressure = 10.3 bar
Maximum feed flow rate = 9.5 m’/day

Maximum pressure drop= 1.03 bar

In this project installed three vessels connected in series, each vessel con-

tain two RO membranes connected in series also, this means there are six

RO membranes built in this project with the above specifications.




Figure (6.9): Photographic picture of RO vessels in Az Zubeidat project.

b. Transfer motor pump
This pump is used to transfer the raw water from the BW storage tank to
the inlet of MMF, the TDS of the raw water is equal to 2681 mg/L corre-
sponds to an osmotic pressure of 2.04 bar. Taking into consideration the
pressure drop on the MMF and CF and considering a safety factor of 1.1, it
was concluded to select a three phase motor centrifugal pump specified as
follows:
2.5 m’/h at 3.79 bar, which corresponds to a rated output of 2.5 m’/h at
38.65 m head. (1bar = 10.199 m head).
Specifications of transfer motor pump that found to be the most suitable
one for this purpose:

ePump type: Grundfos (Denmark), CR2- 70.

eMaterial: stainless steel.
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Q-H performance: 3m’/h at 42.7 m head.
eSupply voltage: 3x380 V
eSpeed: 2864 rpm, 50 Hz.
eMotor power: 750 W.
eEfficiency: 42%.
*PF: 0.82.

Figure (6.10): Photo graphi picture of TP in Az Zubeidat project.

c¢. HP pump (RO pump)

This pump is installed between the CF and the RO vessels containing the
membranes. It pumps the water from output of the CF into the RO vessels.
Depending on ROSA program, feed flow equal 2.36 m’/h and feed pressure
equal 10.75 bar, and respecting a safety factor of 1.1, it was concluded to
select a three phase induction motor pump specified as:

2.5m’h at 11.825 bar, which corresponds to a rated output of 2.5 m’/h at

120.61 m head.
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A three phase induction motor HP pump type Grundfos was found to be the
most suitable one for this purpose.
Specifications of RO HP motor pump:

e Pump type: Grundfos (Denmark), CRI3- 29

e Material: stainless steel housing and impeller.

e Q-H ratings: 3m’/h at 140 m. head.

e Supply voltage: 3x380V.

e Speed: 2900 rpm, 50 Hz.

e Motor power: 2.431 kW.

o Efficiency: 42%.

e PF:0.84

Figure (6.11): Photographic picture of HP motor pump in Az Zubeidat project.

d. Chemical injection pump (anti scaling pump)
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A scale inhibitor injection system is installed consisting of one tank with 35
liter capacity complete with cover and a solenoid driven diaphragm pump.
The injection occurs at the inlet of the cartridge filter.
Specifications of Anti scaling pump:

ePump type: Grundfos.

eMaterial: PVC/ VTC.

eMaximum flow: 1.89 L/h.

eMaximum head: 56m.

eSupply voltage: 220Vac, 50 Hz.

eMotor power: 350 W.

Figure (6.12): Photographic picture of anti-scaling pump in Az Zubeidat project.

e. Multimedia filter

The removal of suspended and colloidal solids by media filtration is based
on their deposition on the surface of filter grains while the water flows

through a bed of these grains (filter media). The quality of the filtrate de-
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pends on the size, surface charge and both suspended solids and filter me-
dia as well as on the water analysis and operational parameters.
The effective grain size for fine sand filter is in the range of 0.35-0.5 mm,
and 0.7-0.8 mm for anthracite filter. During separation, influent water to be
filtered enters at the top of the filter, percolates through the filter bed and is
drawn off through the collector system at the bottom. Periodically when the
differential pressure increase between inlet and outlet, the filter has to be
back washed and rinsed to carry away the deposited materials.

Specifications of MMF:

eOperation tap: Multi stage auto flash.

eColumn: Armored fiber glass.

*Column dimensions: 16 inchx65inch.

*Columns count: 2.

*Bed typel: multilayer quartz.

eBed type2: activated carbon.

e Supporting bed: Basalt.

Figure (6.13): Photograpic‘piture of MMF in Az Zubeidat project.
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f. Cartridge filter
CF can provide additional particulate control. Cartridge filtration process
often provides the last line of defense against suspended solids forming in
RO processes. It prohibits the pass of suspended particles such as clay, silt,
sand, or chemical impurities to the RO membranes. Two filters were in-
stalled in the system each of 20inch length and 4inch diameter.
Specifications of Cartridge filter:

*Type: DGD 7525-BB/DGD5005-BB.

*BB filter housing with Micronics filters: 5 microns.

eFilter housing: Tough poly ethylene.

eHousing length: 20 inch.

eHousing amount: 4.

eFeed opening: linch.

eFilter type: Poly propylene.

eFilter diameter: 4 inch.

eCandle amount: 4.

Figure (6.14): Photographic picture of Cartridge filters in Az Zubeidat project.
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g. Sizing the PV power system.

The RO desalination system is powered by a solar PV power system (PV).
Determining the peak power of the PV Generator depends on the daily
electric load to be supplied and on the annual average of daily solar radia-
tion in the area. Considering the input power of the transfer pump, the RO-
HP pump and the anti-scaling pump we obtain a total load power (Pyr)
amounting to:

Pir = PrptPyupptPasp =750+2431+350=3530 W (6.1)
Considering a daily operation of the system amounting to t;= 6.5 h, we ob-
tain the total daily load energy (Eq):

Eq=Prr < tq (6.2)

Eq =3531x%6.5=22952 Wh/day (6.2%)
Assuming an efficiency of inverter (1);,) is 95% and an efficiency of battery
charge controller (1) is 95% then, the daily energy (Epy) necessary from
the PV generator is:

Epv = Eq /(Minx1cc) (6.3)

Epy=22952/(0.95%0.95) = 25431 Wh/day.

The annual daily average of solar radiation in the west bank amounts to
5400 Wh/m” —day which corresponds to 5.4 peak sun hours (PSH).
Therefore, the necessary peak power of the PV generator while respecting a
safety factor of 1.12 is obtained as (Ppy):

Ppy = (EPV/PSH)*1.12 [37] (6.4)

Ppy=(25431/5.4)x1.12=5274.5 W, (6.4%)
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Using the PV module type SCHOTT 185-Gernany rated at 185 W, (Pyy),
the number of necessary modules (Ny,) is obtained as:

Ny = Ppy/Py (6.5)

Ny =5274.5/185 = 28 module.
This PV module has the following specifications at standard conditions:
open circuit voltage V,.= 45V, short circuit current 1;,;=5.43A, voltage at
maximum power point V;,,=36.33V, current at maximum power point
Inpp=3.1A, peak efficiency n=14.1 and nominal operating cell temperature
NOCT= 46 °C.
Az Zubeidat project produce 10m’ of permeate per day, so by dividing the
results of equations (6.2*) and (6.4*) by 10m’/day, the results shows that
Im’ of permeate water produced from brackish water with a TDS
2681mg/L, requires 2.3 kWh which is represented at G,,=5.4 kWh/m’-day
approximately in 450 W, PV cells.
The nominal battery voltage was selected to be Vg = 48 V. This selection
requires connecting each 2 PV modules in series to build 14 strings con-
nected in parallel. Figure (6.8) shows the interconnections of the PV mod-
ules with the battery charge controllers, the battery bank, the inverters and
the three pumps which constitute the main electrical components of the de-
salination system, as seen also, each 14 PV modules are connected to one
charge controller, the output of the two charge controller are connected in
parallel to the battery bank consisting of 24 battery cells, to build a nominal

voltage of 48 VDC.
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The 28 PV modules are installed on the roof of the BW tank in two arrays
as shown in the photographic picture illustrated in figure (6.15), the front
array consists of 12 PV modules and the rear of 16 PV modules , the dis-
tance between them was calculated to avoid shadowing during the peak
sun hours according the following equation [44]:

x=a[sinPx tan(23.5+Lat) +cosp] (6.6)

Where

x: 1s the distance between the two PV arrays facing south.

a: is the length of the PV array in front of the second array installed
to the north, its equal 1.80 m.

B: 1s the tilt angle of the PV array on a horizontal level amounting to
45°.

Lat: is the latitude of the project site, its equal 32°.

After solving equation (6.6) found that x =3.12 m
The two PV arrays were installed on the roof of the BW tank at a height of
8m above earth level which protects the PV modules against damage and

dust accumulation on their surfaces.
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Figure (6.15): Photographic picture of PV arrays in Az Zubeidat project.

h. Sizing the storage battery bank.
In this thesis a PV system with battery bank not without battery bank is
chosen for the following reasons:

1. Energy Storage Capacity and reliability: Improve the reliability of
the system because the excess energy is stored in the battery bank,
and this energy is delivered to the load when the solar energy is not
available or not sufficient (at night and cloudy days).

2. Voltage and Current Stabilization: to supply power to electrical loads
at stable voltages and currents, by suppressing or 'smoothing out'

transients that may occur in PV systems.
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3. Supply Surge Currents: to supply surge or high peak operating cur-
rents to electrical loads or appliances, and ability to meet momentary
peak power demands.
The ampere-hour capacity Cuy, of the battery bank (A group of batteries
connected in series, parallel, or both) is obtained from the following equa-

tion.

Ed
AN DOD Vs (67

Where:
Ed: is the daily load energy at the input of inverter
DOD: is the permissible depth of discharge.
ng: 1s the ampere hour efficiency of the battery cell.
Vg: i1s the nominal voltage of the battery bank. Substituting the corre-

sponding values of these variables we obtain:

Cpn= 24159.5 =818.40Ah
ANT0.75%0.82x48  ©

The watt hour capacity C;, of the storage system is obtained as:
Con= Can*Vp (6.8)

Cwn = 818.4x48=39283 W

24 battery cells type VARTA PZS875 was selected to be connected
in series as shown in figure (6.16) to build a nominal battery voltage of
48V. Each battery cell is rated at 2V/875 Ah which represents a total ener-

gy capacity of C,,= 42 kWh.



Figure (6.16): Photographic picture of Battery bank in Az Zubeidat project.

1. Battery charge controller

This is a DC/DC converter that obtains the output voltage of the PV gen-
erator and regulates it to be appropriate for the nominal charge voltage of
the battery. Its output voltage is adjustable within a hysteresis with mini-
mum and maximum values. This controller protect the battery bank against
deep discharge and extremely overcharge that leads to gas production and
therefore it elongates the life time of the battery. Usually the nominal
power of this controller is equal to the peak power of the PV generator.
Two controllers from Morningstar company each rated at 48V/2.5kW
where used. Each controller is connected to the output of one PV array
consisting of 14 PV modules, and then the outputs of the two controllers

are connected in parallel as shown in figure (6.8).
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R i ce
EIg;l:ll;z617 ) l;hoto graphic picture of DC/DC converters in Az Zubeidat project.
j. DC/AC inverters.
The inverter converts DC voltage of the battery bank and the output voltage
of the PV generator into three phase sinusoidal voltage with 50 Hz, The
rated power of the inverter must be at least equal to the total input power of
the load consisting mainly of the transfer pump, the HP RO pump and the
anti-scaling pump, amounting totally to about 4kW.
Three equivalent inverters (type STUDER module XTM2600-48) where
used because one three phase inverter rated at 380V/6kVA was not found.
Each of the three inverters is rated at 48VDC/230VAC. The out puts of the
three inverters are connected in Y-connection and synchronizing control
panel to build a three phase system with 380V line to line voltage for sup-
plying the transfer pump and RO motor pump and to supply the anti scaling

pump with 220 V single phase voltage.



137

i =

Figure (6.18): Photographic picture of DC/AC inverters in Az Zubeidat project.
k. Instrumentation and measuring system.

The RO desalination system is equipped with an instrument panel which
includes a conductivity meter for permeate, flow meters and pressure gaug-
es. The system includes also a data acquisition system which measures and
records continuously the global solar radiation on PV modules, the ambient
temperature, the PV cell temperature, the input and output of the PV gener-
ators, the input and output of the battery bank, as well as the output param-
eters of the three phase inverters. The measured values are stored as data
file for later evaluation. Furthermore the measuring system includes a te-
lemetry system which enables at the same time illustrating the measuring

data on the computers of the An Najah National University.
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6.3 Heavy metals content in feed, permeate and concentrate for Az
Zubeidat project

Laboratory tests were conducted for water samples that taken from Az
Zubeidat project, two samples taken from tank (feed water), two samples
taken from RO system product water, and two samples taken from concen-
trate water at different periods (one in June 2011, and another in September
2012). Heavy metals test was conducted by inductive coupled plasma-
mass spectrometry ICPMS instrument, in WESI laboratories, in An Najah
National University, it shows that the main metals in well water are calci-
um, sodium and magnesium; these metal are not very dangerous for the
human health but high concentrations may affect some body organs; such
as kidney and liver. The existence of some common heavy metals was in
acceptable level of concentrations or zero. High salt concentration act as a
preservative of water from bacterial growth and this explain why there is
no bacterial growth in well and water tank. For fresh water produced from
RO system the TDS concentration is very law; less than 50 mg/L, the main
metals in this water were calcium, sodium and magnesium as in BW but in
very low concentrations. The human body needs for some metals, but in
general water 1s not the main source of these metals. Some consumers pre-
fer moderate concentrations of metals salts for a good taste of water, in Az
Zubeidat village the consumers prefer to take water as it produced from the
RO system with no additives. Some dangerous metals concentration such
as lead, cadmium and arsenic were zero that make the water much safer for

inhabitants.
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Table (6.2): Heavy metals content in feed, permeate and concentrate

from Az Zubeidat project (September 2012).

Elements Feed | Permeate | concentrate
mg/L mg/L mg/L
Li 0.10 0.00 0.20
Be 0.00 0.00 0.00
B 0.85 0.35 0.00
C 513.45 1.40 431.40
Na 425.90 6.44 776.00
Mg 128.60 0.00 304.55
Al 0.25 0.00 0.00
Si 12.50 0.00 0.00
P 0.65 0.00 1.90
Cl 1462.85 20.90 3403.55
K 30.90 0.38 47.85
Ca 146.50 0.00 200.30
Sc 0.05 0.00 0.00
Ti 0.15 0.00 0.00
\Y% 0.00 0.00 0.05
Cr 0.10 0.00 0.05
Mn 0.00 0.00 0.00
Fe 5.15 0.00 0.00
Co 0.00 0.00 0.00
Ni 0.05 0.00 0.05
Cu 0.10 0.00 0.05
/n 26.95 0.00 0.40
As 0.00 0.00 0.00
Se 0.00 0.00 0.00
Br 0.00 0.24 12.55
Pb 0.00 0.00 0.00
Cd 0.00 0.00 0.00
Sn 0.00 0.00 0.00
Ba 0.00 0.00 3.20
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Chapter Seven
Economic Analysis and Environmental Impact of Us-
ing BWRO Desalination System Powered By PV Sys-

tem
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7.1 Economic Analysis of Using BWRO Desalination System Powered
by PV System
7.1.1 Economic analysis of using BWRO desalination system powered
by PV system with battery bank
Introduction
Individuals, small business owners, large corporation presidents, and gov-
ernment agency heads are routinely faced with the challenge of making de-
cisions when selecting one alternative over another. To overcome this chal-
lenge and choose a suitable alternative, there is a need to economic analy-
sis; 1t 1s the essential factor and heart of making decisions, beside another
factors like environment, social, political, ethical, health, safety, and sus-
tainability.
Steps of work in this section:

1. Cash flow analysis

2. Economic analysis using Rate of Return (ROR) method.

3. Evaluate Az Zubeidat project depends on ROR results.
7.1.1.1 Cash flow analysis for Az Zubeidat project
Cash Flow: It’s the estimated outcomes (costs) and incomes (revenues) of
money over a stated time period.
In this section the cash flow charts will show the incomes money and out-
comes money for Az Zubeidat project.
a. Outcomes for Az Zubeidat project.
Table (7.1) shows all outcomes for Az Zubeidat project, like capital cost,

operating and maintenance (O&M) cost.
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Table (7.1) Outcomes for Az Zubeidat project.
. Life Total
. Unit . .
Component Quantity . time price
price $
year $
PV module (185W) 5180 WP | 1/Wp 20 5180
Batteries (2V/875Ah) 24 437.5 10 10500
Charge Controller 2.5 kW 2 1500 20 3000
Inverter 3.6 kW 3 2100 20 6300
Installation Material -—- -—- 20 1000
Installation (electrical &
mechanical) Cost B - B 2000
Transfer pump | 2400 20 2400
High pressure pump 1 3500 20 3500
Anti-scaling pump 1 1000 20 1000
Multimedia filter 2 1100 5 2200
Cartridge filter 2 600 5 1200
RO membrane vessel 3 3500 5 10500
Piping, valves, gages 1 3900 20 3900
Electric control panel 1 1200 20 1200
Instrument control panel 1 2000 20 2000
Cleaning system 1 1500 20 1500
Steel structure panted by 1 1400 20 1400
epoxy coated
Total capital cost of the system 58780%
Operating and maintenance 6%from capital cost 35275

cost/year

-The land of project is free of money.

b. Incomes for Az Zubeidat project:

Incomes divided into two parts:

1. Salvage value: it’s estimated residual value of a depreciable asset or

property at the end of life time of the project.

In this project salvage value suggested to be 10% of total capital costs, then

salvage value = 0.10x58780 = 5878$
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2. Annual Saving
The annual saving in money for this project can be calculated by using the
following formula:
Annual saving = Q,*xtgxpxD (7.1)
Where:
Q,: number of cubic meter of permeates water produced from project
per hour (m’/h), its equal 1.538 m’/h.
ts: number of operation system hour’s in a day, its equal 6.5 h/day.
Qpxty equal to number of cubic meter of permeates water produced
from project per day = 1.538x6.5 =10 m’
p: cost of one m’ from potable water from water delivery trucks.
From calling number of water delivery truck drivers from different
regions the following information was found:
e Cost of water delivery truck (10m’) to atouf village = (150-220) NIS
e Cost of water delivery truck (10m’) to Almaleh village = (220-250)
NIS
e Cost of water delivery truck (10m’) to Az Zubeidat village = (170-
200) NIS.
e Cost of water delivery truck (10m’) to beir albash village = (175-
200) NIS.
The average cost of all regions is approximately = 180 NIS/10m3 of fresh
water.
Then cost of 1m’=180/10=18NIS/m’/ (3.55$/NIS)=5.07$/m’
¢ =5.07$/m’
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D: number of days per year that the system is operated (350).
From equation (7.1),
Annual saving = 1.538%6.5x5.07%350 = 17740%/year.

Then The Cash flow chart for Az Zubeidat project is shown in Figure
(7.1)

Annual saving = 17740 §

4 4 4 3 Y 3 4 i 4 4 4 b L 4 4
[ I
1] 1 2 3 4 5 53 7 8 3 70 it 12 13 i4 5 |78 7|18 i |20

a ‘Ya a
b Tb b
1 v r Y ¥ v ¥ | B B 2N B | 1

¢ Tc ¢ Annual O&M = 3527 ¢

Capital cost = 58780 §

Figure (7.1): Cash flow chart for Az Zubeidat project.
Where:
a: CF replacement = 12008.
b: MMF replacement = 22008.
c: RO membrane replacement = 105008.
d: Battery replacement = 105008.

f: Salvage value = 58788$.
7.1.1.2 Economical analysis using rate of return (ROR) method
It is the effective annual interest rate earned on an investment and It's one
of the important economic methods to justify whether the project is feasible
or not.
We can find ROR by useing the following equation.
PWincome — PWoutcome=0 (7.2)
Where:
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e PWincome is mean present worth income (positive Value in cash
flow) and the formula for it is :
PWincome=annual saving (P/A, i*, 20) +Salvage value (P/F, i*, 20)
(7.3)
Where:
o (P/A, 1*,20): find present value from annual value at the interest rate
of 1*% and at the life time of 20 years.
e (P/F, 1*,20): find present value from future value at the interest rate
of 1% and at the life time of 20 years.
e PWoutcome it mean present worth outcome (negative value in cash
flow), the formula for it.
e PWoutcome = annual cost(P/A,1*,20)+capital investment (7.4)
e 20 it’s the lifetime in years of the project.
For Az Zubeidat project we use equation 1 to find ROR, and other values
from cash flow figure (7.1):
To find PWincome and PWoutcome, we use equations (7.3) and (7.4) as
follows:
PWincome = 17740(P/A,1*,20) + 5878(P/F,i*,20)
PWoutcome = 58780+3527(P/A.,1*,20) +(1200+2200+10500)(P/F,i*,5)+
(1200+2200+10500)(P/F,i*,10)+(1200+2200+10500)(P/F,i* 15)+
10500(P/F,i*,10).

From equation (7.2)
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{17740(P/A,1*,20)+5878(P/F,i*,20)}—{58780+3527(P/A,1*,20) +
(1200+2200+10500)(P/F,i*,5)+(1200+2200+10500)(P/F,i*,10)+
(1200+2200+10500) (P/F,i*,15)+10500(P/F,i*,10)}= 0 then,

ROR=1*=20% after solving the equation by using appendix A2.

e Calculate the cost of 1 m’ permeate water produce by Az Zubeidat pro-
ject:

To find the cost of 1 m’ permeate water produce by Az zubeidat project
the annuity cost which bases on Life Cycle Cost for annual production of
the project must be known.

Life Cycle Cost in Annual worth = Investment Cost in annual worth + an-
nual cost+ battery replacement in annual worth+ CF replacement in annual
worth+ MMF replacement in annual worth+ RO membrane vessels re-
placement in annual worth - Salvage Value in annual worth .

LCC(AW) = Cinvestment.AW + Co&m+ Cbat rep. AW + CCF rep.AW + CMMF rep.AW +

CRO mrep. AW ~ Csalvage.AW (75)

$ Life Cycle Cost (AW)

tof Im’—= : 7.6
costol m Im’ Yearly permeate water prouduction (7.6)

6% interest rate (as shown in appendix Al ) is used to find AW of the LCC
for the project,

LCC(AW) =58780(A/P,6%,20) + 3527 +13900(P/F,6%,5)(A/P,6%,20) +
13900(P/F,6%,10)(A/P,6%,20) + 13900(P/F,6%,15)(A/P,6%,20) +
10500(P/F,6%,10)(A/P,6%,20) - 5878(A/F,6%,20).
LCC(AW)=58780x0.08718+3527+13900%0.7473%0.08718+
13900%0.5584%0.08718+13900%0.4173x0.08718+
10500%0.5584x0.08718-5878x0.02718.
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LCC(AW) =11090%
ecost of 1 m® (§/m’) = 11090/3500 = 3.17 $/m’
7.1.1.3 Evaluate Az Zubeidat project depending on ROR results.
Comparing with Cairo-Amman bank that give maximum ROR = 3% on
60000$ in 20 years (the value of capital cost in this investment), it's clear
that ROR of this project 20% is high, then it will justify and encourage the
investment in this kind of projects (BWRO desalination powered by PV
system in remote area that lack of fresh water network, and electrical net-
work), therefore this Project is feasible, and there is high annual saving
from this project.
7.1.2 Economic analysis of using BWRO desalination system powered
by PV system without battery bank
Not the aim of this section is to study the feasibility of the project, because
the project is feasible with battery bank, then logically it is more feasible
without battery bank (operate the system during sun shine hours) because
the capital cost is decreased by eliminate batteries fixed and replacement
cost, and charge controller cost, but the aim of this section is to study the
economic impact on Az Zubeidat project when we build it without battery
bank, the following sections show the economic impact on capital cost,
cash flow chart, all project cost during the total life time, and cost of 1 m’ of

product water.
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7.1.2.1 Economic impact on capital cost when we build Az Zubeidat
project without battery bank
When we build Az Zubeidat project without battery bank we eliminate the
batteries fixed and replacement cost, and charge controller cost from capital
cost then it will be become:
Capital cost without B = capital cost (with B) - batteries cost - charge con-
troller cost.
Capital cost (without B) = 58780-10500-3000 = 45280$ then;
Percentage of decrease = (Capital cost (without B) - capital cost (with B))/
Capital cost (without B)
percentage of decrease = (58780-45280)/58780 = 0.23 = 23% then when
we build Az Zubeidat project without battery bank we decrease 23% from
capital cost, In other words, battery bank represent 23% from capital cost.
7.1.2.2 Economic impact on cash flow when we build Az Zubeidat pro-
ject without battery bank.
Economic impact on cash flow summarized in figure (7.2):

1. Capital cost become 452808.

2. Salvage value = 0.10%capital cost = 0.10x45280 = 4528$

3. O&M cost remain the same.

4. Battery replacement cost eliminated and another replacement costs

remain the same.
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Annual saving = 17740 #

;|3 - : ; 2 iz |1 ya 7 |79 |z
b b ‘vb
A Y ¥ ' J ¥

¢ ¢ Y Annual O&M = 3527 §

Capital cost = 5878¢ §
Figure (7.2): Cash flow chart for Az Zubeidat project without battery bank.

Where:

a: CF replacement = 12008.

b: MMF replacement = 22008.

c: RO membrane replacement = 105008.
f: Salvage value = 45288.

7.1.2.3 Economic impact on all project cost during the total life time
when we build Az Zubeidat project without battery bank.

After using equation (7.5) to calculate LCC (AW) on cash flow in figure
(7.2) the LCC (AW) = 81508 then;

Percentage of decrease = (LCC (AW) (without B) - LCC (AW) (with B))/
LCC (AW) (without B)

percentage of decrease = (11090-8150)/11090 = 0.265 = 26.5% then when
we build Az Zuaeidat project without battery bank we decrease 26.5% from
all project cost during the total life time, In other words, battery bank repre-
sent 26.5% from all project cost during the total life time.

7.1.2.4 Economic impact on cost of 1m® of product water when we
build Az Zubeidat project without battery bank

After using equation (7.6)

The cost of 1 m’ of product water (Cpw) = 8150/3500 = 2.33$/m’
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Percentage of decrease = (C,,, (without B) - C,, (with B))/ C,,, (without B)
Percentage of decrease = (3.17-2.33)/3.17 = 0.265 = 26.5% then when we
build Az Zubeidat project without battery bank we decrease 26.5% from
the cost of 1 m’ of product water.
7.1.2.5 Amount of potable water produced from Az Zubeidat project if
operate it without battery bank
If operate Az Zubeidat project at solar energy only during the day without
using battery bank the average monthly amount of produced potable water
can be calculated from the following equation:

A, = (PSH,,/PSH) %10 where:

A,: Amount of produced potable water in chosen month.

PSH,,: The Peak Sun Hours in chosen month (from section (4.1)).

PSH: The Average Peak Sun Hours around the year.

10 m’: The average potable water produced from Az Zubeidat project
around the year (calculated at PSH = 5.4 h).

Example: In January the A,,, = (3.01/5.4)x10 = 5.57 m’.

Table (7.2) shows the amount of produced potable water in every

month.

Table (7.2): Monthly amount of produced potable water from Az
Zubeidat project

Month m’
January 5.57
February 6.26
March 9.35
April 12.4
May 13
June 15.44
July 14.24
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August 13.5
September 10.96
October 8.6
November 6
December 4.9

Table (7.2) shows:
1. In June the largest amount of potable water is produced (15.44m’),
thus 20 m’ storage tank for produced potable water must be installed.
2. Average amount of produced potable water = (summation of month-

ly amount of produced potable water)/12 then,
Average amount of produced potable water around the year = 120.22/12 =
10 m*/day
7.2 Environmental Impact of Using Solar PV Systems to Pow-
ered BWRO Desalination System
7.2.1 Environmental impacts of solar power
Introduction
The PV technologies have distinct environmental advantages over conven-
tional technologies for electricity generation. The operation of PV systems
does not produce any noise, toxic-gas emissions, and greenhouse gases. PV
energy not only can help meet the growing worldwide demand for electrici-
ty, but it can do so without incurring the high economic and environmental
costs of installing power lines or burning fossil fuels. Relative to burning
coal, every gaga watt-hour of electricity generated by PV would prevent
the emission of about 10 tons of SO, , 4 tons of NOx, 0.7 tons of particu-
lates (including 1 kg of Cd and 120 kg of As), and up to 1000 tons of CO,
[45]
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a. Land use
Depending on their location, larger utility-scale PV solar facilities can raise
concerns about land degradation and habitat loss. Total land area require-
ments estimates from 8-13 m” per 1 kW, unlike wind facilities, there is
less opportunity for PV solar projects to share land with agricultural uses.
However, land impacts from utility-scale PV solar systems can be mini-
mized by sitting them at lower-quality locations such as brownfield, aban-
doned mining land, or existing transportation and transmission corridors.
Smaller scale solar PV arrays, which can be built on homes or commercial
buildings, also have minimal land use impact [46].
b. Water use
Solar PV cells do not use water for generating electricity. However, as in
all manufacturing processes, some water is used to manufacture solar PV
components [46].
c. Hazardous materials
The PV cell manufacturing process includes a number of hazardous materi-
als, most of which are used to clean and purify the semiconductor surface.
These chemicals, similar to those used in the general semiconductor indus-
try. The amount and type of chemicals used depends on the type of cell, the
amount of cleaning that is needed, and the size of silicon wafer. Workers
also face risks associated with inhaling silicon dust, Table (7.2) shows

some hazardous materials used in current PV manufacturing: [45]
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Table (7.2): Some hazardous materials used in current PV manufac-

turing.
Material Chemical | Critical Effects

formula
Arsine AsH3 Blood, kidney
Arsenic compounds | ------- Cancer, lung
Cadmium compounds | ------- Cancer, kidney
Carbon tetrachloride CCl4 Liver, cancer, green house gases
Chloro silanes H3CIS1 Irritant
Copper Cu Irritant, liver, kidney
Diborane B2H6 CNS*, pulmonary
Germane GeH4 Blood, CNS, kidney
Hydrogen H Fire hazard
Hydrogen fluoride HF Irritant, burns, bone, teeth
Hydrogen selenide H2Se Irritant, GI, flammable
Hydrogen sulfide H2S Irritant, CNS, flammable
Indium compounds | -—--- Pulmonary, bone, GI
Lead Pb CNS, @I, blood, kidney, repro-

ductive.

Nitric acid HNO3 Irritant, corrosive.
Phosphine PH3 Irritant, CNS, GI**, flammable.
Phosphorous oxychloride POCI3 Irritant, kidney.
Selenium hydroxide Se(OH)2 | Irritant
Silane SiH4 Irritant, fire, explosion hazard.
Tellurium compounds | ----- CNS, cyanosis, liver.
Silicon tetrachloride SiCl4 Irritant, lung.

*(CNS): The central nervous system is the part of the nervous system that

integrates the information that it receives from and coordinates the activity

of all parts of the bodies of animals that is, all multicellular animals except

radially symmetric animals such as sponges and jellyfish.

** (GI): The Human Gastrointestinal Tract.

d. Hazardous waste
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Solar PV panels may contain hazardous materials that could be released
when a panel is damaged or disposed it improperly [47].
Lead-acid batteries used in Az Zubeidat project can cause environmental
and health problems if disposed it improperly because it is contain chemi-
cals that have the potential to be hazardous to our health and the environ-
ment. The batteries contain lead, a highly toxic metal, and sulfuric acid, a
corrosive electrolyte solution. Since both of these materials are classified
as hazardous, it is very important that the battery be handled properly [48].
Contact with the sulfuric acid solution may lead to irritation or burns to the
skin, or irritation to the mucous membranes of the eyes or the upper respir-
atory system [48].
Symptoms of low-level lead exposure include fatigue, impaired central
nervous system functions, and impaired learning. Severe lead poisoning
can result in coma, convulsions, irreversible mental retardation, seizures,
and even death [48].
If lead-acid batteries are disposed of in a solid waste landfill or illegally
dumped, the lead and sulfuric acid can seep into the soil and contaminate
ground water, potentially affecting the quality of our drinking water supply.
If the batteries are disposed of near rivers, streams, lakes, or marine waters,
the lead and sulfuric acid can also threaten aquatic life [48].
e. Visual
One person's beauty is another person's eyesore. For some, solar panels

evoke positive feelings, even when set in a natural landscape. For others,
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the sight of a solar panel invading a pristine desert environment is gut
wrenching [47].
7.2.2 The environmental impact of using PV systems powered BWRO
system.
Due to the replacement of the water delivery tanks by desalination BW us-
ing RO membrane powered by PV system, there are saving in diesel fuel,
then there are saving in CO, emission to atmosphere, the following equa-
tion is used to calculate the amount of saving in CO, (kg):
Annual saving in CO,(kg/year)=ZxDxX Where:
Z: saving in diesel per day (I/day)
D: number of days per year
X: amount of CO, produced by burned of 1 liter diesel (kg/L)
By calling water delivery truck drivers, they said that the truck consume 1
liter per 4 km in average , and the distance from fresh water supply station
to atouf village about 20 km, the distance from fresh water supply station to
almaleh village about 45 km, the distance from fresh water supply station
to Az Zubeidat village about 15 km, the distance from fresh water supply
station to beir albasha village about 15 km, in average the distance that the
truck traveled per day is about 18 km, then
Z = (18km/dayx1 L)/4km = 4.5 L/day
X=13.2 kg CO,/1 kg diesel [49], when,;
Diesel weight = (0.820 kg/L - 0.845 kg/L) in average 0.8325 kg/L [50],
then; X=2.664 kg CO2/1 liter diesel.
Annual saving in CO,=4.5%350%2.664=4.195 tonCO,/year.
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7.2.3 Environmental impacts of concentrate (brine) that result from Az
Zubeidat project
From table (6.5) TDS for concentrate from Az Zubeidat project is above
6000 mg/L and its produce annual concentrate volume (m’/year) as follow-
ing equation:

Qac =Qp¢(1-R)xtgxD

Where:

Q.. annual concentrate flow in (m’/year).

Q¢ feed flow in (m’/h).

tqy: number of hours per day.

D: number of days per year.

Then Q,. =2.36%(1-0.65)%6.5%350.

Q.. =1879 m’/year.
Considering that the TDS of brine about 6000 mg/L, the outlined brine so-
lution contains about 11274 kg/year.
The environmental impact of this high salt concentrate amount if it is left to
flow in the ground as follows:
a. Effect on the flora and fauna of the directly contaminated area. Increased
salinity pushes living organisms to the extremes of their tolerance limits.
b. Effect on groundwater in the area and will make it more salty.
Thus the best option to dispose this salt concentration by continue concen-
trating by means of natural evaporation until getting a solid waste that can

be valued or directly managed and exploited by an authorized chemical
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company. The main purpose of applying natural evaporation is to reduce

the energy consumption of the treatment and the associated costs.
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Chapter Eight
Conclusion And
Recommendation
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8.1 Results and Conclusions

A considerable volume of brackish water with an appropriate TDS
value allowing to use it for RO desalination membranes is available
in West Bank.

Since the RO desalination systems are considered to consume the
lowest amount of energy, RO systems are very appropriate to be op-
erated by solar electric power systems represented in PV.

Palestine enjoys a high solar energy potential amounting in average
to 5.4 kWh/m*-day, therefore it is appropriate to exploit this energy
in brackish water desalination using RO membranes.

This study has shown that Im’ of permeate water produced from
brackish water with a TDS 2681mg/L, requires 2.3 kWh which is
represented at G,, =5.4 kWh/m’-day approximately in 450 W, PV
cells.

The economic analysis has shown that the cost of 1m’ of permeate
water produced from brackish water with a TDS 2681mg/L is 3.17$
with battery, and 2.33§ without battery.

Battery bank represent 23% from capital cost of Az Zubeidat project
and 26.5% from all project cost during the total life time (20 years).
For remote area having only such brackish water as Az Zubeidat vil-
lage who depends only on potable water delivery trucks to secure its
needs of drinking water, the annual saving would be 17740$ when
using RO brackish water desalination system powered by PV, for a

daily capacity of drink water amounting to 10m*/day.
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Environmental analysis shows that Az Zubaidat system preserves the
environment of production 4195 kg of CO, per year.
Az Zubaidat project produce brine solution contains about 11274
kg/year.
8.2 Recommendation
Based on the above obtained investigation results, it is recommended
to consider seriously the PV powered RO desalination system for ru-
ral villages having only brackish water.
Study the possibility of increasing the recovery in order to increase
the productivity of the system.
Provide the public places such as schools and health clinics in re-
mote villages that have only BW with such systems to ensure high
productivity and reliability of these systems.
Studying ways to exploit the brine as salt food or chemical fertilizer
or any other usefulness.
Operation these systems without using storage batteries to reducing
the cost of the system and thus reducing the cost of one m’ of prod-

uct water.
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Appendix Al
Table of interest i=6 %
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Appendix A2

Table of interest i=20%

TABLE 22 Discrete Cash Flow: Compound Interest Factors
Single Payments Uniform Series Payments Arithmetic Gradients
Compound | Present | Sinking | Compound Capital Present Gradient Gradient
Amount Worth Fund Amount Recovery Worth Present Worth | Uniform Series

n F/P P/F A/F E/A AlP P/A P/G A/G
| 1.2000 0.8333 1000060 1,06 | 20000 0.8333
2 14400 06944 | 045455 22000 0.65433 1.527§ 0.6944 (14545
3 172800 05787 | 027473 1.6400 0.47473 21063 1.8519 05791
1 20736 04821 | 0.18629 5,368 (.38629 25887 3,298 13742
5 24883 04019 | 013438 7.4416 0,33438 29900 4.906) ] 6405
f 2, 0860 03399 | 010071 59299 0.3007) 13055 06,5805 19788
7 35832 02791 | 0072 12,9159 0.27742 3,604 $.2531 22007
5 4.099% 0232 | 0.06061 164991 0.26061 18372 98831 25156
9 51598 01938 | 004808 20,7989 0,24808 40310 114334 2804
10 61917 00615 | 003832 25,9547 0.23832 41925 12.8871 W
T 74301 01346 | 003110 32,1504 0.23110 43271 14,2530 30893
12 89161 01122 | 00252 39,5805 0.22326 44392 15,4667 14841
13 106993 00035 | 002062 48,4966 0.220062 45327 16,3883 36347
14 128392 00770 | 00159 59,1959 021659 46106 176008 38175
15 15.4070 00649 | 00138 72,0351 0.21388 46755 18,5005 30388
1% 184884 00541 | 001144 $74001 021144 17206 19.3208 L0831
17 22 1861 00451 | 0.00044 1059306 0.2094 A6 200419 4%
18 266233 00376 | 0.00781 1281167 120781 18122 20,6805 497
14 31 0480 00313 | 000646 154.7400 0,20646 48435 212439 eI
2 38,3376 00261 | 0.0053 186,880 0.20534 4.8696 21.7305 44643
22 55,2061 00181 | 0.00360 2710307 1.20360 1909 37 8546 35041
24 74968 00126 | 000255 2024542 020253 49371 731760 16043
2% 1144755 00087 | 000176 SKT3773 0.20176 19563 23,6460 47700
% 164 8447 T 810.2233 0.20122 49697 23,090 48201
i 2373763 00042 | 000085 118188 0.20085 49750 242628 48731
3 341 8219 00020 | 0.00050 70411 0.20050 10854 244588 10061
4| 4w | oo | 000041 2456.12 020041 49898 246038 4908
5 | 5906682 | 00017 | 000034 | 204834 020034 | 49915 24,6614 49406
6 | 7088019 | 0004 | 000028 3539.01 1.20028 49929 247108 49491
38 102067 00010 | 0.00020 S98.37 0.20020 4.995) 24,7594 49627
S0 | 677 | 000 | 000014 74386 020014 49966 24 8469 4918
# | %5726 | oomn [ 000005 18281 02005 | 49986 249316 98T
50 | 910044 00001 | 0.00002 45497 020002 | 49%5 24,969 49945
55 | wes | [ odoeo 020001 | 49998 24,9368 a9
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